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Abstract

The 2011 Mw 5.7 Prague earthquake is the second largest induced earthquake in Oklahoma, and occurred after decades of
wastewater disposal. The local geological structure that led to the triggering of this large earthquake is not well understood.
In this study, tomographic inversion of seismic data recorded by a dense local seismic network resulted in a high-resolution 3D
velocity model with three major layers. The model clearly illuminates the geometry and characteristics of the Meeker-Prague
Fault that hosted the 2011 Prague sequence. A conceptual model is proposed to link the tomographic structure to the triggering
process of the sequence. The low-permeability second layer at ~1.5-3.5 km may be the key that delays the occurrence of the
first sizeable earthquake after decades of wastewater injection. However, a low-shear-velocity zone within this layer at the

intersection of two major faults could have provided a fluid pathway to facilitate downward fluid propagation.
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Key Points:

e We develop a fine fault zone velocity structure for the 2011 Mw 5.7 Prague earthquake
and relocate the earthquakes using the 3D models.

e The results depict the Meeker-Prague Fault that hosted the majority of the larger events in
the Prague sequence.

e We propose a conceptual model that links velocity structure to the triggering process of the
Prague sequence due to wastewater injection.
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Abstract

The 2011 Mw 5.7 Prague earthquake is the second largest induced earthquake in Oklahoma, and
occurred after decades of wastewater disposal. The local geological structure that led to the
triggering of this large earthquake is not well understood. In this study, tomographic inversion of
seismic data recorded by a dense local seismic network resulted in a high-resolution 3D velocity
model with three major layers. The model clearly illuminates the geometry and characteristics of
the Meeker-Prague Fault that hosted the 2011 Prague sequence. A conceptual model is proposed
to link the tomographic structure to the triggering process of the sequence. The low-permeability
second layer at ~1.5-3.5 km may be the key that delays the occurrence of the first sizeable
earthquake after decades of wastewater injection. However, a low-shear-velocity zone within this
layer at the intersection of two major faults could have provided a fluid pathway to facilitate
downward fluid propagation.

Plain Language Summary

The recent surge of seismicity in the central United States since 2008 has largely been attributed
to wastewater disposal from oil and gas production. The 6 November 2011 Mw 5.7 earthquake
near Prague, is the second largest earthquake ever recorded instrumentally in the state of
Oklahoma. Previous studies mainly focused on the characterization of seismicity in the 2011
Prague earthquake sequence and found that the majority of earthquakes occurred along the
Meeker-Prague fault, which is a ~20 km splay fault off the Wilzetta fault zone. In this study, we
apply the seismic traveltime tomography technique on data recorded by a dense local seismograph
network to image the fine upper crustal velocity structure in the Prague fault zone. Our results
clearly mapped zones with significant velocity anomalies in the fault zone compared to the
surrounding area. And the velocity anomalies coincide with the clusters of seismicity, indicating
that fluid injection probably played an important role in altering the properties of the fault zone
and therefore promoting the occurrence of earthquakes. This study highlights that it is critical to
investigate the fault zone structure to advance our understanding of the process of pore pressure
diffusion and fluid migration in triggering of induced seismicity.

1 Introduction

The unprecedented increase in the seismicity rate in the central United States (CUS) since
2008 has largely been attributed to the large volume of wastewater disposal from oil and gas
production (Ellsworth, 2013; Keranen & Weingarten, 2018). In Oklahoma, several significant
induced earthquakes have occurred since 2011, including the 2011 Mw 5.7 Prague earthquake and
the 2016 Mw 5.8 Pawnee earthquake, both of which caused considerable damage in the epicentral
regions (Keranen et al., 2013; Yeck et al., 2016). Although the earthquake rate has been declining
in Oklahoma since 2016, in part due to mandated reductions in rates for wastewater injection
(Stewart & Ingelson, 2017), it remains well above background levels and puts the state at an
elevated level of seismic hazards (Langenbruch & Zoback, 2016; Petersen et al., 2016; Petersen et
al., 2017; Petersen et al., 2018).

It is generally accepted that the increase in pore fluid pressure associated with wastewater
injection reduces the frictional resistance on pre-existing fault planes and thus promotes their
reactivation. The fact that not all wells with high wastewater injection rates are linked to induced
earthquakes, and that sometimes earthquakes occur near wells with low injection rates, indicates
that induced seismicity depends both on the injection parameters and on the local geological
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structures (Schultz et al., 2016; Shah & Keller, 2017). Regional studies on the crustal structures in
Oklahoma indicate that moderate earthquakes tend to occur close to the boundaries of high- and
low-seismic velocity zones that are interpreted as geological boundaries of different basement rock
properties (Pei et al., 2018; Chai et al., 2021). The hydrological structure of the subsurface is
important in controlling the spatial and temporal distributions of fluid pressure perturbations in the
subsurface. Highly permeable fault zones facilitate pore pressure propagation and channel fluid
flow to travel large distances from injection wells, potentially reaching critically stressed basement
faults (e.g., Chiarabba et al., 2018; Shah & Keller, 2017). It is therefore critical to identify the
structures that control pore pressure diffusion and fluid migration toward large active faults in
order to advance our understanding of the triggering mechanisms of induced seismicity.

The 2011 Mw 5.7 Prague earthquake sequence was the first significant earthquake
sequence that has been attributed to wastewater disposal in Oklahoma, which ruptured a previously
unmapped portion of the Wilzetta Fault zone (WFZ) (Figure 1, Keranen et al., 2013; McMahon et
al., 2017). The relocated seismicity and focal mechanisms suggest a complex fault zone with three
primary faults, as defined by the Mw 4.8 foreshock, the Mw 5.7 mainshock, and the Mw 4.8
aftershock, respectively (Cochran et al., 2020; Keranen et al., 2013; McMahon et al., 2017;
Pennington et al., 2021). Seismological analysis suggests that the Mw 5.7 mainshock ruptured an
unmapped Meeker-Prague Fault (MPF, McMahon et al., 2017) that is optimally oriented in the
stress field (Cochran et al., 2020). The onset of induced earthquakes is commonly observed soon
after the initiation of fluid injection (e.g., Frohlich et al., 2011; Horton, 2012; Tan et al., 2020).
However, the first notable earthquake (i.e., the Mw 4.8 foreshock) near Prague did not occur until
18 years after injection had commenced, and there is no clear temporal correlation between
changes in wastewater disposal rates at the wells and the timing of the Prague sequence in late
2011 (Walsh & Zoback, 2015). The coseismic rupture of the Mw 5.7 mainshock is considerably
heterogeneous consisting of multiple slip patches at depths ~3-9 km (Sun & Hartzell, 2014),
indicating variable fault strength and stress conditions on the fault, which is consistent with the
strong variability of stress drop estimates for the sequence (Pennington et al., 2021; Sumy et al.,
2017; Wu et al., 2018). In addition, stress field analysis by Cochran et al. (2020) demonstrates that
both optimally and unfavorably oriented faults were activated during the 2011 Prague sequence,
which highlights the complex structure of the fault zone, as well as the significance of pore
pressure changes in promoting the failure of the unfavorably oriented faults, in addition to the
triggering by earthquake interaction through Coulomb stress transfer (e.g., Chenetal., 2017; Sumy
et al., 2014). However, the mechanism that controls the timing and detailed failure process of the
2011 sequence and the relative contributions of fault zone structures and pore pressure changes
due to injection remain unclear.

To shed light on the aforementioned scientific questions, in this study, we focus on the fine
3D structure of the fault system, and the role of fluids in the evolution of the Prague sequence. The
new results presented here allow us to evaluate the link between the fault zone structure and the
evolution of seismicity, providing new insights on the triggering processes of induced seismicity.
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Figure 1. Topographic map of the Prague, Oklahoma. Inset map shows the location of the study

area (red rectangle). Faults are marked with black solid lines. Blue triangles show the seismic

stations and purple diamonds represent the wastewater injection wells. MPF: Meeker-Prague Fault,

WFZ: Wilzetta Fault zone. Event A, B and C represent the Mw 4.8 foreshock (5 November 2011),

the Mw 5.7 mainshock (6 November 2011) and the Mw 4.8 aftershock (8 November 2011),

respectively (locations from USGS). Red dots denote the 1508 earthquake locations from the

catalog by McMahon et al. (2017) between November 2011 and April 2012.

35°24'

2 Data and Methods

Shortly after the Mw 4.8 foreshock on 5 November 2011, teams from the Program for
Array Seismic Studies of the Continental Lithosphere (PASSCAL), Rapid Array Mobilization
Program (RAMP), the University of Oklahoma (OU), and the United States Geological Survey
(USGS) deployed 31 three-component temporary seismometers to monitor the following seismic
activity near Prague (Figure 1, Sumy et al., 2014). We selected a subset of 1508 well-recorded
earthquakes that were recorded by at least 5 stations from the template-matching derived catalog
by McMahon et al. (2017), and manually picked P and S wave arrivals. We only used earthquakes
with both P and S phase picks at five or more stations to facilitate a better comparison between Vp
and Vs, and to ensure the reliability of the Vp/Vs (Zenonos et al., 2020). To further filter out low-
quality data, we evaluated the distribution of the P and S wave travel times versus distance and
fitted the data using least squares linear regression (Figure S1). Traveltime data that fall outside
two standard deviations about the linear trend were considered outliers and were eliminated.
Finally, we obtained 18,900 P wave and 18,900 S wave arrival times for further analyses.
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We first use the HypoDD program (Waldhauser & Ellsworth, 2000; Figure S2, Text S1) to
relocate the selected earthquakes using a 1D velocity model of Prague (Keranen et al., 2013), and
then invert the selected P wave and S wave arrival times for 3D velocity models. The ray-paths for
all data used in the tomography are presented in Figure S3. We adopt the Fast Marching
tomography algorithm (FMTOMO, de Kool et al., 2006; Rawlinson et al., 2006, Text S2) to invert
for both the Vp and Vs structures. For the determination of the Vp/Vs model, instead of simply
taking the ratio of Vp and Vs models, we apply a modified version of the FMTOMO code to
directly invert for Vp/Vs using S-P times following Zenonos et al. (2020), which has been
demonstrated to produce more robust Vp/Vs model. The region of interest in this study is
approximately 40 km (EW direction) by 30 km (NS direction), and extends from the ground
surface to 16 km depth. The inversion converged after six iterations, and the root-mean-square of
the traveltime residuals was reduced from 0.43 to 0.23 s for P arrivals and from 0.65 to 0.24 s for
S arrivals for the final velocity model. Figure S4 shows the traveltime residuals after inversion for
both P- and S-waves. The residuals are centered at 0 s with the majority falling within the range
of -0.2 to 0.2 s, suggesting that the final model predicts the traveltimes quite well. Lastly, we
relocat the earthquakes using our inverted 3D velocity models and the 3D version of HypoDD.

We perform checkerboard tests to evaluate the resolution of the 3D velocity models. In the
checkerboard resolution tests, we set the input velocity perturbations at £0.5 km/s relative to the
reference model. The spatial resolution is about 2.5 km in both horizontal and vertical directions
based on the results of the checkerboard tests. Figure S5, S6 and S7 show depth slices and cross-
sectional views of the recovered models for Vp, Vs and Vp/Vs, respectively. These figures suggest
that the models are well resolved at depths of 0-8 km.

3 Results

Figure 2 shows horizontal slices of Vp (left), Vs (middle), and Vp/Vs (right) models at
various depths. In general, Vp and Vs models show similar patterns. At the surface (Figure 2a, b,
c), low velocities with high VVp/Vs spread widely, including within the WFZ and along the MPF.
The widespread low velocities near the surface are associated with the sedimentary layer in this
region. In contrast, the low velocity anomalies at 4 km depth show more concentrated pattern that
generally follows the trend of the MPF, and almost all earthquakes at this depth occurred within
the low velocity zones (Figures 2d, e), which correlate remarkably well with the region of low
Vp/Vs anomalies (Figure 2f). Similarly, a low Vp/Vs zone at 8 km depth correlates well with the
low velocity anomalies and follows the trend of the MPF (Figure 2g, h and i). Notably, the most
significant velocity anomalies, particularly Vp/Vs, occur at the intersection of WFZ and MPF
(Figure 2), where the Mw 5.7 mainshock and the Mw 4.8 foreshock are located.

Figure 3 shows cross sections for the resulting Vp (Figures 3a, b), Vs (Figures 3c, d), and
Vp/Vs (Figures 3e, f) models along two orthogonal profiles with profile AA' trending NE-SW
along the MPF (Figure 2a). Based on the velocity profiles, we infer three layers in the fault zone
with distinct velocity characteristics (Figure 3c).

The sedimentary layer is clearly outlined by low Vp and Vs at depths shallower than ~1.5
km across the entire study area ("Layer 1" in Figure 3c). This layer is also associated with high
Vp/Vs, particularly around the fault zone (Figures 3e, f). The bottom of this layer varies at depth
from about 1 to 2 km, consistent with the depth to the Arbuckle and Hunton formations obtained
from well logs and electrical logs (Pennington et al., 2021). At "Layer 2" (Figure 3c), between
~1.5-3.5 km depth, the models are characterized by Vp and Vs with moderate velocity values and
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relatively normal Vp/Vs. A notable low Vs anomaly (marked as "LSV" in Figure 3c) exists near
the northeast end of the seismicity volume in "Layer 2", which connects the "Layer 1" and "Layer
3". "Layer 3", which is located right below the Arbuckle formation in the basement and hosted a
majority of events including the Mw 5.7 mainshock, exhibits remarkable low Vp and Vs along
with anomalously low Vp/Vs (Figure 3). Figure S8 shows three representative 1D vertical profiles
along cross section AA’ including one background profile, a second going through the low Vs
anomaly LSV, and the third going through the low-velocity anomaly in Layer 3 but does not pass
LSV.

To further investigate whether the three-layer upper crustal structure discussed above is a
robust feature, we apply a synthetic reconstruction test based on a simplified 3D Vs model of the
study area (Figure 3g, h). The synthetic model has a background Vs of 3.25 km/s, and consists of
a low-velocity anomaly of 2.5 km/s from the surface to 1.5 km in "Layer 1", another low-velocity
anomaly of "2.75" km/s at 3.5-8 km depth in "Layer 3", and a narrow cylindrical low-velocity
anomaly of 2.75 km/s that connects "Layer 1" and "Layer 3" near the northwest edge of the
anomalies (marked as "SLSV" in Figure 3g). We generate synthetic travel time data based on the
source-receiver geometry, and obtain inverted velocity model following the same workflow. The
inverted model agrees well with the input model in terms of both the shape and amplitude of the
velocity anomalies (Figure 3h), suggesting that the layered structure is a robust feature. A similar
input model without the “SLSV” feature was also tested, which further ensures that the recovered
“SLSV” in Figure 3h was not an artifact caused by smearing effects (Figure S9).
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Figure 3. (a-f) Cross section along profiles AA' (left) and BB' (right). Top, middle, and bottom
panels show the Vp, Vs, and Vp/Vs, respectively. White dots are projected earthquakes from the
relocated catalog using 3D velocity models within 1.5 km of the cross sections and the Mw 5.7
mainshock, Mw 4.8 foreshock and Mw 4.8 aftershock are shown as white stars. (g) Synthetic input
model with three layers. (h) Inverted model for the synthetic test.
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4 Discussion

Induced earthquakes are generally interpreted as the reactivation of pre-existing faults due
to stress changes caused by fluid injection (Ellsworth, 2013; Gupta, 2002). Thus, the detailed
structure and morphology of the MPF is important for understanding induced seismicity in Prague.
WEFZ is the most significant mapped fault system near the Prague area, but the distribution of
earthquakes (Figures 1, 2) suggests that the unmapped NE-oriented MPF, instead of the WFZ, is
the primary host of the 2011 Prague sequence (Keranen et al., 2013; McMahon et al., 2017).
Aeromagnetic Data reveals a correlation between low magnetic anomalies and MPF with strong
heterogeneities within the fault zone (Shah & Crain, 2018). Yet, there has been no high-resolution
tomographic studies to date at local scale to constrain the detailed morphology of MPF and its
relationship with the Prague sequence.

Velocity variations in fault zones reflect the combined effects of lithology, crack density,
porosity, and water content (e.g., He et al., 2018; Langenbruch & Zoback, 2016). Based on our 3D
relocation of earthquakes (Figure S10) and velocity models, we infer that the MPF has a strike of
about N45°E (Figure 2), which is consistent with the orientation of the MPF suggested by the
aftershock distribution (McMahon et al., 2017). The 3D velocity models show near-vertical, low-
velocity zones (Figures 3b, d) with low Vp/Vs (Figure 3f) occurring between 2.5 km and 8 km
depth, coincident with the coseismic rupture of the mainshock and spatial extent of the aftershocks.
In addition, the vertical variations of the velocity and Vp/Vs structures (e.g., "Layer 2" versus
"Layer 3" in Figure 3c) suggest that small-scale complexities do exist within the fault zone, as
previously recognized by Shah and Crain (2018). It should be noted that our model has a spatial
resolution of ~2.5 kilometers, which prevents the identification of minor fault structures, such as
the EW-trending fault branch outlined by the aftershocks of the Mw 4.8 aftershock on 8 November
2011 (Cochran et al., 2020; McMahon et al., 2017).

McMahon et al. (2017) shows that over 99.9% of the cumulative moment in the catalog
was released below 2.6 km depth. Our updated earthquake relocations using 3D velocity models
(Figures 2, 3 and S10) show that most earthquakes (including the Mw 5.7 mainshock) occurred
within the imaged velocity anomalies. The 3D relocations are overall consistent with 1D
relocations with relatively small changes, however, both 3D and 1D relocations show large shifts
from the original locations (Figure S11). More significantly, all the larger earthquakes in this
sequence (Mw>3.5) occurred at depths of ~4-9 km of the MPF (Figure S12). Earthquake scaling
laws indicate that these larger earthquakes could have been produced by a fault with the size of
the MPF imaged by this study (e.g., Qin et al., 2019; Walsh & Zoback, 2015).

The shear and bulk modulus are different for saturated cracks with different aspect ratios,
and the Vp/Vs anomalies can be related to different factors including water content, aspect ratio,
and crack density (Lin & Shearer, 2009; Shearer, 1988). Our tomographic models reveal prominent
high Vp/Vs in the sedimentary layer ("Layer 1" in Figure 3c), where large volume of wastewater
has been injected into the Arbuckle group (Keranen et al., 2013), suggesting that the sedimentary
layer is characterized by fluid-filled cracks with small aspect ratio in saturated carbonates (e.g.,
<0.01, Lin and Shearer, 2009; Shearer, 1988). The "Layer 2" has normal granite velocity values
and relatively normal Vp/Vs, which indicates a relatively uniform structure and lower
permeability. The intersection of the MPF and WFZ is marked as a low shear velocity zone,
possibly indicating reduced fault strength.
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The Vp/Vs at the MPF ("Layer 3" in Figure 3c) is approximately 1.6, which is around 8%
lower than the background value of 1.73. This can be explained by fluid-filled cracks with high
aspect ratio (Shearer, 1988; Takei, 2002), A 8% reduction in the Vp/Vs corresponds to a medium
porosity of around 10% assuming an aspect ratio of 0.1 and an initial Vp/Vs of 1.73 (Lin & Shearer,
2009). Moreover, we apply the method of Lin and Shearer (2007) to estimate the situ Vp/Vs in
"Layer 3" using P-wave and S-wave differential times (Figure S13, Text S3). This technique has
high resolution for near-source Vp/Vs using high-precision differential times and a robust misfit
function method. The consistency between the Vp/Vs (~1.6) estimated using differential travel-
times and our tomography results highlights the reliability of our Vp/Vs estimates.

Due to the lack of seismicity and monitoring stations prior to the Prague sequence, it is
impossible to infer the structure in earlier stage so as to provide a definite triggering process of the
Prague sequence. Our 3D model represents the average upper crust structure during and following
the Prague earthquake sequence. Figure 4 shows a 3D perspective view of the inverted Vs model.
The isosurface of a Vs of 3 km/s forms a cylinder at depths of ~3.5-8 km, outlining the extent of
the low-velocity “Layer 3” that extends upwards and connects to the sedimentary layer through a
possible flow channel near the intersection of WFZ and MPF. Additional plots (Figures S14 and
S15) and animations showing the 3D Vs isosurface structure from various viewing angles are
included in the Supporting Information. Lateral variations of body wave velocities are widely
observed worldwide in fault zones, whether associated with industrial activity or not, and are often
related to fluids (Allam et al., 2014; Di Stefano et al., 2011; Lei & Zhao, 2009; Tan et al., 2020).
In the current study, the resolved strong velocity and Vp/Vs anomalies at seismogenic depths
define the extent of the possibly overpressurized volume influenced by fluid injection, which
suggests that fluid-filled cracks may be present down at least 8 km in depth, and therefore, fluid
may have played a key role in triggering the sequence.

Combining all the observations, we propose a simplified conceptual model for the
development of the Prague sequence: Fluid injection into the three active injection wells within
~1.5 km of Event A (Figure 1) started since 1993, and extended into the deeper Arbuckle Group
between ~1.3 and 2.1 km depth (Keranen et al., 2013). Since the Arbuckle Group comprises highly
permeable reservoirs (Keranen et al., 2013), the wastewater quickly diffused into the surroundings
(Shah & Keller, 2017), triggering some small earthquakes due to the increase in pore pressure. The
relatively complete central Oklahoma granite group ("Layer 2" in Figure 3c, Shah & Keller, 2017)
at depth ~1.5-3.5 km, which has a very low permeability, inhibits further downward wastewater
penetration in general. Seismicity during this time period is therefore limited to the sedimentary
layers and the uncovered preexisting MPF remains stable. The low-permeability of "Layer 2"
maybe the main reason that the first sizeable earthquake did not occur until 18 years after the
wastewater injection commenced (Keranen et al., 2013). As noted by Keranen & Weingarten
(2018), the lack of induced seismicity in North Dakota is partially due to the low permeable layers
above and below the injection layer, which supports our interpretation. However, as injection
continues, at the intersection of the MPF and WFZ in "Layer 2" (marked as “LSV” in Figure 3c),
the fault strength gradually decreases in response to increased pore pressure as wastewater
accumulates. Then the density-driven pressure front migrates downward (Pollyea, et al., 2019) at
this fault intersection. This process of downward diffusion resulted in increased pore pressure,
decrease the fault strength, and may have induced the Mw 4.8 foreshock (Event A in Figure 4) in
"Layer 2" (Keranen et al., 2013; Sumy et al., 2014).
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Figure 4. 3D visualization of the inverted Vs model. The isosurface of a Vs 3 km/s forms a cylinder
at the depth of ~3.5-8 km and connects upward with the shallow part near in the fault intersection.
The magnitude and location of Event A (Mw 4.8, at 3.1 km depth), B (Mw 5.7, at 5.2 km depth)
and C (Mw 4.8, at 5.0 km depth) are from USGS. The white arrows indicate possible directions of
fluid diffusion and the red circle marks the possible location of the flow channel.

The MPF is optimally oriented in the local stress field, and may have been critically
stressed (Cochran et al., 2020; Qin et al., 2019). The stress interactions from foreshocks and
accumulated pore pressure triggered a run-off rupture along the MPF, resulting in the Mw 5.7
mainshock (Event B in Figure 4). Numerical modeling suggests that critically stressed faults is
more likely to have run-off ruptures that extends beyond pressurized zone (Gischig, 2015).

The rupture processes of Event A and B might have created a flow channel in "Layer 2"
(Figure 4), allowing the wastewater to easily penetrate into the MPF. Subsequently, the combined
effect of the Coulomb stress changes from Events A and B and the increased pore pressure
promotes the failure of the Mw 4.8 aftershock (Event C in Figure 4) and later aftershocks (Sumy
etal., 2014).

Based on our model, the low permeability of "Layer 2" and the limited pathway at the fault
intersection for the downward fluid penetration are the two reasons for the significant delay of the
first sizeable earthquake that occurred 18 years after the fluid injection started. An in-depth study
of Layer 2, including assessment of lateral differences in lithology and structure, will be critical in
understanding the triggering processes of the Prague sequence. In addition, smaller scale structures
are evident but beyond the resolution of our tomographic models. Most of those secondary faults
including the ones that hosted the Mw 4.8 foreshock and Mw 4.8 aftershock were found not
optimally oriented for failure in the local stress field, which underlines the dominant effect of
elevated pore fluid pressures, when compared with the small footprint of stress perturbations
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caused by static and dynamic stress transfers (Brown et al., 2018), in promoting failure along those
smaller faults that would otherwise remain inactivated in ambient stress field (Cochran et al.,
2020). Our proposed conceptual model can provide valuable guidance for numerical simulations
on induced seismicity with a particular target on the delayed mainshock occurrence as observed at
Prague and the 2017 Mw 5.5 Pohang, Korea earthquake (Yeo et al., 2020)

5 Conclusions

In this study, we imaged fine upper crustal velocity structures in the fault zone of the 2011
Mw 5.7 Prague, Oklahoma earthquake using data from a dense local seismic network. The new
models reveal a three-layer structure of the Prague fault zone: a sedimentary layer extending from
the surface to a depth of ~1.5 km, comprised of fluid-filled cracks with small aspect ratio, followed
underneath by a relatively uniform basement layer with low permeability at around 1.5-3.5 km
depths, and then a layer in the basement with fluid-filled cracks of high aspect ratio at depths of
around 3.5-8 km. Based on our obtained velocity models and relocated earthquake locations, we
infer that the MPF ruptured in "Layer 3" and hosted the majority of the larger events in the Prague
sequence including the Mw 5.7 mainshock. The low permeability of "Layer 2" is probably what
delays the first sizeable earthquake (Mw 4.8 foreshock) after 18 years of wastewater injection.
More importantly, the weak zone at the fault intersection had provided the focused pathway for
the downward penetration of the injected fluids.
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