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Abstract: In recent years, the rapid expansion and development of the shale gas industry in the
Sichuan Basin has coincided with a series of unexpected moderate-sized earthquakes. Given that the
Sichuan Basin is situated within a stable interior block, the focal mechanism of the 2019 earthquake
sequence (M 4.7, M 5.4, and My 5.2) in the Weiyuan-Rongxian area remains a subject of debate. In
this study, we propose a joint INSAR- and PCA- based inversion method utilizing the distributed
Mogi model to investigate the spatial-temporal characteristics of a gas reservoir and evaluate the
induced Coulomb stress change. The surface deformation derived from Sentinel-1 data between
2015 and 2021 was consistent with the spatial distribution of production wells, and it correlated
with the temporal changes in reservoir volume associated with the shale gas operating process. The
Coulomb stress loading on the regional faults suggests that human activities associated with shale
gas operation likely triggered the three moderate earthquakes. Furthermore, our results indicate
Coulomb stress loadings of 10 kPa, 15 kPa, 5 kPa, 3 kPa, and 87 kPa on the Dongxingchang fault,
Gaogqiao fault, Dayaokou fault, Niujingao fault, and Lijiachang fold, respectively. Consequently, fluid
injection and extraction during shale gas development could be contributing to the elevated seismic
activity in the Weiyuan-Rongxian area.

Keywords: MT-InSAR; distributed Mogi source; PCA; shale gas extraction

1. Introduction

Hydraulic fracturing involves injecting pressurized fluid into a dense rock matrix to
increase its permeability and improve the rate of production [1,2]. However, the fractures
opened by fluid injection and extraction, along with underground stress changes, can
trigger earthquakes through pore pressure disturbance [3], poroelastic stress changes
induced by rock matrix volume deformation [4], and aseismic slip [5-7]. Therefore, the
seismic hazards during shale gas exploitation have always been a critical concern in both
industry and scientific community. The Chuannan shale gas field is a key region for shale
gas industry in China. Since the initiation of large-scale hydraulic fracturing in 2014, this
region has experienced a series of unexpected earthquakes linked to gas development [8].
Among them, three moderate-to-strong earthquakes of My 4.9 on 24 February 2019, M; 5.4
on 8 September 2019, and My,5.2 on 18 December 2019 have resulted in fatalities, injuries,
and extensive property damage, but the casualty is still a controversy [9].

While the spatiotemporal correlation between seismic events and industrial activities
is an indicator for the triggering mechanism [5], the operation loggings and in situ pore
pressure measurement in Chuannan are unavailable [10]. Therefore, the debates regarding
the triggering mechanism of hydraulic fractures and 2019-2021 earthquake sequence
remain [11,12]. In the Weiyuan-Rongxian area, the existing studies utilized Interferometric
Synthetic Aperture Radar (InSAR) to monitor earthquake cycle deformation and constrain

Remote Sens. 2024, 16, 1929. https:/ /doi.org/10.3390/1s16111929

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs16111929
https://doi.org/10.3390/rs16111929
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0001-7294-8229
https://orcid.org/0000-0003-0398-1476
https://orcid.org/0009-0007-7507-1830
https://doi.org/10.3390/rs16111929
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs16111929?type=check_update&version=2

Remote Sens. 2024, 16, 1929

20f17

source mechanisms [9,13,14]; or analyzed time-series deformation qualitatively [15]. The
existing geodetic-based inversion to quantify the gas production uses deformation velocity
as the input. However, it does not account for the temporal evolution characteristics of
fluid distribution [16-20], which further results in the cumulative residual errors across
different epochs.

To address the lack of distribution characteristics of underground fluids and the
temporal evolution feature of fluid distribution in the existing INSAR-based reservoir
parameter inversion method, we propose a joint method to combine principal component
analysis (PCA) and distributed Mogi sources based on MT-InNSAR. The method first utilizes
PCA for post-processing the results of MT-InNSAR and decomposes surface deformation
in shale gas extraction areas through PCA. Then, we obtain reservoir volume time series
changes by recombining the corresponding volume changes of each distributed Mogi
source with significance values and time functions. Finally, we conduct a quantitative
analysis of fault stress changes based on reservoir volume changes.

2. Study Area

The Weiyuan-Rongxian shale gas field, located in the southwest of the Sichuan Basin,
is one of the earliest fields for shale gas exploitation in China. The main shale gas produc-
tion area is located on the southeast wing of the Weiyuan anticline structure, spanning
approximately 229.62 km? [21]. In 2021, the shale gas output from the Weiyuan-Rongxian
shale gas field reached 154 x 10® m3, accounting for about 40% of the annual shale gas
production in the Southwestern Sichuan region [22]. The crustal strain rate and histori-
cal seismic activity are low in the exploitation area [23,24]. Before 2015, the number of
earthquakes with My, > 2.0 per year in the study area was less than ten according to the
earthquake catalog of the China Earthquake Networks Center [11].

Extensive fracturing was carried out using horizontal wells and staged hydraulic
fracturing techniques after 2015 [25]. With the increasing frequency of hydraulic fracturing,
the annual earthquake number significantly increased, and a series of earthquakes with
My, > 5 occurred in 2019 (Figure 1). The results from seismic and geodetic data indicated
that the main shock of the My 4.9 earthquake occurred at a northwest thrust fault, consistent
with the Molin fault [9].

However, due to the absence of mapped faults and different velocity models resulting
in different hypocenter depths [11,13], the mechanism and fault of the My 5.4 earthquake
are still controversial. The Weiyuan-Rongxian shale gas field provides a new opportunity to
evaluate the potential correlation between injected fluids and induced earthquakes through
geodetic data. We evaluated reservoir volume changes and seismic hazards based on
surface deformation caused by shale gas extraction and hydraulic fracturing.
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Figure 1. (a) Structural background of Sichuan Basin; (b) seismic activity distribution in the Weiyuan-
Rongxian shale gas field.

3. Methods
3.1. InSAR Processing

We used data from the ascending orbit (from 31 March 2015 to 28 April 2021) and
descending orbit (21 March 2015 to 30 April 2021) of Sentinel-1 to monitor the surface
deformation of the Weiyuan-Rongxian shale gas field. The data processing was performed
using the GAMMA software (Version 1.1) for image co-registration and interferogram
generation. We generated 148 interferograms for the ascending orbit and 153 interferograms
for the descending orbit. The 30 m resolution SRTM DEM and Precise Orbit Determination
(POD) were utilized to remove the topographic phase and orbit phase. We extracted the
permanent scatterers (PS) using both an amplitude deviation index with a threshold of
0.5 and an average coherence with a threshold of 0.4. A total of 452,000 PS points were
retained for the ascending orbit, and 376,000 PS points were retained for the descending
orbit. Due to the significant spatiotemporal variation of shale gas extraction operations, the
ground deformation is a non-steady state change, which cannot be represented by a simple
linear deformation time evolution model. We used StaMPS InSAR software (Version 4.1b)
for temporal deformation analysis [26]. This method is suitable for monitoring nonlinear
temporal processes without a hypothetical deformation model. StaMPS subtracts the
spatially uncorrelated look angle phase, obtained by least squares, from the wrapped phase
to make the phase difference between adjacent PS points less than 7. Subsequently, it
unwraps the remaining interferometric phase. The interferometric phase of each PS point
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is composed of the line-of-sight deformation @, iz atmospheric error Qg orbit residual
Dorp, spatial correlation look angle error @corr, and noise Dyypjse-
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Atmospheric error, orbit residual, and look angle error are spatially correlated but
temporally uncorrelated, being estimated by filtering the unwrapped phase with a temporal
high-pass filter and a spatial low-pass filter to obtain the final estimated deformation [27].

As the Sentinel-1 uses a quasi-polar orbit, it is insensitive to the north—south defor-
mation. Therefore, we conducted deformation decomposition to obtain the vertical and
east-west deformations. The incident and azimuth angles of the ascending orbit are 43°
and 12°, respectively, while the incident and azimuth angles of the descending orbit are
43° and 347°, respectively. We firstly employed the cubic interpolation on the derived
velocity fields and sampled them into a grid with 100 m resolution. Subsequently, we used
a pixel-based decomposition according to the azimuth and incident angles [27], as follows:
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where 64 and « 4 are the incident and azimuth angles of the ascending orbit, respectively.
0p and ap are the incident and azimuth angles of the descending orbit, respectively. 7\,
is the ascending line of sight deformation, 42, is the descending line of sight deformation.
d, is vertical deformation, and d, is east-west deformation.

3.2. Joint MT-InSAR and the PCA-Based Inversion Method

The time evolution of the volume changes in shale gas reservoir can be inverted
from the surface displacement of each epoch individually [26,27]. Such an approach is
computationally expensive for large datasets and loses the continuous time evolution of
deformation sources. It would produce independent models at each epoch [28-30]. To
obtain the distribution of underground fluid and evaluate the interaction between fluid
injection and fault without injection and production data, we proposed a jointed MT-InSAR
and PCA-based inversion method (Figure 2).
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Figure 2. Schematic diagram of the joint MT-INSAR and PCA-based inversion method.
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Principal component analysis (PCA) is a feature extraction technique based on linear
transformation [31]. It orthogonally transforms high-dimensional data into a new low-
dimensional space to extract the main information of original features. We applied PCA
to the decomposition of deformation time series for spatiotemporal deformation charac-
teristics analysis based on dimension reduction. For a set of InNSAR time series X with m
data points and n observation epochs of INSAR vertical cumulative deformation, X can be
decomposed into a linear combination of multiple PCs, as shown in Equation (3):

X=UxSxVT 3)

Each of the PCs is associated with a spatial function U that represents the spatial
distribution of deformation, a significance value S that represents the importance of the
component, and a time function V that describes the temporal behavior of displacement.
Previous studies have shown that if the dataset can be modeled as a time-varying linear
source model, then the spatial function can also be modeled in the same form [32].

Due to the significant computational burden of applying complex temporal models to
the extensive deformation areas discussed in this paper, we considered using a geometric
source model that excludes complex parameters such as porosity [33-35]. The Mogi
model, ellipsoidal model, and Okada model are typical models for simulating surface
deformation [36]. Moreover, the Mogi model and ellipsoidal model are used to describe
the magnitude and the direction of ground displacements due to changes in volume of a
point in a uniform elastic half space, which are commonly used for volcano and reservoir
modeling. The Okada model is mostly used for volcanic and seismic events. The Mogi
model was used when the dimensions of the displacement range were close to a circle. In
contrast, the Ellipsoidal model was chosen when the shape of the influences was elliptical.
Due to the complex deformation patterns in shale gas extraction areas, it is difficult to
simulate deformation using a single model. Therefore, to obtain the horizontal variation
of reservoir volume and minimize the number of model parameters, we applied a hybrid
model as the time-varying linear source model [37,38]. We used the distributed Mogi
sources with a lateral spacing of 0.5 km at a depth of 3.6 km, which is consistent with the
average depth of hydraulic fracturing operations to model the spatial function.

Assuming the reservoir is elastic and homogeneous, the displacement vectors (uy, 1y,
u) at the surface (x, y, z) can be approximated by a single Mogi source at positions (x, yo,
zp < 0), and the relationship between the two is shown as follows:

Uy 1 — AV (x —x0)/R3
iy :£4%L7 (y = yo) /R @)
Uy (z— zo)/R3

Among them, v is the Poisson’s ratio, AV is the volume change, and

R = \/ (x —x0)% 4 (v — yo)* + (z — 20)? is the distance between the point source and the
surface observation point.

Assuming that the reservoir is elastic, matrix L represents the volume changes of
Mogi sources, where L; represents the volume change of the Mogi source corresponding
to the i-th principal component. The relationship between the spatial function U and the
components-related volume changes of Mogi sources L is

u, G, 0 -0 I
UZ 0 G2 ... 0 L2

U 00 ... G /)\L
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in which G; represents the Green’s function, correlating the volume changes of Mogi sources
to the same principal component with spatial functions, as follows:

Gil Giz Gik
6| = o o
G, G, . G
where G;k = (1;') Az/R3, Az is the depth of the reservoir, and R is the distance between

the source and the target. After determining Green’s function matrix G, the inversion of
deformation can be transformed into a least squares minimization problem. Due to the
smoothing effect of the Green’s function, the resolution decreases with increasing depth,
leading to instability in inversion. Therefore, in order to avoid oscillations or jumps in
the volume results obtained from linear inversion, it is important to devise appropriate
regularization schemes to stabilize the process of estimating a solution. We imposed a
penalty on the distance between each Mogi source and the shale gas well platform. This
penalty function is based on the assumption that volume changes are driven by fluid
pressure changes caused by injection, and these changes are maximum near fracturing well
platform. Therefore, we minimized the composite quadratic function at the Mogi source by
the following objective function:

Q(v) = (U —GL)" (U - GL) + A’L"DL )

where L represents the volume changes of the Mogi sources; U represents the spatial
function after principal component analysis; A represents the roughness smoothing factor;
and D is the diagonal penalty matrix, for which the Mogi source far away from the well
has a larger value. After that, we recombined Mogi source volume changes with their
respective principal values and time functions to estimate Mogi source volume changes at
each epoch.

3.3. Coulomb Stress of Faults

After obtaining a temporal reservoir volume change model, we first extended the
Fourier domain approach of Steketee to obtain the Green’s function for a radial point
source [39]. Then, we convolved the Green’s function of radial point sources in an elastic
half-space with the volume changes of distributed Mogi sources (multiplication in the
wavenumber domain) to calculate the full 3D stress tensor field surrounding the field [38].
Finally, we calculated the changes in Coulomb stress by solving the local stress tensor on
the fault plane.

Ao = AT+ Y Aoy, (8)

AT is the change in shear stress; Aoy, is the normal stress for a given fault geometry,
respectively; and p’ is the effective friction coefficient.

For the Rongxian earthquake and two foreshocks, we used the existing fault plane
parameterization to obtain the cumulative Coulomb stress changes on the seismic fault
plane [9]. For the Weiyuan earthquake and the Zizhong earthquake, we used the fault
plane from Lei [8]. At the same time, to distinguish between the actual fault plane and the
auxiliary plane, we calculated the Coulomb stress changes on two sets of fault planes sepa-
rately. For the Zizhong fault, Gaogiao fault, Niujingao fault, Dayakou fault, Dongxingchang
fault, Molinchang fault, Chongtan fault, Huangquepo fault, and Changyan fault in the
Weiyuan-Rongxian shale gas field, we used the fault plane parameterization (i.e., strike,
dip, and rake angles) from the Sichuan Provincial Regional Geological Report to obtain the
cumulative Coulomb stress changes on the fault plane.
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4. Result
4.1. InSAR Deformation

Our deformation velocity results show that the northeast of the Weiyuan-Rongxian
shale gas field lifted rapidly from 2015 to 2021, while the southwest region subsided rapidly.
The maximum uplift and subsidence were about 17 cm and 16 cm, respectively. Both the
uplifting and subsiding areas were oval-shaped with an area of approximately 15 km?. The
time series of ascending and descending tracks showed good consistency in both temporal
behavior and amplitude, indicating that the vertical deformation was dominant. There
were multiple wells undergoing hydraulic fracturing operations or shale gas production
activities near the shale gas extraction area in the Weiyuan-Rongxian shale gas field [40]. We
found both hydraulic fracturing and extraction wells were located within the deformation
zone centered around Weiyuan.

Due to the lack of available in situ measurements, such as leveling and GNSS, we
conducted a qualitative analysis for the surface deformation in the Changning shale gas
field, which is 150 km southeast of our study area. In the Changning area, extensive
fracturing has been carried out since 2015. The surface deformation accelerated from 2015
to 2019, since the excessive fracturing in July 2017. Similar to Changning, the amounts of
accelerated deformation in the Weiyuan-Rongxian shale gas field are mainly distributed
around shale gas production well platforms, which corresponds to the start of excessive
fracturing [41]. Therefore, the deformation in these fields was governed by the combined
effects of multiple wells operating at different stages of the production chain—fracturing or
extraction [15].

Based on the LOS deformation, vertical deformation, and east-west deformation field
in the Weiyuan-Rongxian shale gas field, we found that during the period from June 2018
to December 2020, large-scale fracturing was carried out on the west side of the Weiyuan-
Rongxian shale gas field, which caused rapid and significant uplift of the ground. The
injected fracturing fluid diffused southwestward, and the diffusion effect also resulted
in horizontal surface deformation components in the same direction as the ground [41].
Meanwhile, we inferred that the southwestward deformation trend was nearly parallel to
the flight direction of the ascending satellite. Therefore, it is difficult to observe deformation
in this direction in the results of ascending deformation.

The time series deformation measurements at points A and B in Figure 3a showed
strong linearity (Figure 3e,f). Therefore, other seasonal effects and irrigation factors were
not considered in this study (Figure 3). Meanwhile, the reliability of deformation was
evaluated by differencing the annual average deformation rates obtained from StaMPS-
InSAR and SBAS-InSAR. The mean and standard deviation of the ascending difference
values were 0.5 mm/yr and 1.6 mm/yr, respectively, while the descending difference values
were 0.4 mm/yr and 1.7 mm/yr, respectively.
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Figure 3. (a) Ascending LOS deformation velocity of the Weiyuan-Rongxian shale gas field over
2015-2021. (b) Descending LOS deformation velocity of the Weiyuan-Rongxian shale gas field
over 2015-2021. (c) Vertical deformation velocity of the Weiyuan-Rongxian shale gas field over
2015-2021. (d) East-west LOS deformation velocity of the Weiyuan-Rongxian shale gas field over
2015-2021. (e) Deformation time series at point A. (f) Deformation time series at point B (blue dots in
(a—d) represent the position of the shale gas production well platforms).

4.2. Volume Changes

We decomposed the vertical deformation in the Weiyuan-Rongxian shale gas field
into a combination of spatial distribution and time series (Figure 4). The chi-squared
value of the residuals between the observed and the reconstructed time series for the sixth
component was lower than 0.1, potentially indicating that our estimation of the InNSAR
data uncertainty of 2 mm was overestimated. And the first six principal components,
PC1-6, accounted for 50%, 19%, 14%, 9%, 5%, and 2% of eigenvalues, respectively, totaling
99% of the vertical surface deformation, which can characterize most of the deformation
signals [42]. PC1 described the linear uplift trend of the ground during the observation
period, which was closely related to the cumulative number of wells put into operation in
the shale gas extraction area, and the seasonal signal was not obvious.
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Figure 4. (a) The spatial distribution of 9 principal components. (b) Time series with 9 principal
components. (c) Comparison between the time series of the first principal component and the
cumulative number of shale gas production wells. (d) Comparison between time series of the second
principal component and precipitation.

The second principal component, PC2, focused on the deformation pattern of the
Weiyuan syncline and its southern region. PC2 showed a seasonal deformation with an
annual cycle, and the temporal trend was consistent with the changes in rainfall in Weiyuan
and Rongxian County. PC3 and PC5 also showed a deformation trend with an annual
cycle, and they focus on the deformation pattern of the high-altitude areas such as the
Weiyuan syncline, which represented residual turbulent atmospheric signals. PC4 was
mainly distributed in the northwest and southeast of the study area, being closely related to
the residual of topography-dependent atmospheric screen, which represents terrain-related
atmospheric signals. PC6 exhibited significant deformation characteristics and fluctuated
around zero values in the time series during the study period, representing other noise
contributions. These contributions include phase jumps and residual turbulence delays.

The temporal changes in volume of the reservoir were inverted by the PC1 component,
and the increasing reservoir volume was mainly located on the northwest side of the study
area, which is consistent with the distribution of shale gas wells (Figure 5). The changes
in reservoir were a reflection of the injection and migration of fracturing fluid during the
hydraulic fracturing process of Weiyuan-Rongxian shale gas field. The vertical deformation
observation matched well with the model simulation result, with a root mean square
error of 3.9 mm (Figure 5c). Significant errors occurred only in low-coherence regions
due to the influence of the residual phase. The total volume in the Weiyuan-Rongxian
shale gas field increased by 7.95 x 10°® m> from 2018 to 2020, which is consistent with the
cumulative injection amount of 8.10 x 10° m3 for 225 wells during the production period
(2018-2020) [43].
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Figure 5. (a) Vertical deformation in the Weiyuan-Rongxian shale gas field. (b) Model predictions of
vertical temporal deformation based on reservoir volume changes in the Weiyuan-Rongxian shale
gas field. (c) Residual of vertical time series deformation observations and simulated deformation in
the Weiyuan-Rongxian shale gas field. (d) Volume changes of the reservoir in the Weiyuan-Rongxian
shale gas field (black dots in the figure represent the position of the shale gas production well
platforms).

4.3. Coulomb Stress Estimation

We calculated the Coulomb stress changes on the source mechanism plane of three
earthquakes with magnitudes of My 4.9, M1 5.4, and M 5.2 in the shale gas extraction area
to reveal the relationship between seismic activity and reservoir volume changes in the
Weyuan-Rongxian shale gas field. The reservoir volume changes in the Weiyuan-Rongxian
shale gas field had 57 kPa and —216 kPa Coulomb stress on the westward fault plane of
the My 4.7 and Mj 4.3 earthquakes, respectively, while having 108 kPa and 86 kPa Coulomb
stress loading on the eastward fault plane, respectively. Due to the shallow epicenter of the
main shock of the M; 4.9 Rongxian earthquake, reservoir volume changes only generated
Coulomb stress loading of 14 kPa and 8 kPa near the fault plane of the My 4.9 Rongxian
earthquake (Figure 6).

The reservoir volume changes in the Weiyuan-Rongixan shale gas field also produced
significant Coulomb stress changes near the Weiyuan earthquake and Zizhong earthquake
epicenters. Accumulated Coulomb stress changes of —123 kPa and 185 kPa occurred near
the westward and eastward dipping fault planes of the Weiyuan earthquake epicenter,
respectively, and accumulated Coulomb stress changes of 53 kPa and 15 kPa occurred
near the westward and eastward dipping fault planes of the Zizhong earthquake epicenter,
respectively (Figure 7).
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Figure 6. (a) Coulomb stress changes on Rongxian M; 4.9 two pre-shocks source mechanism plane 1
(strike = 190°, dip = 42°, rake = 83°) due to reservoir volume changes. (b) Coulomb stress changes
on Rongxian My 4.9 two pre-shocks source mechanism plane 2 (strike = 19°, dip = 48°, rake = 96°)
due to reservoir volume changes. (c) Coulomb stress changes on Rongxian My 4.9 earthquake source
mechanism plane 1 (strike = 170°, dip = 51°, rake = 72°) due to reservoir volume changes. (d) Coulomb
stress changes on Rongxian My 4.9 earthquake source mechanism plane 2 (strike = 17°, dip = 42°,
rake = 11°) due to reservoir volume changes. Green dots in the figure represent the position of the
shale gas production well platforms, and black dots represent the position of the shale gas production
well platforms.
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Figure 7. (a) Coulomb stress changes on the source mechanism plane 1 of the Weiyuan My 5.4
earthquake (strike = 25°, dip = 39°, rake = 70°), due to reservoir volume changes. (b) Coulomb
stress changes on the source mechanism plane 2 of the Weiyuan My 5.4 earthquake (strike = 230°,
dip = 52°, rake = 96°) due to reservoir volume changes. (c) Coulomb stress changes on the source
mechanism plane 1 of the Zizhong M,5.2 earthquake (strike = 20°, dip = 41°, rake = 71°) due to
reservoir volume changes. (d) Coulomb stress changes on the source mechanism plane 2 of the
Zizhong My 5.2 earthquake (strike = 225°, dip = 52°, rake = 105°) due to reservoir volume changes.
Green dots in the figure represent the position of the shale gas production well platforms, and black
dots represent the position of the shale gas production well platforms.

To evaluate the seismic risk in the Weiyuan-Rongxian shale gas field, we used reservoir
volume changes to simultaneously calculate the Coulomb stress changes on nine main
faults and Lijiachang fold in the shale gas extraction area. Among them, the reservoir
volume changes had Coulomb stress loadings of 10 kPa, 15 kPa, 5 kPa, 3 kPa, and 87 kPa
on the Dongxingchang fault, Gaogiao fault, Dayakou fault, Niujingao fault (Figure 8), and
Lijiachang fold, respectively (Figure 9).
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Figure 8. (a) Coulomb stress changes on the Molinchang fault (strike = 150°, dip = 40°, rake = 90°)
due to reservoir volume changes. (b) Coulomb stress changes on the Niujingao fault (strike = 0°, dip
= 30°, rake = 90°) due to reservoir volume changes. (c) Coulomb stress changes on the Zizhong fault
(strike = 10°, dip = 20°, rake = 90°) due to reservoir volume changes. (d) Coulomb stress changes on
the Lijiachang fold (strike angle = 45°, dip = 10°, rake = 90°) due to reservoir volume changes (green
dots in the figure represent the position of the shale gas production well platforms, and black dots
represent the position of the shale gas production well platforms).
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Figure 9. (a) Coulomb stress changes on the Changyan fault (strike = 230°, dip = 60°, rake = 90°)
due to reservoir volume changes. (b) Coulomb stress changes on the Chongtan fault (strike = 110°,
dip = 65°, rake = 90°) due to reservoir volume changes. (c) Coulomb stress changes on the Gaogqiao fault
(strike = 190°, dip = 28°, rake = 72°) due to reservoir volume changes. (d) Coulomb stress changes on the
Dongxingchang fault (strike = 90°, dip = 55°, rake = 90°) due to reservoir volume changes. (e) Coulomb
stress changes on the Dayakou fault (strike = 25°, dip = 40°, rake = 90°) due to reservoir volume changes.
(f) Coulomb stress changes on the Huangquepo fault (strike = 120°, dip = 30°, rake = 90°) due to reservoir
volume changes (green dots in the figure represent the position of the shale gas production well platforms,
and black dots represent the position of the shale gas production well platforms).
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5. Discussion
5.1. Relationship between the Rongxian My 4.9 Earthquake and Hydraulic Fracturing

From the Coulomb stress changes inverted from our model, we inferred that the two
foreshocks may have occurred on a northeast-dipping thrust fault, and that the Rongxian
My 4.9 earthquake may have occurred on a southwest-dipping thrust fault, which is con-
sistent with the results of Yang and Wang [9,13]. The reservoir volume changes caused
by hydraulic fracturing loaded 14 kPa Coulomb stress at the depth of the main shock
of the Rongxian My 4.9 earthquake. This indicated that fluid injection during hydraulic
fracturing may have affected the occurrence of the Rongxian My 4.9 earthquake, and the
spatiotemporal consistency between hydraulic fracturing activity and earthquakes proves
causality between them. Previous studies showed that the two foreshocks of My 4.7 and
M 4.3 caused ~ 3 kPa of Coulomb stress loading in the main-shock fault plane [9]. Al-
though it is impossible to model pore elastic stress changes due to lack of injection data,
the Coulomb stress changes induced by the foreshocks and hydraulic fracturing activities
suggested that the Rongxian M 4.9 earthquake was triggered by static Coulomb stress
combined with hydraulic fracturing activity and the two foreshocks.

5.2. Relationship between the Weiyuan My5.4 and Zizhong My 5.2 Earthquakes and
Hydraulic Fracturing

The Coulomb stress changes inferred from our model suggested that the Weiyuan
M 5.4 earthquake and Zizhong M; 5.2 earthquake may have occurred on a northeast-
dipping thrust fault, which was consistent with the results of Lei and Wang [8,13]. Further-
more, the centroid distance between the Weiyuan M 5.4 earthquake and Zizhong M,5.2
earthquake was 5-7 km, and their focal depths were similar. The static CFS changes caused
by the Weiyuan M 5.4 earthquake might have affected the triggering of the Zizhong earth-
quake. The existing study found that the Zizhong earthquake was located in the Coulomb
stress loading region of the Weiyuan earthquake, where ACFS exceeded 20 kPa [12,13]. Our
model estimated that the volume changes of the reservoir produced 185 kPa of Coulomb stress
loading near the Weiyuan Mj 5.4 earthquake source plane and 15 kPa of positive Coulomb
stress loading near the Zizhong M 5.2 earthquake source plane (Figure 7c), which suggested
that fluid injection during hydraulic fracturing may have affected the timing of the Weiyuan
My 5.4 earthquake and Zizhong My 5.2 earthquake. The Zizhong M;5.2 earthquake could
have been triggered by the stress changes caused by nearby hydraulic fracturing activity and
the static Coulomb stress loading from the Weiyuan My 5.4 earthquake.

5.3. Analysis of Regional Seismic Hazards

We found that the increase in Coulomb stress around three events was mainly caused
by the increase in tensile stress. The tensile stress breaks the fault plane and allows for
failure at lower shear stress. The fluid injection and extraction during hydraulic fracturing
in the Weiyuan-Rongxian shale gas field have a substantial perturbation on the stress field
of the region. The fluid injection during hydraulic fracturing changed the shear stress
and normal stress on nearby faults, triggering fault activity around the shale gas field.
Therefore, the main faults in the Weiyuan-Rongxian shale gas field are likely to be the
locations of future earthquakes. We estimated that the volume changes of the reservoir
in the Weiyuan-Rongxian shale gas field produced greater than 10 kPa of Coulomb stress
loading on the Dongxingchang fault, Gaoqiao fault, and Lijiachang fold. These faults need
to be focused on in seismic hazard assessment.

6. Conclusions

We used the MT-InSAR technology to monitor the deformation field of the Weiyuan-
Rongxian shale gas field and combined the distributed Mogi model with PCA to invert
the reservoir volume changes. The method only uses the vertical surface displacement
and well location information as input, and it uses principal component analysis to invert
the volume change parameters of distributed Mogi sources, which reduces computational
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workload and considers the temporal characteristics of fluid distribution. Due to the
lower number of parameters, this simple model can be easily applied to the study of multi
hydraulic fracturing wells. Moreover, we also calculated the Coulomb stress changes to
reveal the relationship between seismic activity and reservoir volume changes, and we
evaluated future earthquake risk in the region. Our results showed that the deformation in
the Weiyuan-Rongxian shale gas field is mainly related to hydraulic fracturing activities
and gas extraction activities. The deformation was mainly distributed on the southeast
side of the Weiyuan Anticline. The deformation patterns on the east and west sides of the
deformation zone are slightly different, with maximum cumulative subsidence and uplift
of about 16 cm and 17 c¢m, respectively. Our results showed that large-scale fracturing
was carried out on the west side of the Weiyuan-Rongxian shale gas field, and the injected
fracturing fluid diffused southwestward. The total increase in volume from 2018 to 2020
in the Weiyuan-Rongxian shale gas field was 7.95 x 10° m?, which was equivalent to
the cumulative injection volume of 8.1 x 10® m3 from 225 wells during the shale gas
production period (2018-2020). Based on the results of Coulomb stress changes, we infer
that the My 4.9 earthquake may have occurred on a southwest dipping thrust fault, and the
M;j 5.4 and My 5.2 earthquakes may have occurred on eastward dipping thrust faults. Fluid
injection and associated Coulomb stress loading during shale gas extraction and hydraulic
fracturing may be the driving factors for seismic activity in the Weiyuan-Rongxian shale
gas field. The reservoir volume changes have generated Coulomb stress loading greater
than 10 kPa around the Dongxingchang fault, Gaoqiao fault, and Lijiachang fold, which
should be focused on in future earthquake hazard assessment. Moreover, fluid injection
in the Weiyuan-Rongxian shale gas field caused a substantial perturbation to the regional
stress field.
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