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Summary 
 
The increased seismicity in Oklahoma is associated with 
the reawakening of the ancient basement faults due to 
wastewater disposal into the Arbuckle group.  Since the 
shallow pore pressure information obtained from direct 
borehole measurements in Arbuckle group cannot represent 
the deep pore pressure distribution at the basement faults, 
in this study we estimate the pore pressure distribution 
around the basement faults using well constrained focal 
mechanisms.  Assuming Coulomb faulting theory and well-
defined tectonic stress field, we mapped the spatiotemporal 
pore pressure distribution from March 2013 to March 2016. 
From the results, overall the pore pressure perturbations 
around the basement faults are below 0.5 MPa. The 
estimation errors are generally below 0.2 MPa. Analyzing 
the temporal evolutions, we find that the spatial occurrence 
and quantity evolutions of seismicity are well correlated 
with the estimated temporal pore pressure perturbations. 
This approach could be used to assess the spatial 
occurrence of future seismicity.  
 
Introduction 
 
The sharp increase of small- to moderate-sized earthquakes 
in Oklahoma since 2009 has drawn elevated concerns 
regarding the potential for earthquake hazards in this area 
[Ellsworth, 2013; Keranen et al., 2014; Alt and Zoback, 
2015, 2016; McNamara et al., 2015; Moschetti et al., 2016]. 
Many studies have shown that the sharp increase of 
seismicity in Oklahoma is principally caused by the large-
scale wastewater injection into the Arbuckle group [Horton, 
2012; Zoback, 2012; Keranen et al., 2013; Zhang et al., 
2013; Frohlich, 2014; Alt and Zoback, 2015; Weingarten et 
al., 2015]. The large-scale wastewater which is injected 
into the high permeability Arbuckle group slowly diffuses 
into the underlying basement faults, as a result, it has led to 
a fast reawakening of these ancient basement faults 
[McNamara et al., 2015; Schoenball et al., 2018].  While 
the shallow pore pressure information in Arbuckle group 
can be obtained from direct borehole measurements, 
however, the deep pore pressure information around the 
basement faults is not yet well studied. Combing the well-
defined stress pattern and the friction coefficient, the 
detailed knowledge of the pore fluid pressure distribution 
around the basement faults is very crucial for applying the 
Coulomb faulting theory to infer the stability of the ancient 
basement faults and assess future seismic hazards.  
 
However, the direct pore pressure measurement from 
shallow borehole is usually not capable at such depth. And 
the shallow measurements in the sedimentary cover are 

frequently not representative of the deep basement [Cornet 
and Rockel, 2012]. To obtain the knowledge of pore 
pressure distribution in the deep basement in Oklahoma, in 
this study, we estimate the pore pressure distribution from 
well constrained focal plane mechanisms through analyzing 
the stress state on the slipping fault for each historical 
earthquake [Terakawa, 2014; Kuang et al., 2017] assuming 
Coulomb faulting theory in the well-defined tectonic stress 
field [Alt and Zoback, 2017]. In addition, we separate the 
data and results according to different time periods to better 
investigate the possible relationship between the evolutions 
of induced seismicity and the temporal pore pressure 
distributions.   
 
Data and Method 
 
The temporary Nanometrics Research Network 
(https://doi.org/10.7914/SN/NX), was deployed with 30 
stations in this region from 1 March 2013 to 3 March 2016. 
We select this network to perform our study because the 
azimuthal coverage is relatively better than other networks. 
To ensure the quality of the estimated earthquake source 
parameters, we select only earthquake events with more 
than 20 available high-quality P wave first-motion 
polarities. In total, 2593 earthquake events that occurred in 
this region during the deployment period of this seismic 
network are processed in this study (Figure 1a). The 
magnitudes of the selected earthquake events are larger 
than 2.7. Most of the earthquake events are well covered 
and effectively recorded by the seismic stations, which 
should reduce the uncertainties in the estimated source 
parameters.  
 

 
Figure 1a:  Map showing the study area and seismic data used. 
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Figure 2b: The estimated focal mechanisms for 1073 events. 

 
To derive the source parameters of the 2593 seismic events 
efficiently, we adopt the newly developed full-waveform 
search engine method [Zhang et al., 2014] which is based 
on long-period waveform matching in this study. The 
source locations are initially from the catalog of IRIS 
online system and are relocated if necessary while applying 
the earthquake search engine to better fit the waveforms 
between the observed and theoretical data. To prepare the 
synthetic seismogram database for the waveform search, a 
1D western U.S. velocity model that best fits the observed 
local and regional P wave travel times [Herrmann et al., 
2011; McNamara et al., 2015] is used to calculate the three-
component theoretical waveforms. The Green’s functions 
are computed through the elastic wave modeling of a point 
earthquake source in a multilayered half-space using the 
Thompson-Haskell propagator matrix technique [Zhu and 
Rivera, 2002]. The recorded and synthetic waveforms are 
both filtered between 10 and 25 seconds before matching.  
 
With the well constrained focal plane mechanisms, we can 
estimate the pore pressure perturbation needed to activate 
the slip on each fault with a known stress pattern [Zoback, 
2007; Terakawa, 2014; Kuang et al., 2017].  The tectonic 
stress field in central Oklahoma is overall characterized by 
strike-slip faulting with uniform stress orientations while it 
presents relative stress magnitude changes in northernmost 
Oklahoma and southern Kansas [Alt and Zoback, 2017].  
The maximum principal stress axe is slightly inclined from 
horizontal plane with direction of N85°E, and the Φ value 
(Φ=(S2-S3)/(S1-S3), where S1, S2 and S3 are the three 
principal stresses) is about 0.7.  To simplify the analysis in 
this study, we first estimate the pore pressure distribution 
with reasonably assumed absolute values of the three 
principal stresses, the direction of maximum horizontal 
stress, and the rock friction, then carry out the uncertainty 

analysis with 95% confidence level for the assumed 
parameters. Referring Alt and Zoback [2016; 2017], the 
absolute values of σ1,  σ2, σ3, the direction of maximum 
horizontal stress, and rock friction coefficient at the depth 
around 5 km are assumed to be 149, 125, 78 MPa, N85°E, 
and 0.6, respectively. The 95% confidence regions of these 
values for the uncertainty analysis are 131-164, 113-138, 
70-86 MPa, N82°E- N88°E, and 0.58-0.62, respectively.  
As shown in figure 2a, the elevated fluid pressure required 
to activate the seismic slip on the favorably oriented fault 
plane is estimated as the pore fluid pressure. We go through 
all of the focal mechanisms and estimate the pore fluid 
pressure perturbation for the likely fault plane of each event 
(Figure 2b).   

 
Figure 2a:  The nodal planes plotted in a 3D Mohr diagram. 

 
Figure 2b:  The favorable faults and required pore pressures. 
 
Results 
 
3.1 Estimated focal mechanisms 
From the estimated source parameters, the majority of the 
earthquakes define reactivated ancient basement faults in 
central Oklahoma at the depth around 5 km (Figure 1a). 
Most of the estimated focal mechanisms (Figure 1b) 
indicate strike-slip faulting in central Oklahoma with 
steeply dipping angles. And some normal faulting focal 
mechanisms present in northernmost Oklahoma and 
southern Kansas. Considering the local tectonic stress field, 



Estimate temporal pore pressure distribution from induced seismicity in Oklahoma 

the estimated fault orientations are mostly favorable to slip 
with minor pore pressure perturbations.  
 
3.2 The favorable fault planes and the required pore 
pressure to slip 
As shown in figure 2a, for each earthquake, the stress state 
on each nodal plane is calculated and the favorable plane to 
slip is selected. The pore pressure perturbation needed to 
activate the slip on the favorable fault plane is defined by 
subtracting the unperturbed pore pressure from the elevated 
pore pressure. We go through all of the focal mechanisms 
and estimate the pore fluid pressure perturbation for the 
likely fault plane of each event. Figure 2b shows the 
favorable fault planes along with the estimated pore 
pressure perturbation to cause the slip. The sizes of the 
fault planes are scaled based on the corresponding 
magnitudes. 
We can see that, overall the pore fluid pressures at the 
ancient basement faults around 5 km are lower than 0.5 
MPa. The pore pressure perturbations in most regions are 
around 0.2-0.5 MPa. Several regions with clustered 
earthquakes present larger pore pressure of approximately 
0.4-0.5 MPa.  Since the wastewater injection into upper 
Arbuckle group is about 2 MPa [Schoenball et al., 2018], 
the diffusion from the Arbuckle group to the deep basement 
faults actually decreases the pore fluid pressure at depth. 
But still it is enough to trigger the earthquakes because 
these favorably oriented ancient basement faults are already 
critically stressed.  
 
3.3 Map pore pressure distribution and temporal 
evolutions 
After we derive the pore pressure perturbation at discretely 
distributed historical earthquake locations, we can 
interpolate to map the pore pressure distribution. The cubic 
B spline interpolation method in Matlab software is 
adopted to map the continuous pore pressure distribution 
from the discretely estimated pore pressure perturbations. 
To better investigate the possible relationship between the 
evolutions of seismicity and temporal pore pressure 
distribution, we split the total time period of the 
observations into 9 phases with a typical interval of three 
months. The exception is the first time window, which has 
a span of twelve months to include more earthquake events; 
this is due to the fewer earthquake events that occurred 
during the earlier phase of increasing seismicity.   
Figure 3a shows the estimated pore pressure distribution in 
separated time periods before interpolation. Figure 3b 
shows the estimated pore pressure distribution in separated 
time periods after interpolation. The earthquakes that occur 
within each time period are plotted in black open circles 
with the sizes scaled in magnitudes. From figure 3b, we can 
see that, overall the spatial distribution of earthquake 
quantity in each time period is consistent with the 
distribution of the estimated pore pressure perturbations. 

 
Figure 3a:The estimated pore pressure distribution before 
interpolation. 

 
Figure 3b:  The estiamted pore pressure distribution after  
interpolation. 

 
Figure 3c:  The eatimation errors. 
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There are more earthquakes occurred at the locations with 
higher pore pressure perturbations while there are only few 
earthquakes present at the locations with lower pore 
pressure perturbations.  In eight of the nine time windows, 
the spatiotemporal evolutions of earthquake quantities are 
well correlated with the estimated pore pressure 
distributions except the one time window of March 2015. 
This might due to the estimation errors which we will 
discuss in the following sections. .  
From figure 3b, we can also observe that, the large 
magnitude earthquakes tend to occur at high pore pressure 
regions. It suggests that, not only the quantity distribution 
of occurred earthquakes is related with the pore pressure 
perturbations, the large magnitude earthquakes also tend to 
occur in highly pressurized regions. 
 
3.4 Uncertainty analysis of the estimated pore pressure 
distribution 
 
To test and validate our observations, we evaluate the 
estimation errors based on probability analysis for the 
results. The analysis considers both the possible errors in 
the estimated focal plane mechanisms and the uncertainties 
in the geomechanical parameters. The maximum 
orientation errors in the strike, dip and rake are assumed to 
be ±10 degrees, ±5 degrees and ±10 degrees, respectively. 
The 95% confidence regions of σ1,  σ2, σ3, the direction of 
maximum horizontal stress, and the rock friction coefficient 
at a depth around 5 km are 131-164, 113-138, 70-86 MPa, 
N82°E- N88°E, and 0.58-0.62, respectively. To conduct 
this analysis, we perform 1000 trial pore pressure 
estimations by perturbing the input parameters following 
Gaussian noise distribution. Then the uncertainty is defined 
by the weighted summation of all trial estimations. 
Figure 3c shows the uncertainties of the estimated pore 
pressure distributions. We can see that, the uncertainties in 
most regions are less than 0.2 MPa. But for March 2015, 
the uncertainties in northernmost Oklahoma present larger 
values. Recalling the estimated pore pressure perturbations 
in figure 3b for March 2015, where the locations of 
occurred earthquakes do not present strong relationship 
with the estimated pore pressure perturbation, the larger 
uncertainties for March 2015 in figure 3c might explain the 
discrepancy.  
 
4 Discussions 
 
The historical earthquakes are usually discretely distributed 
and sometime presents doublets or multiples at very close 
locations. The estimated pore pressure values are smoothed 
for the unevenly distributed earthquakes and are averaged 
for multiples or earthquakes occurred in vicinity locations.  
Therefore, the estimated results highlight the smoothed and 
averaged pore pressure distribution.  

The direct measurement from borehole for the pore 
pressure values at the basement faults around 5 km is too 
expensive and it is currently not capable.  And sometimes, 
the deep pore pressure distribution around the basement 
faults can be different with the direct measurements from 
the shallow boreholes because the fluid may diffuse and 
propagate along the pre-existing faults [Yang and Zoback, 
2014].  In this study, using focal mechanisms to estimate 
the pore pressures, we are able to map the more detailed 
distribution of pore fluid pressures for the basement faults 
in different time periods.   
 
In this work, we carried out the uncertainty analysis for the 
estimated pore pressure distributions. The uncertainties are 
overall around 0.2 MPa. However, 0.2 MPa is still a large 
value for studying the natural earthquakes and for testing 
the triggering hypothesis. Therefore, the primary challenges 
still remain, including the accurate focal mechanism 
determination and absolute stress pattern estimation. To 
further apply this approach to estimated pore pressure 
distribution for other seismic active region, a denser 
recording network, and a better knowledge of the local 
stress field will be the key to retain reliable results. 
 
Conclusions 
 
In this study, using well constrained focal plane 
mechanisms, we estimate the pore fluid pressure 
perturbation around the basement faults at the depth around 
5 km in Oklahoma. Overall, the elevated pore pressure 
perturbations are below 0.5 MPa around the ancient 
basement faults. Analyzing the temporal evolutions, we 
find that, the occurrence of the earthquakes in each time 
period can be well explained by the distribution of the 
estimated pore pressure perturbations. Especially in the 
time periods from March 2014 to September 2014 and from 
June 2015 to March 2015, the evolutions of seismicity are 
remarkably well correlated with the elevated pore pressure 
perturbations.  Through uncertainties analysis, our results 
show that, using historical focal mechanisms to estimate 
the pore pressure at depth could serve as a useful tool to 
understand the occurrence of earthquakes and help assess 
the future earthquake activities. 
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