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Abstract on7 September 2019, an My 5.4 earthquake struck the Weiyuan area in southwestern China.
This is the largest and most damaging event in the Weiyuan shale gas field. In the next 4 months, two
earthquakes with My 4.3 and M ,5.2 rattled the same area. In this study, we obtain source parameters of these
earthquakes (e.g., centroid location, focal mechanism, and rupture directivity) to investigate whether

they are induced by hydraulic fracturing of shale gas production. We first invert for high-resolution centroid
locations and focal mechanisms of two M ~ 3 earthquakes recorded by a temporary dense seismic array.
We then adopt the M ~ 3 events as references to obtain reliable centroid locations and rupture directivity of
those moderate-size earthquakes. The results show that all earthquakes have centroid depths of no

more than 3 km and are within 2 km to injection wells of shale gas production, which suggest that these
earthquakes may be induced by local hydraulic fracturing. The My 5.2 earthquake has the same rupture
directivity to NE as the M 5.4 event and is located in the zone of positive Coulomb stress change caused by
the latter. However, the long time lapse of the M} 5.2 earthquake and the existence of an injection well
within 2 km suggest that it is more likely induced by hydraulic fracturing than triggered statically by the
M; 5.4 earthquake.

1. Introduction

Earthquake hypocenters (i.e., epicenters and depths) are critical parameters for discriminating induced seis-
micity from natural earthquakes (Davis & Frohlich, 1993; Grigoli et al., 2018). The depths of natural tectonic
earthquakes are mostly concentrated at about 10-20 km (Brantut & Platt, 2017; Marone & Scholz, 1988;
Wang & Chu, 2020). However, induced earthquakes usually occur at depths of a few kilometers, which
are caused by hydraulic fracturing or waste water injection due to various mechanisms (Ellsworth, 2013;
Weingarten et al., 2015; Yeck et al., 2016). Induced earthquakes would most likely occur close to the injec-
tion wells at similar depths if the injected fluid flows along approximately horizontal strata. Therefore,
another criterion to identify induced earthquakes is whether the epicenter of an earthquake is located near
injection wells, usually within 5 km (Davis & Frohlich, 1993). In some cases, stress perturbations from
large-volume wells or sets of wells can even induce earthquakes with distances of tens of kilometers in
regions of high permeability (Keranen & Weingarten, 2018; Keranen et al., 2014; King et al., 2014).

In the midwestern United States, most earthquakes are induced by waste water disposal (Rubinstein &
Mahani, 2015), and majority of these earthquakes have strike-slip focal mechanisms (Chen, Haffener,
et al., 2018; McNamara et al., 2015). Induced earthquakes in central Alberta also exhibit a preference for
strike-slip motions (Schultz et al., 2017). There are less studies on induced earthquakes in regions with com-
pressional stress and thrusting faults, such as the Sichuan Basin (Figure 1), where the Tibetan plateau col-
lides with the Eurasian plate (Hubbard & Shaw, 2009).

On the western edge of the Sichuan Basin, natural earthquakes in the Longmengshan fault zone are mostly
distributed in a depth of 5-20 km (Huang et al., 2008). However, the interior of the basin just begins to
witness some damaging earthquakes in recent years, which are proposed to be related to human activities
(Lei et al., 2017, 2019, 2020; Liu & Zahradnik, 2020; Luo et al., 2011; Qian et al., 2019; Sun et al., 2017).
For example, several moderate-size earthquakes rattled the Changning-Weiyuan National Shale Gas
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Figure 1. Broadband seismic stations and earthquakes used in this study. (a) Blue triangles and red dot are permanent
stations and the 2018 Changning earthquake in the Sichuan Basin. The black box shows location of the study area.
Red dashed lines enclose the Sichuan Basin. (b) Blue triangles represent temporary stations deployed in the Weiyuan
area. Yellow stars and green diamonds denote preliminary locations of the My, 5.4 (W1), My, 4.3 (W2), My, 5.2 earthquake
(W3), and catalog locations of the My, 3.8 (R1) and My, 2.5 (R2) reference earthquake. The red arrows show
orientation of the local maximum principal stress from the image well logging analysis (Chen, Meng, et al., 2018).

Demonstration Area in the Sichuan Basin, China. These earthquakes are probably induced and have
attracted extensive attention (e.g., Lei et al., 2017, 2019). In the Changning shale gas area, the background
seismicity is relatively low, and only a few M > 5 earthquakes have been recorded before 2017 (Lei et al., 2019).
However, induced earthquakes with M > 5 occur every year during the past 3 years. On 16 December 2018, an
MS5.7 earthquake struck Xingwen County in the Changning area. Eighteen days later, an M5.3 earthquake
occurred 8 km to the west of the Xingwen earthquake. These events caused substantial casualties and prop-
erty damage. Through a systematic analysis of source parameters, spatiotemporal correlation between the
earthquake and hydraulic fracturing, seismicity, as well as overpressure for fault activation, Lei et al. (2019)
concluded that the two earthquakes are induced by shale gas hydraulic fracturing at different well pads. The
MS5.7 Xingwen event is a typical strike-slip-dominated event, and the mechanism of the M5.3 event shows
that both strike-slip and reverse components are almost equally important (Lei et al., 2019).

Earthquakes in the Weiyuan area provide another opportunity to investigate possible links between the
seismicity and hydraulic fracturing of shale gas production in a region with compressional stress. In this
area, no earthquake with M > 5.0 occurred before the shale gas production which started in 2014, according
to the catalog from National Earthquake Data Center (NEDC) of China. However, three earthquakes with
M > 4.0 occurred in the Weiyuan area since September 2019 (Figure 1). These three earthquakes killed
one person and caused substantial property damages. According to the preliminary report of China
Earthquake Network Center (CENC), these earthquakes, referred to as the Weiyuan earthquakes in this
paper, are the My, 5.4 earthquake (W1) at 22:42:14 UTC on 7 September 2019, the My, 4.3 earthquake
(W2) about 4 hr later, and the My 5.2 earthquake (W3) at 00:14:06 UTC on 18 December 2019. Depths of
these earthquakes from the catalog are reported as 10, 7, and 14 km, respectively, but the depth accuracy
has not been assessed yet (Table 1).

Hypocenter locations in the CENC catalog are routinely determined from P and/or S arrival times. The accu-
racy of the locations is mainly affected by station distribution, three-dimensional (3-D) heterogeneities of the
velocity models, and uncertainties of the picked arrival times. For horizontal locations, the accuracy can
reach 5 km if at least one station within 30 km (Bondar et al., 2004). Focal depth determined from P and
S arrival times is reliable when the minimum epicenter distance is less than 1.4 times of the focal depth
(Mori, 1991). Induced earthquakes usually have depths at about 2-5 km, which requires a station spacing
of about 10 km to determine the depths using phase arrival times. In the Weiyuan area, the permanent seis-
mic network can hardly meet this requirement, which has been improved as new stations being installed in
this area after the M4.9 Rongxian earthquake on 25 February 2019.
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Table 1
Source Parameters of Earthquakes in This Study, NP = Nodal Plane

- Relocation Focal mechanism strike/dip/rake (deg) Magnitude Depth (km)
ven

ID Lon/Lat (deg) NP1 NP2 M, Mw Catalog CAP

R1 104.823/29.537 185/69/84 21/22/105 3.8 3.42 12.0 2.5
R2 104.577/29.507 189/61/80 29/31/107 2.5 2.40 2.0 24
W1 104.812/29.602 201/68/75 57/26/123 5.4 4.97 10.0 29
W2 104.490/29.507 191/37/85 17/53/94 4.3 4.07 7.0 2.0
W3 104.844/29.642 205/64/80 47/28/110 5.2 4.78 14.0 2.9

In this paper, we used regional broadband seismic data to obtain focal mechanisms and centroid depths of
the Weiyuan earthquakes with the cut-and-paste (CAP) method (Zhu & Helmberger, 1996). We first deter-
mined locations and focal mechanisms of two reference earthquakes recorded by a temporary dense seismic
network. We then inverted the source parameters of the Weiyuan earthquakes and relocated their epicenters
relative to the reference earthquakes. We also retrieved rupture directivities of W1 and W3 using a forward
modeling technique to discriminate the actual fault plane from the auxiliary plane. In section 4, we analyzed
links between the Weiyuan earthquakes and shale gas production. We also discussed possible triggering of
W3 through analyses of rupture directivity and Coulomb stress changes of W1.

2. Geological Setting, Seismic Data, and Methods

The Weiyuan shale gas block is located in the southern part of the stable Sichuan Basin with a consolidated
sedimentary layer of 4-6 km (Wang et al., 2016). The Weiyuan area lies in the southeast slope of the Leshan-
Longniisi paleo-uplift and the west side of the Early Cambrian “Mianyang-Changning” intracratonic sag,
which is a large dome anticline (Liang et al., 2019). Rich and high-quality shale gas reservoirs have been
found in the Upper Ordovician Wufeng Formation (Os;w)-Lower Silurian Longmaxi Formation (S;1) in
the Weiyuan area. The distribution of shale gas reservoir burial depth is in the range of 1.2-3.5 km (Liu &
Wang, 2016). According to the image well logging analysis, multiscale natural fractures exit in the
Weiyuan area, where the orientation of the local maximum principal stress is roughly N90°E (Chen,
Meng, et al., 2018). The maximum principal stress axis estimated from earthquake focal mechanisms is
almost horizontal with an azimuth of 106° (Lei et al., 2020).

In order to explore shallow velocity structures and monitor induced seismicity in the Weiyuan area, we
deployed a temporary dense seismic array from November 2015 to November 2016 (Figure 1). The array
consists of 50 Guralp CMG-40T seismographs with an average spacing of about 5 km. During summer of
2016, many of the stations stopped recording because of power surge from thunders and prolonged immer-
sion during the rainy season. Zeng et al. (2020) extracted fundamental mode Rayleigh wave empirical
Green's functions in the period band of 2-6 s from ambient seismic noises recorded by the array.
Phase-velocity dispersion curves were measured to image 3-D shallow shear-velocity structures within
5 km of this area. Based on the 3-D structures, we construct an average 1-D velocity model for the upper crust
(Figure 2a), which serves as the reference model for relocation and focal mechanism inversion of the refer-
ence earthquakes. In this model, the P velocities are calculated using a Vp/Vs ratio of 1.73 and 1.90 for the
first and second layer, respectively, to fit the observed P wave arrival times. The large Vp/Vs ratio of the
second layer is less reliable and mainly caused by underestimation of the S velocity from ambient noise
tomography (Zeng et al., 2020). The P and S velocities below 10 km are identical to those in CRUST1.0
(Laske et al., 2013). Another velocity model obtained from passive and active seismic data for the Sichuan
Basin (Figure 2b) is used for determining focal mechanisms and centroid depths of the Weiyuan earthquakes
through waveform modeling (Zhao et al., 1997).

During this observational period, the array has recorded more than 800 earthquakes with My > 1 according
to the catalog of NEDC. An My, 3.8 earthquake (R1) occurred on 27 July 2016 near the preliminary report
locations of W1 and W3, and an My, 2.5 earthquake (R2) on 28 November 2015 lies close to the preliminary
report location of W2 (Figure 1 and Table 1). Figure 3a displays an example of vertical-component wave-
forms from the My, 2.5 earthquake, which show clear P, S, and surface waves with apparent velocities
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Figure 2. (a) P (blue) and S (red) velocity models for the Weiyuan area, modified from Zeng et al. (2020). The Vp/Vs ratio
for the first and second layer are 1.73 and 1.90, respectively. The solid and dashed black lines are P and S velocities
of the Sichuan Basin (Zhao et al., 1997), shown in (b).
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Figure 3. Vertical-component displacement waveforms of the My, 2.5 event (R2) with clear P wave onset. (a) The blue
and red circles mark the theoretical arrival times of P and S waves, respectively, for the Weiyuan velocity model
shown in Figure 2a. (b) The P wave onset of the My, 2.5 event, aligned with the picked P arrivals. The texts and numbers
above each waveform show the station name, the epicenter distance in kilometers and azimuth in degrees. Each
waveform is normalized to its maximum amplitude.
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around 5.06, 2.95, and 2.55 km/s, respectively. The sharp P wave onsets enable precise measurements of the
first arrivals (Figure 3b), which can be used to get accurate location of earthquakes.

We choose R1 and R2 as reference events to relocate the Weiyuan earthquakes. If the distance between an
earthquake and the reference event is small compared to their epicenter distances and the length scale of the
structure heterogeneity, the ray paths between these two events to a common station are almost identical. In
this case, their differential travel times observed at the common station can be mainly attributed to the spa-
tial offset between the event pair (Chu et al., 2011; Waldhauser & Ellsworth, 2000). Here we will use surface
wave differential travel times for relocation. With relatively stronger amplitudes and lower frequencies than
body waves, surface waves have higher signal-to-noise ratios (SNRs) and longer wave lengths, therefore are
less affected by velocity heterogeneity near the source region. Another advantage of the surface waves is that
they have lower apparent velocity, which yields higher spatial resolution of event locations than the body
waves (Zhan et al., 2011).

When the distance between two events are small enough, the differential travel time At of surface waves can
be approximated as a trigonometric function of the station azimuth 6,

At = A1y(0, ) + 5 cos(6 — 6y), (1)

where Afy is a constant related to origin times and depths of the two events and v represents the apparent
surface wave velocity near the source region. We can fit the differential travel time curve to determine Ar
and 6y, which are distance and azimuth of the earthquake relative to the reference.

Depths and focal mechanisms of the Weiyuan earthquakes can be obtained through the CAP waveform
inversion method, which has been widely used in the study of induced earthquakes in the Sichuan Basin
(Leietal., 2017, 2019). The CAP method uses a grid search approach in the source parameter domain (strike,
dip, rake, and centroid depth) for best-fitting regional broadband waveforms (Chu & Helmberger, 2013; Zhu
& Ben-Zion, 2013; Zhu & Helmberger, 1996). The synthetic waveforms are a summation of Green's functions
calculated from a 1-D velocity model using the frequency-wave number integration method (Zhu &
Rivera, 2002). The observed and synthetic waveforms are divided into Pnl and surface wave segments,
and each segment is filtered at different frequency band and allowed an independent time shift to correct
travel-time errors from inaccurate source parameters and deviation from true heterogeneous velocity
structures.

3. Source Parameters of the Weiyuan Earthquakes

Since the reference earthquakes are small and the waveforms have relatively low SNR at regional distances,
we use the data recorded by the temporary dense array to determine their source parameters. We first
remove the mean value, linear trend, and instrument response from the waveform data and then rotate
the three-component velocity seismograms to radial, tangential, and vertical components in the RTZ coor-
dinates. Most of the epicenter distance of these two earthquakes are less than 50 km; the body and surface
waves can hardly be separated in the low frequency band. Thus, we treat the body and surfaces waves as
a whole to invert for the focal mechanisms, similar to the method in Herrmann et al. (2011). Seismic wave-
forms are filtered at a frequency band of 0.3-0.6 Hz for inversion of reference earthquakes. The grid search
steps are 5° for strike, dip, and rake angles and 0.5 km for centroid depth. Focal mechanism inversion results
indicate that optimal centroid depths of R1 and R2 are 2.5 and 2.4 km, respectively, and both earthquakes
have thrusting focal mechanisms (Table 1). An example of the waveform fitting for R2 is displayed in
Figure 4, and waveform fitting for R1 can be found in Figure S1 in the supporting information.

R1 is also recorded by some nearby permanent stations, which can be used to invert for its focal mechanism.
We download broadband waveform data of R1 from the Data Management Center of China National
Seismic Network (Zheng et al., 2010). Data with low SNR are rejected after visual inspection. We select 14
stations with good azimuth coverage and clear waveforms to determine its focal mechanism and centroid
depth. The broadband waveforms are cut into 35 s segments for body waves and 70 s segments for surface
waves and then filtered with frequency bands of 0.05-0.2 and 0.02-0.1 Hz, respectively. The parameters in
the grid search are identical to those for the temporary array. The focal mechanism and centroid depth
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Figure 4. Focal mechanism inversion for R2 through data from the temporary dense seismic array. The black and red are
observed and synthetic waveforms. The texts before each row are station name, distance in kilometers, and azimuth
in degrees. The numbers below each segment show the timing shifts and the cross-correlation coefficients. Positive time
shifts indicate that the output synthetics need to be shifted back, that is, late observed arrivals.

are strike/dip/rake = 191°/61°/90° and 3.0 km, respectively, similar to those obtained from the temporary
array data (Figure S2), which justifies reliable inversions for the focal mechanisms of R1 and R2 using the
temporary array data.

The Weiyuan earthquakes are large enough to be well recorded by regional permanent stations within
300 km. We deploy the same inversion strategy and parameters as the inversion for R1 using permanent sta-
tion data, except the frequency band of 0.05-0.2 Hz for the body waves. The best-fitting focal mechanism and
waveform fitting for W1 are shown in Figure 5, whereas the inversion results and waveform fittings for W2
and W3 are shown in Figures S3 and S4, respectively. W1-W3 all have thrusting mechanisms with optimal
centroid depths at 2.9, 2.0, and 2.9 km, respectively (Figure 6).

We then carry out a bootstrapping approach (Chu & Helmberger, 2013; Efron & Tibshirani, 1986; Sheng
et al., 2020) to analyze uncertainty of the focal mechanism solutions for W1. Here we randomly select a
set of 34 broadband waveforms from the 34 stations in Figure 5 to invert for the focal mechanism, which
allows multiple sampling of each station with different weights. We repeat the inversion to obtain 1,000 focal
mechanisms. Histograms of the strike, dip, and rake of the 1,000 focal mechanisms show a highly concen-
trated distribution around those from all stations (Figure S5), indicating a reliable focal mechanism.

As centroid depth is a key parameter to discriminate whether an earthquake is induced or not, we use other
two 1-D velocity models to invert centroid depths of the Weiyuan earthquakes. The first model is an average
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Figure 5. Focal mechanism inversion for W1 through data from the permanent stations. The waveforms data (black) are
cut into Pnl and surface wave sections and fitted by the synthetics (red) with different time shifts. Text and symbols

are the same as those in Figure 4.
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Figure 6. Depth resolution of misfit versus focal depth for the reference (a and b) and Weiyuan (c-e) earthquakes.
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Figure 7. (a) Relocation of the reference earthquakes and the Weiyuan
earthquakes. The symbols are temporary seismic stations (blue triangles),
official catalog locations of the reference earthquakes (green diamonds), the
relocated reference earthquakes (red diamonds), preliminary report
locations of the Weiyuan earthquakes (yellow stars), the relocated Weiyuan
earthquakes (red stars), relative location of W3 to W1 (blue star), and
injection wells in the Weiyuan area (green circles) identified during the
seismometer deployment and from Google Earth satellite images. Red and
white circles on each focal mechanism indicate the P and T axis,
respectively. Red lines denote local faults from Liang et al. (2019). (b)
Geological setting along the AB profile in the Weiyuan shale gas field,
modified from Zou et al. (2020). Stars depict centroid depths of the Weiyuan
earthquakes.

velocity model beneath the Sichuan Basin derived from surface wave dis-
persion, which is primarily a S velocity model (Shen et al., 2016). The sec-
ond model is for the southern Sichuan Basin derived from P and S wave
arrival times (Yi et al., 2019). The best centroid depths obtained from
the model of Shen et al. (2016) are 3.2, 2.6, and 2.9 km for W1-W3, respec-
tively, whereas the model of Yi et al. (2019) renders centroid depths of 3.4,
2.1, and 2.5 km for W1-W3, respectively (Figure S6). Different velocity
models all yield shallow depths for the Weiyuan earthquakes. We also cal-
culate full moment tensors for the Weiyuan earthquakes using different
velocity models, which display small nondouble-couple components
(Figure S7).

Table 1 lists detailed source parameters for the references and the
Weiyuan earthquakes. It is clear that focal mechanisms and centroid
depths of W1 and W3 are similar to those of R1, which is helpful for reli-
able measurements of differential arrival times and precise relocations of
these two earthquakes. On the other hand, the focal mechanism of W2 is
similar to that of R2, but the difference of their dipping angle is greater
than 25° (Table 1). This large difference in focal mechanism may affect
the accuracy of W2 relocation. However, Zeng et al. (2015) assessed the
effects of earthquake focal mechanisms on Rayleigh wave group arrival
times and found that the effect will be smaller for shallower earthquakes.
Since both R2 and W2 are less than 3.0 km, the effect of the focal mechan-
isms would be negligible.

We manually pick the P wave onsets (Figure 3b) and then determine
hypocenters of R1 and R2 using the hypo2000 method (Klein, 2002).
The 1-D velocity model used here is the average structure from the ambi-
ent seismic tomography (Figure 2a). Figure 7a displays the relocated R1
and R2, which are about 2.0 km to the northeast of the catalog locations.
The horizontal uncertainties of R1 and R2 are 0.6 and 0.25 km, respec-
tively. R1 has a larger uncertainty than R2 because R1 occurred in the
rainy season with fewer available stations. The depth of R1 is 3.3 km with
an uncertainty of about 1.0 km, whereas R2 has a depth of 2.7 km with an
uncertainty of 0.75 km. The hypo2000 relocation results indicate the R1
event is deeper than the R2 event, which is consistent with those from
the CAP inversion. As the rupture length of an M ~ 3 earthquake is about
0.3 km and the wavelength is more than 3 km for 0.4-0.8 Hz surface
waves, we treat hypocenters of the reference earthquakes as their cen-
troids in this paper.

We then relocate the Weiyuan earthquakes using the refined R1 and R2 locations. Differential surface wave
travel times are measured from cross correlations of high-quality Rayleigh waves recorded by the permanent
stations in the frequency range of 0.4-0.8 Hz. At this frequency band, the Rayleigh wave phase velocity is
about 2.45 km/s based on the dispersion curve (Zeng et al., 2020). The differential travel times of W1 with
respect to R1 are shown in Figure 8a. We fit the differential travel times using a least square method, yielding
Ar = 7.2 + 0.56 km and 6, = 170° + 4.9°, which indicates that W1 lies in the direction of 350° to R1 with a
distance of about 7.2 km (Figure 7a). The 95% confidence bounds of the curve fitting for the differential travel
times are shown in Figure 8, based on which the uncertainties of 6, and Ar can be calculated using the phase
velocity. With the same approach, we obtain the differential travel time of W2 and W3 with respect to R2 and
R1 (Figures 8b and 8c), respectively, to relocate centroids of W2 and W3, as displayed in Figure 7a.

The reference earthquakes are too small to generate low-frequency surface waves. Here we try to filter the
surface waves in a lower frequency band of 0.167-0.4 Hz, with Rayleigh wave phase velocity at about
2.53 km/s, to verify our location results. In this frequency band, the epicenters of W1 and W3 are almost iden-
tical to those in the frequency band of 0.4-0.8 Hz, with an error of less than 0.1 km (Figures 8a and 8c). We
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Figure 8. Surface wave differential travel times for event pairs of W1-R1 (a), W2-R2 (b), W3-R1 (c), and W3-W1 (d) as a
function of station azimuth. The red and black dots display observed differential travel times in the frequency band of
0.4-0.8 and 0.167-0.4 Hz, respectively. The red and black lines are the best-fitting sinusoidal functions at those frequency
bands and the text in brackets indicates the 95% confidence bounds of the amplitude and phase of the curve fitting.

do not determine the W2 centroid location because R2 has no clear surface waves in the frequency band of
0.167-0.4 Hz. We can also use W1 as a reference to relocate W3 since they have similar source parameters.
The W3 is about 2 km closer to W1 than that determined using R1 (Figures 7 and 8d), which might be
caused by rupture directivity of these two earthquakes.

Rupture directivity is an important earthquake source parameter to describe its kinetic processes, which will
cause an azimuthal variation of source time durations. Usually, the maximum duration appears opposite to
the rupture direction, and the minimum is in the rupture direction, related to the Doppler effect of seismic
waves. Therefore, earthquake rupture directivity can be used to discriminate the actual fault plane from the
auxiliary plane. Since W2 is an M ~ 4 earthquake, we first apply the method in Tan and Helmberger (2010) to
obtain the rupture directivity of W1 and W3 through azimuthal variation of their source durations. Here we
use waveforms of R1 as empirical Green's functions to estimate the durations of source time function (STF)
of W1 for 10 stations. Specifically, we filter the R1 and W1 waveforms in a frequency band of 0.125-2 Hz. The
upper frequency limit is lower than the corner frequency of R1 and higher than that of W1, so that R1 can be
regarded as a point source and W1 shows directivity effect. We construct 10 trapezoidal STFs with different

. L 1 . .
durations and a rise time of A and convolve with the vertical component waveforms of R1, to generate syn-

thetic waveforms. We then cut P waves of R1 and W1 with 1 s before and 6 s after the first arrivals and find
the STF with the best waveform fitting which has the largest cross-correlation coefficient (Figure 9).

For earthquakes rupturing along a dipping fault plane, the observed STFs depend on the fault geometry,
take-off angle, and azimuth of the station (Park & Ishii, 2015). Warren and Silver (2006) and Abercrombie
et al. (2017) considered this STF feature and analyzed rupture directivities for deep earthquakes with
teleseismic waveforms and shallow events with local data, respectively. However, W1 in this study is a
shallow earthquake and the waveforms at regional distances are complicated due to a mixture of upgoing
and downgoing waves. We cannot adopt the method presented in those two studies to infer the up-dip or
down-dip directivity. Fortunately, the observed azimuthal variation of source durations can still be used
to infer the horizontal directivity when the take-off angles are similar (Park & Ishii, 2015). We then choose
stations within an epicenter distance range of 168-200 km (Figure 9) and also infer a horizontal rupturing to
the northeast.

Since W1 has two nodal planes striking at 57° and 201°, respectively (Table 1), the earthquake will rupture in
the direction of either 57° (237°) or 201° (21°). Our STF result suggests that the duration is smallest in the
azimuth of ~23° (Figure 9b), indicating that the fault plane of W1 is 201°/68°/75° and its rupture directivity
is from southwest to northeast. The fault plane and rupture directivity of W3 are similar to those of W1
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Figure 9. Duration of source time functions (STFs) of W1. (a) Waveform fits for the observed P wave vertical
displacement of W1 (black) and synthetics (red). Each synthetic waveform is constructed from convolution of the

1
EGF from R1 and STF on the top. The STFs are trapezoidal function with a 3 rise time. Ovals mark the best-fitting STFs

with the highest cross-correlation coefficient, which is below each segment. The texts before each row are station
name, distance in kilometers, and azimuth in degrees. (b) Best-fitting sinusoidal function between the station azimuth
and duration of the STF for W1, suggesting a rupture directivity from SW to NE. Blue ovals, circles, and solid line
represent the results from those stations with similar take-off angles. Black solid line represents the results for all
10 stations. The dashed line is the duration of the STF corresponding to a rupture direction of 57° (i.e., NP2 in Table 1).

(Figure 10). The consistent rupture direction of W1 and W3 may provide important information for
understanding the mechanism of induced earthquakes and material properties across the fault (Rubin &
Gillard, 2000). It should be noted that the fault planes in this study are inferred solely from the rupture
directivity, and we cannot completely rule out the possibility that the Weiyuan earthquakes rupture along
the other fault plane.

4. Discussion

Shale gas resources in the Sichuan Basin are mainly distributed in the Upper Ordovician Wufeng Formation
(Osw)-Lower Silurian Longmaxi Formation (S;1). Particularly, the Longmaxi Formation is the “sweet spot”
for shale gas production in the Weiyuan area, based on drilling and pilot production data, as well as the
geological, geochemical, geophysical, and rock mechanics observations (Liu & Wang, 2016). The bottom
boundary of the Upper Ordovician Wufeng Formation varies from nearly 2.0 km around R2 to nearly
3.0 km near R1 (Figure 7b). Injection wells in this area are also at a depth of 2-4 km (Lei et al., 2017),
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the Weiyuan earthquakes suggests that these events are likely related to
29.7° 29.7° hydraulic fracturing during the shale gas production.
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The distance between the earthquake centroids and injection wells may
be an indicator that the Weiyuan earthquakes are induced. Although
the industrial data and location of the injection wells are not open to the
public, we can still identify some injection platforms during the seismo-
graph deployment and through satellite images (Figure 7a). The injection
29.6° wells are highly concentrated in the east and west of the Weiyuan area,
where the earthquakes occur. All earthquakes are within 2 km to injection
wells, which suggest that the earthquakes are very likely to be induced by
injection activities. Similar to the 2018 Xingwen earthquake, W1 and W3

T =l @ are probably nucleated within a zone of elevated pore pressure near injec-

tion wells and rupture unidirectionally to the northeast beyond the zone
- 11295 (Lei et al., 2020).

In this study, the centroid distance between W1 and W3 is 5-7 km, the sta-

104.7°

tic triggering caused by permanent stress change from fault displacement
of W1 may affect the occurrence of W3. We calculate the static Coulomb

104.8° 104.9°

Figure 10. Rupture directivity of W1 and W3 (red arrow) and the Coulomb  stress change (ACFS) caused by fault slip of W1 for the receiving fault of
stress changes caused by W1. The red stars are relative locations of W1 W3, using the method of Wang et al. (2006),
and W3 with respect to R1, whereas the blue star denotes the W3 centroid

relocated with respect to W1.

ACFS = At + u(Ao + AP) = At + Ao, )

where At and Ao are changes in the shear stress and normal stress, respectively, for a given fault geometry
and slip direction, AP is the change of pore fluid pressure, and  is the friction coefficient. &' = u(1 — ) is
the effective coefficient of friction. We take p = 0.6 and 8 = 0.47 according to Lei et al. (2019) and Sumy
et al. (2014). Rupture dimension and average fault slip are estimated from their empirical relationships
with earthquake magnitude (Wells & Coppersmith, 1994). Detailed calculation steps and strategies can
be found in Cheng et al. (2016) and Pang et al. (2020). The result shows that W3 is located in a positive
area with ACFS exceeding 20 kPa (Figure 10), which is larger than a typical threshold of 10 kPa to trigger
W3 (Brodsky & Prejean, 2005; Cochran et al., 2004). However, W3 occurred about 4 months after W1. It
can be noted that there is an injection well near W3 (Figure 7a). In addition, hydraulic fracturing opera-
tions can result in much greater CFS by poroelastic effect (Lei et al., 2017) at such a distance of W3 from
the neatest injection well. The long time lapse and a very close injection well indicate that W3 is more
likely induced by hydraulic fracturing than triggered by static stress change of W1. In our study, the
change of pore fluid pressure and friction coefficient is highly variable and will yield some uncertainties
to our estimation of ACFS. Moreover, the industrial data is unavailable, including injected water volume
and rate after W1. In the future, we will try to combine industrial data, source parameters of W1 after-
shocks and geodetic measurements to investigate possible mechanisms of W3. It is also necessary to simu-
late fluid migration in the compressional environment to clarify the physical processes with the injected
water data.

Some unconventional hydraulic fracturing has produced high level of seismicity, whereas the others are lack
of induced seismicity, which indicates that the relationship between hydraulic fracturing and induced seis-
micity is likely to be influenced by the tectonic setting (Atkinson et al., 2020). In the Sichuan Basin, hydrau-
lic fracturing activities have been carried out in four regions, that is, Jiaoshiba, Changning, Weiyuan, and
Weixi. The Changning and the Weiyuan areas have experienced earthquakes with My, > 5.0. Since 2016,
six earthquakes with My, 4.0-4.9 occurred in Weixi. The Jiaoshiba area has higher density of faults, similar
to the Changning and Weixi sites, but have the lowest level of induced seismicity. This could be explained by
the stress pattern, under which the stress from hydraulic fracturing is insufficient to activate unfavorable
faults (Lei et al., 2019). In the Weiyuan area, the average orientation of the maximum principal horizontal
stress is roughly N90°E derived from image well logging analysis (Figure 1a). The stress orientation is con-
sistent to the P axis of the earthquake focal mechanism in this area (Figure 7), indicating faults are optimally
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oriented with respect to the regional stress field and will be readily reactivated. On the other hand, Lei

0, — 0O

22091+
g1 — 03

0.08 and concluded that reverse faults of any strike direction could be easily reactivated in such a stress

regime.

et al. (2020) obtained the stress shape ratio from earthquake focal mechanisms as ¢ =

5. Conclusion

In summary, we obtain high-precision source parameters of two small earthquakes recorded by a dense seis-
mic network and take them as references to determine centroid location of three moderate-size earthquakes
in the Weiyuan area. All these earthquakes have thrusting focal mechanisms with a centroid depth no larger
than 3.0 km and are located within 2 km to water injection wells. We also resolve rupture directivity of the
M} 5.4 and My 5.2 earthquakes by using waveforms of the nearby reference earthquake as empirical Green's
functions, and both earthquakes rupture to NE. The My, 5.2 event is located in an area with positive Coulomb
stress change. The long time lapse of the My 5.2 earthquake and the existence of a near injection well suggest
that it is more likely induced by hydraulic fracturing than triggered statically by the My 5.4 earthquake.

Data Availability Statement

Waveform data for the reference earthquakes can be downloaded at Mendeley Data (https://doi.org/
10.17632/jj2s4c5y8m). The earthquake catalog is provided by National Earthquake Data Center of China
(http://data.earthquake.cn).
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