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ARTICLE INFO ABSTRACT

Keywords: Increasing concerns have been raised about hydraulic fracturing (HF) due to its capability of triggering damaging
Induced earthquake earthquakes. Although there is a common consensus that local geological settings play significant roles in these
Tomography

earthquakes, to what extent they influence earthquake locations and magnitudes within a shale gas field remains
unclear. Here we conduct body-wave travel time tomography, earthquake relocation, and structural analysis in
the Weiyuan Shale Gas Field (WSGF), Sichuan Basin, China. We find that structural deformation of the Weiyuan
anticline and the newly revealed basement rift constrained the locations and magnitudes of My, > 3.0 earthquakes
in the WSGF. We also observe that M, > 3.0 earthquakes are more prone to occur in low-velocity or velocity
transition zones that are geologically susceptible. Based on high-resolution earthquake locations, we use after-
shocks to delineate the fault plane of the largest M,, 5.0 in the WSGF. Our analysis shows the M,y 5.0 event
nucleated in the basement rift and ruptured a fault plane strikes along northeast. Our results shed light on
mitigating destructive earthquakes in shale gas fields by identifying geologically susceptible zones using struc-

Structural deformation
Weiyuan Shale Gas Field

tural deformation simulation and high-resolution tomography methods.

1. Introduction

Anthropogenic activities, such as waste-water injection (Ellsworth,
2013; Keranen et al., 2013), geothermal development (Grigoli et al.,
2018; Kim et al., 2018), natural gas storage (Jiang et al., 2020; Zhou
etal., 2019), and shale gas production (Bao and Eaton, 2016), could lead
to damaging earthquakes (Ellsworth, 2013; Grigoli et al., 2017; Yang
etal., 2017). In recent years, increasing concerns have been raised about
hydraulic fracturing (HF) because plenty of moderate magnitude
earthquakes (M > 4.0) were reported to relate to HF activities, such as in
the Sichuan Basin, China, including shale gas fields in Weiyuan (Yang
et al., 2020; Lei et al., 2020; Wang et al., 2020; Sheng et al., 2020),
Luzhou, and Changning (Fig. 1a; Lei et al., 2020), the Western Canada
Sedimentary Basin (Mahani et al., 2017; Eyre et al., 2019), and the Eagle
Ford Shale Play in the USA (Schultz et al., 2020). Therefore, it is critical
to understand the influencing factors of these earthquakes.

HF-related (induced or triggered) earthquakes in different shale gas

fields present distinct characteristics. For example, Rubinstein and
Babaie Mahani (2015) concluded that shale gas production plays a
limited role in the seismicity increase in Oklahoma, USA. In the Western
Canada Sedimentary Basin, only a limited quantity of fracking wells
generated sensible earthquakes (M > 3) even though the reported
maximum magnitude reached M, 4.6 (Atkinson et al., 2020; Mahani
et al., 2017). In the Sichuan Basin, earthquakes are intense (Lei et al.,
2020), with maximum magnitudes achieved My5.7 and M 6.0 (Lei et al.,
2019; Zhao et al., 2023). It is therefore inferred that tectonic settings
influence the occurrence of HF-related earthquakes (Schultz et al., 2020;
Atkinson et al., 2020; Lei et al., 2020; Kao et al., 2018). For example,
Wang et al. (2022) related the frequent occurrence of three M, > 4.0
events in the Changning Shale Gas Field, Sichuan Basin, to its position in
a triple junction region near the southeastern margin of the Tibetan
Plateau. However, how underground structures vary within a shale gas
field and influence locations and magnitudes of earthquakes remain
unclear. Knowledge concerning the above question is not only important
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for seismic hazard mitigation but also critical in advancing our under-
standing of HF-related earthquakes.

The Weiyuan Shale Gas Field (WSGF), which is located in the
southwestern Sichuan Basin and preserves the largest shale gas volume
in China (China Energy Administration) (Fig. 1a), experienced eight M,
> 4.0 earthquakes since massive fracking started in 2015 (Table 1;
Fig. 1b, ¢), leading to severe damage to residents and properties. The two
largest events, the My, 5.0 and the M, 4.9, are located in the north-
eastern Weiyuan, with relatively deep centroid depth (Table 1); the
other six are located in the area close to the Molin fault, which is a tear
fault of the Weiyuan anticline (Table 1; Fig. 1b; Wang et al., 2020).
However, it remains unclear why the frequency, depths, and moment
releases of M, > 4.0 earthquakes exhibit such contrasting differences.
Besides, there also occurred a large number of felt Mj, > 3.0 events,
which could lead to possible social panic. Therefore, understanding the
controlling factors of these earthquakes is important for earthquake
hazard mitigation and relieving serious social concerns.

Furthermore, the seismogenic mechanisms and responsible faults of
the largest earthquakes in the WSGF remain controversial, as various
centroid depths were reported using different velocity models (Wang

103°E

105°E 106°E 107°E

Al
Active faults
Basement rifts
GPS (20mm/yr)

Tectonophysics 864 (2023) 230007

et al., 2020; Yi et al., 2020; Sheng et al., 2020; Lei et al., 2020). For
example, the September 2019 My, 5.0 earthquake was inferred to occur
on a low-angle (33") southeast-dipping back-thrust fault with a centroid
depth of 5.0 km by Wang et al. (2020), which is similar to Yi et al. (2020)
’s focal mechanism result with a depth of 4.5 km. Lei et al. (2020) re-
ported a similar dip angle of the fault plane. However, the centroid
depth was much shallower, 2.48 km. Furthermore, Sheng et al. (2020)
presented a centroid depth of 2.9 km and inferred from rupture direc-
tivity analysis that the responsible fault oriented at 201" with a high dip
angle of 68  toward northwest. These controversial results lead to dif-
ficulties in revealing the triggering mechanism of this destructive event
(Table 1). The accurate hypocenters and the distribution of aftershocks
could be applied to constrain the corresponding fault plane (e.g., Yang
et al., 2009), which may shed light on this unresolved significant
question.

Addressing the questions above relies heavily on high-resolution
earthquake locations and subsurface structural information. Tomogra-
phy methods, which invert for subsurface velocities, have been widely
used to identify underground geological structures, e.g., in plate
boundaries (Guo et al., 2018; Guo et al., 2021; Zhu et al., 2021) and
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Fig. 1. Research background of the Weiyuan shale gas field (WSGF). (a) Topography map of the Sichuan Basin with active faults (Zhang et al., 2013), basement rifts
(Hu et al., 2022), seismicity from January 2009 to December 2021 (China Earthquake Data Center, https://data.earthquake.cn), GPS velocities (Wang and Shen,
2020) and focal mechanisms of My > 4.0 (Yang et al., 2020; Yi et al., 2020; Lei et al., 2019; Lei et al., 2020; IRIS) in the Weiyuan (WSGF), Changning (CSGF), and
Luzhou (LSGF) shale gas field shown. (b) Topography map of the WSGF with faults, hydraulic fracturing platforms, target shale layer buried depths (Ma et al., 2020),
and seismic networks shown. Empty black triangles, solid black triangles, and solid green triangles represent the long-term Sichuan network stations, newly deployed
Sichuan network stations since the February 2019 M,, 4.3 event, and the temporary stations deployed from 2015 to 2016. The black dashed line indicates the
boundary of the Weiyuan anticline on the surface, across which surface elevation increased tremendously. (c) Plot of day earthquake quantities and accumulated
seismic moment in the WSGF using the empirical conversion equation between M,, and Mj, from Yi et al. (2020). Days with M;>3.0 events are highlighted by cyan
dots. Occurrence times of 8 M,,>4.0 events in the WSGF are marked by red stars. The two shadowed areas denote the time periods of the two earthquake catalogs
used in this study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Focal mechanisms and centroid depths of the 8 M,, > 4.0 earthquakes in the
WSGF since 2015, when massive shale gas production started. The M,, 5.0 and
the M, 4.9 occurred in the northeastern Weiyuan with deeper depths. The other
six are in the Molin area with shallower depths. *(Yi et al., 2020); "(Yang etal.,
2020); ¢(Du et al., 2021); d(Wang et al., 2020); ¢(Lei et al., 2020); f(Sheng et al.,
2020); ®(this study)

Event date M, M. Strike/Dip/ Centroid depth Focal depth
Rake (°) (km) (km)
2018/07/ 4.2 45  20/32/90 1.5% -
23
2019/02/ 4.2 49 190/42/83 2.6" 4.7°
24
15/47/90 2.5%
2019/02/ 4.0 47  202/43/90 2.9 3.9°
25
25/49/95 2.5%
2019/02/ 43 52 170/51/72 1.3° 3.8"
25
13/29/92 2.0°
2019/09/ 5.0 56  40/32/94 45% 6.2¢
08
60/33/127 5.04 5.58
25/39/70 2.5¢
201/68/75 2.9
2019/09/ 41 4.6  24/44/96 2.0° 2.48
08
2019/12/ 49 54  35/29/94 4.0 5.78
18
2020/02/ 4.4 47  0/29/99 2.5% 3.48
16

crustal fault zones. In the WSGF, ambient noise tomography (Zeng et al.,
2020) and surface-wave tomography (Wei et al., 2022) using a tempo-
rary network deployed in northeast Weiyuan (Fig. 1b), and body-wave
tomography with a horizontal resolution of 0.1° x 0.1° (Du et al.,
2021) using the Sichuan Earthquake Agency (SEA) network (Fig. 1b)
have been conducted and the results revealed distinct lateral velocity
variations. However, the limited network coverage of the temporary
network and the large inter-station distance of the SEA network prohibit
their capability in resolving high-resolution subsurface structures in the
WSGF, respectively.

In this work, we conduct high-resolution body-wave tomography
inversion to invert for 3-D velocity structures using selected events from
both the SEA network and the temporary network deployed from
November 2015 to November 2016 in the WSGF (Fig. 1b). Using the
inverted velocity structures with a resolution of 0.05° x 0.05°, we
conduct double-difference relocation of ~32,000 earthquakes from the
SEA catalog for the period from March 2019 to February 2021 and
obtain a catalog with unprecedented resolution. We then interpret to-
mography results and investigate the relationship between geological
features and earthquake distribution, which provide critical insights into
the structural constraints on HF-related seismicity.

2. Geological background and shale gas production
2.1. Geological setting

The WSGEF is located in the southwestern Sichuan Basin, which is
within the upper Yangtze block (Fig. 1a) with a rigid basement and a
sedimentary cover consists of Ediacaran to middle Mesozoic marine
deposits and late Triassic to Cenozoic terrestrial strata (Liu et al., 2021).
In 830-745 Ma, an extensional tectonic environment characterized by
magma intrusions widely developed in the Upper Yangtze block (Li
et al., 2003). Consistent with the extensional tectonic setting in the basin
peripheries, intense basement rift structures featuring magma intrusions
and thick deposits are identified within the Sichuan Basin with a
maximum thickness of sediments over 5 km (Fig. 1a; Hu et al., 2022; Gu
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and Wang, 2014), including the newly reported one which extends its
northeast counterpart to the WSGF (Hu et al., 2022; Fig. 1b). The length
and width of the rift structure are ~89 km and ~23 km, respectively.

The Weiyuan anticline is dominantly controlled by a northwest-
dipping deep thrust ramp in the basement and a southeast-dipping
back-thrust fault rooted in the Cambrian base with a depth of ~5 km
(Hubbard and Shaw, 2009; Wang et al., 2020; Jia et al., 2020). The
structural deformation of the deep thrust leads to a large-scale doom-
shaped structure in the Weiyuan area (Hubbard and Shaw, 2009) and
shallow southeast-dipping back-thrust fault dominates the current sur-
face deformation of the Weiyuan anticline (Hubbard and Shaw, 2009;
Wang et al., 2020; Fig. 1b). The base of the Ediacaran, which marks the
end of the late Neoproterozoic extensional setting, located around ~0.6
km below the Cambrian base in the Weiyuan area (Liang et al., 2019).

The target shale layers are the Upper Ordovian Wufeng formation
and the Lower Silurian Longmaxi formation, with a buried depth from
<2.0 km in the center of the Weiyuan anticline to >4.0 km in the
southern and the southeastern area (Fig. 1b). The average thickness of
good-quality shale layers for production is 35-40 m (Ma et al., 2020).
Well-log measurements show a west-east direction of the current
maximum horizontal stress (SHy,x) in the WSGF, with a variation of
around 15  at different sites (Chen et al., 2018; Ma et al., 2017). Such
stress orientation is consistent with thrust focal mechanisms of Mg > 3.0
earthquakes in the region, which is dominated by NNE strikes (Vi et al.,
2020).

2.2. HF platform distribution

Horizontal wells trajectories in the WSGF have an extending length
of 1200-1800 m with strikes along N-S or NNW-SSE that is perpendic-
ular to local maximum horizontal stress (Ma et al., 2017; Li et al., 2017).
Given the limited knowledge concerning HF platform distribution in the
WSGF, we identify shale gas platforms using high-resolution Google
Earth images (Fig. 2). >120 shale gas platforms are recognized from
Google Earth images (Fig. 1b; Fig. 2). We also confirmed the names of 48
platforms during our field visits in 2020 and 2021.

3. Earthquakes and monitoring network

Two earthquake datasets are used in this study. One is recorded by a
temporary network deployed in northeast Weiyuan from November
2015 to November 2016 (Fig. 1b, c). The other one is constructed from
permanent station records of the SEA network, which was expanded to
deploy 23 more stations after the deadly February 2019 M,, 4.3 earth-
quake (Fig. 1b, c).

3.1. The catalog from the temporary network

The temporary network consists of 50 stations with an average inter-
station spacing of ~5 km (Fig. 1b) and a sampling rate of 100 Hz. The
deployment started in November 2015, and ended in November 2016,
with most stations having good records before June 2016. Zhou et al.
(2021) conducted earthquake detection using the high-performance
machine-learning-based detector, PhaseNet (Zhu and Beroza, 2018).
Picked phases were then associated into 79,395 earthquakes using the
Rapid Earthquake Association and Location (REAL) method (Zhang
et al., 2019). A set of local 1-D velocity models were refined, and the
absolute earthquake locations were obtained by the VELEST program
(Zhou et al., 2021). After location, event waveforms were first decon-
volved of the instrument response and then convolved with the theo-
retical Wood-Anderson seismometer response to estimate the
magnitude. The final catalog includes 69,229 events with magnitudes
ranging from My, -0.5 to 3.5, with a magnitude of completeness of My, 0.0
(Table 2).
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Fig. 2. Locations of hydraulic fracturing (HF) platforms identified using Google Earth images. (a) Map view of platform distribution with the background color
showing the shot time of Google Earth images. (b, ¢) Google earth image (Jan. 2021) and on-site photo (Apr. 2020) of an example platform, W202H81.

3.2. The catalog from the SEA network

Since the occurrence of the shallow deadly M,y 4.3 Rongxian earth-
quake on 25y, February 2019 with a centroid depth of ~1.3 km (Yang
et al., 2020), the SEA network was enhanced by additional 23 stations,
which leads to an improved inter-station distance from ~27 km to ~10
km (Fig. 1b). 32,253 events were recorded by the expanded network in
the study region from 1st March 2019 to the end of 28th February 2021
(Fig. 3a), with a magnitude range of My, 0.0 to My, 5.0 and a magnitude
completeness (M) of My, 1.5 (Table 2).

4. Tomography inversion

We first update the absolute location for events in the SEA catalog
using the HYPOINVERSE algorithm (Klein, 2002) with the local 1-D
velocity models (Zhou et al., 2021). After relocation, earthquakes are
mostly clustered in the Rongxian (west) and Weiyuan (east) counties
(Fig. 3a). We then use the tomoDD method to invert for 3-D velocity
models (Zhang and Thurber, 2006). In addition to differential travel
times used to resolve source region velocities, we also include absolute
travel times of stations in the inversion domain to resolve velocities
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Table 2

Basic information about the two catalogs. The b value and the magnitude
completeness (M,) are calculated using the ZMAP software with a 95% self-
similarity criteria.

Catalog Quantity =~ Magnitude b M, Period
range value
Temporary 69,229 M, -0.5 to 3.5 1.09 My Nov. 2015 -
network 0.0 Nov. 2016
SEA network 32,253 M, 0.0 to My, 1.07 M, Mar. 2019 -
5.0 1.5 Feb. 2021

outside the source region (Fig. 3b).

4.1. Network coverage, velocity model, and earthquake selection

A total of 121 stations from the temporary and the SEA network are
located within 200 km of the WSGF. To enhance the uniform distribu-
tion of earthquakes in the model, we apply a clockwise spherical rota-
tion of 25° centered on (104.7° E, 29.5° N) to both earthquakes and
stations, which leads to a good ray coverage in the longitude range of
104.3-105.0° E and the latitude range of 29.30-29.70°N (Fig. 3b). The
horizontal distance between model velocity nodes is 0.05° in the center
and increases to 0.1° in the peripheries (Fig. 3b); the vertical separation
distance is 1 km for a focused depth range of 0-6 km and increases to 2
km and 6 km at greater depths (Table S1). Surface depth, which is set at
0 km, stands for the average elevation of stations.

Proper initial velocity models are critical for the inversion perfor-
mance. Zhou et al. (2021) and Du et al. (2021) presented velocity models
(Vp and V) in the WSGF by the temporary catalog and the SEA catalog
using the VELEST and the tomoDD (0.1° x 0.1°) inversion, respectively.
Their results are consistent in depths below 5 km and are distinct above
5 km (Fig. 4). To resolve the differences between the two sets of models,
we conducted trial tomographic inversion sets from the 1-D velocity
models derived from Du et al. (2021). A mean horizontal layer value
change of >0.1 km/s will lead to an updated initial model. We then put
the refined initial models as the input models for this study (Fig. 4).

Furthermore, the homogeneity of earthquake distribution also in-
fluences the model inversion capability. We first select events in the SEA
catalog that were recorded by at least six stations. For earthquakes in the
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temporary catalog, they need to be observed by at least 15 stations.
However, selected events still show significant distribution heteroge-
neity (Fig. S1). The maximum quantity of earthquakes in one velocity
grid is 8506, the mean value of earthquake quantities in grids that
possess earthquakes is 104, and the median value is 7. Such prominent
heterogeneity will inhibit the inversion stability. To resolve this, we set
below criterias for further event selection to enhance inversion capa-
bility by excluding low-magnitude events, which tend to have large P-
wave and S-wave arrival time uncertainties due to low signal-to-noise
ratio:

M The target event quantity in one grid should be as close as 6 (|Nimp +
Nsga - 6|min)-

M Under the above condition, the quantity difference between two
catalogs should be minimized(|Nimp - Nsga|min)

After event selection, 314 events from the temporary catalog and
1929 earthquakes from the SEA catalog are prepared for tomoDD
inversion.

4.2. Differential times

After our event selection, there are total of 36,943 and 33,004 P-
wave and S-wave arrival times. Their distance-time relationships exhibit
apparent P and S wave velocities of 6.0 km/s and 3.5 km/s, respectively
(Fig. S2). We first select the P and S phases by removing outliers with a
misfit >5 s to theoretical values.

The separation distance in calculating differential times decides
whether the velocity in the source region could be properly resolved
(Guo and Zhang, 2017). The contribution of event pairs with a too-small
separation distance to the inversion results is limited. Therefore, we set
the maximum and minimum separation distances for catalog differential
times calculation as 6.0 km and 0.1 km. The output average separation
distance is 0.7 km.

To achieve better resolution in earthquake location than ordinary
phase-picks, we conduct event waveform cross-correlation to measure
differential times for events in the SEA catalog (Fig. S3) using the
Sliding-window Cross-Correlation method (SCC; Yang et al., 2009).
Event waveforms are cut and filtered with a bandpass range of 1-14 Hz
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Fig. 3. Absolute earthquake locations (a) and the setup for tomoDD inversion (b). (a) Map view of the temporary network catalog (darkred) recorded by 50
temporary stations (orange) from November 2015 to November 2016 and the catalog (skyblue) recorded by the SEA network (black) from March 2019 to February
2021. (b) The inversion model setup with events and stations rotated 25° clockwise centered on (104.7°E, 29.5°N). Selected events and corresponding wave-
propagation rays are shown. Intersections of green dashed lines indicate the velocity nodes. The grid spacing is 0.05° in the well-covered area and increases to
0.1° in the peripheries. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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this article.)

to suppress noise. To calculate the cross-correlation coefficient, the time
windows of a template waveform are set to be 0.7 s (0.05 s before and
0.65 s after) for the P wave and 2 s (0.1 s before and 1.9 s after) for the S
wave. The maximum shift times are 0.1 s and 0.2 s for P and S,
respectively. The SCC coefficient threshold is set to 0.7. A maximum
epicenter threshold of 2 km and minimum observations from 4 stations
are set to form an event-pair to ensure reliability. After that, the absolute
travel times, the catalog differential times, and the waveform cross-
correlation differential times are sent to the tomography inversion
program (Table 3).

4.3. Inversion parameters

The damping and the smoothing factors during inversion are selected
through the trade-off analysis (Fig. S4 a, b). In total, 6 iteration sets are
conducted (Table S2) to invert for both velocity structures and earth-
quake locations. As velocities converge faster than earthquake locations,
each joint inversion set is followed by one set that only relocates

Table 3
Absolute and differential travel times used in the tomoDD inversion.

Phase  Absolute travel Catalog differential Cross-correlation

times times differential times
P 33,723 109,766 36,116
S 30,200 94,411 23,675

earthquakes.

In the first two iteration sets, we set high weights to absolute travel
times to constrain absolute earthquake locations and velocity structures
in the whole domain. In the next two iterations, we increase the weight
of differential times to enhance the capability in refining relative loca-
tions and source region velocities. In the final two iteration sets, we put
high weights on cross-correlation differential times to gain high-
resolution earthquake locations and source velocity structures.

4.4. Resolution test

To verify the resolution of models, we conduct a chequerboard test
(Fig. S5). 5% of positive and negative velocity perturbations are applied
to the initial input V}, and Vs models. In the depth range of 1.0-6.0 km,
most velocity nodes are well-recovered, showing satisfactory perfor-
mance. Starting from 8 km, where few earthquakes occurred, the well-
resolved area is confined to a smaller region due to the limited ray
coverage.

Based on the chequerboard test, we quantify the resolvability of one
velocity node following Zelt (1998) ’s method,

M

2
> (avy+avy)

j=1

23 [(AV;)Z + (AV].")Z]
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where M is the number of surrounding nodes around the node i, j in-
dicates one surrounding node, AVJ? is the input 5% velocity perturbation,
AV} denotes the recovered velocity perturbation. We use velocity nodes
within a cube centered on node i and with a length of one grid interval
along each dimension. A threshold of 0.7 is set to quantify the well-

resolved nodes. Nodes with resolutions lower than the threshold are
masked in the results.

5. Results

Our careful selection of initial input models and the application of
waveform cross-correlation ensure the reliability of results. After the
tomoDD inversion, we obtain well-refined V;, and Vs models with good
resolution in 1-6 km depth (Fig. S5). The catalog differential times re-
sidual decreases from 0.47 s to 0.10 s, and the cross-correlation data
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residual decreases from 0.096 s to 0.031 s (Fig. S4c), which are a 78.7%
and a 67.7% reduction. In this part, we will introduce the results of
earthquake relocation and inverted velocity models, including V,, Vs,
and V,/Vs.

5.1. Earthquake relocation

We first refine the absolute locations of the SEA catalog using the
input 1-D velocity models for tomography inversion. We then conduct
double-difference relocation (Waldhauser and Ellsworth, 2000) using
the updated 3-D velocity models from tomography inversion and receive
a high-resolution earthquake catalog (Fig. 5). After six earthquake
relocation iterations, the average pick and cross-correlation differential
time residuals decrease from 0.155 s to 0.063 s and from 0.086 s to
0.014 s (Fig. S4d). 30,533 earthquakes are relocated. The average depth
of events is 3.45 km, and 90% of events are located at the depth range of
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2-5 km.

We use the bootstrapping method to estimate relative location un-
certainties (Efron, 1982; Efron and Tibshirani, 1991). Inversions are
conducted using resampled catalog and cross-correlation differential
times. From this process we can estimate the stability of results because
observations from some stations are dropped during the resampling
process. We conduct this process 100 times and the standard deviations
of each event location are estimated to be the corresponding earthquake
location uncertainty. We further exclude small-magnitude events (ML <
3) obsessed with large standard errors (>500 m) in horizontal or depth.
The mean average earthquake location standard errors for the final
catalog are ~50 m in horizontal and ~80 m in depth. Location un-
certainties are small in areas with dense and well-covered seismometer
distribution and are relative high in areas with sparse or poor azimuthal
coverage (Fig. S6).

Compared to scattered initial earthquake locations, relocated
earthquakes are more linearized in clusters and are in proximity with
nearby HF platforms (Fig. 5a). These lineations are consistent with local
SHpmax orientation and show differences regarding strikes of the base-
ment rift, the Weiyuan anticline, surface faults, and Mw > 4.0 events
(Fig. 5a). Therefore, we infer these lineations might either correspond to
earthquakes induced by fracking directly or small-scale faults that are
preferential to be reactivated under current SHp,.x direction. Detailed
analysis of earthquake locations and horizontal well distribution would

.0

29.4° v/

W BWeiYuan
- .

Tectonophysics 864 (2023) 230007

be helpful to verify our inference.

Furthermore, earthquake occurrence times present distinct contrasts
in different areas. Earthquakes in northeast Weiyuan mainly occurred in
2019 and dramatically decreased in 2020, indicating that massive
fracking in northeastern Weiyuan ended in 2020. In the southwestern
WSGF, a large number of earthquakes were recorded in 2019, 2020, and
2021, indicating intense fracking during the research period (Fig. 5a).

In contrast to the distribution of My, < 3.0 events, which presents a
strong correlation with locations of HF platforms, My, > 3.0 events are
concentrated in three areas: northeast Weiyuan, inside the Weiyuan
anticline and the area close to the Molin fault (Fig. 5b). The depth his-
togram of My, > 3.0 events shows a bimodal pattern with a separation
distance of 5 km (Fig. 5b). For the domain shallower than 5 km, three
M, > 4.0 events occurred inside the Weiyuan anticline and M, > 3.0
events are located in areas close to the anticline-basin boundary
(Fig. 5¢). For clusters far from the anticline, there is no My, > 3.0 events
recorded. For the domain deeper than 5 km, My, > 3.0 events are mainly
located inside the basement rift region and the area to its northeast,
including the largest M, 5.0 and M,, 4.9 (Fig. 5d; Table 1).

An earthquake density map is plotted to reveal the earthquake pro-
ductivity (Fig. 6). Earthquakes are first gridded into grids with a size of
0.001° x 0.001° and then smoothed by an average matrix with a
dimension of 9 x 9. The result shows that the highest earthquake pro-
ductivity zones are in the Shuangshi town and northeast Weiyuan,
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Fig. 6. Density map of relocated earthquakes. Earthquakes are separated in grids with a size of 0.001° x 0.001° and then smoothed by convolving a 9 x 9 average
matrix. The two largest high seismogenic-rate zones are located in the Shuangshi town and northeast Weiyuan. The red dashed line marks the boundary of the
Weiyuan anticline on the surface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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which are located in the northwest basement rift boundary trace and to
its northeast, respectively (Fig. 6). There are also some small regions
with high earthquake density, indicating the existence of localized
structures with intense fractures.

5.2. Velocity models

Our results show an overall down-increasing Vj, and V; pattern
(Table 4), which is consistent with velocity models from Zhou et al.
(2021) and Du et al. (2021). There are prominent lateral variations of
the inverted Vp, Vs and corresponding V,/V; at different depths (Fig. 7,
Fig. S7), showing variations of material features including density, shear
and bulk modulus, porosity, fracture aspect ratio, and fluid content.

In this part, we select the results at depths 2 km, 4 km, and 6 km as
representatives to present horizontal velocity and earthquake distribu-
tion features (Fig. 7; Fig. S7). Four cross-sections are drawn to show
vertical characteristics (Fig. 5b; Fig. 8; Fig. 9). Areas with low restora-
tion rates are masked and interpretations of key velocity features are
provided.

5.2.1. Horizontal velocity structures

At the depth of 2 km, there is a low-V}, zone along the middle and
southeastern Molin fault (Fig. 7a). Vs along the Molin fault present
segmented features with smaller values in the northwest and southeast
end (Fig. 7b). Such V, and V; features lead to a low V,/V; zone in the
middle of the Molin fault (Fig. 7c). Earthquakes in the depth range of
1-3 km are projected on this map view. Seismicity is mainly located in
northeast Weiyuan and the area that is close to the Molin fault. M, > 3.0
earthquakes in northeast Weiyuan are located on the edges of high-V,, or
high-V; zones and are located at the edges of the low-V, zone along the
Molin fault (Fig. 7a, b). Few My, > 3.0 events occur in high-V}, or high-V;
zones.

At 4 km depth, the velocity pattern that is shown at 2 km in the Molin
area continues with a smaller contrast. There is a low-V; stripe along the
northwest basement rift boundary (Fig. 7e). Inside the basement rift,
there exists a low-V; zone that extends toward the northeast (Fig. 7e).
Earthquakes in the depth range of 3-5 km are projected onto this depth
section. Earthquakes with My, < 3.0 appear to not correlate with velocity
variations; rather they are well clustered near fracking platforms. In
contrast, events with My, > 3.0 are mainly located in low-velocity areas
or velocity transition zones (Fig. 7d, e).

At the depth of 6 km, there is a distinct low-V,,, and low-V; zone that
extends from the rift to the northeast area (Fig. 7g, h, i), such a velocity
pattern might be due to the porosity-rich sediments inside the rift.
Earthquakes in the depth range of 5-8 km are projected and it also re-
veals that most M, > 3.0 events are located in low-velocity or velocity
transition zones inside the rift.

The September 2019 M,, 5.0 event, which is the largest earthquake
by far in the WSGEF, is located in the northeastern end of the velocity
anomaly zone extending from the basement rift with low-V,/V; (Fig. 7g,
h, i). Such a velocity pattern could be explained by the existence of large
aspect ratio fractures (Shearer, 1988).

The correlation between earthquakes and tomographic results shows
that a large number of M;, > 3.0 events locate in low-velocity zones or
velocity transition zones. However, My, < 3.0 clusters present distinct
features; they are dominated by HF platforms locations (Fig. 5a; Fig. 7).

Our tomography results are well consistent with previous studies in
the WSGF. The low-V,, velocity zone in the Molin fault area at the depth

Table 4
Velocity value ranges at the depth of 2 km, 4 km and 6 km.

Depth (km) Vp, velocity (km/s) V; velocity (km/s)
2 4.80-5.56 2.83-3.15
4 5.24-6.01 3.04-3.37
6 5.15-6.04 3.23-3.61
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of 2 km (Fig. 7a) and the low-V;, and -V; zone in the basement rift at the
depth of 6 km (Fig. 7g, h) are also shown in Du et al. (2021)’s tomo-
graphic results. Inside the Weiyuan anticline, the larger V values
(Fig. 7e, h) are consistent with patterns revealed by other tomographic
studies (e.g., Zeng et al., 2020; Du et al., 2021; Wei et al., 2022). Indeed,
this is also consistent with the geological setting that the basement depth
is shallower in the Weiyuan anticline (Gu and Wang, 2014; Wang et al.,
2020).

5.2.2. Vertical velocity features

To further investigate velocity features of key structures in the
WSGF, including the Molin fault that held the deadly February 2019 M,,
4.3 event (Table 1), the basement rift, and the northeast Weiyuan area
that nucleated the largest M,, 5.0, we extract four vertical cross sections
and compare the velocity features with HF platforms, earthquakes
within two kilometers and the buried depths of the target Silurian
Longmaxi formation. The map traces of four sections are shown in
Fig. 5b. The section AA’ and BB’ extend transverse and parallel the
Molin fault, respectively. Section CC’ crosses the basement rift and
section DD’ transverses the northeast-striking My, > 3.0 earthquake
clusters in northeastern Weiyuan, which include the largest M,y 5.0
earthquake.

Along section AA’, there is a low-V), low-V,/V; zone right below the
Molin fault (Fig. 8); this low-velocity feature is not prominent in Vg re-
sults. Such velocity features could be explained by the existence of
fractures with a large aspect ratio (e.g., 0.1; Shearer, 1988). The depth
range of this low-velocity zone is ~0.5-4.0 km (Fig. 8c, g). It is distinct
that earthquakes are concentrated in regions with distances from the
Molin fault; seismicity beneath the Molin fault is limited. However,
there are a certain number of earthquakes at depths <2 km surrounding
the fault. In comparison, most earthquakes are centered at the fracking
depth (Fig. 8). My > 3.0 events are located in the earthquake cluster to
the east of the Molin fault (Fig. 5b; Fig. 8c).

Along section BB’, two characterized segments are identified ac-
cording to earthquake distribution and velocity features. Segment 2 has
lower V; values than segment 1 and thus leads to higher V,/V; (Fig. 8f,
h). The low-V; and low-V,/V; patterns exist in the depth range of
~1-5.5 km. M;, > 3.0 events present a stark contrast inside and outside
the Weiyuan anticline. Inside the anticline the quantity of My > 3.0
events is small, but their magnitudes are no less than My, 4.0. Outside the
anticline, however, the number of My, > 3.0 earthquakes is much larger
but none of their magnitudes exceeds My, 4.0. Concerning earthquake
distribution, seismicity in Segment 1 dips toward NW while earthquake
clusters in segment 2 dip toward SE.

The featured velocity zone of the Molin fault extends to ~4 km
(Fig. 8c, g), which shows the extending depth of this fault zone. This
explanation is consistent with the observation that most earthquakes
occurred above 4 km along the Molin fault (Fig. 8d, f, h). In addition, the
deep-penetrating earthquakes and enhanced low-V; velocity of segment
2 in section BB’, the low-V; strip and accompanied M;, > 3.0 events
lineation along the northwest basement rift boundary shown at the
depth of 4 km (Fig. 7e) indicate that segment 2 of the Molin fault area
received additional structural deformation from the basement rift. The
low-velocity pattern in segment 2 is more prominent in Vs than V,
(Fig. 8d, f), showing there might be fluid in the cracks that can lead to a
more prominent decrease in Vg (Kuster and Toksoz, 1974; Takei, 2002).

Section CC’ (Fig. 9), which crosses the basement rift, shows a bow-
shaped Silurian Longmaxi formation distribution. What accompanies
the strata pattern are bow-shaped low-V; and low-V,/V; structures.
Earthquakes occurred below the target shale layer and M;, > 3.0 events
only occurred inside the anticline (Fig. 9¢). Section DD’ presents a low-
V), and low-V; zone in the source region of the M, 5.0 event. This low-
velocity pattern is more prominent in the depth range below 4 km
(Fig. 9d, f). A large quantity of My < 3.0 events occurred above the
fracking depth. Mj, > 3.0 events not only occur inside the anticline but
also in the basin area and present an increasing depth along the strike of



J. Zi et al.

Tectonophysics 864 (2023) 230007

Vp/Vs mean=1.77

20.7 - 10.0
- 1(C
56 315 (c) (‘ 75
-
3.10
— —_ g 5.0
e o O . 9
£ 2 E A & 2.5 2\,
~ v . (=
29.5 52 300 3 a w O
' £ £ .
§ 2.95§ . 25 %
5.0
29.4 1 L 2903 - 0~
» s 0ZG s
29.34
2.80 =105
29,7 6.0 3.40 10.0
335 75
5.8
o e 5.0
29.6 my 330 -
- — °\°
56 g 325 E 2 <
29.51 > 320 > 0w 2
o] S ©
4 O [%} )
542 315 O -25 *ﬂ—’
| (T} ] g
294 - > 310 > -5.0
3.05 -15
29.31
5.0 -10.0
6.2 10.0
29.7 1 3.60
75
6.0 355
_ o —_ 5.0
29.6 Q) 350 & 9
5.8 £ IS 2i5 .95
= 345 X c
29.51 > > 0.0 g
= 340 2 ©
56 O 9} L
o o -25
o] 335 g
29.4 > > -5.0
5.4 3.30
-7.5
29.34 225
52

104.5 104.7 104.9 104.5

104.7

-10.0

104.9 104.5 104.7 104.9
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section DD’.
6. Discussion
6.1. Structural constraints on earthquakes in the WSGF

M, > 4.0 events can exert damage to facilities and My, > 3.0 earth-
quakes could be sensed by residents thus leading to possible social panic.
Therefore, understanding the distribution features of My, > 3.0 events
and corresponding controlling factors are critical for earthquake hazard
mitigation. In this part, we will discuss the structural constraints from
the Weiyuan anticline, the basement rift, and revealed tomographic
features.

6.1.1. Structural constraints from the Weiyuan anticline

The Weiyuan anticline is a wedge structure controlled by a deep
northwest-dipping thrust ramp and a shallow southeast-dipping back-
thrust detachment fault rooted in Cambrian at ~5 km (Hubbard and
Shaw, 2009; Wang et al., 2020; Jia et al., 2020). Kinematic simulation of
detachment thrust-faulting shows that besides the strain in the front of
the thrust fault tip, the backlimb of the fold also experienced strong
deformation (Fig. 10). The backlimb trishear (Cristallini and Allmen-
dinger, 2002) area, which centers the active axial surface, accommo-
dates strain from the deformed backlimb to the flat weak strain area.
Therefore, the region could be separated into three segments that
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experienced strong, moderate, and weak structural deformation
(Fig. 10; Fig. S8; Table S3).

For the domain with a depth of <5 km in the WSGF, which is the
structural deformation domain of the Weiyuan anticline, there are two
distribution features of My, > 3.0 events. The first one is that all M;>4.0
occurred inside the Weiyuan anticline, including the two in this study
period, and the other four for the period from mid-2015 to February
2019 (Fig. 5¢). No M >4.0 events occurred in the basin area even though
the quantity of M, > 3.0 events is large. The second feature is that My, >
3.0 events are concentrated in or close to the Weiyuan anticline. Seis-
micity clusters far from the Weiyuan anticline are accompanied by no
M, > 3.0 events. The two features are well correlated with the structural
deformation simulation of the Weiyuan anticline. The area experiencing
strong tectonic deformation can generate larger fractures that could
hold greater earthquakes, which is consistent with the observation that
M, > 4.0 events only occurred in the anticline backlimb (Fig. 5¢). The
intense occurrence of 4.0 > M, > 3.0 in close areas along the anticline
edges and no My, > 3.0 events in the areas far from the anticline also
comply with the strain difference between moderate and weak strain
Zones.

The most recent structural deformation of the Weiyuan anticline
started in 30.8 Ma (Richardson et al., 2008) in response to the Hima-
layan movement. Southeast decreasing GPS velocities show the basin
still under tectonic loading (Fig. 1la). Since the 1600s, 14 natural
earthquakes with magnitude >5 occurred inside the Sichuan Basin,
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including the M5.0 in 1902 in Weiyuan (Lei et al., 2020). Therefore, it is
highly likely that some well-oriented faults are in critical condition
under the current east-west SHy,.x direction. The intense occurrence of
My, > 4.0 in northeast Weiyuan and in the Molin area further favors this
inference (Fig. 5b). Therefore, we conclude that the structural defor-
mation of the Weiyuan anticline controls the magnitude and location of
My, > 3.0 events for the domain <5.0 km in the WSGF by the generated
fracture sizes and loaded tectonic stress.

6.1.2. Structural constraints from the basement rift

For the domain with a depth >5.0 km, the basement rift is the
dominant structure. Most M, > 3.0 earthquakes with depths >5.0 km
are located within or to the northeast of the basement rift zone (Fig. 5d).
The basement rift boundaries, which are identified from seismic
reflection profiles (Hu et al., 2022), didn’t extend to the northeast-
striking My, > 3.0 cluster in northeastern Weiyuan. However, tomogra-
phy results show that a low-V;, and low-V; zone connects the rift zone
and the northeastern Weiyuan My, > 3.0 event cluster (Fig. 7 g,h,i).
Given the depth and strike consistency between the northeast My, > 3.0
cluster and the basement rift, and the tomography velocity anomaly
connection, we speculate that the basement rift zone extends to the
northeast area where the northeast My, > 3.0 event cluster is located. The
width of the basement rift becomes narrower toward the northeast,
which is consistent with the width variation of the deep low-V; zone in
section CC’ and DD’ (Fig. 9).

There have been reported cases that some Neoproterozoic basement
rift faults extend to shallower depths (Hu et al., 2022; Gu and Wang,
2014). Such an inherited propagation might be due to extensional set-
tings in later geological stages. E.g., in late-Cambrian and in late-
Permian (Liu et al.,, 2021). Some studies also infer that the
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reactivation of basement faults in the Late Cambrian is the structural
reason for the formation of the Weiyuan-Anyue giant gas reservoir to the
north of the WSGF (Li et al., 2015; Zi et al., 2017). In the WSGF, bow-
shaped strata deformation across the basement rift (Fig. 9f; Figure 7 in
Jia et al., 2020) and features along the northwest basement rift trace
including the low-Vj strip, the My, > 3.0 lineation (Fig. 7e, Fig. 5¢), and
the high seismogenic rate (Fig. 6) evident inherited deformation of the
basement rift in later geological stages. Thus, it is likely that some faults
inside the rift zone propagate upward in later structural deformation and
generate a large number of fractures. These faults and fractures have the
capabilities to be reactivated under the contractional setting of the basin
since the late Triassic. In addition, most HF-related earthquakes
occurred within 2 km from the injection site horizontally and are more
confined in depth (Atkinson et al., 2020). However, seismicity diffusion
distance could be boosted with the existence of faults as conduits, e.g., in
the WSGF (Sheng et al., 2022) and Alberta, Canada (Schultz et al.,
2015). The occurrence of a number of events below 5 km (Fig. 5d; Fig. 7
g, h, i) favors the existence of fractures/faults as conduits to build con-
nections between injection sites and deep earthquake nucleation loca-
tions. Thus, we infer that the structural deformation of the basement rift
in the WSGF is the dominant structure that influences the location of My,
> 3.0 events in the deep domain.

6.1.3. Lateral variations along the anticline strike

For the domain with a depth of <5 km, in addition to earthquake
magnitude and location variations from the Weiyuan anticline to its
southeastern basin region. Changes also exist along the strike toward
northeast. It is shown that My, > 4.0 events are mainly concentrated in
the Molin area, close to the Molin fault zone which has an extending
depth of ~4 km as revealed by our tomography results. However, Wang
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et al. (2020) identified the Molin fault, which is a tear fault and nucle-
ated the deadly February 2019 M,, 4.3 event (Yang et al., 2020), as a
shallow fault that extends no deeper than 1.5 km based on the inter-
pretation of a 2-D seismic reflection profile. Therefore, we infer that
there are blind faults in the Molin fault zone that extend to ~4 km and
the Molin fault is the most prominent one that ruptured the surface. This
inference is further favored by the occurrence of other My, > 4.0 events in
the Molin area that are not on the Molin fault trace (Fig. 1b; Fig. 5c).
The existence of tear faults, which accommodate changes of thrust
fault segments on its two sides (Benesh et al., 2014), indicates contrast in
the thrust fault plane or slip pattern along the strike, which can further
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promote the occurrence of fractures that could be activated under cur-
rent east-west compressional tectonic stress field (Chen et al., 2018) in
addition to the thrust-faulting structural deformation. Despite magni-
tudes differences along the strike, the controlling effects from the
Weiyuan anticline on earthquake locations and magnitudes remain
prominent (Fig. 5b; section BB’ in Fig. 8; section CC’ in Fig. 9) except for
northeast Weiyuan, where a larger quantity of My, > 3.0 events occur in
the basin area (Fig. 5c). We infer the enhanced capability of occurring
M, > 3.0 events in northeast Weiyuan is due to additional structural
deformation from the basement rift.
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6.1.4. Structural constraints revealed by tomographic results

Tomographic results show that a large number of My, > 3.0 events are
located in low-V},/low-V; velocity zones or velocity transition zones and
rarely occurred in high-Vp/high-Vs zones (Fig. 7). We infer the corre-
lation between My, > 3.0 events and low-velocity zones is due to intense
fractures in low-velocity zones that could hold My, > 3.0. The horizontal
velocity transition zones might mark the boundary of localized struc-
tures and thus have unstable stress conditions. Similar tomographic
results are revealed in other areas. For example, Tan et al. (2019) and He
et al. (2021) conducted tomography studies in the Changning shale gas
field, Sichuan, and one wastewater disposal field in Oklahoma, respec-
tively. Their results also favor that earthquakes are more prone to occur
in fracture-rich areas.

In summary, our results show that the Weiyuan anticline and the
basement rift are the two key structures in the WSGF that exert con-
straints on the locations and magnitudes of My, > 3.0 events and lead to
contrasting depths of My, > 4.0 events in northeast Weiyuan and the
Molin area (Table 1). They constrain the maximum magnitudes by
influencing the fracture sizes. Such constraints present along-strike
variations. More specific locations are correlated with subsurface
structure characteristics, such as fracture densities and localized struc-
tures that could be revealed in tomography results.
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6.2. The fault plane of the September 2019 M,, 5.0 event

The September 2019 M,, 5.0 event is by far the largest HF-triggered
earthquake in the WSGF which leads to 1 death and 63 injuries. Un-
derstanding the triggering mechanism of such a destructive event is
therefore critical for earthquake hazard mitigation. Focal mechanism
results reveal that this event is a reverse-faulting earthquake (Fig. 11;
Table 1). However, there are still debates on the source parameters,
including the rupture plane and the centroid depth, which inhibited our
understanding of the potential triggering mechanism of this earthquake
(Table 1).

The distribution of aftershocks due to the static stress transfer of the
main shock has been widely used to constrain the fault plane (e.g., Yang
etal., 2009). Aftershocks of the M,y 5.0 event present NE-SW distribution
(Fig. 11a). We use 815 aftershocks that occurred within 14 days after the
M,, 5.0 (Fig. 11c) to conduct the least square fault-plane fitting, and we
get the best-fit strike and dip angle values at 30.3° and 42.6°, respec-
tively (text S1). The rupture area of a M, 5.0 event is estimated to be
~10 km? (Wells and Coppersmith, 1994), corresponding to a radius of
1.8 km by assuming a circular plane. Combining the fault plane pa-
rameters, the rupture area should be below 3.1 km. Therefore, our result
is consistent with centroid depths reported by Wang et al. (2020) and Yi
et al. (2020) (Table 1). Combining our earthquake relocation results,
tomography interpretation, aftershocks lineation, and previously
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Fig. 11. Distribution of earthquakes in the vicinity of the M, 5.0. (a) Map view of earthquakes that occurred before (colored) and after (white) the M,, 5.0. Platform
H37 experienced fracking before the My, 5.0. Aftershocks inside the dashed polygon are used to estimate the fault plane parameters. Earthquakes in dark grey are not
included in fault plane estimation due to their inconsistent locations and depths. The red arrow denotes the dip azimuth. (b) Projection of earthquake before the M,,
5.0 along the dip direction. The dashed black line denotes the best-fit fault trace constrained by aftershocks. (c) Projection of aftershocks along the dip direction with
the best-fitting fault plane shown. (d) Magnitude versus time plot of earthquakes in the vicinity of the M, 5.0. The H37 fracking seismicity occurred 3-5 months
before the mainshock. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reported centroid depths, we conclude that the M,, 5.0 nucleated in a
northeast-striking fault plane located in a deep geological susceptibility
zone that influenced by the basement rift with a dip angle of 42.6° at 5.5
km. The rupture propagated upward with a centroid depth in ~4.5-5
km.

Several studies have attempted to address the triggering mechanism
of this event (e.g., Wang et al., 2020; Lei et al., 2020; Sheng et al., 2020).
Nevertheless, different results lead to biased explanations. Our results
show that the My, 5.0 nucleated at a depth of 5.5 km, which is a depth
closer to the fracking depth in comparison to hypocenters reported in
other studies (e.g., Du et al., 2021). There is a cluster of earthquakes that
occurred on the H37 platform several months before the mainshock,
which we infer is due to the fracking activity (Fig. 11). Accordingly,
some seismicity seems to occur on the fault plane well before the
mainshock, indicating a potential fluid diffusion process (Fig. 11b).
However, whether fluids have migrated into the fault and triggered the
M,, 5.0 needs to be resolved with an enhanced catalog (e.g., template
matching), as well as a reliable geomechanical model, which are not
available right now.

6.3. Implications for seismic hazard mitigation

Although there is a common consensus that geological settings are
correlated with moderate earthquakes in shale gas fields (Schultz et al.,
2020; Atkinson et al., 2020; Lei et al., 2020; Kao et al., 2018), a series of
questions remain unclear, including to what extent geological settings
influence locations and magnitudes of earthquakes and whether
geological susceptibility zones could be identified. Thus, research
addressing these questions could promote our understanding of HF-
related earthquakes.

The total injection volume is an important factor in estimating the
potential maximum induced earthquake magnitude (McGarr, 2014).
The fault patch size is another principal factor that constrains the upper
bound of earthquake magnitudes. In the WSGF, constraints of magni-
tudes from the Weiyuan anticline structural deformation are prominent
as evidenced by earthquake magnitudes contrast in different tectonic
strain zones. Therefore, additional caution should be paid when fracking
was conducted in the Weiyuan anticline backlimb and along the base-
ment rift boundary zones.

Similar patterns are also shown in the Western Canada Sedimentary
Basin (Kao et al., 2018). Moderate earthquakes are concentrated in the
foothills of mountains that received structural deformation, and earth-
quake quantity and magnitudes inside the basin area are small. Thus,
identifying high tectonic strain areas which might contain large frac-
tures would be critical for earthquake hazard mitigation in structural
deformation complex regions, for example, the Changning and Luzhou
shale gas fields (Fig. 1a). Structural kinematic simulation and tomog-
raphy could be applied to reveal detailed high-strain areas and fracture-
rich regions.

Besides seismicity clusters that transverse the strata distribution,
some clusters occurred offset the fracking depth and distributed parallel
to strata (section BB’ in Fig. 8, section CC’ in Fig. 9). These earthquakes
might occur on detachment faults. Detachment faults developed in
Triassic and Cambrian strata have distinct impacts on structural defor-
mation in the Sichuan Basin (Jia et al., 2020; Wang et al., 2020). For
example, the fault slip of the eastern Sichuan fold belt is interpreted to
be accommodated by detachment faults rooted in Cambrian strata.
Detachment faults have the capability to start earthquakes on high-angle
thrust faults that are difficult to reactivate. By far, magnitudes of seis-
micity on potential detachment faults are small (e.g., Section CC’) and
there have been no reported cases that correlate detachment faults with
moderate induced earthquakes in the Sichuan Basin. However, the
seismic hazard potential exerted by detachment faults activation
shouldn’t be ignored. Our study reveals how the structural controlling
effect on My, > 3.0 earthquakes is achieved for HF-related earthquakes
and might be the first report that reveals impacts on HF-related
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earthquakes from the basement rift in the Sichuan Basin. With the
planning of massive HF in deeper shale layers (e.g., Qiongzhusi forma-
tion in Cambrian) in the Sichuan Basin, the impacts on earthquake
distribution from basement structures would be more prominent. Thus,
earthquake hazard assessment including a thorough study of basement
structures would be critical.

6.4. Limitations

Benefiting from the combination of the SEA network and the tem-
porary network, our study reveals detailed velocity structures in the
WSGEF. High-resolution earthquake relocation is conducted using the
inverted 3D velocity models. However, one limitation of this study lies
in the limited information that could be provided for HF safety opera-
tions. Our tomography models are in a horizontal resolution of 0.05  x
0.05 (~4.8 km along the longitude and ~ 5.5 km along the latitude) in
focused areas. Such setup can reveal dominant structures in the WSGF
but is too large in view of lengths of horizontal wells that are in the range
of ~1-2 km, thus leading to limited capability to reveal susceptible
structures that could provide critical insights for hazard mitigation
during HF operation. In recent years, the development of dense array
studies has promoted our understanding of subsurface structures
through high-resolution tomography. Deployment of dense array net-
works in shale gas fields would be a plausible method to provide fine
structure information for hazard mitigation references.

A second limitation lies in limited information about faults related to
the basement rift. Even though Hu et al. (2022) reported the location of
the basement rift in WSGF, less is published related to fault features in
the rift structure, which inhibits our further understanding. For
example, our tomography results show that the basement rift extends
further to the northeast with smaller velocity contrasts (Fig. 7g, h),
which is consistent with weak strata deformation in section DD’
(Fig. 9d), showing relatively smaller tectonic strain accumulation in the
northeast. However, it has been observed that by far, the largest two
events only occurred in the northeast. The Shuangshi area, which is
another high earthquake productivity zone as the northeastern Weiyuan
(Fig. 6), is obsessed with no My > 4.0 events occurrence. A possible
scenario is that the limited rifting effect in the northeast of the basement
rift leads to gentle fault planes that are more prone to reactivate under
current contractional geological settings. Nevertheless, we are not able
to verify the scenario until further information concerning the basement
rift faults is revealed. Furthermore, the occurrence of an earthquake is a
complicated process involving a variety of factors including fault plane
stress conditions, stress perturbations, and frictional properties. It has
been shown that earthquakes nucleated in different areas of a fault plane
could lead to distinct moment releases (Yang et al., 2019; Yao and Yang,
2022). Thus, the occurrence of the My, 5.0 and the My, 4.9 event in
northeast Weiyuan rather than other areas influenced by the structural
deformation of the basement rift might be due to the earthquake
nucleation process. The determination of the fault plane of the
September 2019 M,, 5.0 is the first step toward the revealing of the
triggering process. Further geomechanical simulation investigation can
be conducted to reveal the scenario from injection to the nucleation of
this damaging event, which is significant in earthquake hazard
mitigation.

7. Conclusion

We conducted body-wave tomography inversion, earthquake relo-
cation, and structural analysis in the WSGF, Sichuan Basin, China. Our
results show that it is the structural deformation of the Weiyuan anti-
cline and the basement rift that controls the location and magnitude of
M., > 3.0 events in the WSGF. Details are:

e In the structural influential domain of the Weiyuan anticline (depth
< 5 km), fractures and tectonic strain loading during the anticline
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structural deformation lead to decreased maximum earthquake
magnitudes from the anticline to the basin area. Inside the anticline,
the large fracture sizes and high tectonic strain loading allow for the
occurrence of a number of My, > 4.0 events. In the anticline-basin
transition zone, the limited fracture sizes constrain earthquake
magnitudes within My, 4.0. Further to the basin area, more confined
fracture sizes lead to no observation of M;>3.0 earthquakes.

The structural deformation of the basement rift constrains locations
of deep (depth > 5 km) My, > 3.0 earthquakes located within the rift
zone, leads to shallow My, > 3.0 (depth < 5 km) lineations and en-
hances earthquake productivity along the basement rift trace.

Our study in the WSGF provides a clear relationship illustrating how
structural deformation within a shale gas field influence earthquake
locations and magnitudes. The revealing of impacts on earthquakes from
the newly reported basement rift provides valuable information for
earthquake hazard mitigation. Besides, My, > 3.0 events are found to be
more prone to occur in low-velocity zones and velocity transition zones
that are geologically unstable. Therefore, structural deformation simu-
lation and tomography study could be useful tools to identify geologi-
cally susceptible areas in shale gas fields.

We further use aftershocks to refine the fault plane of the largest HF-
triggered earthquake, the September 2019 M,, 5.0 event, in the WSGF.
Aftershocks delineate a southeast-dipping fault plane with a strike and a
dip angle at N30.7°E and 43.2°, respectively. Combining the tomogra-
phy results, we infer that the M,, 5.0 event nucleated in a northeast-
striking fault that is influenced by the structural deformation of the
basement rift.
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