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Abstract

Tectonic earthquakes are usually thought to be the result of stick-slip frictional instability along a pre-existing fault. As a result, large earthquakes
rarely nucleate at shallow depths. In the present study, we relocated the 8 September 2019 Ms 5.4 earthquake in Weiyuan, Sichuan, China, and
943 aftershocks. The results suggest rather surprisingly that these seismic events occurred at a depth of less than 3.5 km, rupturing the relay
zone between two active thrust faults. Prior to the Ms 5.4 earthquake, the ruptured relay ramp zone was subjected to abnormally high shear
stress, as demonstrated by our stress field modeling. This indicates that the two active faults are strongly interacted and prone to connect. The
increased shear stress caused strong elastic accumulation and thus induced the Ms 5.4 earthquake. We believe this mechanism should garner

widespread attention, particularly for shallow earthquake assessment.
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1. Introduction

Large earthquakes are commonly thought to nucleate in the
deep portion of the seismogenic layer (Das & Scholz 1983).
This is due to the fact that tectonic earthquakes primarily
result from the stick-slip frictional instability along a pre-
existing fault surface, rather than the creation of a new fault
and fracture (Scholz 1998). In friction stability regimes, elas-
tic strain gradually accumulates over the inter-seismic interval
until it exceeds the frictional rock strength, which increases
with depth together with the normal stress and stress drop
(Brace & Byerlee 1966). Indeed, moderate-to-large earth-
quakes do occur at extremely shallow depths (Yang & Yao
2021), such as the 1968 Ms 6.8 Meckering earthquake in
Western Australia (Langston 1987), the 2008 Ms 5.7 after-
shock of the Mw 7.9 Wenchuan earthquake (Luo et al. 2010),
the 2019 Mw 4.9 Le Teil earthquake in France (Causse et al.
2021), and the 2020 Mw 6.5 Monte Cristo Range earthquake
in Nevada (Sethanant et al. 2023). The above events are inter-
preted with distinctively particular seismogenesis, which lacks
general significance for shallow earthquake assessment. Con-
versely, there are difficulties in the interpretation of extremely
shallow earthquakes and investigation of seismogenic struc-
tures, because of the complex subsurface structure and the of-
ten poorly constrained velocity models (Huang et al. 2022).
The 8 September Weiyuan 2019 Ms 5.4 earthquake in
Sichuan, China caused 64 casualties and destroyed 293 build-
ings, resulting in 680 sq km of devastation. The hypocenter
and centroid of this earthquake source zone were located at
between 2.4 and 4.5 km beneath the surface, as reported by
previous investigations (Lei et al. 2020; Sheng et al. 2020;

Wang et al. 2020; Yi et al. 2020; Zi et al. 2025). Another
extremely shallow 2019 Ms 6.0 earthquake in Changning,
South Sichuan Basin, China, has been studied and is thought to
be triggered by the combined effect of pore pressure increase
from the diffusion of injected fluids. Although it has been sug-
gested that the Weiyuan 2019 Ms 5.4 earthquake was also
induced by hydraulic fracturing during the shale gas devel-
opment in the Weiyuan gas field, there is still a lack of solid
evidence, and the seismogenic fault remains unknown. In the
Weiyuan area, we have a depth-domain 3D exploration seis-
mic reflection data set acquired in 2015, coupled with well
logs. Using the 3D seismic data and the accompanying sonic
well logs, a high precision interval-velocity-constrained ve-
locity model was obtained. We have re-located the Weiyuan
Ms 5.4 earthquake and 943 correlated aftershocks using
the interval-velocity-constrained velocity model and identi-
fied the seismogenic structure from the 3D seismic reflection
images.

2. Geological settings

The 8 September 2019 Ms 5.4 earthquake occurred in the
Weiyuan Anticline, Sichuan, China, which is surrounded by
the Longquan Mountain structural belt in the west (Fig. 1a),
the central Sichuan monocline in the north, and the Zigong
Sag in the south, was formed during the Himalayan era (Li
et al. 2015). The lithology of the sedimentary strata has
been revealed through hydrocarbon boreholes that penetrate
the Cambrian formation. The emerged terrane is Jurassic
sandstone and mudstone, which are underlain by Triassic,
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Figure 1. Location map and seismic profile. (a) Elevation map showing the location of Weiyuan Anticline, the regional seismic profile, exploration wells,
and the key surface structure. (b) Coseismic deformation of the 8 September 2019 earthquake showing the location of the mainshock and aftershocks,
the focal mechanism solution of the mainshock (Lei et al. 2020; Jia et al. 2023), and the fault trace of the seismogenic faults. (c) Regional seismic profile
showing the subsurface structures, studied earthquakes, and the lithology of subsurface intervals. The emerged terrane is Jurassic sandstone and
mudstone (J), which are underlain by Triassic (T), Permian (P), Silurian (S), Ordovician (O), and Cambrian sediments (C).

Permian, Silurian, Ordovician, and Cambrian sediments
(Fig. 1¢) (Liang et al. 2019). These underlying beds dip to the
south and are truncated northwards at the Weiyuan Anticline.
In the southwest of the dome structure, several folds were de-
veloped during Permian, Silurian, Ordovician, and Cambrian
successions. The Weiyuan Anticline is located in the transi-
tion zone of the movement of the South China plate (Zhang
2013), and the stress tests in the horizontal wells, at a depth
range of around 3 km, indicates that the southern area of the
Weiyuan Anticline has a maximum horizontal stress of ap-
proximately 90 MPa oriented southwest (Xi et al. 2018). At
the southern flank of the Weiyuan Anticline, several southeast
trending faults have been geologically mapped by geological
survey (Fig. 1a).

3. Methods

3.1. Processing information of the 3D seismic data

The depth-domain 3D reflection seismic data set was used in
this work. This dataset covers an area of over 1925 sq km
in the south of the Weiyuan Anticline, with an investigation
depth of 5 km. The seismic data was resampled to 1 ms be-
fore processing, and the base level was set to 1000 m with
a replacement velocity of 4000 m/s. Tomographic static cor-
rection was performed with maximum and minimum offsets
of 3500 m and 300 m, respectively. Coherent noise reduction
(0~16 Hz, 800~1800 m/s) was employed for the pre-stack
data, and the post-stack seismic data was bandpass filtered (7-
79 Hz). Kirchhoff pre-stack depth migrations were carried out
based on the velocity model derived from root-mean-square
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Figure 2. Interval-velocity-constrained velocity model. (a) Three-dimensional display of the velocity model showing the velocity framework and key
reflection surfaces. (b) P-wave sonic log of drill wells. The well location is marked in Fig. 1a.

stacking velocities. The resulting depth image was used to in-
terpret the various geological horizons and seismogenic struc-
ture.

3.2. Earthquake relocation

Because of the complicated subsurface structure developed in
the Weiyuan area, using a simple 1D velocity model to locate
such shallow earthquakes may not yield hypocenters to a suf-
ficiently high resolution. For the Ms 5.4 earthquakes, Wang
et al. (2020) used a single crustal velocity model to determine
the focal depth at 5 km, close to the result (4.5 km) of Yi
et al. (2020) employing a different 1D layered velocity model.
Notably, two other studies provided different focal depths of
2.5 km (Lei et al. 2020) and 2.9 km (Sheng et al. 2020), re-
spectively. Therefore, we decided to build a high-resolution
interval-velocity-constrained velocity model with an area of
400 sq km covering the local seismic network and earthquakes
under study, to improve the accuracy of earthquake location.

First, we interpret the horizons that separate the subsur-
face formations with different P-wave velocity to construct
a stratigraphic framework (Fig. 2a). This framework defines
the critical interfaces for determining the ray travel paths.
The interval velocity is determined using sonic well logs pro-
vided by the Southwest Oil-Gas Field Company (Fig. 2b). An
average velocity is calculated for each formation. Then, we
create an interval-velocity-constrained velocity model for the
mainshock that defines a 20-kilometer-long square. Within the
interval-velocity-constrained velocity model, five seismic sta-
tions are situated.

The catalog provided by the Sichuan Seismological Bureau,
China, suggests that few foreshocks were recorded prior to
the mainshock on 8 September 2019. Therefore, we picked all
the aftershocks occurring in September 2019, which are re-
ported in the areal extent of the interval-velocity-constrained
velocity model. The hypocenter location method we used is the

Source-Scanning Algorithm proposed by Kao and Shan (Kao
et al. 2005). Consequently, we located 943 events. Among the
located events, 500 are in the extent of the velocity model
including the mainshock and aftershocks in September 2019
(Fig. 1b), and the others are outside of the investigation and
were not located.

3.3. Fault interpretation and activity

We image the subsurface structures surrounding the studied
earthquake cluster on structure maps of key horizons, as well
as the seismogenic faults. The horizon and fault interpretation
are conducted through the 3D seismic data using the seismic
interpretation module of Petrel 2018. Since the seismic data
was acquired in 2015, the seismic images only capture the
structural features present before the mainshock. Herein, the
tops of the Triassic, Permian, Silurian, Ordovician, and Cam-
brian units are interpreted (Fig. 3). The prominent features we
imaged on the structure maps indicate that the intervals south
of the Weiyuan Anticline are a monocline dipping south with
associated folds (Fig. 3). The seismogenic faults extend from
the bottom of the Triassic to the Earth’s surface. Two seismic
reflectors, including the tops of the Triassic and Permian beds,
are selected to generate the fault throw profile of the seismo-
genic structure. The fault throw profile is used to qualitatively
estimate the fault activity.

3.4. Coseismic deformation

The coseismic deformation of the Ms 5.4 earthquake, shown
in Fig. 1b, was investigated with the interferometric synthetic
aperture radar (InSAR) technique. In the present study, the
C band data of Sentinel-1A is used as the source of SAR
data for the InSAR analysis. The sensor of the Sentinel-1 has
a frequency of 5.4 GHz corresponding to a wavelength of
5.6 cm. Four Sentinel-1 Single Look Complex (SLC) prod-
ucts in IW mode with VV polarization were acquired from the
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Figure 3. Structure maps of the key horizons and features present before the mainshock.
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Alaska Satellite Facility, and the corresponding orbit files were
obtained from the European Space Agency. The SLC prod-
ucts with date of September 1,2019, and September 13,2019,
were utilized to analyze the surface deformation caused by the
mainshock that occurred on September 8, 2019. The SRTM
digital elevation model with a resolution of 30 m was em-
ployed to simulate the topographic phase. The InSAR analy-
sis processing was conducted by the GAMMA 2015 Software
in a Linux operating system (Ubuntu 16.04) to generate the
interferograms. The after-earthquake SLC product was set as
the main image for interferogram generation. The interfero-
grams were filtered using the noise files attached with the SLC
products. The filtered interferograms were used to detect the
location of surface deformation and estimate the deformation
extent. We then unwrapped the interferogram using the min-
imum cost network method and geocoded the unwrapped in-
terferogram into the WGS84 coordinate system.

3.5. Stress field modeling

Our modeling study was conducted using Ploy3D (Thomas
1993) software integrated with the structure modeling mod-
ule of Petrel 2018, which is a boundary element program
based on linear elasticity theory. This method has been used
to model fault displacement, strain and stress distribution
around faults. The advantage of this method is that only the
fault surface needs to be discretized rather than the entire
volume.

The fault surface used in the modeling is imaged using the
seismic interpretation module of Petrel 2018 from the 3D seis-
mic data. Triaxial compressive remote stresses are used as
the boundary condition for the modeling, and zero displace-
ment boundary condition along the modeled fault is used.
The remote stresses are determined using the adjacent hori-
zontal hydrocarbon wells. The maximum horizontal princi-
pal stress (oy) perpendicular to the seismogenic faults is set
to 90 MPa, whereas the minimum horizontal principal stress
(op) is set to 70 MPa. Additionally, the faults are subjected
to a vertical stress (ovy) caused by the load of sedimentary
rocks, such as oy = pgz, where p is the density of the sedi-
mentary rocks, g is the gravitational acceleration and z is the
depth. We use an average oy of 39 MPa in our modeling,
with p and z of 2800 kg/m? and 1000 m, respectively. A Pois-
son’s ratio (u = 0.25) defines the material properties of the
fault blocks. These conditions produce a remote stress field in
which 01 = o, 02 =0, and o3 = ov. The along strike vari-
ation of the fault displacement, strain and stress distribution
are calculated using Poly3D (Thomas 1993).

In order to assess the potential of shear stress failure, we cal-
culated the maximum Coulomb shear stress (S.) in the mod-
eling rock volume. The maximum Coulomb shear stress is a
criterion for shear failure in linear elasticity theory (Jaeger &
Cook 1979), which is defined as

Sc:"lg"3*\/1+n2)—n*¥, (1)

where 7 is the coefficient of internal friction (z = 0.6).

4. Result
4.1. Seismological observation on the Ms 5.4
earthquake in Weiyuan, Sichuan, China

After relocation of the hypocenter using the interval-velocity-
constrained velocity model constructed from 3D exploration
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seismic reflection data and sonic well logs, the mainshock and
accompanying aftershocks sequence foci in September 2019
were determined, and the trend of the cluster is northeast-
ern (Figs 1b and 4e). The relocated aftershock hypocenters
are shallower than 3.5 km, whereas the hypocenter of the
Ms 5.4 mainshock is 2.2 km deep (Fig. 3a); however, after-
shocks appear to deviate from the interpreted fault planes.
This may be due to location uncertainties during the earth-
quake relocation. The uncertainty was assessed by using the
average deviation distance and the location bias caused by ve-
locity field heterogeneity. If the deviation distance falls within
the range of location error, the result is considered to be rea-
sonable. By utilizing the functionalities in Petrel, the vertical
distance from all seismic events to the fault plane can be deter-
mined. We define distances toward the west side of the fault
plane as negative values and those toward the east side as pos-
itive values. The average value we calculated is —1.43 km.
According to the location results, the average arrival time of
the seismic events observed by the five stations is 0.4 seconds.
A velocity change of 1 km/s can produce a location error of
400 m. Within the depth range of the study area, the differ-
ence between the maximum and minimum P-wave velocities
is approximately 4 km/s. Therefore, if there is significant ve-
locity heterogeneity within the layer, it can cause an error of
1.4 km in the positioning results. This suggests that the uncer-
tainties error may be contributing to the current results. The
aftershocks gradually ruptured away from the mainshock to
the shallow and deep portions along the seismogenic faults
(Fig. 4b). Meanwhile, the magnitudes of the aftershocks de-
crease with distance away from the mainshock (Fig. 4c), but
the aftershocks above the depth of the mainshock have lower
magnitudes than the aftershocks deeper than the mainshock
(Fig. 4c¢).

The focal mechanism solution indicates that the hypocen-
ter is 2.48 km deep and the seismogenic structure is a thrust
fault with a strike of 191° and a dip of 39° (Lei et al. 2020).
Consistently, the profile taken perpendicular to the trend of
the earthquake cluster shows a fault with a low dip angle, tilt-
ing southeast (Fig. 4b and c). According to InSAR data, the
coseismic deformation generated by the Ms 5.4 shock results
in a southwest-striking elliptical zone with a maximum uplift
of approximately 3.5 cm (Fig. 1b).

4.2. Seismogenic structure of the Ms 5.4
earthquake

We can image the seismogenic structure using the 3D seismic
data and describe the fault activities based on the variations
along strike fault throw. The seismogenic structure of the Ms
5.4 earthquake is composed of two thrust faults, F1 to the
south and F2 to the north, which are segmented by a relay
ramp measuring 3 km in length and 800 m in width (Fig. 1b).
These two faults are imaged to a depth of 2.5 km (Fig. 4b
and ¢) and a length of 10 km, and the strike direction of the
fault trace on the surface changes from NS to NE along the re-
lay ramp (Fig. 1b). The segmented relay ramp is where the cor-
related events and coseismic deformation are located (Figs 1b
and 4a). The steeper gradient of displacement profile seen at
the relay ramp indicates that the activity of faults F1 and F2
is interacting prior to the mainshock (Fig. 5) (Gawthorpe &
Leeder 2000). The displacement variation of the tops of the
Triassic and Permian sequences are quite parallel with each
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Triassic sequence showing the relay ramp between F1 and F2.

804 F1 —— Top ol J
E 704 m— Topof T -1
£ 60 F2 = Modeled Lo =
s °M displacement 0. = g
E 50 5 E
g 0.6 2 E
2 404 s&
a 0.4 3 &
2 204 -

104 £

4.8 9.6 14.4
Along strike distance (km)
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Triassic and Permian units are measured along F1 and F2 from the 3D
seismic reflection data. The modeled displacement is also projected onto
the profile with the normalized value.

other in both trend and value. This suggests that the faults
started to be active after the deposition of Jurassic units.

It is commonly thought that earthquakes induce stress
changes on neighboring faults, which can alter the probabil-

ity of occurrence of future earthquakes (Harris & Simpson
1992; Stein et al. 1992; Harris 1998). The other fact in terms
of faults is that the shear stress will drop extremely adjacent to
a single normal fault, except near the fault tips where the shear
stress notably increases (Segall & Pollard 1980; Willemse et al.
1996). For two interacting faults, the stress field can be quite
perturbed within the interaction zone (Crider & Pollard 1998;
Gupta & Scholz 2000). The modeling results of the pre-event
stress field surrounding the seismogenic faults show that the
seismogenic faults, although they are reverse faults, perturb
the local stress field, resulting in increased strain in the re-
lay ramp and fault tips (Fig. 6a). The strain shadow appears
in the hanging wall and footwall of the thrust faults. Away
from the stress shadow zone, the stain increases to the initial
state (Fig. 6a). Stress perturbation is manifest in the relay ramp
along the fault surface in the cross section (Fig. 6a). In linear
elasticity theory, the maximum Coulomb shear stress (S.) is
given as the failure condition for shear failure (Jaeger & Cook
1979; Crider & Pollard 1998; Soliva et al. 2006). Our stress
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modeling demonstrates a significant rise in S in the relay ramp
zone (Fig. 6b). The Coulomb-Mohr diagram also shows the
remote stress field fails to satisfy the Coulomb-Mohr failure
criterion, whereas the relay zone does (Fig. 6¢). It implies that
the relay ramp has a high possibility for shear failure prior to
the mainshock.

5. Discussion

Hydraulic fracturing (HF) usually induces earthquakes with
small moment magnitude. Recently, induced earthquakes with
M,, > 4 by HF have been reported (Babaie et al. 2019; Eyre
et al. 2019; Lei et al. 2020; Wang, Harrington et al. 2020;
Zhang et al. 2022; Igonin et al. 2023; Bhadran et al. 2024; Ng
et al. 2024). Previous research hypothesized that the Ms 5.4
earthquake was caused by HF, as the seismogenic time and lo-
cation coincided with the HF operation (Lei et al. 2020; Wang
et al. 2020). We argue that because the HF-induced earth-
quakes are commonly thought to nucleate on faults beneath
the HF formation (Bao & Eaton 2016; Lei et al. 2017; Sk-
oumal et al. 2018), whereas the Ms 5.4 earthquake nucleates
above the HF Silurian Longmaxi Formation (Fig. 1¢). Some-
times the HF-induced earthquake could be triggered by aseis-
mic slip caused above the fractured formation, such as the
long-lived swarm in Fox Creek, Alberta, Cannada (Eyre et al.
2019). This long-lived seismic swarm is explained as the aseis-
mic slip within the underlying HF-fractured stable formation,
which leads to the upper distal unstable region of the fault
being loaded. For the present event in Weiyuan, the HF oper-
ation is focused on the Longmaxi Formation, Silurian System,
which is also a stable shale unit. However, observation shows
that the seismogenic faults do not penetrate the Longmaxi For-
mation, and the lower distal region of the seismogenic faults
has a vertical distance of 1500 km from the Longmaxi For-
mation. Therefore, it is difficult to explain the Weiyuan earth-
quake using the aseismic slip model. The fluid injection also
hardly affects the upper seismogenic faults. Because there are
two low permeability layers, the Upper Permian shale and the

Silurian shale, respectively, without the linkup by faults, ver-
tical fluid migration to the seismogenic layers is unlikely.

It is widely believed that large earthquakes do not nucle-
ate at shallow depth due to the low normal stress and the
resulting weak frictional strength of the rocks as well as the
low stress drop (Das & Scholz 1983). This results in insuffi-
cient elastic strain energy accumulation at shallow depth to
trigger large earthquakes. Faults are not always independent
and isolated structures, and the segmented faults could have
strong interaction before their full linkage (Crider & Pollard
1998; Cowie et al. 2000; Gawthorpe & Leeder 2000; Liu ef al.
2017; Zaccaginio & Doglionni 2023). In relay ramps, fault
interaction causes a steep displacement gradient (Peacock &
Sanderson 1991; Gawthorpe & Leeder 2000), an increased lo-
cal shear stress (Crider & Pollard 1998), and a rapid slip rate
(Cowie & Roberts 2001). Before the relay ramp rupture and
attendant fault linkage, the relay ramp zone must accumulate
higher elastic strain than other regions along the fault. The in-
creased local shear stress in unruptured relay ramps between
interacting faults is therefore an important mechanism for the
accumulation of elastic energy (Crider & Pollard 1998; Soliva
et al. 2008). This increase in local shear stress is unrelated to
the normal stress and hence the depth; it is governed solely
by the relationship between displacement and spacing in the
relay ramp (Soliva & Benedicto 2004). Structural geologists
believe that the strong interacting relay ramp is vulnerable to
seismic activity (Soliva & Benedicto 2004; Soliva et al. 2008).
Our results indicate that instead of fault surface friction, for
the shallow Ms 5.4 earthquake, the high elastic strain accumu-
lation and shear stress are the result of the fault interaction.

6. Conclusions

The seismogenic structure is a relay ramp between two
thrust faults penetrating to a depth of 2.5 km. Through
stress field modeling, we reveal that the relay ramp rup-
tured by the mainshock was subjected to abnormally high
shear stress approaching the shear brittle fracture criterion
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before the 8 September 2019 Ms 5.4 earthquake. This mech-
anism enables relay ramp structures to become seismically
active zones for moderate to large earthquakes at extremely
shallow depths. Due to the shallow focal depth and strong
generation of surface waves, such earthquakes will cause
more devastation, and similar structures should therefore
be given special consideration during seismic hazard as-
sessment. Our finding provides a seismogenesis for shallow
earthquakes and offers a new perspective on seismic hazard
assessment.
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