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Abstract Complex rupture processes are occasionally resolved for weak earthquakes and can reveal a
dominant direction of the rupture propagation and the presence and geometry of main slip patches.
Finding and characterizing such properties could be important for understanding the nucleation and growth
of induced earthquakes. One of the largest earthquakes linked to wastewater injection, the 2016 Mw 5.1
Fairview, Oklahoma earthquake, is analyzed using empirical Green’s function techniques to reveal its source
complexity. Two subevents are clearly identified and located using a new approach based on relative
hypocenter-centroid location. The first subevent has a magnitude of Mw 5.0 and shows the main rupture
propagated toward the NE, in the direction of higher pore pressure perturbations due to wastewater
injection. The second subevent appears as an early aftershock with lower magnitude, Mw 4.7. It is located SW
of the mainshock in a region of increased Coulomb stress, where most aftershocks relocated.

Plain Language Summary Understanding the process of nucleation and rupture growth of natural
and induced earthquakes is important for the assessment and mitigation of the corresponding
time-dependent hazard. Advanced earthquake source analysis reveals significant properties such as rupture
geometry, preferred direction of rupture propagation, and the configuration of main slip patches in an
earthquake rupture. This work use the seismic recording of foreshocks and aftershocks to invert the source
complexity of one of the largest earthquakes linked to wastewater injection, the 2016 Mw 5.1 Fairview,
Oklahoma earthquake. Two subevents are clearly identified and their centroids are located with respect to
the hypocenter. The first subevent has a magnitude of Mw 5.0 showing the main rupture propagated toward
the NE, in the direction where the most of the wastewater injection activity is concentrated. The second
subevent appears as an early aftershock with lower magnitude, Mw 4.7, located SW where most aftershocks
were relocated. These results have important implications to discuss the role of anthropogenic stress
perturbation in controlling the direction and extent of the earthquake rupture growth.

1. Introduction

Understanding the process of nucleation and rupture growth of natural and induced earthquakes is impor-
tant for the assessment and mitigation of the corresponding time-dependent hazards to people and infra-
structure. Extended or finite source inversions, including spatiotemporal tracking of the rupture evolution,
provide important small-scale information on the complexity of the earthquake rupture process. For large,
damaging earthquakes, there are still discrepancies on the resolution and robustness of these earthquake
source inversions (e.g., López-Comino et al., 2015; Mai et al., 2016), making it challenging to extend such
inversions to weak seismicity, for example, below moment magnitude Mw 5.5. Thanks to denser monitoring
networks at local to regional scales, ongoing efforts in source characterization of weak to moderate earth-
quakes are continuing to actively address this challenge, allowing targeting of induced seismicity, which typi-
cally falls within this magnitude range (Atkinson et al., 2016; Lei et al., 2017; Yeck et al., 2017).

A detailed and robust analysis about the seismic source of suspected induced earthquakes helps to discrimi-
nate between natural, triggered, and induced earthquakes (Dahm et al., 2015). For example, early seismolo-
gical work on the 2011 Prague (Oklahoma) earthquake sequence suggests a complex triggering process, with
wastewater injection inducing a Mw 4.8 foreshock, which subsequently triggered the Mw 5.7 mainshock
(Keranen et al., 2013). Posterior work focused on the modeling of the rupture process, using a finite-fault slip
model; the relatively low peak slip and stress drop was interpreted to support the induced origin of the main-
shock rupture (Sun & Hartzell, 2014). However, some cases remain debated, as the 2011 Mw 5.2 Lorca, Spain
earthquake. Some authors correlated this event to groundwater exploitations (González et al., 2012), while
others consider it a natural earthquake controlled by tectonic processes (López-Comino et al., 2012;
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Morales et al., 2013). In this particular case, recent seismic source analysis revealed rupture directivity that
could be inherent to the fault segment suggesting a natural seismic sequence (López-Comino et al., 2016).

Finite source inversions are challenging for weak to moderate events but require new approaches to
robustly image small-scale source complexities. Generally, such seismic sources can at first order be mod-
eled by circular or rectangular fault geometries, with symmetric or unilateral rupture propagation. The rup-
ture size can be estimated using the magnitude and empirical relations (Wells & Coppersmith, 1994) or by
determining rupture duration and assuming a realistic range of rupture velocities. Preferred directions of
rupture propagation, so-called rupture directivity, have been described for weak earthquakes (e.g.,
Abercrombie et al., 2017; Kane et al., 2013; Lengliné & Got, 2011; Prieto et al., 2017). Apparent source time
functions (ASTFs), robustly obtained from empirical Green’s functions (EGFs) analysis, help to infer rupture
directivity and complexity during the rupture growth (López-Comino et al., 2016; Stich et al., 2005). This
work extends these techniques and allows one to resolve the source complexity of one of the largest earth-
quakes potentially linked to wastewater injection, the 2016 Mw 5.1 Fairview, Oklahoma earthquake. Yeck
et al. (2016) first described this earthquake and the associated seismic sequence and suggested that the
mainshock ruptured to the NE where the aftershocks delineated an aseismic region that may represent
the major rupture area. Our analysis extends these results and expands our knowledge about the source
complexities and implications.

2. Methods
2.1. ASTFs Analysis

Typically, the source complexity of small earthquakes (e.g., Mw< 4.5) in space and time can be neglected, and
a point source approximation can be used. Their seismic recordings, referred as EGFs, can be used to accu-
rately model the propagation effects between the source and receiver (Hartzell, 1978). This technique has
been widely used for many years to investigate the complexity of larger events (mainshock) that share a simi-
lar hypocentral location and focal mechanism with the foreshock and/or aftershock used as an EGF (e.g.,
Baumont et al., 2002; López-Comino et al., 2012; Stich et al., 2007). The earthquake source for the mainshock
can be isolated from seismograms through a deconvolution procedure between the mainshock and EGF
waveforms, thus obtaining the ASTFs. ASTFs reveal the relative moment rate functions of the large event,
as seen at each seismic station. In the presence of unilateral ruptures, smaller apparent durations identify
the forward direction of the rupture directivity (Benioff, 1955; Ben-Menahem, 1961).

ASTF analysis is here performed for the Mw 5.1 Fairview earthquake using 16 foreshocks and aftershocks as
EGFs (Mw between 4.4 and 3.4), having depths (±3 km) and faulting geometries (±13° for the strike of the pre-
ferred plane) similar to the ones found for the main event (Yeck et al., 2016). EGFs should typically be one to
two magnitude units smaller than the mainshock, in order to represent an appropriate delta function. To
obtain the ASTF, frequency domain deconvolution is performed through spectral division and is stabilized
by a water level at 1% of the maximum spectral amplitude and a Gaussian low pass with pulse width of
~0.5 s (Figures S1 and S2 in the supporting information). We identify successful deconvolutions for S wave
windows with length between 15 and 20 s. Stable ASTFs are observed for different EGFs revealing the source
complexity of the target earthquake: Two source pulses slightly separated are easily identified at NE azi-
muths, while stations located toward SW record single pulses of overall shorter durations (Figure 1), which
we interpret as the overlap of the two pulses observed at opposite azimuths. In order to homogenize the
results, we select the Mw 3.9 aftershock on 2 March 2016 as the preferred EGF to obtain the ASTFs at all seis-
mic stations. The selected EGF shows good-quality recording at all stations and is representative of the aver-
age ASTF from all EGFs. The azimuthal coverage is fairly complete using regional stations up to 570-km
distance; however, the network is denser toward the east, where stations could be selected depending on
their azimuth and data quality, than to the west (Figure 2a). ASTFs are normalized to unit area according
to the total seismic moment of 4.98E + 16 Nm released for the Mw 5.1 Fairview earthquake. We removed
negative values derived from the deconvolution procedure (Figure 2b). Apparent durations are estimated
by manually picking the start time when energy in the observed window first becomes positive and the
end time when positive amplitudes in the window cease. Note that for some stations this includes two sepa-
rate pulses. The total duration error is estimated to be about 0.05 s. Resulting apparent durations range from
1.05 to 2.45 s (Figures 2a–2c). These durations exceed empirical values and durations resolved for Mw 5.1
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earthquakes, which are typically about 1 s (López-Comino et al., 2016). This fact suggests that the ASTF
complexity could be due to the presence of two subevents separated in space and time.

2.2. Relative Hypocenter-Centroid Location

A new approach is developed in order to infer the relative location for the two subevents identified from the
ASTF analysis. The relative hypocenter-centroid location has been used in the past to distinguish among true
and auxiliary planes of the focal mechanism (Zahradník et al., 2008). As for rupture directivity analysis, stations
located in the direction of the second event, occurring later in time, show shorter apparent durations with
overlapping pulses; in the opposite direction, we observe the maximum separation between the two sube-
vents. We manually pick the beginning and end of each pulse associated to each subevent, whenever they
are well separated, excluding those traces where these pulses overlap and their differential time cannot be
accurately resolved (Figure 2b). The pulse represents the apparent moment rate function. The centroid time
of each subevent, here referred as apparent centroid time (τCi), is calculated as the time needed to release half
of the scalar moment. The scalar moment ratio between the two subevents can also be estimated from the
area defined below each pulse of the ASTFs, in order to quantify their magnitude and rupture size (Figure S3).

For a purely unilateral rupture, the azimuthal pattern of centroid apparent times as a function of azimuth for
each subevent i, τCi (ϕ), can be written as

τCi ϕð Þ ¼ Δti � dj cosδ
vP;S

cos ϕ � βið Þ: (1)

Variables in this model are the delay time between the centroid location of each subevent and the origin
time, Δti; the distance from the centroid and the hypocenter location, dj, where the index j indicates each

Figure 1. Apparent source time functions (ASTFs) for the 2016 Mw 5.1 Fairview, Oklahoma earthquake for two seismic
stations (see Figure 2a) at SW direction, U32A (left) and NE direction, KAN10 (right), using different foreshock and after-
shock as empirical Green’s functions (EGFs). Each ASTF is labeled showing the corresponding moment tensor mechanism,
moment magnitude, and origin time for each individual EGF, sorted in order of decreasing seismic moment (labels on right
side). Lower panels show the overlapping of each ASTF for each seismic station normalized according to the maximum
amplitude. Gray traces show the deconvolved functions from S waves through spectral division and the resulting ASTF is
highlighted with a black line. Stable results using different EGFs are obtained, and we selected the Mw 3.9 aftershock on 2
March 2016 as a representative EGF from the solution (red traces).
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grid point defined on the fault plane; and the azimuth of each subevent centroid with respect to hypocenter,
βi. We consider as fixed parameters P and S wave velocities, vP,S (depending on the wave type under
consideration in the ASTF analysis) and the dip of the fault plane, δ. We assumed an S wave velocity of
3.5 km/s and dip of 70° according to previous work (Yeck et al., 2016). This equation is analogous to the
parameterization of Cesca, Heimann, et al. (2011) for unilateral rupture where the apparent duration as a
function of the azimuth τ (ϕ) can be written as

τ ϕð Þ ¼ tR � LR
vP;s

cos ϕ � αð Þ (2)

but involving different variables: the rupture time (tR), rupture length (LR), and the azimuth of rupture direc-
tivity (α). The nonlinear inverse problem in equation (1) is solved through a full-grid search, and the model
performance is evaluated through the L2 norm, obtaining a relative hypocenter-centroid location for each
subevent, as well as its corresponding delay time (Figures 2d and 3). We note that β1, describing the azimuth
of the centroid for the first subevent, also represents the direction of rupture directivity, α1.

3. Rupture Complexity of the Mw 5.1 Fairview Earthquake

ASTFs derived from theMw 5.1 Fairview earthquake reveal a complex rupture, which may be linked to hetero-
geneous moment release involving either a complex rupture with two slip patches or two subevents.
According to the parameterization of Cesca, Heimann, et al. (2011), the azimuthal pattern for the apparent
durations is well adjusted for a unilateral rupture toward the SW (232° ± 5°), implying a total rupture time
of 2.35 ± 0.05 s and a rupture length of 2.4 ± 0.2 km (Figure 2c). Parameter errors are approximated from
the residuals using the Jacobian of partial derivatives of the function on each point as sensitivity matrix
(López-Comino et al., 2016). These results reflect predominant rupture propagation coincident with the

Figure 2. Apparent source time function (ASTF) analysis for the 2016 Mw 5.1 Fairview, Oklahoma earthquake. (a) Map of near-regional seismic stations used (circles)
showing the apparent durations (color bar) and the moment tensor mechanism for the Mw 5.1 Fairview earthquake. (b) ASTFs for each seismic station identifying
each pulse associated with the first subevent (red area) and second subevent (blue area), excluding the traces where these pulses are overlapped and the
contribution for each subevent is not evident (gray area). Apparent durations (circles according the color bar in a) and centroid apparent times for each subevent (red
and blue dots) are shown along the resulting models (gray, red, and blue dashed lines) from c and d. (c) Inversion of apparent durations for the Mw 5.1 Fairview
earthquake using equation (2). Apparent durations identified in b (circles according to the color bar in a) along with the synthetic predictions for the inverted model
(gray dashed lines) are shown. α indicates the predicted rupture directivity taking into account the apparent durations. (d) Inversion of centroid apparent times
for each subevent using a full-grid search (equation (1)). Centroid apparent times from origin time identified in b for the first (red dots) and second (blue dots)
subevent along with the synthetic predictions for the inverted model (red and blue dashed lines). β1 and β2 indicate the azimuth of the centroid for the first and
second subevents; β1 also represents the predicted rupture directivity for the first subevent (α1).
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strike (~230°) of the main rupture plane but in the opposite direction suggested by previous work (Yeck et al.,
2016). However, the total rupture time of this event appears inconsistent with empirical values for an
earthquake with Mw ~ 5 as well as for estimated durations for other earthquakes of a comparable
magnitude (López-Comino et al., 2016). Our interpretation, therefore, is that such long duration is the
result of two subevents occurring with a small delay and separated by a small distance. The relative large
separation between the two pulses (~0.8 s) observed in the ASTFs at NE azimuths strengthens our
hypothesis to consider two subevents rather than a single mainshock. The complex P waveform of the
mainshock, showing two subsequent pulses, can be also identified on selected displacement waveforms
(Figure S4).

Consequently, we applied the proposed method to resolve the relative location between the hypocenter and
the centroid of each subevent, through a full-grid search where the azimuthal pattern defined by the centroid
apparent times are modeled (section 2.2). The fault plane is discretized into 45 × 23 sources with size of
0.5 × 0.5 km2 covering an extended area defined by the relocated foreshock and aftershock according to
the geometry described by Yeck et al. (2016). The centroid of the first subevent, which is more energetic, is
located at ~0.51-km distance toward N24°E, with respect to the hypocenter. The second event occurs at much
larger distance, at ~2.64 km in the opposite direction N232°E (Figures 2d and 3). The delay time between the
origin time and each centroid time, tested for a reasonable interval between 0 and 2 s with increments of
0.05 s, is equal to 0.5 and 1.45 s (Figure 3), respectively. The relative moment ratio between the two subevents
leads to an estimated magnitude of Mw 5.0 for the first subevent and Mw 4.7 for the second one. These mag-
nitudes values suggest rupture areas of 12.0 and 7.2 km2 for each subevent, according empirical relations for
strike-slip earthquakes (Wells & Coppersmith, 1994) and assuming a circular rupture (Figure 3).

Figure 3. Relative hypocenter-centroid location for the first (top) and second (bottom) subevent. (left) a cross-sectional
profile along the strike of the Mw 5.1 Fairview earthquake showing the misfit as a function of the centroid location for
each subevent (the hypocenter location is denoted by a white star; the best centroid locations, by red and blue stars).
Relocated earthquakes in the Fairview sequence are shown as open circles (Yeck et al., 2016), including earthquakes prior to
the 13 February Mw 5.1 mainshock (cyan) and those after (green). Arbuckle-Precambrian interface (~2.5 km) is shown in
dotted line (Campbell & Weber, 2006). Red and blue open circles indicate the estimated rupture area for each subevent.
(right) Misfit for the delay time between the centroid location of each subevent and the origin time, Δti.
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4. Discussion and Conclusions

Despite the weak magnitude of the Fairview earthquake, ASTF technique has allowed us to characterize suc-
cessfully its rupture complexity. In our model, the mainshock is composed of two subevents. We develop and
use a new approach to calculate the relative hypocenter-centroid location for each subevent through the
modeling of centroid apparent times identified in the ASTFs. The first subevent, larger in magnitude, shows
unilateral rupture propagation toward the NE. Its rupture area is located in proximity to an aseismic region
delineated by the aftershocks (Yeck et al., 2016). The second subevent of lower magnitude affected a differ-
ent region, toward the SW, at ~2.6-km distance from the hypocenter, where a second smaller aseismic region
delineated by aftershocks can be observed (Figure 3). Even reducing by ~90° the azimuthal coverage due to
pulse overlap (Figures 2b and 2d), remaining ASTFs can be used to robustly constrain rupture directivity of
each subevent. We used a single EGF to recover ASTFs for two subevents, under the assumption that both
subevents share a similar mechanism. This seems reasonable, considering the homogeneous mechanisms
estimated for the whole aftershock sequence (Yeck et al., 2016 and Figure 1). The discovery that the Mw

5.1 mainshock is actually the combination of two subevents (mainshock and aftershock), with lower magni-
tudes Mw 5.0 and an Mw 4.7 is a key finding, with important implications for the assessment of maximum
magnitudes for induced earthquakes (Galis et al., 2017; McGarr, 2014).

The basic mechanism of induced seismicity by industrial activities is well understood (Healy et al., 1968;
Raleigh et al., 1976): The stress field of the shallow crust is altered by loading, mass shift, fluid injection, or
reservoir depletion. The process of fluid injection may additionally increase the pore-fluid pressure and/or
a change the state of stress, which may cause reactivation of existing faults or fractures. Fault rupture is
often modeled by using the Mohr-Coulomb failure criterion (King et al., 1994) and the Coulomb stress
gradient (ΔCFS), which is defined as the sum of the changes in the normal and shear stresses (Harris,
1998). In fluid injection operations the pressure of the fluids and the direction of pore pressure diffusion is
well known, and thus the direction of ΔCFS can be estimated easily (Albano et al., 2017; Catalli et al., 2013;
Deng et al., 2016).

Most of the injection activity is concentrated NE of the Fairview seismic sequence, at around 40-km distance,
implying evidence for long-range poroelastic triggering derived from the fluid disposal wells (Goebel et al.,
2017). Pore pressures and poroelastic stresses could have also played a role in controlling the rupture propa-
gation and directivity of the first and largest subevent, which we resolved in the NE direction, toward the
higher stressed region. According to Goebel et al. (2017), there is a clear gradient of pore pressure and por-
oelastic stresses, which at the Fairview site increases from SW to NE, toward the region with larger fluid injec-
tion operations. Assuming homogeneous friction conditions along the relatively small activated fault prior to
the Fairview earthquake, we hypothesize that once the earthquake nucleates, the rupture more likely grows
in accordance to such perturbed stress and pore pressure gradients. Some previous studies on injection
induced earthquakes with similar magnitude have also resolved earthquake rupture propagating from low
to high stress region (Dahm et al., 2007; Cesca, Dahm, et al., 2011). The second subevent appears as an early
aftershock. As so, it is more likely to occur where the static stress increases and less likely where the stress
decreases (King et al., 1994; Mallman & Parsons, 2008; Woessner et al., 2012). The SW relative location of
the second subevent, in a region where most aftershocks were located, coincides with a positive Coulomb
stress changes (Figure 3 in Yeck et al., 2016). This fact is supported by results in Yeck et al. (2016), where
increases and decreases in ΔCFS agree with the observed aftershock locations. In conclusion, although the
first subevent is controlled by anthropogenic stress perturbation supporting the results of Goebel et al.
(2017), our interpretation suggests that the relative large distance (~40 km) of the Fairview sequence from
the near-well regions of injection activity was not enough to control the rupture propagation of the second
subevent and the following aftershock sequence, which are mainly affected by the local rupture process
derived from the mainshock.

Rupture complexity of the Fairview earthquake involving a double event and rupture directivity effects in
opposite directions evidences the challenging issue to determinate rupture directivity and discuss the factors
that could control it. Treating the complex source as a single earthquake leads to the inference of SW rupture
directivity, controlled by the moment releases of two subevents. However, our accurate source analysis sepa-
rates the two events and further resolves the small-scale rupture directivity of the first event toward the NE.
The knowledge about the initial properties as the spatial stress distribution before the earthquake rupture
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could help to understand why unilateral or bilateral rupture modes are observed and why earthquake rup-
ture propagates dominantly along a certain direction. For injection induced events, where pore pressure dif-
fusion and stress perturbations can be modeled, appear as a favorable playground where the role of stress
gradients on rupture growth can be tested.
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