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Supplemental Material

TheWeiyuan shale gas field in the stable southern Sichuan basin, China, has experienced
increasing seismicity since systematic hydraulic fracturing (HF) operations in 2015. Three
Mw ≥ 4:4 shallow earthquakes occurred in the Weiyuan area between September 2019
and February 2020, yet their seismogenic faults, rupture models, and relationshipwith HF
are unknown. In this study, we first obtain the high-resolution coseismic deformation
fields of these three events and then invert their slip distribution. The result shows that
all three events are shallow high-dip reverse events under the contractional Weiyuan
anticline environment with peak slips of 158, 68, and 34 cm and at depths of 4, 3, and
1.6 km, respectively. The spatial relationship between seismogenic faults, horizontal
wells, as well as geological data reveals that pore-pressure diffusion due to the HF
may be the main mechanism of the 8 September 2019 and the 18 December 2019 events,
whereas the 16 February 2020 event may be attributed to the poroelastic stress pertur-
bation caused by the HF. Our study highlights that HF activities and regional geological
characteristics jointly influence the properties of earthquakes in the Sichuan basin.

Introduction
The Sichuan basin is located at the northwest edge of the stable
Yangtze craton, which is characterized by sedimentary layers
overlying the crystalline basement. It shows a low background
seismicity under a low strain rate (Lei et al., 2020; Tian et al.,
2024). For example, fewer M > 4.0 earthquakes are recorded
before 1970 in southern Sichuan (Dai et al., 2023). Nowadays,
Sichuan basin is the largest shale gas production area in China,
with production primarily coming from three important shale
gas production demonstration blocks: Changning, Weiyuan,
and Jiaoshiba (Wang et al., 2022) (Fig. 1a). The Weiyuan shale
gas field is the first discovered giant gas field in China and is
located in the Weiyuan–Rongxian Counties and Zizhong
City, where seismic activity increased dramatically and concen-
trated around the horizontal wells since systematic hydraulic
fracturing (HF) in 2015 (Lei et al., 2020; Yi et al., 2020; Zi
et al., 2023; Abbas et al., 2024; Zhang et al., 2024). The largest
three earthquakes with moment magnitudes of 5.04, 4.90, and
4.39 (Yi et al., 2020) occurred between September 2019 and
February 2020 in the Weiyuan shale gas region, in which the
Mw 5.04 event occurred on 8 September 2019, resulting in 1
death, 63 injuries, and severe damage to over 390 houses.
Extensive studies based on seismological data suggested that

all of them have shallow source depths and may be attributed
to HF activities (Lei et al., 2020; Shenget al., 2020, 2022; Wang
et al., 2020; Yang et al., 2020; Yi et al., 2020; Wong et al., 2021;
Liu et al., 2023), yet their precise earthquake source parameters
and the role of HF in fault reactivation remain unclear.

Interferometric Synthetic Aperture Radar (InSAR) has been
widely employed to investigate natural earthquakes since the
breakthrough study of the 1992 Landers earthquake for the
advantages of high spatial resolution and positioning accuracy
(Massonnet et al., 1994; Elliott et al., 2016), which can provide
constraints for inverting slip along the fault at depth. In recent
years, InSAR has been used to study the mechanism of
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earthquakes near the HF well pad (Yang et al., 2020; Eyre et al.,
2022; Wang et al., 2022; Zhao et al., 2023). In this study, we use
InSAR to obtain surface deformation fields caused by the three
earthquakes, then investigate the source parameters and refined
slip distribution of the seismogenic faults with the constraints of
InSAR observations. Finally, we discuss the induced mecha-
nisms of the three earthquakes by combining the regional
geological background and analyzing the spatial relationship
between the coseismic slip distribution and the HF well.

Geological Setting and Seismicity in
the Weiyuan Shale Gas Field
The Weiyuan shale gas field is located in the southern large
dome contractional anticline of the stable Sichuan basin, with
the Longquan Mountain structural belt in the west, the central
Sichuan monocline in the north, and the Zigong sag in the south
(Wei et al., 2008; Wang, Hubbard, et al., 2016). The azimuth of
the maximum principal stress based on earthquake focal mech-
anisms is 106° (Lei et al., 2020), which is consistent with the
direction of the Global Positioning System velocity field in
the area (Fig. 1a) (Wang et al., 2020). Rich shale gas reservoirs
have been explored in the Upper OrdovicianWufeng Formation
(O3W)–Lower Silurian Longmaxi Formation (S1l) of the
Weiyuan shale gas field (Zou et al., 2015), which is characterized
by large shale thickness, high gas content, developed fractures,
and weak stress heterogeneity (Liu and Wang, 2016). The burial
depth of the reservoirs is about 1.2–3.5 km from the western to
the eastern part (Zou et al., 2020).

The Weiyuan shale gas field can be divided into the Weixi
subblock in the west and the Weidong subblock in the east, with
the boundary line roughly passing through Weiyuan County
(Lei et al., 2020; Yang et al., 2020) (Fig. 1b). In the Weidong
subblock, a large number of small earthquakes occurred in
the first four years after the large-scale HF in 2015. The largest

event magnitude was 3.6 until theMw 5.04 earthquake occurred
on 8 September 2019, and anotherMw 4.90 earthquake occurred
∼4 km northeast of it on 18 December 2019. Seismological data
show similar reverse focal mechanisms of these two earthquakes,
and the nearby W204-H37 platform experienced fracking
before the Mw 5.04 event (Zi et al., 2023). The Weixi subblock
also hosts a series of earthquakes with Mw ≥ 4. On 24 and 25
February 2019, three moderate earthquakes occurred in the
Molin area, which may be attributed to HF by analyzing the
spatiotemporal relationship between earthquakes and HF activ-
ities (Lei et al., 2020; Yang et al., 2020). The largest Mw 4.30
event is interpreted to occur on the shallow Molin fault with

Figure 1. Tectonic setting of the Weiyuan area. (a) Satellite track
images were used in this study. The green dashed polygons
represent the Weiyuan (WYSGF), Changning (GNSGF), and
Jiaoshiba (JSBSGF) shale gas fields. The blue arrows represent the
Global Navigation Satellite Systems (GNSS) velocity field with
respect to the Eurasian plate with the 95% confidence interval
from Wang and Shen (2020). The gray lines represent active
faults. The yellow rectangle outlines our study region. HYSF,
Huayingshan fault; LMSF, Longmenshan fault; and LQSF,
Longquanshan fault. The inset indicates the location of the
Sichuan Basin. (b) Seismicity and hydraulic fracturing (HF) dis-
tribution in the study area. The triangles represent shale gas
operation platforms, in which wells filled with green are the
closest to seismogenic faults. HW indicates the horizontal well
traces of the H37 horizontal well in the Weiyuan shale gas block.
The gray solid circles represent relocated microearthquakes from
January to March 2019 (Wang et al., 2020). The red rectangles
indicate fault planes used for slip distribution inversion in this
study. Focal mechanisms are obtained based on our optimal slip
distribution. The large white arrow manifests the orientation of
the maximum horizontal principal stress (SHmax) (Lei et al., 2020;
Wang et al., 2022). WDS, Weidong subblock; and WXS, Weixi
subblock.
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a limited extending depth of ∼1.5 km (Wang et al., 2020; Yang
et al., 2020). Tomography results further reveal the existence of a
low-velocity zone extending∼4 km along the Molin fault, which
is supposed to be geologically susceptible and prone to occurring
ML ≥ 3:0 earthquakes (Zi et al., 2023). Around 1 yr later (16
February 2020), another Mw 4.39 event occurred in the same
area (Yi et al., 2020), but detailed research has not yet been
conducted.

InSAR Observations
InSAR data processing
It is challenging to study small-to-moderate earthquakes (i.e.,
Mw < 5:5) with Differential InSAR (DInSAR) because their sur-
face deformation is usually small and likely to be contaminated
by atmospheric delays or low coherence (Luo et al., 2022). Thus,
we apply the multi-interferogram stacking method to estimate
the average differential phase with an improved signal-to-noise
ratio using a set of unwrapped differential interferograms under
the assumption of randomly distributed atmospheric delays and
constant deformation (Jiang et al., 2018; Luo et al., 2022; Wang
et al., 2022; Zhao et al., 2023).

Sentinel-1 satellite SAR images from ascending tracks T55A
and T128A and descending tracks T62D and T164D captured
the coseismic deformation associated with the 8 September
2019, 18 December 2019, and 16 February 2020 events (Fig. 1a).
The GAMMA commercial software platform is utilized to
process the SLC images (Werner et al., 2000). The enhanced
spectral diversity method (Yagüe-Martínez et al., 2016) is
used to improve the coregistration accuracy. We generate inter-
ferograms spanning the earthquake with temporal baselines
smaller than 60 days for stacking. Topographic contributions
to the interferograms are simulated and subtracted based
on the 30 m spatial resolution SRTMGL1 DEM. In addition,
a multilook factor of 10:2 and the weighted power spectrum fil-
ter (Goldstein and Werner, 1998) are applied to improve the
coherence. The minimum cost flow algorithm (Costantini,
1998) is conducted for unwrapping, and reference points are
selected at stable points away from deformation areas. We
use the Generic Atmospheric Correction Online Service for
the InSAR online weather model to estimate and mitigate the
atmospheric phase delays (Yu et al., 2018), then use the linear
polynomial to fit and remove regular stripes caused by residual
long-wave effects based on data away from deformation areas.
We further discard interferograms severely affected by atmos-
pheric phase delays, decorrelation, or unwrapping errors and
finally obtain a series of refined interferograms spanning the
three earthquakes. The baseline maps of the retained interfero-
grams are shown in Figure S1, and detailed interferogram infor-
mation for each track is listed in Table S1, available in the
supplemental material to this article. Notably, not all four tracks
are involved in the interferogram selection of the 8 September
2019 and 18 December 2019 events. Subsequently, we conduct
the multi-interferogram stacking method based on the selected

interferograms to obtain the stacked phases and convert them to
obtain three coseismic deformation fields along the line-of-sight
(LoS) direction in the local World Geodetic System 1984 (WGS
84) coordinate system with a 30 m resolution (Fig. 2).

To evaluate the effectiveness of the multi-interferogram
stacking method, we estimate the standard deviation of the ini-
tial DInSAR deformation fields as well as the stacked deforma-
tion fields by masking out the area of coseismic deformation.
The result shows that for the 8 September 2019 event, the stan-
dard deviations of the stacked deformation fields for T55A and
T164D are 0.4 and 0.4 cm, respectively. For the event on 18
December 2019, the standard deviations of the stacked defor-
mation fields for T55A, T128A, and T164D are 0.3, 0.2, and
0.3 cm, respectively. For the event 20200216, the standard devi-
ations of the stacked deformation fields for the T55A, T128A,
T164D, and T62D are 0.2, 0.2, 0.1, and 0.2 cm, respectively.
Details on the standard deviation of the initial DInSAR results
are listed in Table S1. We also estimate the mean values of the
stacked deformation fields utilizing values within the coseismic
deformation area. The result shows that for the 8 September
2019 event, the mean values of the stacked deformation fields
for T55A and T164D are 1.1 and 1.5 cm, respectively. For the
18 December 2019 event, the mean values of the stacked defor-
mation fields for the T55A, T128A, and T164D are 1.1, 0.7, and
0.7 cm, respectively. For the 16 February 2020 event, the mean
values of the stacked deformation fields for the T55A, T128A,
T164D, and T62D are 1.0, 0.7, 0.4, and 0.4 cm, respectively.

Coseismic interferograms
Figure 2 shows the stacked coseismic deformation fields of the
three events. It can be seen that for each event, both ascending
and descending observations have the same positive and neg-
ative characteristics. According to radar geometric parameters,
this consistency of deformation direction under different LoS
directions indicates that the coseismic deformation is domi-
nated by vertical motions. Warm colors represent motions
close to the satellite, and cold colors represent motions away
from the satellite, manifesting all these three events are domi-
nated by reverse components, consistent with previous seismo-
logical estimations (Lei et al., 2020; Sheng et al., 2020; Wang
et al., 2020; Yi et al., 2020). For the 8 September 2019 event, the
maximum deformation values for T55A and T164D in the LoS
direction are 2.8 and 2.9 cm, respectively. For the 18 December
2019 event, the maximum deformation values for T55, T128A,
and T164D in the LoS direction are 2.2, 1.6, and 1.5 cm, respec-
tively. For the 16 February 2020 event, the maximum deforma-
tion values for T55A, T128A, T62D, and T164D in the LoS
direction are 1.8, 1.6, 0.8, and 1.0 cm, respectively.

Interferogram down-sampling
To improve the efficiency of slip inversion, we need to down-
sample the coseismic displacements. However, the commonly
used quadtree down-sampling method is sensitive not only to
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deformation but also to phase gradients caused by noises like
atmosphere phases and incoherence (Ji et al., 2017; Luo et al.,
2022). This phenomenon is more pronounced when sampling
deformation from small to moderate earthquakes since the
magnitude of errors is close to the magnitude of deformation.
Therefore, we apply a uniform grid sampling method based on
topology analysis to mitigate unreasonable oversampling in the
far-field regions (Wang et al., 2022). The method first con-
structs a polygon based on the distribution of each coseismic
deformation and then down-samples the deformation field
with different grids inside and outside the polygon. We down-
sample all deformation fields with intervals of 0.0035° inside
the polygon and 0.015° outside the polygon by trading off the
number and density of sampling points. For the 8 September
2019 event, we obtain 1008 and 1753 observations for T55A
and T164D, respectively. For the 18 December 2019 event,

we obtain 1436, 1553, and 1479 observations for T55A, T128A,
and T164D, respectively. For the 16 February 2020 event, we
obtain 716, 718, 717, and 718 observations for T55A, T128A,
T62D, and T164D, respectively.

Fault Source Modeling
To investigate whether and how HF induced these earth-
quakes, we need to invert the detailed source parameters
and slip distribution with the constraints of high-resolution

Figure 2. Coseismic deformation from different tracks associated
with the (a,b) 8 September 2019, (c–e) 18 December 2019, and
(f–i) 16 February 2020 events. Positive values indicate motions
close to the satellite, and negative values indicate motions away
from the satellite. The gray lines represent active faults.
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InSAR observations. We first perform a nonlinear inversion
to search for the best-fit fault source parameters, then conduct
a linear inversion based on the steepest descent method
(SDM) program (Wang et al., 2013) to obtain the refined slip
distribution.

Determination of source model parameters
To determine the optimal source parameters, we use the non-
linear Bayesian approach to invert InSAR observations obtained
from different paths, which allows a rapid calculation of pos-
terior probability density functions of source model parameters
using a Markov chain Monte Carlo method (MCMC) and the
Metropolis–Hastings algorithm (Bagnardi and Hooper, 2018).
We perform the inversion with a rectangular dislocation source
(Okada, 1985) using nine source model parameters: length,
width, depth of the lower edge, dip, strike, uniform slip along
strike and dip direction, and X and Y coordinates of the mid-
point of the lower edge. During the inversion, we set the range of
dip and strike between 0°–90° and 0°–360° for global search and
randomly choose the initial parameters within the ranges.

The marginal posterior probability distribution for the source
model parameters of the three events is shown in Figure 3, with
the maximum posterior probability solutions and the 95% credi-
ble intervals as follows. For the 8 September 2019 event, our
preferred model reveals that the coseismic deformation can
be well explained by uniform slip on a 4498 (−4027/+2594)-
m-long and 1306 (−278/+3216)-m-width fault with a centroid
depth of 3563 (−444/+2460) m, striking 192° (−12.5°/+21°), dip-
ping 64° (−9.8°/+9.5°) (fault 1), and the optimal strike-slip and
reverse slip are −0.32 (−0.6/+0.24) m and 0.14 (−0.1/+0.75) m,
respectively. For the 18 December 2019 event, the result reveals
that coseismic surface displacements can be well explained
by uniform slip on a 4291 (−1452/+1114)-m-long and 7463
(−4614/+294)-m-width fault with a centroid depth of 4488
(−2059/+769) m, striking 207° (−10°/+14°), dipping 46°
(−6°/+12°) (fault 2), and the optimal strike-slip and reverse slip
are 0.03 (−0.01/+0.04) m and 0.04 (−0.01/+0.06) m, respectively.
For the 16 February 2020 event, our model result reveals that
coseismic surface displacements can be well explained by slip
on a 5067 (−509/+493) m long and 210 (−6/+750) m wide fault,
striking 174° (−2.3°/+1.7°), dipping 72° (−5.4°/+5.2°) (fault 3)
with a centroid depth of 1667 (−80/+422) m, and the optimal
strike-slip and reverse slip are −0.04 (−0.09/+0.14) m and 0.3
(−0.2/+0.02) m, respectively.

Static finite-fault inversion
Based on the fault parameters obtained earlier, we further
investigate the refined slip distribution of the seismogenic fault
planes. To prevent possible boundary effects, we extend fault 1
obtained in 4.1 by increasing the length to 15 km and the
down-dip width to 10 km. Similarly, faults 2 and 3 are
extended by increasing the length to 15 and 12 km and increas-
ing the down-dip width to 30 and 4 km, respectively. All fault

planes are set to reach the ground surface to capture possible
shallow slips. We discretize all fault planes into rectangular
patches with a mesh of 0.5 × 0.5 km to obtain 600, 900,
and 192 patches for faults 1, 2, and 3, respectively. Before
the inversion, we first compute Green’s functions based on
the elastic half-space dislocation model. And then, the
down-sampled InSAR data are inverted to obtain the coseismic
slip based on the SDM program (Wang et al., 2013), which is
implemented on the constrained least-squares method. We
apply the L-curve method to select the smoothing factors
between the model roughness and data misfit (Hansen, 1999).
As shown in Figure S2, our preferred smoothing parameters
are 0.03, 0.02, and 0.03 for faults 1, 2, and 3, respectively.

Results
The 8 September 2019 event
A comparison of observations and predictions associated with
the coseismic LoS displacements along T55A and T164D is
shown in Figure 4. It can be seen that the model can fit all obser-
vations well. The geodetic moment is about 4:21 × 1016 N · m,
which is equivalent to anMw 5.05 event, comparable to the seis-
mological estimation from Yi et al. (2020) (Mw 5.04), smaller
than the result estimated by Wang et al. (2020) (Mw 5.20),
and slightly larger than the results estimated by Lei et al. (2020)
(Mw 4.92) and Sheng et al. (2020) (Mw 4.97). There is no surface
rupture, and most of the slip is concentrated on a ∼4 × 4 km
region, passing through the Wufeng–Longmaxi formation
shale gas bed (3.1–3.5 km) (Dong et al., 2018), and the maximum
slip is 158 cm at the depth of ∼4 km. The slip asperity is domi-
nated by significant reverse and minor sinistral components,
closing to the fluid injection depth of the horizontal well
W204-H37. In addition, we calculate shear stress change on the
source fault triggered by the 8 September 2019 event with a static
frictional coefficient of 0.6 and a rigidity of 30 GPa, respectively
(Guo et al., 2020). As shown in Figure 4i, the maximum shear
stress change is located near the epicenter with a magnitude of
0.92 MPa.

The 18 December 2019 event
As shown in Figure 5, the coseismic LoS displacements along
T55A, T128A, and T164D of the 18 December 2019 event are
well recovered. The geodetic moment is about 5:74 × 1016 N · m,
corresponding to an Mw 5.14 event, which is slightly larger than
the seismological results (Lei et al., 2020; Sheng et al., 2020; Yi
et al., 2020). Our model reveals that most of the slip is concen-
trated on an area of ∼5.5 × 5.0 km without the surface rupture,
passing through the Wufeng–Longmaxi formation shale gas bed
(3.1–3.5 km), and the maximum slip is 68 cm at the depth of
∼3 km (Dong et al., 2018), near the fracking injection depth of
the horizontal well 385. The slip asperity is dominated by signifi-
cant thrust and minor sinistral components, generally consistent
with the result of seismological estimations. Except for the main
slip asperity, we find a small amount of slip with a depth range

Volume XX • Number XX • XXXX XXXX • www.srl-online.org Seismological Research Letters 5

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220230375/7015582/srl-2023375.1.pdf
by Chinese University Hong Kong user
on 06 January 2025



Figure 3. The marginal posterior probability distribution for the
source model parameters of the (a) 8 September 2019, (b) 18
December 2019, and (c) 16 February 2020 events. Scatter plots

are contoured based on frequency (warm colors represent high
frequency, cold colors represent low frequency). Optimal
parameters are labeled in the insets.
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between 4 and 8 km, resulting in a larger seismic moment. The
maximum shear stress change (Fig. 5i) triggered by the 18
December 2019 event is located near the epicenter with a magni-
tude of 0.35MPa, smaller than that of the 8 September 2019 event.

The 16 February 2020 event
Figure 6 demonstrates that comparison of observations and
predictions of the coseismic LoS displacements associated with
the 16 February 2020 event along T55A, T128A, T62D, and
T164D, revealing a good fit. The geodetic moment is about
8:6 × 1015 N · m, corresponding to an Mw 4.59 event, which
is slightly larger than the seismological estimation from Yi
et al. (2020) (Mw 4.39). Our optimal slip distribution suggests
that most of the slip is concentrated on a ∼6.5 × 2.5 km region,
where the maximum slip is 34 cm at a depth of ∼1.6 km,
shallower than the depth of the shale gas bed in this area
(2.45–2.7 km) (Dong et al., 2018). The slip asperity is domi-
nated by significant reverse and minor strike-slip components,
generally consistent with the result of seismological estima-
tions. Meanwhile, the shear stress change on the source fault
triggered by the 16 February 2020 event shows that the maxi-
mum shear stress is located near the epicenter with a magni-
tude of 0.26 MPa (Fig. 6i), smaller than that of the 8 September
2019 and 18 December 2019 events.

Equivalent nodal planes from InSAR
Based on our preferred slip models of the 8 September 2019, 18
December 2019, and 16 February 2020 earthquakes, we estimate
their equivalent focal mechanisms by assuming an average shear
modulus G = 30 GPa and calculating the total moment tensors
of each slip distribution grid (Guo et al., 2023). The focal mech-
anisms (strike/dip/rake) of the 8 September 2019, 18 December
2019, and 16 February 2020 events are 192°/64°/54°, 207°/46°/
80°, and 173°/72°/78°, respectively. For further comparison with
seismological results, we calculate the Kagan angles (Kagan,
1991) between the focal mechanisms from our InSAR observa-
tions and previous studies (Table 1). It can be seen that for the 8
September 2019 event, the Kagan angle varies from 19.4° to
55.2°; for the 18 December 2019 event, the Kagan angle varies
from 6.5° to 20.3°; and for the 16 February 2020 event, the
Kagan angle is 13.8°. Thus, we argue that for the 18 December

Figure 4. Comparison of observations and predictions derived
from our optimal slip distribution associated with the 8
September 2019 event along tracks (a–c) T55A and (d–f) T164D,
respectively. (g) 2D and (h) 3D coseismic slip distribution. The
white arrows indicate the slip directions, and the blue lines
represent the location of the nearest well pad. (i) Shear stress
perturbation triggered by the 8 September 2019 event.
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2019 and the 16 February 2020 events, the geodetic and seismo-
logical source parameters are similar, whereas for the 8
September 2019 event, there are larger differences between the
geodetic and the seismology results. In addition, the focal mecha-
nism of the 16 February 2020 event is similar to the Mw 4.30
event that occurred in the same area on 25 February 2019
(Wang et al., 2020; Yang et al., 2020).

Discussion
Shallow reverse destructive earthquakes in the
Weiyuan shale gas field
In this study, we determine the detailed source parameters and
slip distribution of three moderate earthquakes in the Weiyuan
shale gas field that occurred between September 2019 and
February 2020. The 8 September 2019 and 18 December
2019 events occurred on previously unmapped reverse faults,
and the 16 February 2020 event may occur on the reverse

Molin fault (Fig. 1b). All these three earthquakes are striking
approximately along the north–south direction and the P axis
of the earthquake focal mechanisms is generally consistent
with the regional tectonic stress orientation (Fig. 1b), indicat-
ing that the seismogenic faults are optimally oriented relative
to the regional stress field and can be readily reactivated.
Compared with the Changning shale gas field characterized
by both strike- and reverse-slip events, the unified reverse
events in the Weiyuan field indicate a more simple stress envi-
ronment (Lei et al., 2020; Wang et al., 2022).

Figure 5. Comparison of observations and predictions derived
from our optimal slip distribution associated with the 18
December 2019 event along the (a–c) T55A, (d–f) T128A, and
(g–i) T164D, respectively. (j) 2D and (k) 3D coseismic slip distri-
bution. (l) Shear stress perturbation triggered by the 18
December 2019 event. Other symbols are the same as in Figure 4.
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Different from HF-induced earthquakes in western Canada
and the United States for which hypocenters are proximal to the
basement (Bao and Eaton, 2016), these three earthquakes in the
Weiyuan shale gas field occurred above the crystalline basement.
Particularly, the 16 February 2020 event in the Weixi subblock
occurred at an extremely shallow depth (<2 km), which chal-
lenges the traditional view that the shallow crust (<2 km) exhib-
its velocity-strengthening behavior and the expectation of
laboratory friction experiments on sedimentary rock samples
for slip aseismically (Verberne et al., 2010). One possible explan-
ation is that this area used to receive tectonic denudation for
∼4 km (Liu et al., 2021). The rocks in shallow depths nowadays
may be previously buried deeply and exhibit different frictional
properties. In addition, HF-induced earthquakes in theWeiyuan
shale gas field are characterized by high-dip reverse faults with
dip angles of ∼46°–72°, which manifests the reactivation of
high-dip pre-existing faults in the WYGSF.

Mechanisms of induced earthquakes
Three mechanisms are widely recognized to explain HF-
induced earthquakes (Ellsworth, 2013; Eyre et al., 2019;
Schultz et al., 2020; Wang et al., 2020). The first mechanism
is a pore-pressure perturbation, which can decrease the

effective normal stress on the pre-existing fault and weaken
the fault zone directly connected to the hydraulic fractures
through elevated fluid pressures. The second mechanism is
poroelastic stress transfer, which can change the loading con-
ditions on a fault plane without a direct hydraulic connection.
The third one is injection-induced aseismic slip, which could
cause dynamic rupture when the deformation front impinges
on distal unstable regions of the fault. Compared with the first
two mechanisms, the third mechanism can stimulate earth-
quakes in shorter injection timescales and far from the injec-
tion point. Therefore, we can speculate potential mechanisms
of the induced earthquakes by combining and analyzing the
spatial and temporal relationship between the earthquakes
and the HF activities. In this study, we first project the inverted
slip distribution and the nearest fracking wells of these three
earthquakes along profiles across their epicenters on the

Figure 6. Comparison of observations and predictions derived
from our optimal slip distribution associated with the 16 February
2020 event along the (a–c) T55A, (d–f) T128A, (g–i) T62D, and (j–
l) T164D, respectively. (m) 2D and (n) 3D coseismic slip distri-
bution. (o) Shear stress perturbation triggered by the 16 February
2020 event. Other symbols are the same as in Figure 4.
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TABLE 1
Source Parameters of the Three Earthquakes in the Weiyuan Area

The depths of this study refer to the maximum slip depth from linear inversion. CENC, China Earthquake Networks Center (see Data and Resources); Global CMT, Global Centroid
Moment Tensor (see Data and Resources); and USGS, U.S. Geological Survey (see Data and Resources); a. This study; b. Yi et al. (2020); c. Lei et al. (2020); d. Sheng et al. (2020);
e. Wang et al. (2020).
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simplified geological sections (Dong et al., 2018) to clarify their
spatial relationship (Fig. 7). Subsequently, we discuss the
potential mechanisms of the three earthquakes by combining
the regional geological background and analyzing the hydraulic
connectivity between the seismogenic faults and the fluid injec-
tion point (Ellsworth, 2013).

For the 8 September 2019 and 18 December 2019 events, our
results show that the high-slip regions are very close to the fluid
injection points (several hundred meters) in the Wufeng–
Longmaxi formation (Fig. 7d,e), indicating that pore-pressure
perturbation caused by the fracking fluid injection could be
transferred to the nearby pre-existing faults. HF operations
could create and extend fractures, forming potentially conduc-
tive channels for pore-pressure diffusion (e.g., Wang et al.,
2022). In general, the high-dip reverse faults are difficult to slip,
and high pore pressure is required to activate them (Eyre et al.,
2019; Chu and Sheng, 2023). Thus, we argue that the 8
September 2019 and 18 December 2019 events may be attrib-
uted to the pore-pressure diffusion caused by the pressurized
fluids. Notably, the 8 September 2019 event imposed positive
stresses in the 18 December 2019 earthquake source region
(Sheng et al., 2020), pushing the seismogenic fault into a
stress-critical state and thus susceptible to activation after fluid
injection. Figure 7d,e shows that the distribution of aftershocks
is not coincidental with our optimal fault planes, indicating that
the fault system in this region may be more complex.

For the 16 February 2020 event, the maximum slip inverted
from InSAR data is located at theMarlstone layer (∼1.6 km) and

in proximity to the bottom of the Molin fault interpreted from
seismic reflection profiles (Wang et al., 2020) (Fig. 7f), indicating
that the Molin fault may be the seismogenic fault. However, the
fluid injection depth of the nearest W202-H54 horizontal well is
located in the Wufeng–Longmaxi formation (2.45-2.7 km)
(Fig. 7f), significantly larger than the focal depth of the main-
shock. Note that the ∼800 m thickness shale layer atop the
Wufeng–Longmaxi formation is characterized by low per-
meability and porosity. Such that the injected fluid is more likely
to significantly decrease overburden pressure, promoting
reverse-faulting ruptures. Meanwhile, because it reveals that
the seismogenic Molin fault should not hydraulically connect
with the injection point, the pore-pressure perturbation should
not be the main mechanism attributed to the reactivation of
the Molin fault. In addition, because the seismogenic Molin fault
has a limited extending depth of ∼1.5 km on the overlying
Marlstone and away from the injection point, it is less likely that
the event was stimulated by injection-induced aseismic slip.
Thus, we infer that the 16 February 2020 event is likely to be
related to stress changes arising from poroelastic coupling

Figure 7. Maps and section views. (a) Fault planes, focal mech-
anisms from different studies, aftershocks, and the nearest
fracking wells. Slip distribution, moment tensor solutions,
seismicity, the nearest fracking wells, and the Molin fault are
projected on the cross-section of (b) AA′, (c) BB′, and (d) CC′. The
simplified geological sections (Dong et al., 2018) are represented
using different colors.
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between hydraulic fractures and the rock matrix, which can alter
fault-loading conditions without any hydraulic connection and
has been suggested to impact fault in distance (Segall and Lu,
2015; Deng et al., 2016; Goebel and Brodsky, 2018). A similar
mechanism has been found in the 25 February 2019 Mw 4.30
earthquake in the same area (Yang et al., 2020). Although there
is debate about whether poroelastic stresses alone can predomi-
nantly influence the process of induced earthquakes (Zhai et al.,
2021), our study suggests that the far-field triggering of poroe-
lastic stress could causeM > 4 earthquakes in theWeiyuan shale
gas field. Notably, due to the lack of industrial data, we cannot
estimate the crustal stress perturbations and completely rule out
other mechanisms.

Conditions of induced earthquakes in the Sichuan
basin
Induced earthquakes are generally caused by the reactivation of
existing faults with characteristics of small relative displacement,
low maturity, and being in a subcritical stress state (Lei et al.,
2014). For example, the occurrence of a fault appropriately ori-
ented for slip under a given stress field near the injection or pro-
duction wells. However, the mechanisms of induced seismicity
in the Sichuan basin vary in different regions. For the three dem-
onstration blocks, the Changning block exhibits the most
induced seismicity, whereas the Jiaoshiba block exhibits the least
induced seismicity (Lei et al., 2020; Wang et al., 2022). These
distinct responses could be attributed to the differences in den-
sity and scale of pre-existing faults, injection pressure, orienta-
tion of faults (Lei et al., 2020), in situ stress (Wang, Huang, et al.,
2016), as well as strain rate (Wang et al., 2022).

Considering the widely developed small and immature
faults within the brittle formations in the Sichuan basin, it
is crucial to evaluate potential seismic hazards induced by
HF activities. Given the complex mechanisms and conditions
of the induced earthquakes, we should monitor the entire shale
gas production process by comprehensively using geodetic and
seismological methods with high temporal and spatial resolu-
tion. In addition, buried faults in the basement may exhibit
different seismic responses to injection activities (Kozłowska
et al., 2018), reminding us not to ignore the risks of deeper
seismic activities.

Conclusion
Understanding the mechanism of fundamental processes of
fault reactivation during HF is critical for mitigating seismic
hazards. In this study, we obtain the coseismic InSAR defor-
mation fields of three Mw ≥ 4:4 earthquakes in the Weiyuan
shale gas field in China and invert their slip distribution.
Our model results show that all three earthquakes are charac-
terized by shallow reverse asperity with high-dip angles. The
spatial relationship between fault planes and HF wells implies
that both pore-pressure diffusion and poroelastic stress trans-
fer can become the dominant inducing mechanisms of

earthquakes in the Weiyuan shale gas field. A comparison
of seismic activity in different blocks indicates that HF activ-
ities and regional geological characteristics jointly influence the
properties of induced earthquakes in the Sichuan basin. This
study highlights that it is paramount for us to continuously
monitor the deformation and seismicity activity with high
accuracy for the assessment of seismic hazards and sustainable
development of the shale gas industry.

Data and Resources
The Sentinel-1 Synthetic Aperture Radar (SAR) images are provided free
by European Space Agency’s (ESA) Sentinels Scientific Data Hub (https://
scihub.copernicus.eu/). The focal mechanisms of the three earthquakes
from the China Earthquake Networks Center (CENC), U.S. Geological
Survey (USGS), and Global Centroid Moment Tensor (Global CMT) are
available at https://news.ceic.ac.cn/, https://earthquake.usgs.gov/, and
https://www.globalcmt.org/, respectively. All websites were last accessed
in November 2023. The supplemental material involves one table and one
figure to support the discussion in the main article.
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