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Abstract Fault location and geometry are critical considerations in the reactivation of preexisting
faults. Here, we combine relocated earthquake catalogs and focal mechanisms to delineate seismogenic
faults in Oklahoma and southern Kansas and analyze their stress state. We first identify and map
seismogenic faults based on earthquake clustering. We then obtain an improved stress map using 2,047
high-quality focal mechanisms. The regional stress map shows a gradual transition from oblique normal
faulting in western Oklahoma to strike-slip faulting in central and eastern Oklahoma. Stress amplitude
ratio shows a strong correlation with pore pressure from hydrogeologic models, suggesting that pore
pressure exhibits a measurable influence on stress patterns. Finally, we assess fault stress state via 3-D
Mohr circles; a parameter understress is used to quantify the level of fault criticality (with 0 meaning
critically stressed faults and 1 meaning faults with no applied shear stress). Our results indicate that most
active faults have near vertical planes (planarity >0.8 and dip >70°), and there is a strong correlation
between fault length and maximum magnitude on each fault. The fault trends show prominent conjugate
sets that strike [55-75°] and [105-125°]. A comparison with mapped sedimentary faults and basement
fractures reveals common tectonic control. Based on 3-D Mohr circles, we find that 78% of the faults

are critically stressed (understress <0.2), while several seismogenic faults are misoriented with high
understress (>0.4). Fault geometry and local stress fields may be used to evaluate potential seismic hazard,
as the largest earthquakes tend to occur on long, critically stressed faults.

1. Introduction

The recent increase in seismicity in Oklahoma has been associated with wastewater injection (e.g.,
Ellsworth, 2013; Keranen et al., 2014; Yeck et al., 2016). The basic mechanism driving this seismicity is well
established: Increased pore pressure in the fault zone will lead to a reduction in the effective normal stress
on the fault, thereby reducing fault strength and promoting fault slip (e.g., Healy et al., 1968; King Hubbert
& Rubey, 1959; Raleigh et al., 1976). Based on this mechanism, the orientation of the faults and the regional
stress field are crucial to assess the likelihood of reactivation. Faults that are optimally oriented with respect
to the regional stress field will be readily reactivated, while faults that are nonoptimally oriented will require
a much larger pore pressure increase to slip. Holland (2013) and Darold and Holland (2015) tried to differ-
entiate optimally oriented faults from nonoptimally oriented faults based on probability density functions of
fault strikes relative to a uniform maximum horizontal compressional stress orientation of N85° E. Alt and
Zoback (2017) analyzed regional stress fields for Texas, Oklahoma, and Kansas combining stress inversions
from focal mechanism solutions and wellbore measurements. Walsh and Zoback (2016) simulated the con-
ditional probability of fault slip related to injection-induced earthquakes by incorporating the uncertainty
of the stress tensor, pore pressure, friction coefficient, and fault orientation.

While previous studies have provided overall knowledge of the ambient stress field in Oklahoma and south-
ern Kansas, a high-resolution stress map is needed to systematically assess fault criticality under the local
stress field. This is especially important with the growing evidence that poroelastic stress (e.g., Barbour et al.,
2017; Deng et al., 2016; Goebel et al., 2017; Segall & Lu, 2015) and aseismic creep propagation (e.g., Cappa
et al., 2019; Eyre et al., 2019) could, in part, drive some of the induced seismicity. In this study, we develop a
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Figure 1. Mapped faults in this study based on earthquake relocations from Chen (2016) and Schoenball and Ellsworth
(2017a). (a) Earthquake clusters (colored dots) with 10 and more events. Short, black lines show the faults with
planarity larger than 0.8 mapped from 30 and more events. Yellow stars show the location of four M > 5 earthquakes in
Oklahoma. Thin, black lines are county boundaries in Oklahoma. The long, thick black line is the Nemaha fault from
OGS fault database (Marsh & Holland, 2016). (b) The inset map shows the location of the study area. (c) Histogram of
strike of faults in (a). (d) Histogram of dip of faults in (a).

stress map with relatively high spatial resolution using a suite of 2,047 focal mechanism solutions obtained
from Oklahoma and southern Kansas, allowing for more precise quantitative analysis of the fault stress state.

For a given background stress field, a complete knowledge of the preexisting fault system is critical to eval-
uate the induced earthquake hazard (Levandowski et al., 2018a; Yeck et al., 2016). Oklahoma and southern
Kansas are located in the Precambrian (~1.4 Ga) Southern Granite-Rhyolite Province of the Mid-Continent
U.S. craton (Denison et al., 1987). This granitic basement hosts most of the current seismicity (Schoenball
& Ellsworth, 2017a; Kolawole, Johnston, et al., 2019). This basement is characterized by a structural fabric
with dominant discontinuity zones that trend NW-SE, NE-SW, and a minor N-S set (Kolawole, Johnston,
et al., 2019). This structural fabric resulted from the multiphase Proterozoic contractional and extensional
deformation events that affected the central United States, for example, development of Granite-Rhyolite
Provinces and the Mid-Continent Rift (Bickford et al., 2015; Whitmeyer & Karlstrom, 2007). The fault
database of Oklahoma (Marsh & Holland, 2016) shows several fault segments and large (>50-km-long) ~N-S
trending faults within the north-central region. Recent 3-D seismic data (Chopra et al., 2018; Kolawole,
Carpenter, et al., 2019; Liao et al., 2017) reveal that these large N-S faults and the associated secondary
splays are basement rooted. The Oklahoma Geological Survey (OGS) fault database (Marsh & Holland, 2016)
largely contains sedimentary faults that represent (1) reactivation and propagation of the Precambrian base-
ment structural trends (NW, NE, and N-S) into the sedimentary cover (Kolawole, Carpenter, et al., 2019)
and (2) additional deformation by the development of pervasive R-shears that splay outward from the major
right-lateral N-S faults (Chopra et al., 2018; Kolawole, Carpenter, et al., 2019; Liao et al., 2017).

The majority of earthquakes in Oklahoma do not occur on currently mapped faults in the OGS database
(e.g., Alt & Zoback, 2017; Goebel et al., 2017; Keranen et al., 2013; Yeck et al., 2016). The linear trends of
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seismicity (Figure 1) suggest that most earthquakes occur on basement faults that are likely unmapped in
the current fault database (Schoenball & Ellsworth, 2017b; Skoumal et al., 2019). Several studies have used
the spatial distribution of seismicity to map fault segments in Oklahoma. For example, splays of the Wilzetta
fault were mapped from 2011 Mw5.7 Prague earthquake sequence (Keranen et al., 2013); the extension of
a mapped fault segment was delineated from the 2016 Mw5.1 Fairview earthquake sequence (Yeck et al.,
2016); and the Sooner Lake Fault as the conjugate fault of the mapped Labette Fault was mapped from 2016
Mw5.8 Pawnee earthquake sequence (Chen et al., 2017).

In this study, we systematically map the reactivated faults (herein referred to as seismogenic faults) and ana-
lyze the fault criticality within an improved knowledge of the local stress field. First, we characterize the
geometry of seismogenic faults in Oklahoma and southern Kansas based on earthquake clustering. Second,
we use a high-quality catalog of focal mechanism solutions to perform a detailed stress inversion. Then we
assess the stress state of individual faults with in situ 3-D Mohr circles and evaluate the influence of fault crit-
icality on fault reactivation. Finally, we compare seismogenic faults with mapped sedimentary faults from
different subregions in Oklahoma and fracture systems in outcrops of the seismogenic basement. Moreover,
the stress field and fault stress state are compared with pore pressure from hydrogeologic models to fur-
ther understand the influence of wastewater injection on fault reactivations. These results help to provide
a comprehensive understanding of the roles of preexisting faulting, fluid injection, and stress state in fault
reactivation and potential earthquake hazard.

2. Data

High-precision earthquake relocations can reveal tightly clustered seismicity patterns and help identify in
situ fault locations and orientations. In this study, we use the relocated catalog from Chen (2016) for pre-2013
events and Schoenball and Ellsworth (2017a) for later events to map seismogenic faults. The catalog in Chen
(2016) uses a 3-D velocity model and the double-difference method (Waldhauser, 2001) with catalog differ-
ential times to relocate earthquakes. The catalog in Schoenball and Ellsworth (2017a) uses a 1-D velocity
model and the double-difference method with differential times derived from waveform cross correlation
to relocate earthquakes from 2013 to 2017 and has high relative location precision (50 m horizontally and
200 m vertically) with the inclusion of industry networks and higher precision of differential times. The mag-
nitude of completeness for catalogs from Chen (2016) and Schoenball and Ellsworth (2017a) is 2.7 and 2.8,
respectively. We verify that for 13,512 common earthquakes from Chen (2016) and Schoenball and Ellsworth
(2017a), the median location difference is 0.42 km (Figure S1 in the supporting information), which mainly
comes from some systematical shift of absolute locations due to the difference in velocity model but does not
affect relative locations within clusters. We use Chen (2016) catalog mainly for the Prague fault with M5.7
earthquake in 2011. Other pre-2013 faults from Chen (2016) do not meet the minimum number requirement
of 30 and are not included.

For focal mechanism solutions in Oklahoma, we select 1,823 focal mechanism solutions of A and B quality
in the catalog provided by OGS (Sylvester, 1988) from January 2010 to August 2018, which are computed
via HASH (Hardebeck & Shearer, 2008) program with at least eight routinely picked first motion polarities.
The selected focal mechanism solutions have an average RMS fault plane uncertainty less than 35° and a
station distribution ratio larger than 0.4. For southern Kansas, we apply the same criteria and compute 224
A and B quality focal mechanism solutions using the first motion polarities in the HASH program. The focal
mechanism solutions in southern Kansas are consistent with Rubinstein et al. (2018). In total, we have 2,047
focal mechanism solutions for stress inversion.

3. Methods

3.1. Clustering and Fault Mapping

We use a hierarchical clustering program in MATLAB to cluster the earthquakes based on the epicenter of
the relocations. In this method, the events are linked based on the nearest distance between each event pair,
and a distance cutoff of 0.46 km is selected by trail and error to group events with distance smaller than the
cutoff into a cluster. The program identifies 84 clusters with more than 30 events (Figure 1). The clustering
results show similar fault trends as in Schoenball and Ellsworth (2017b) from a different clustering method.
We use a relatively longer distance cutoff in the clustering process, and some clusters include several trends
of events close to each other, which are then separated manually to calculate the fault geometries.
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For each cluster and some manually separated subclusters with 30 or more events, we use principal com-
ponent analysis (Vidale & Shearer, 2006) to fit a fault plane. First, a 3 X 3 covariance matrix D from the
earthquake hypocenters is calculated, and the eigenvalues (4; > 4, > A;) and the corresponding eigen-
vectors U;, U,, and U; of D define the principal axes of rotational inertia for the points in each cluster. The
first two eigenvectors U, and U, represent the surface of the fault plane, and Uj is normal to the fault plane.
The fault strike and dip angle are calculated from the direction of the normal vector U;. The planarity of
seismicity hypocenters is defined as 1 — A /4, (Vidale & Shearer, 2006). At its extremes, a planarity of 1 indi-
cates a perfectly planar shape, and a planarity of 0 indicates a nearly spherical cloud of seismicity (Vidale
& Shearer, 2006). Of the 95 planarity values 69 (73%) are larger than 0.8, suggesting most clusters occur on
well-defined fault plane. Since most of the seismogenic faults can be fit with a fault plane, the fault length
is estimated manually based on the seismicity extension along the axis of the largest eigenvector.

3.2. Stress Inversion Method

To obtain a detailed in situ stress field, we use the MSATSI software package (Martinez-Garzén et al., 2014)
to invert the stress field from earthquake focal mechanism solutions. The MSATSI software is a MATLAB
wrapper of the SATSI (Hardebeck & Michael, 2006) based on the inversion from Michael (1984). The inver-
sion relies on three assumptions: (1) The stress field is homogeneous over the spatial and temporal extent of
the events in each grid; (2) the focal mechanism solutions are adequately diverse, such as the RMS angular
difference from the average mechanism in each grid of at least ~40-45° (Hardebeck & Hauksson, 2001) to
constrain the solution; and (3) seismic slip occurs in the direction of the resolved shear traction acting on
preexisting faults. With 2,047 focal mechanism solutions for Oklahoma and southern Kansas, the study area
is first gridded with 0.4° by 0.4°, and if 100 or more events are in one grid, the grid is then subdivided into
two or four evenly spaced subgrids in latitude and longitude as long as there are still more than 50 events
in each subgrid. This method covers as much area as possible in the inversion and ensures adequate variety
to constrain the solution (Martinez-Garzén et al., 2016a) in each grid. As a result, the study area is sepa-
rated into 24 grids, and a damped inversion is performed on those grids. A map with the number of focal
mechanisms in each grid is shown in Figure S2. The inversion results include the orientations of the three
principal stress axes and a measure of their relative amplitudes R,

01— 0,

R= (€Y)

oy =03
where ¢, 0,, and ¢, are the maximum, intermediate, and minimum principal stresses, respectively. The
uncertainties of the inversion results are estimated by 1,000 bootstrap resamplings of the focal mechanism
solutions associated within each grid.

3.3. Focal Mechanism Tomography

The focal mechanism tomography (FMT) technique was developed to estimate the fluid pore pressure field
from earthquake focal mechanism solutions under a given stress field (Terakawa et al., 2010). In this study,
we adopt the assumptions in Terakawa et al. (2010) to convert the relative stress amplitude to a 3-D stress
tensor and use the local stress tensor to evaluate the stress state of individual faults. The assumptions are as
follows: (1) Fault strength is controlled by the Coulomb failure criterion with a constant friction coefficient
(Byerlee, 1978), (2) seismic slip occurs in the direction of the resolved shear traction acting on preexisting
faults (Wallace, 1951; Bott, 1959), and (3) seismic slip on optimally oriented faults relative to the regional
stress pattern occurs under hydrostatic pressure. Based on these assumptions, we have

0'1(\/u2+1—u>—03<\//42+1+/4>=2C—2/4PW, 2)

where ¢, and o, are the maximum and minimum principal stresses, C is the cohesion of fault and assumed
as zero in the following calculation, P,, is the hydrostatic pressure at depth, and y is the friction coefficient
without pore pressure influence, assumed to be 0.68 in the analysis. The friction coefficient of 0.68 is based on
the average value of lab results of basement rock samples in Oklahoma by Kolawole, Johnston, et al. (2019).
The choice of friction coefficient is also consistent with the estimated value of 0.65 using STRESSINVERSE
program by Vavrycuk (2014). A sensitivity test of friction coefficient is performed in the discussion section.
The derivation of equation (2) is shown in the supporting information.

We further assume that the vertical stress is the weight of overburden,

0, = pgR, 3
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where p is the rock density, p = 2,540 kg/m? (Terakawa et al., 2010), g is the acceleration due to gravity,
and z is the depth. The stress inversion results show both strike-slip faulting regime and oblique normal
faulting regime, so instead of assuming the vertical stress is the intermediate principal stress, it is strictly
derived from the principal stress tensor, o, = o,(c,0,, 03) using the orientations of the principal stresses.
The derivation is shown in the supporting information.

The ratio of principal stresses from the stress inversion (equation (1)) is also incorporated to solve for the
intermediate stress amplitude (Quinones et al., 2018). By solving equations (1)-(3), we can get the stress
amplitude for each grid. With the stress tensor known, we compute shear and normal stress on faults, project
them onto Mohr circle, and calculate the required pore pressure for fault failure. To project all faults onto
the same 3-D Mohr circle, we keep the local stress orientations of each grid and calculate a uniform stress
amplitude by averaging over all grids. We will justify the use of uniform stress amplitude by comparing the
results from uniform and nonuniform stress field in the discussion. The stress amplitudes and fluid pore
pressure calculated from the above assumptions are proportional to the depth (Figure S3). As the catalogs we
use have relatively large depth uncertainty, the depth of the mapped faults is not well resolved. We introduce
a normalized parameter understress to eliminate the depth dependence of the fault stress state following
Gischig (2015):

understress = (7, = 79) /T, 4)

where 7, is shear stress on the fault calculated from the fault geometry and stress orientations and 7, is shear
stress at which slip initiates based on the Coulomb failure criterion under hydrostatic pore pressure. Since
both 7, and 7, increase linearly with depth, the defined parameter understress is independent of depth.
The understress can be used to quantitatively measure fault criticality relative to local stress field. Values of
understress near 0 imply that the faults are critically stressed, while values near 1 imply negligible resolved
shear stress applied on the fault, and the fault is least favorably oriented. We also calculate the parameter of
excess pore pressure, which is defined as the required pore pressure increase above hydrostatic pressure for
fault failure according to Mohr circle.

4. Results

4.1. Clustering and Fault Mapping

We identify 84 clusters with 30 or more events and pick 95 fault segments (some clusters are manually sepa-
rated based on visual inspection). A subset of 69 faults with planarity larger than 0.8 is selected and used in
the following analysis (see Figure 1a, Figure S4 and S5 for close-up views of the clusters). The newly mapped
faults from several large earthquake sequences are consistent with previous studies (e.g., Keranen et al.,
2013; Yeck et al., 2016; Yeck et al., 2017). Specifically, we find that the main fault in Prague is a splay of the
Wilzetta fault with an azimuth of 55° and a dip angle of 86°; the Fairview fault is as an extension of a mapped
fault to the southeast; and a conjugate fault pattern is delineated in the Pawnee area. The west-northwest
and east-northeast trends of faults in southern Kansas are in agreement with the observations in Rubinstein
et al. (2018). Most of the faults in Oklahoma are distributed in the central and northern pressurized regions
(Walsh & Zoback, 2016; Skoumal et al., 2019). The distributions of strike and dip angles for these faults are
shown in Figures 1c and 1d. The strike angle is mainly distributed in the ranges of [55-75°] and [105-125°],
which form conjugate patterns relative to a maximum horizontal compression stress orientation of N85°E.
The majority (>80%) of seismogenic faults are steeply dipping with a dip angle larger than 70°. Four faults
show dip angle smaller than 35°. Those faults are mapped from fewer than 45 relatively scattered events, so
the fault geometries are likely not well constrained.

4.2. Stress Field

Stress inversion provides a stress field with higher spatial resolution compared to previous studies in Okla-
homa. Figure 2 shows the map view of maximum horizontal compressive stress (¢ ,,,4,) Orientations colored
by faulting type. Central Oklahoma is mostly in a strike-slip faulting regime (green bars), whereas north and
northwest Oklahoma show a transition from strike-slip to oblique normal faulting regime (black bars). The
dominant orientation of oy, is 80-90° (Figure 2b). Those observations are consistent with previous stud-
ies (e.g., Levandowski et al., 2018b; Marsh & Holland, 2016; Qi, 2016; Walsh & Zoback, 2016). The stress
field in southern Kansas is characterized by strike-slip faulting with o, of 75-82°, which are consistent
with Rubinstein et al. (2018).
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Figure 2. Stress inversion results for Oklahoma and southern Kansas. (a) The bars show the orientation of the
maximum horizontal stress (6 p,,,) aXis. Green: strike-slip faulting; black: oblique normal faulting. Faulting regime is
assigned according to Zoback (1992). The number in the grid shows the corresponding R value. Gray circles are focal
mechanisms used in the inversion. Thin, gray lines are county boundaries in Oklahoma. The long, thick black line is
the Nemaha fault. (b) Rose diagram of 6,4, Orientation. (c) Cross plot of R value and calculated pore pressure from
Langenbruch et al. (2018). The background shows the calculated pore pressure by November 2016 from hydrogeologic
models (Langenbruch et al., 2018).

The stress amplitude ratio R also shows spatial variations.The stress field in northern Oklahoma and south-
ern Kansas show smaller R values than other areas, which might indicate the influence of pore pressure.
The study area is separated into two major pressure zones using the Nemaha fault as a pressure boundary
(Haffener et al., 2018), referred to as the eastern and western pressure zones. We obtain the pore pressure
for each grid by averaging pressure values from Langenbruch et al. (2018) at the median occurrence time
from all earthquakes within each grid. Using pore pressure values at all grids, we calculate an average R
value from all R values within each pressure bin of 0.04 MPa. The result is shown in Figure 2c. For the area
west of Nemaha Fault Zone, we obtain negative correlation between R value and pore pressure. A similar
relationship between pore pressure and R value has been observed at
Geysers geothermal field (Martinez-Garzon et al., 2016b). However, the

' eastern Oklahoma region does not show a clear relationship between R
value and pore pressure.
0.8
The uncertainties of the oy, orientation and R value are estimated
06 g from bootstrap resamplings (Figure S6). The highest uncertainty of 6,
g (defined as one standard deviation) is less than 2°. The uncertainty in the
04 E R value is less than 0.05. The inversion results and their small uncertain-
0 ties suggest that the heterogeneity of the stress field is well constrained
' using the high-quality focal mechanism solutions.
0 4.3. Fault Stress State

o/
n

Figure 3. The stress state of 69 seismogenic faults in a 3-D Mohr diagram.
The three semicircles represent the stress tensor, and the two straight lines
represent the fault strength under hydrostatic fluid pressure and lithostatic

T
max

Using the FMT method, we first calculate the uniform principal stress
amplitude gradients as ¢; = 30.0 MPa/km, 6, = 24.8 MPa/km, and
o, = 15.5 MPa/km under y = 0.68. Based on the fault orientation and
regional stress field, the shear and normal stress on seismogenic faults are

pressure under friction coefficient of 0.68. Each circle, colored by calculated and plotted on 3-D Mohr circle. The understress parameter on
understress value, represents the shear and normal stress on a single fault. ~ each fault is determined by equation (4). As shown in Figure 3, each fault

is projected onto a 3-D Mohr circle as a point colored by its understress
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Figure 4. (a) Seismogenic fault map colored by excess pore pressure. Yellow stars show the location of four M > 5
earthquakes in Oklahoma. The dashed lines are county boundaries. The long, thick black line is the Nemaha fault. The
background shows the calculated pore pressure by November 2016 from Langenbruch et al. (2018). (b) Histogram of
excess pore pressure on each fault.

value. Most faults (78%) are close to failure limit of the hydrostatic fault strength with understress smaller
than 0.2. Four faults with small dip angle <35° show large understress (>0.5). This is possibly due to large
uncertainties of the dip angle, and the indication of tensile failure (fluid pressure beyond o) is actually an
artifact. Other than that, there are still several nonoptimally oriented faults being reactivated, which might
occur at step overs or rotations at different segments of the optimally oriented fault and result from either
high pore pressure increase or other factors, for example, static stress change from earthquakes on the main
fault.

The required pore pressure to induce failure on each fault is calculated from FMT and shown in Figure 4.
The median and mean excess pore pressure (above hydrostatic pore pressure) is 2.7 and 6.9 MPa, respectively
under an assumption of fault depth of 5 km. The uniform depth is chosen because the depth of seismo-
genic faults is not well constrained, and the earthquakes have an average depth of 5 km. The required pore
pressure increases are consistent with the estimated pore pressure using similar geomechanical analysis for
multiple induced clusters in Texas (Quinones et al., 2018; Snee & Zoback, 2016). The observed pore pressure
range is also consistent with the findings in the Geyser geothermal field in Martinez-Garzén et al. (2016c),
where faults with a broad range of orientations are activated by fluid injection and the misoriented faults are
mostly activated during high injection rates in proximity to the injection wells by an estimated pore pressure
increase of ~10 MPa.

5. Discussion

5.1. Influence of Pore Pressure on Stress Field and Stress State

In the above analysis, we only consider the pore pressure increase in fault reactivation. The observed nega-
tive relationship between R and pore pressure in western pressure zone in Figure 2c could possibly reflect the
poroelastic effects by injection. Altmann et al. (2014) gives the analytical solutions to poroelastic equations
in 3-D isotropic, homogeneous space. In strike-slip regime along vertical direction, pore pressure increase
AP induces effective stress amplitude changes of —%AP, —%AP, and —%AP in 6,, 0,, and o5 orientations,
respectively. The pore pressure brings the o, and o, closer and results in a smaller R value. Martinez-Garzén
et al. (2013) has observed that stress perturbation due to fluid injection decreases over time with repeated
injections. The lack of correlation between R and pore pressure in the eastern section is likely due to the
overall higher pore pressure from the longer injection period (e.g., Keranen et al., 2014).
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Figure 5. Fault understress values from each stress field scenario. (a) Crossplot of understress values between
Scenarios S1 and S2. (b) Histogram of understress difference between Scenarios S1 and S2. (c) Crossplot of understress
values between Scenarios S3 and S2. (d) Histogram of understress difference between Scenarios S3 and S2.

To study the relationship between pore pressure and fault reactivation, we compare our results to the
modeled pore pressure from Langenbruch et al. (2018). The modeled pore pressure map is overlain by seis-
mogenic faults colored by excess pore pressure computed in this study in Figure 4. As a qualitative first-order
observation, the faults that are misoriented and require a relatively larger pore pressure increase are dis-
tributed close to the higher pore pressure areas in central and northern Oklahoma. However, scatter plots of
understress/excess pore pressure and modeled pore pressure (Figure S7) do not show any significant corre-
lation. We also notice that the pore pressure from Mohr circle analysis is much higher than the pore pressure
from hydrogeologic models.

The lack of significant correlation between calculated pore pressure from Mohr's circle and pore pressure
from hydrogeologic models in Figure S7 could be due to the uncertainty of fault geometries during excess
pore pressure calculation. To account for the uncertainties in fault strike and slip from fault mapping, we add
to each fault strike and dip a random uncertainty drawn from a normal distribution with standard deviation
of 5° and 10°, respectively. Then the understress is calculated using the new fault strike and dip angle. The
procedure is repeated for 200 times. The required mean pore pressure with one standard deviation is shown
for each faultin Figure S8. The uncertainty from the strike and dip alone can cause the required pore pressure
to change 2 to 12 MPa. We should notice that the original values of required pore pressure fall within the
uncertainty test.

The lack of correlation in Figure S7 can also be due to heterogeneity in subsurface hydrogeologic parameters
that is not considered in the pore pressure model in Langenbruch et al. (2018). Permeability heterogeneity
has been shown to be lognormally distributed in space, and therefore, certain localized regions may have
locally higher pore pressure perturbations than the larger regional pore pressure perturbation. As an exam-
ple, Chen et al. (2018) demonstrated that a highly permeable fault damage zone could significantly enhance
the pore pressure within the fault zone compared to isotropic hydrological structure. These factors likely
prevent a strong correlation for individual fault parameters. On the other hand, the stress tensor is derived
from events distributed within a larger grid (i.e., much larger than individual events) and represents the
averaged effect of regional pore pressure variations, so we cannot see a stronger correlation.
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Figure 6. Dependence of the fault stress state on friction coefficients of 0.4, 0.6, 0.8, and 1.0. The plot schemes are the same as in Figure 3.

5.2. Stress Tensor Heterogeneity

In the analysis above, we use a stress tensor with a spatially uniform amplitude and the local stress orienta-
tions for each grid to calculate the understress parameter of the nearby faults. The uniform stress amplitude
is taken as the mean value of the calculated absolute principal stress of all grids. To examine the validity of
the uniform amplitude measure, we compare the fault stress state based on three different stress field maps:
(1) a stress field with uniform stress amplitude (the average stress amplitudes above) and uniform stress ori-
entations with horizontal N85° E ¢, and vertical ¢, in a strike-slip faulting regime; (2) a stress field with a
uniform stress amplitude and local stress orientations, which is used in the analysis of this study; and (3) a
stress field with local stress amplitudes and local stress orientations for each grid. Under each scenario, we
calculate the understress parameter of each fault and show them in Figure 5.

The main difference between Scenarios 1 and 2 is the spatial variation of principal stress orientations. Results
from Scenario 1 for some seismogenic faults are consistent with previous studies: for example, the Prague
fault is optimally oriented with understress ~0.002, consistent with Marsh and Holland (2016). However, the
understress parameter shows differences with local stress orientations considered in Scenario 2. Compared
to Scenario 2, the criticality of the faults in Scenario 1 can be either overestimated or underestimated, where
14% of the seismogenic faults have understress changes exceeding 0.1 (Figures 5a and 5b). The difference
between two scenarios suggests that the heterogeneity of stress orientations has important implications on
the inferred fault stress state.

We further consider the variability of stress amplitude by comparing results from Scenarios 2 and 3 in
Figures 5c and 5d. In contrast to the large difference between Scenarios 1 and 2, the difference between 2
and 3 is smaller, with only one fault having an understress difference larger than 0.1. This result suggests
that the local principal stress orientations have a more significant effect on fault stress state than do the
stress amplitudes and that assuming a uniform stress amplitude does not significantly affect the results.

5.3. Effect of the Friction Coefficient

The fault orientation analysis in this study is based on the assumption of constant coefficient of friction of
0.68. Using a uniform friction coefficient for the whole study area, we attribute the fault strength hetero-
geneity to the variations of fluid pore pressure acting on the fault. The assumption is in part supported by
the findings from laboratory experiments on Oklahoma basement rock (Kolawole, Johnston, et al., 2019)
and in situ stress measurement in deep boreholes that the heterogeneity of friction coefficients within dif-
ferent rock types is substantially smaller than the fluid pore pressure heterogeneity (Terakawa et al., 2012).
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Figure 7. Strike comparisons of different categories of faults. (a) Seismogenic faults in the western pressurized section.

(b) Mapped sedimentary fault in the western section. (c) Seismogenic faults in the eastern pressurized section. (d)
Mapped sedimentary faults in the eastern section. (e) Mapped fractures in Mill Creek and Tishomingo, Oklahoma. The
mapped sedimentary faults are from Marsh and Holland (2016). (f) The fault map with the same color scheme as the
rose diagrams. The western and eastern pressurized sections are separated by the Nemaha Fault. Yellow dots denote
the locations of exposed fractures. Some long N-S trending faults from Marsh and Holland (2016) are labeled, including
the Nemaha Fault, Wilzetta Fault, Keokuk Fault, and the Galena Township Fault. The figure also labels the geological

province in the south of Oklahoma (Northcutt & Campbell, 1969).

Without further knowledge of the spatial heterogeneity of the friction coefficients, we perform a sensitivity
analysis where we vary the coefficient of friction, using constant values of 0.4, 0.6, 0.8, and 1.0 to calcu-
late the stress tensor and understress parameter for seismogenic faults following the same process as for
u = 0.68. The results are shown in Figure 6. This experiment demonstrates that the fault understress state is
moderately sensitive to the assumed friction coefficient. If we define the optimally oriented faults as those
with understress smaller than 0.2, friction coefficients of 0.4, 0.6, 0.8, and 1.0 will identify 72.46%, 76.81%,
75.36%, and 71.01% of seismogenic faults as optimally oriented faults, respectively, compared to 78.26% for
u = 0.68. Under a friction coefficient of 0.68, we get the largest percentage of optimally oriented faults. It
suggests that we have chosen a value close to the true friction coefficient in the study area. In the future
studies, a better knowledge of the spatial distribution of friction coefficient will help further characterize

the fault stress state.

5.4. Seimogenic Faults, Sedimentary Faults, and Their Common Tectonic Control
In this study, seismogenic faults are identified from lineaments of seismicity, so most of the faults are
located in the crystalline basement. These faults show different orientations from mapped faults in OGS
database (Marsh & Holland, 2016), which is compiled from past literature and data contributed by the oil
and gas industry. They are primarily faults in the sedimentary sequences and are referred to as sedimen-
tary faults. Considering that Nemaha fault acts as a pressure boundary in hydrologic modeling, we separate
north-central Oklahoma into east and west sections and compare the fault orientations in each section
(Figure 7). In the west section, the seismogenic faults (Figure 7a) show patterns of [55°, 75°] and [105°,
125°], and the sedimentary faults (Figure 7b) show a dominant trend of [45°, 75°] and a minor trend of [0°,
10°]. For both types of faults, the NE trending set is more prominent than the NW trending set. It is possi-
bly related to an overwhelming dominance of NE trending basement-rooted splays (synthetic Reidels; Liao
et al., 2017; Curren & Bird, 2014) distributed along a few large N-S trending basement faults, for example,

the Galena Township Fault.
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Figure 8. Understress for (a) the focal mechanism solutions of M > 5.0 mainshocks and (b) the hosting seismogenic
faults as listed in Table S1. Diamonds: focal mechanism solutions. Circles: seismogenic faults. Both symbols are colored
by understress values and scaled with the magnitude of the mainshock. Pr = Prague; Pa = Pawnee; C = Cushing;

F = Fairview.

In the east section, the seismogenic faults (Figure 7c) show excellent correspondence with the observations
of basement faults on 3-D seismic data in northeast Oklahoma (Kolawole, Johnston, et al., 2019). Both the
NE and NW trends are reactivated in the current stress field. The sedimentary faults show dominant trends
of NNE to NE, and E-W Figure 7d, which are possibly associated with the large basement-rooted NNE faults.
The sedimentary faults are poorly oriented in the present-day stress field and do not have earthquakes asso-
ciated with them currently. Although the NW and NE trends are the most reactivated trends associated with
earthquakes, the E-W trend could still pose an important seismic hazard. Localized stress perturbation of
the E-W trending faults in the area results in their seismogenic reactivation as observed within the Jones
swarm (Holland, 2013).

In addition to the seismogenic faults and sedimentary faults in north-central Oklahoma, we also include
measurements of exposed granite fractures from Mill Creek and Tishomingo in southern Oklahoma. The
fractures are mapped at the satellite-scale from Google Earth images with a spatial resolution of 15 m. The
basement fractures (Figure 7e) exhibit similar conjugate patterns as the seismogenic faults and are also
consistent with the measurements of Precambrian basement fabrics in Kolawole, Johnston, et al. (2019).
Although our comparison of the seismogenic faults with previously mapped sedimentary faults and Precam-
brian basement fabric likely reveal a common tectonic control, we observe spatial variations in the azimuth
of the reactivated fault systems. This variation of reactivated trends may be controlled by both the relative
abundance of the basement-rooted fault trends (emplaced by past tectonic events) and the variation of the
local stress field across the eastern and western sections of the Oklahoma seismic zone, which might have
been influenced by the Nemaha uplift structure.

5.5. Faults With M> 5.0 Earthquakes

Since 2011, four large earthquakes (M > 5.0) have occurred in Oklahoma: the M5.7 Prague earthquake in
2011, and the M5.1 Fairview, M5.8 Pawnee, and M5.0 Cushing earthquakes in 2016. None of these earth-
quakes occurred along previously mapped faults (e.g., Chen et al., 2017; Yeck et al., 2017). The geometries of
the seismogenic faults delineated from seismicity are mostly consistent with the focal mechanism solutions
of the mainshocks (Table S1). With an in situ stress field, we calculate the stress state of the mainshock fault
planes from focal mechanism solutions and the corresponding seismogenic faults with the assumption of a
constant friction coefficient of 4 = 0.68. As shown in Figure 8, the faults that hosted the M5.7 Prague, M5.8
Pawnee, and M5.0 Cushing earthquakes have understress smaller than 0.02, suggesting the faults in Prague,
Pawnee, and Cushing were critically stressed and failed under a small perturbation of pore pressure. The
seismogenic fault in Fairview is the least optimally oriented with an understress parameter of 0.1, and the
fault plane of the mainshock has even higher understress of 0.2, which is likely due to the shallower dip-
ping angle of 66°. Goebel et al. (2017) calculated poroelastic stress perturbations in the Fairview area from a
group of high-rate injection wells to the northeast. Their results suggest that the poroelastic stress increase
at the distance of the Fairview area is about 100 kPa and the fault orientation is about 15° off the optimal
orientation that would receive maximum Coulomb stress change. Their results are consistent with the rel-
atively high understress value obtained here for the Fairview fault. Figure 8 also shows that Fairview fault
has highest relative shear stress compared to the other three faults, indicating highest frictional strength
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Figure 9. (a) Scatter plot of the maximum earthquake magnitude and understress value on each fault. The dots are
colored by excess pore pressure. (b) Scatter plot of maximum earthquake magnitude and fault length. The dots are
colored by understress value. The black line is the empirical relation between magnitude and rupture length from
natural earthquakes: M= 4.33 + 1.49 log (RLD; M > 4.5), RLD = subsurface rupture length (km; Wells & Coppersmith,
1994).

(Yoshida et al., 2016). The relative frictional strength variations is qualitatively consistent with observations
in Wu et al. (2018), where the Fairview fault has highest overall stress drop compared to the other fault
zones, similar to the observations for a fluid induced earthquake swarm in Japan (Yoshida et al., 2017).

Gischig (2015) performed numerical modeling to investigate the effect of the fault orientation on rupture
propagation, and the results suggest that optimally oriented faults tend to have uncontrolled ruptures that
propagate beyond the pressure front, while less optimally oriented faults tend to have ruptures controlled by
the extent of the pressurized zones. From this perspective, the understress parameter can provide insight into
the fault rupture process, and hence the seismicity distribution for the M5 sequences. To the first order, the
Prague, Pawnee, and Cushing sequences, which are on optimally oriented fault planes, are predominantly
mainshock-aftershock sequences (Figure S9), with large values of skewness of moment release (Zhang &
Shearer, 2016), while the Fairview sequence on the least optimally oriented fault is mainly a swarm-type
sequence with an extended foreshock sequence leading up to the M5 earthquake resulting in the smallest
skewness. Thus, our findings are at least consistent with a hypothesis that the fault criticality influences the
temporal evolution of earthquake sequences.

5.6. Earthquake Hazard Potential

The maximum magnitude of induced earthquakes during and after injection is essential in evaluating seis-
mic hazard. Several hypotheses have been proposed to understand the maximum magnitude as summarized
in Eaton and Igonin (2018). McGarr (2014) proposed that the maximum magnitude can be constrained by
the total injection volume and the area of the pressurized zone, which is consistent with the modeling results
in Dieterich et al. (2015). In contrast, van der Elst et al. (2016) proposed that the maximum magnitude is
related to the magnitude-frequency distribution of the induced earthquake sequence and related to the b
value and the seismogenic index model proposed by Shapiro et al. (2011). Both models are consistent with
the observations. However, it is important to recognize that the fault stress state may have a strong influ-
ence on how a rupture grows along the fault. The possibility that quasi-static slip along a pressurized fault
grows into dynamic slip beyond the pressurized area has been demonstrated theoretically by Garagash and
Germanovich (2012) and verified by a stochastic model in Gischig and Wiemer (2013).

The fault length provides a direct measurement to estimate the maximum magnitude. Both fault orienta-
tion and fault length can influence the maximum magnitude of induced earthquakes. In Figure 9a, we plot
the maximum earthquake magnitude and fault understress state. For optimally oriented faults (understress
<0.2), the fault has a broader range of magnitudes observed. For nonoptimally oriented faults, there are no
earthquakes larger than magnitude 4.5. Intermediate to small earthquakes (M < 4.0) occurred on both crit-
ically stressed and noncritically stressed faults with a relatively low shear stress, which could be attributed
to increased pore pressure. We map 54 optimally oriented faults and 15 nonoptimally oriented faults. It is
still possible that large earthquakes have the same probability to occur on nonoptimally oriented faults, and
the lack of large earthquakes on nonoptimally oriented faults is due to its low abundance (Table S2).
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Figure 9b shows that the maximum magnitude on the faults increases with the fault length. The largest
earthquakes (Prague, Pawnee, and Cushing earthquakes) occurred on critically stressed faults, and the mag-
nitudes are comparable to the predicted values from the empirical relationship for natural earthquakes
(Wells & Coppersmith, 1994), indicating that the largest earthquakes might be controlled by the local stress
field. To examine the alternative possibility that large earthquakes control apparent fault size, we plot the
seismicity prior and after the mainshock in four M5 clusters (Figure S10). The results show that the events
before the mainshock already spread over the whole length of the fault in Fairview, Pawnee, and Cushing,
which suggests that the fault length is not controlled by the mainshock and its aftershocks. Similar obser-
vations have been found by Schoenball and Ellsworth (2017b). In Prague, it seems that the fault length is
controlled by the mainshock (aftershocks). However, due to the lack of stations at that time, it is also pos-
sible that some events before mainshock are missing in the catalog. Based on current data, we cannot draw
an unambiguous relationship between understress and maximum magnitude. However, the knowledge of
fault stress state can help identify high-risk faults with potential runaway ruptures and large earthquakes
(Galis et al., 2017).

6. Conclusions

To better characterize the properties and stress state of fault systems in Oklahoma and southern Kansas, we
map the fault geometry using high-precision earthquake relocations and generate a high-resolution in situ
stress map using focal mechanism solutions. Our results suggest the following:

1. Although the majority of the seismogenic faults (NE and NW trending) are optimally oriented relative to
the local stress field, some nonoptimally oriented faults are identified.

2. Comparison of the seismogenic faults with sedimentary faults and mapped basement fractures suggests
potentially similar tectonic origins for those structures.

3. The orientations of the faults that hosted the largest earthquakes (M > 5.0) in Oklahoma are quantita-
tively characterized, and the Prague, Pawnee, and Cushing faults are optimally oriented faults, while the
Fairview fault is not. For the three optimally oriented faults, the maximum earthquake magnitudes are
comparable to the predictions from the empirical scaling relation for natural earthquakes, and the three
sequences are predominately mainshock-aftershock type sequences.

Our study contributes detailed seismogenic fault analysis to the current fault database and provides a more
complete picture of the relation among seismogenic fault properties, pore pressure, the local stress field, and
rupture process in the region of induced seismicity.
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