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SUMMARY

An earthquake with a magnitude of M, 6.0 and shallow focal depth of ~4 km struck the
Changning county, Sichuan province, China on 2019 June 17. The hypocentre is located in
the fold-and-thrust belt with plentiful shale gas and salt mine resources. One hypothesis is
that the shallow fault could be affected by the artificial pressure water injection including the
disposal of wastewater, fracking shale gas extraction and salt mining in Changning area. In
this study, SAR (Synthetic Aperture Radar) images, historical earthquakes, aftershocks and
seismic reflection data were collected to jointly investigate the characteristics of the 2019
Changning earthquake. The source model inferred from the InSAR coseismic deformation
observation reveals that the 2019 Changning earthquake is attributed to a blind fault dipping
to southwest with dominant thrust and sinistral strike slip. Moreover, a small shallow fault
developing within the Changning anticline was triggered by the main shock, which contributed
to the surface displacements as observed in the north of the epicentre. The estimated maximum
slip of 0.49 m is located at the depth of ~1.9 km, ~9 km northwest of the epicentre. The
Coulomb failure stress change caused by the previous two large earthquakes, which occurred
in the hydraulic fracturing area, suggesting that they have little effect on the initial rupture
of the 2019 Changning earthquake. Despite this, they have a positive triggering effect on
the fault rupture in the northwest of the seismogenic fault. In addition, the analysis on the
relation between the positive Coulomb failure stress change and the aftershocks suggests that
the aftershocks may have different motion patterns from the main shock. The analysis also
shows the earthquakes occurrence in the seismogenic zone may be affected by the high pore
pressure due to the long-term injection of salt mining for more than three decades.

Key words: High-pressure behaviour; Radar interferometry; Joint inversion; Earthquake
source observations; Seismicity and tectonics; Dynamics and mechanics of faulting.

1 INTRODUCTION

A devastating earthquake with a magnitude of M; 6.0 occurred
in Changning county, Sichuan province, China on 2019 June 17.
The China Earthquake Network Center (CENC) published that the
hypocentre (28.34°N, 104.9°E and 19.0 km depth) of the 2019 M,
6.0 Changning earthquake (CNEQ) is located in ~50 km southeast
of Yibin city. Within 10 hr of the main shock, two strong aftershocks
with magnitudes of larger than M 5.0 occurred in the northwest of
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the epicentre (Fig. 1). The severe surface shaking due to the main
shock and the large aftershocks caused damages to some roads,
bridges and buildings in the seismic zone, resulting in at least 13
people dead and ~200 people injured (Yi et al. 2019).

The Changning earthquake occurred in the interior of Huanan
block, and the historical earthquakes were primarily attributed to
the kinematic behaviour of the fault-related folding in the study area
(Ruan ez al. 2008; Zhu & He 2014; Sun et al. 2017; He et al. 2019;
Yi et al. 2019). However, the GPS observations (Fig. 1) suggest
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Figure 1. Seismotectonic background of the 2019 Changning earthquake. Blue solid line indicates the surface trace of the seismic reflection section (see
Fig. 3); red solid lines indicate the faults. Cool colour-coded solid circles represent the earthquakes occurrence between 2018 December 16 and 2019 May 31.
The warm colour-coded solid stars denote the 2019 Changning aftershock sequence. Yellow stars refer to the epicentres of the large earthquakes in the seismic
zone, while blue beach balls indicate the source mechanism solutions of the Changning earthquake solved by different institutions. Black arrows indicate the
GPS horizontal vectors, and the black rectangles denote the ground coverages of the ALOS-2 and Sentinel-1 images used in this study.

that there is no significant crustal shortening across the seismic
zone (Gan et al. 2007). In addition, there remains no record of
earthquakes with a magnitude that equals to or exceeds M; 6.0 in this
fold-and-thrust belt. Thus, the 2019 M 6.0 Changning earthquake is
considered to be the largest one in this area up to the present (Yi et al.
2019; Lei et al. 2019a,b). The sequence of aftershocks following
the main shock were distributed along the Changning anticline as
part of the South Sichuan thrust-and fold belts (Ruan et al. 2008;
He et al. 2019). It is thus inferred that the faults developing in
the Changning anticline are responsible for the 2019 Changning
earthquake (Yi et al. 2019).

After the main shock, the preliminary fault plane solutions
(Table 1) of the 2019 Changning earthquake were estimated by
the USGS, CENC and Global CMT project (gCMT) based on the
far-field seismic waveform data. It is proposed that a fault plane dip-
ping to northeast should be responsible for the main shock (Fig. 1).
However, the preliminary studies conducted by Yi ez al. (2019) and
Lei et al. (2019b) using the near-field seismic waveform data indi-
cate that the fault plane dipping to southwest should be the seismo-
genic fault of the 2019 Changning earthquake (Fig. 1). In addition,
the USGS solution shows that the source depth is ~10 km, which
is significantly deeper than ~3.0 km of the result obtained by Yi
etal. (2019) and Lei et al. (2019b). The aforementioned conflicting
solutions presented in the previous studies, indicate the complex-
ity of the fault rupture pattern of the 2019 Changning earthquake.
Thus, it is necessary to conduct a detailed investigation of the fo-
cal mechanism of the 2019 Changning earthquake on the basis of
multidisciplinary observations.

It is worthy to note that the gas and oil exploration and production
(Fig. 1) by the hydraulic fracturing technology have been conducted
in Changning area and the surrounding towns since 2008 (Lei et al.
2013; He et al. 2019). As demonstrated in the previous studies, the
microseismic events can result directly from hydraulic fracturing
(Rutqvist et al. 2015; Lei et al. 2017, 2019a; Meng et al. 2019). For
example, hydraulic fracturing is responsible for the large proportion
of the unfelt and partly felt earthquakes, which occurred in the shale
gas field located in the central part of United States (Ellsworth et al.
2015; Walsh & Zoback 2015). Moreover, hydraulic fracturing has
also induced many felt earthquakes in western Canada (Farahbod
et al. 2015; Mahani et al. 2017). In Changning shale gas field, the
extraction of shale gas by hydraulic fracturing has also resulted in
earthquakes with a magnitude over M 5.0 (Lei et al. 2013; Zhu &
He 2014). Recently, it was suggested by Lei et al. (2019a) that the
two earthquakes occurred on 2018 December 16 (with magnitude
of My 5.7) and 2019 January 3 (with magnitude of M} 5.3) could
be attributed to the hydraulic fracturing operation in the Changning
shale gas field.

In addition, Changning salt mine is located in proximity to the
epicentre of the 2019 Changning earthquake (Lei et al. 2019b).
The salt extraction is carried out by artificial pressure injection,
and the earthquake is suspected to the result from the increase of
pore pressure and change of stress loading on the fault due to water
injection in salt mine (Bachmann et al. 2012; Evans et al. 2012;
Ellsworth 2013; Rubinstein & Mahani 2015). And the recent study
(Sun et al. 2017) shows that the increasingly frequent seismic events
in the Changning salt mine over the most recent years are associated
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Table 1. Estimated fault parameters of the 2019 M, 6.0 Changning earthquake by different institutions.

Institution/Author Fault Strike azimuth (°) Dip angle (°) Rake angle (°)

This study F1 1223 +£2.1 272426 587+1.9
F2 3357+ 1.8 13.1+£29 1489 + 1.7

USGS (2019) Fl1 308 45 40

CENC Fl1 350 67 93

gCMT F1 323 57 65

Yi et al. (2019) Fl1 131 51 36

Lei et al. (2019b) Fl1 122 53 28

‘F1” indicates the seismogenic fault of the 2019 Changning earthquake, and ‘F2’ is the estimated shallow

backthrust fault from InSAR observations.

with the water injection salt mining. Therefore, it is inferred that
the water injection salt mining may be also responsible for the
occurrence of the 2019 Changning earthquake (Lei et al. 2019b).

In this study, we focus on investigating the 2019 Changning earth-
quake based on the multidisciplinary observations. The ALOS-2
and Sentinel-1 radar satellite images are collected to map the co-
seismic surface displacements in the seismic zone. The InSAR-
derived faulting model and the seismic reflection data are used to
identify the seismogenic fault of the 2019 Changning earthquake.
The Coulomb failure stress data are calculated to characterize the
relationship among the two large earthquakes (occurred on 2018 De-
cember 16 with a magnitude of My 5.7 and 2019 January 3 with a
magnitude of M, 5.3, respectively), the main shock and aftershocks
of the 2019 M, 6.0 Changning earthquake. Finally, the Coulomb
failure stress change due to the main shock and the distribution
of the aftershocks is utilized to determine the optimal aftershock
mechanism and obtain the best-fitting friction coefficient. Further-
more, the relation between the water injection in salt mine and the
2019 M, 6.0 Changning earthquake is addressed.

2 MATERIALS AND METHODS

2.1 Data and interpretation

The Synthetic Aperture Radar (SAR) images captured by ALOS-2
and Sentinel-1 satellites (Fig. 1 and Table S1) before and after the
main shock of the 2019 Changning event are collected for mapping
the coseismic surface displacement fields in the seismic zone. We
process the PALSAR-2 images using the GAMMA software with
a multilook factor of 18 (azimuth multilook factor) x 8 (range
multilook factor) for maintaining the intereferometric coherence
(Wegmuller & Werner 1997). And the SRTM-4 Digital Elevation
Model (DEM) is used to remove the topographic phase component
(Farr et al. 2007), and the Snaphu software developed by Chen &
Zebker (2002) is adopted to unwrap the interferogram. A bilinear
model is constructed based on the high coherence (>0.3) far-field
data to simulate and remove the orbital ramp phase. The far-field
InSAR data is mainly contributed by the atmospheric delay and
other noise signals, thus, we select more than 2000 high coherence
(>0.3) far-filed data to assess the accuracy of the observed InNSAR
deformation (Yang et al. 2018b; Yang et al. 2019). And the RMS
is 1.87 cm of the ALOS-2 ascending, 2.23 cm of the ALOS-2
descending, 1.73 cm of the Sentinel-1 ascending and 1.49 cm of the
Sentinel-1 descending data. Above-mentioned low RMS suggests
that both the derived ALOS-2 and the Sentinel-1 InSAR data are
reliable enough to reveal the coseismic surface motion of the 2019
Changning earthquake.

The Fig. 2 shows the coseismic InSAR (Interferometric Syn-
thetic Aperture Radar) surface displacement fields extracted from

the ALOS-2 and Sentinel-1 SAR images. It can be found from
Fig. 2 that there are significant coseismic surface displacements in
the northwest of the epicentre, which indicates that the coseismic
fault rupture extends only from the hypocentre towards the north-
west on the fault plane (Fig. 2). In addition, there is no sharp surface
deformation discovered in the seismic zone, suggesting that the co-
seismic fault rupture should have not propagated to the ground
surface (Figs 2a and c).

As shown in Figs 2(e)—(h), the near-fault interferograms (the
masked areas) associated with the main shock cannot be well ob-
tained from the ascending and descending track of Sentinel-1 im-
ages. It suggests that the 2019 Changning earthquake has caused
the significant surface displacement in the near-fault. This is sup-
posed to result from the significant fault slip occurrence in the
shallow crust. The ALOS-2 satellite has a longer radar wavelength
(24.26 cm) than that (5.55 cm) of Sentinel-1 satellite, which makes
the ALOS-2 InSAR interferograms have better interferometric co-
herence in the vegetation covering area due to the strong penetrabil-
ity of long wavelength radar. In addition, longer radar wavelength
provides a stronger detecting ability of the large deformation gra-
dient (Hanssen 2001; Yang et al. 2018c¢). Therefore, the near-fault
surface deformation has been well extracted from both the ascend-
ing and descending ALOS-2 images, which would provide a great
help for the understanding of the mechanism of the 2019 Changning
earthquake.

The studies carried out by Yi ef al. (2019) and Lei ez al. (2019b)
proposed that the NW-SE striking and SW-dipping seismogenic
fault (the blue dashed line in Fig. 2) is the primary source fault
of the 2019 CNEQ based on the near-field seismic data. However,
there is a significantly negative deformation area (within the red
dashed ellipse) in the southeast of the footwall of the seismogenic
fault (Figs 2c and g). In addition, the LOS deformation distribution
(Fig. 3) along the selected profile SS’ (the black solid line in Fig. 2)
shows that there is significant deformation in the triangle zone of
the Changning anticline, which implies that a shallow backthrust
in a triangle zone could be triggered by the main event. Thus, it is
hypothesized that the rupture of a small fault within the Changning
anticline is partly responsible for the negative InNSAR deformation
data as observed within the red dashed ellipse (Fig. 2). However,
the multilayer overlying fault-bend folds at different depths (Fig. 3)
make it difficult to distinguish which one has been triggered by the
main shock.

2.2 Faulting model estimated by InSAR observations

To obtain the detailed coseismic fault rupture model of the 2019
Changning event, the observed InSAR surface displacement fields
are used to estimate the fault geometry and slip distribution. Firstly,
the unreliable InSAR data with interferometric coherence less than
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Figure 2. InSAR coseismic deformation field of the 2019 Changning earthquake derived from ALOS-2 and Sentinel-1 radar images. (a) ALOS-2 ascending,
(c) ALOS-2 descending, (e) Sentinel-1 ascending, (g) Sentinel-1 descending track InSAR deformation field, and (b), (d), (f) and (h) show the wrapped InSAR
observations of ALOS-2 and Sentinel-1. Yellow star indicates the epicentre of the main shock. Red dashed ellipse denotes the significant negative deformation
area identified from the descending track InSAR displacement field, blue dashed line suggests the deduced surface trace of the seismogenic fault of the 2019

Changning event, and the black solid line denotes the surface trace of the deformation section shown in Fig. 3.

120z Asenuer | uo 1senb Aq Zz/2265/606/2/vZz/e1onieB/woo dno-ojwspeoe)/:sdiy wolj pepeojumoq



Ning 203 Well P:
R IR

5000

,,,,,,,,,,,

10000

[ |

Depth (m)

""""""""

1

15000

1l

Mechanism of the 2019 Changning earthquake — 913

ALOS-2 Ascending
¢ _-Decollement

—~Fault

- -Axial plane

PoTTond

T L
— 2 i i
! 1
2%

O

o
=
5

10000 @ P,

) ‘JALOS-Z Descending

L —
5 10km

LI LI L B A
i

N
Q000 o o
B S
aABbWN =20
OB WN =

o
%
o
N
o

ENN
Distance (km)

T T T

40 50 60

Figure 3. Geological cross section II” shown in Fig. 1 (modified after He et al. 2019). Grey dots indicate the background earthquakes occurring around the
seismic zone, while the red dots denote the relocated aftershocks provided by Yi ez al. (2019). Weighted lines coloured by green (insignificant slip segment),
red (peak slip segment) and yellow (significant slip segment) indicate the inferred coseismic fault of the 2019 Changning earthquake. F1 represents the inferred
seismogenic fault by InNSAR-derived surface deformation, while F2 refers to the triggered shallow backthrust fault within the Changning anticline.

0.3 are removed from the original observations (Fig. 2). Then,
we down-sample the remained InSAR deformation data using the
quadtree method. And total 1843 Sentinel-1 data and 2539 ALOS-
2 observations are preserved for the estimation of the coseismic
faulting model.

A NW-striking and SW-dipping fault is firstly constructed to de-
scribe the seismogenic fault of the 2019 Changning earthquake. And
the fault is composed by three individual segments (with different
dip angles) along the downdip direction due to the possibility that
a listric fault rupture or a flat-ramp structure is responsible for the
2019 Changning earthquake. However, the inversion result shows
that the dip angle difference between the first (26.8°) and second
(29.1°) segments is not significant, especially, the high-slip area is
mainly located on the first segment (Fig. S1). The dip angle of the
third segment is 39.5°, which is significantly larger than those of the
first two segments. However, it can be found from Fig. S1 that there
is no significant slip occurred on the third segment. In addition, the
high-slip area of the two fault models (Fig. S1 and Fig. 4) has a
good consistency in both the magnitude and the slip distribution.
And the slight difference between the two slip models should be
caused by the insignificant discrepancy of the fault dip angle (27.2°
of the best-fitting fault model and 26.8° of the curved fault model)
of the high-slip area. Therefore, it is believed that a planar fault
with a uniform dip angle along the downdip direction should be the
seismogenic fault of the 2019 Channing earthquake.

Furthermore, a planar fault with a dip angle of 50° also has
been constructed to describe the seismogenic fault of the 2019
Changning earthquake based on the previous studies (Yi ez al. 2019;
Lei et al. 2019b). Fig. S3 shows that the estimated faulting model
has a similar slip distribution, but a larger slip magnitude compared
with the curved (Fig. S1) and the best-fitting faulting model (Fig. 4).
And above-mentioned difference could be caused by the remarkable
discrepancy between the fault dip angles (27.2° of the best-fitting
fault model, 26.8° of the curved fault model and 50° for the fixed
dip angle fault model) of the high-slip area.

Furthermore, the InSAR deformation residual (Figs S4b and d)
shows that there are significant residual fringes on the hanging
wall of seismogenic fault. However, these significant deformation
residual on the hanging wall has not been found in the results (Figs
S2 and 5) of the curved (Fig. S1) and best-fitting faulting model
(Fig. 4). Therefore, it is hypothesized that the dip angle of 50°

may be not the most appropriate choice for the 2019 Changning
earthquake.

In addition, it is worthy to note that both the Figs S2 and S4
show that the single main fault is failed to explain the significant
deformation zone (within the red dashed ellipses in the Figs S2(d),
S2(h) and black dashed ellipse in the Fig. S4d) on the foot wall
of seismogenic fault. And it is hypothesized that the shallow NE-
dipping backthrust fault within the Changning anticline (Fig. 3)
may has been triggered by the rupture of the seismogenic fault,
and may contribute to the observed surface deformation on the
foot wall.

Therefore, a SW-dipping fault and a NE-dipping fault are respec-
tively constructed, to represent the main fault (F1 in Fig. 3) and
the inferred backthrust fault (F2 in Fig. 3) within the Changning
anticline. And the searching bounds of the strike angle, dip angle
and rake angle of the main fault are set as [80°, 150°], [2°, 89°]
and [—180°, 180°] based on the focal mechanism obtained from the
near-field seismic data (Yi et al. 2019). The searching range of the
backthrust fault parameters are respectively set as [270°, 360°] for
the strike angle, [2°, 89°] for the dip angle and [—180°, 180°] for
the rake angle. And the starting values of the main fault is set as
strike angle of 131°, dip angle of 51°and rake angle of 36°based on
the solution derived from seismic data (Yi ef al. 2019). The starting
values of the backthrust fault are randomly generated within the
searching range.

Here, the proposed method of faulting model estimated by geode-
tic data by Yang ef al. (2018a,b,c) is applied to infer the best-fitting
faulting model of the 2019 Changning earthquake. And the crust
is assumed to be homogeneous and isotropic elastic medium with
a shear modulus of 30 GPa and Poisson’s ratio of 0.25 (Okada
1985,1992). The two faults are firstly divided using the size of 3
km x 3 km to get the best-fitting fault geometry parameters. And
the best-fitting fault geometry parameters and the relative errors
could be found in Table 1. Then, we redivide the two faults using
a small size of 0.5 km x 0.5 km to infer the fault slip distribution
(Fig. 4) based on the InSAR observations. The sufficient near-field
and far-field InSAR deformations make it possible to well con-
strain the fault slips both in the shallow and deep crust. Moreover,
a checkboard test (Fig. S5) is performed to assess the resolution of
the derived faulting model. It can be found from Fig. S5 that most of
the simulated fault slip have been recovered both in magnitude and
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Figure 4. Inferred faulting model of the 2019 CNEQ from the ALOS-2 and Sentinel-1 InSAR observations. Red dots indicate the aftershock sequence of the
main shock, red star denotes the hypocentre of the main shock and three black rectangles represent the high-slip areas on the two seismogenic faults.

shape, especially the fault slip within the shallow crust. In addition,
the significant slip areas (see Fig. 4) on both the F1 and F2 have a
high slip resolutions. It suggests that both the number of the selected
InSAR observation and the patch size of the fault are appropriate
for revealing the fault motion of the 2019 Changning earthquake.

2.3 Calculation of the coulomb failure stress

The Coulomb failure stress (CFS) has been widely used to reveal
the relation between the aftershocks and coseismic fault rupture
(Toda et al. 2012). The CFS change could be calculated based on

the eq. (1).
ACFS = At +pu- (Ao + AP), @)

where ACFS indicates the CFS change on a receiver fault with given
parameters including strike angle, dip angle and rake angle. At and
Ao denote the shear stress and normal stress change, which could
be calculated based on the coseismic faulting model and the fault
receiver parameters (Okada 1992). A P is the pore pressure change
that is difficult to collect in the most of the time, therefore, it is not
considered in this study. u is the friction coefficient that varies from
0.1 to 0.8 due to different characters of the rock, faulting and stress
(Hsu et al. 2010; Toda et al. 2012).
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Figure 5. Predicted InSAR deformation (a, ¢, e and g) from the estimated faulting model of the 2019 CNEQ, and the residual component (b, d, f and h)
between the observed and predicted data. Two black rectangles indicate the surface projections of the two estimated seismogenic faults of this event, yellow
star denotes the epicentre of the main shock, and red dashed ellipse refers to the significant deformation residual area. ‘A-2’ indicates the ALOS-2 satellite and
‘S-1” denotes the Sentinel-1 satellite.
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3 RESULTS

The optimal faulting model shows that the main fault (marked by
F1 in Figs 3 and 4) dips to southwest and the coseismic rupture
is controlled by predominant reverse and slight sinistral strike-slip
motion. It is worthy to note that the estimated main fault could
be a blind thrust fault breaks through the forelimb of Changning
anticline, and it is not interpreted from the geological cross section
(Fig. 3). The location of geological cross section is about 10 km
west of the epicentre the main shock, thus the estimated major fault
could not be well constrained due to lack of available high-resolution
seismic profiles and well data.

In addition, a small backthrust fault (marked by F2 in Figs 3
and 4) dipping to northeast within the Changning anticline has
also ruptured in the 2019 main shock. The fault rupture on the
F2 is controlled by the predominant reverse motion with the slight
dextral slip. The estimated geodetic magnitude of the 2019 CNEQ
is M, 5.86, which is consistent with the moment magnitude solved
by USGS. Figs 3 and 4 show that more than 97 per cent seismic
moment is released at the depths of 1.0-2.5 km, and there is no
significant slip found below 3.0 km. In addition, the inferred fault
slip is concentrated in northwest of the epicentre, which suggests
that the coseismic fault rupture extends only from the epicentre to
the northwest along the seismogenic fault.

A slip asperity near the hypocentre marked by ‘A’ can be found in
the Fig. 4, which is located at the along strike distance of 8—16 km
and along downdip distance of 1-4 km, indicating that the fault
rupture has not propagated to the ground surface in this area. The
maximum slip magnitude of the Changning earthquake is 0.49 m,
which is located at the depth of ~1.9 and ~9 km northwest of the
epicentre. The average slip is ~0.4 m in the region ‘A’, and more
than 92 per cent seismic moment of the main shock is released
in this area. Another slip asperity marked by ‘B’ is located at the
along-strike distance of 3—5 km and along down-dip distance of 0.5—
2.5 km. The fault slip pattern in the area ‘B’ is different from that in
the area ‘A’, and it is dominated by the reverse motion with a quite
slight dextral slip. Moreover, it is worth noting that many aftershocks
occurred on the northwest of the seismogenic fault (Figs 1 and 4),
implying the possibility that the detected faulting is caused by the
dense aftershocks on this segment.

There is a small slip asperity marked by ‘C” in the centre of the F2.
The fault slip in the area of ‘C’ is concentrated at the depths of 0.5—
0.9 km beneath the ground surface, which leads to the significant
surface motion within the red ellipse in Fig. 2. Moreover, Fig. S6
shows that the seismogenic fault (F1) rupture increases the CFS in
the high-slip area of F2, indicating that the small backthrust fault
within the Changning anticline could be triggered by the rupture
of the main fault of the 2019 CNEQ. It is worthy to note that the
inferred fault motion on the F2 also may be caused by the creep
and aseismic slip, which have been found in the fault-related fold
belt after a moderate earthquake in Japan and Taiwan (Nishimura
et al. 2008; Huang et al. 2016; Le Béon et al. 2017). However, it is
difficult to distinguish the coseismic rupture and creep, aseismic slip
due to the low temporal resolution of the InSAR observation in this
event. Collecting the high temporal resolution GPS and the InSAR
data could provide a great help for distinguishing these motions.

Fig. 5 shows the InSAR deformation fields predicted from the
estimated faulting model (Fig. 4). It is found that the predicted In-
SAR fringes (Fig. 5) are consistent with the observations shown in
Fig. 2. Additionally, more than 94.4 per cent of the ALOS-2 ascend-
ing, 95.7 per cent of the ALOS-2 descending data, 97.1 per cent of
the Sentinel-1 ascending data and 98.3 per cent of the Sentinel-1

descending data could be explained by the inferred faulting model.
Moreover, it can be found from Figs 5(b) and (d) that there is no
significant residual signal in the near-fault area, which suggests that
the predicted InNSAR deformation has a good consistency with the
observations (Fig. 2). And the far-filed residual signals should be
mainly contributed by the atmospheric delay phase. Figs 5(f) and
(h) show that the significant residuals are mainly located in the
near-fault area where the Sentinel-1 InSAR observations are un-
reliable due to low interferometric coherence. The slight residual
in the northwest of the seismogenic fault (Figs 5b and d) could be
attributed to the deformation resulting from a combination effect of
the aftershocks, the triggered landslides and the atmospheric delay
noise (Yang et al. 2018a).

4 DISCUSSION

4.1 A gentle dipping seismogenic fault in fold-and-thrust
belt

Table 1 shows that the estimated strike angle of the seismogenic
fault is 122.3°, which is consistent with the results of the previous
studies (Yi et al. 2019; Lei et al. 2019b). However, the best-fitting
dip angle of the seismogenic fault is 27.2°, which is smaller than
~50° as proposed by Yi et al. (2019) and Lei et al. (2019b). It
is believed that above mentioned discrepancy should be attributed
to the different observations, crust velocity models and inversion
methods (Weston et al. 2012). In addition, it should be noted that
the seismic site is very sparse in the southeastern of the epicentre of
the 2019 Changning earthquake (Yi et al. 2019; Lei et al. 2019b).
It will reduce the reliability of the solution. Moreover, the lack of
3D crust velocity model could significantly increase the uncertainty
of the faulting parameters solved by the seismic data of the 2019
Changning earthquake (Weston et al. 2012). Furthermore, it is found
that the inferred small fault F2 shows an excellent consistency
with the existing faults within the Changning anticline (Fig. 3),
which means that the estimated fault geometry parameters should
be reliable for this study. Thus, it is believed that the estimated dip
angle of the seismogenic fault should also be reliable for this study.

However, it is worthy to note that above InSAR-derived faulting
model may be not the best one due to the assumption of a homo-
geneous and isotropic elastic medium. The crust structure is highly
complex in the fold and thrust-belt in general (McQuarrie 2004; Yue
et al. 2005; Kato et al. 2009). The previous studies reported that the
assumption of a homogeneous and isotropic elastic medium may
be too simple to represent the real crust structure of the fold-and-
thrust belt (Cattin ef al. 1999; Weston et al. 2012). According to the
parametric study in Young’s modulus ratio between the upper layer
and the underlying half-space (Cattin et al. 1999), the coseismic
horizontal displacement vary by more than 40 per cent. In addition,
the sensitivity of normalized displacements to the low-rigidity layer
is almost the same for fault dip ranging from 20° to 60°. There-
fore, a fine heterogeneous crust model would provide a great help
for the improvement of the faulting model of the 2019 Changning
earthquake for further study.

4.2 Triggering effect by two large earthquakes occurrence
in the hydraulic fracturing area

Fig. S7(a) shows the distribution of the seismic events with a mag-
nitude larger than M 3.0 that occurred in the seismic zone between
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Figure 6. Coulomb failure stress changes due to the two large earthquakes that occurred in the seismic zone. Parameters for receiver fault geometry are the
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epicentres of the three earthquakes.
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faulting model (strike angle of 122.3°, dip angle of 27.2°) of the
2019 Changning event.

We collect the focal mechanism solutions (Table S2) of the two
large earthquakes based on the study by Lei ef al. (2019a). And
the empirical relationship between the seismic moment magnitude
and fault rupture size: My, = log;yp A-2.0 (4 represents the fault
rupture size) is used to estimate the fault area (Leonard 2010). The
average of the fault slip magnitude is calculated by M, = Gu4 and
M, is the seismic moment, G indicates the shear modulus of the
elastic medium and u is the average slip on the fault. Then, we can
calculate the Coulomb failure stress change based on the Okada
elastic dislocation model (Okada 1992; Yang et al. 2018a; Lei et al.
2019a).

Fig. 6 shows the predicted CFS change with different receiver
rake angles. It can be found that the derived CFS changes in the
northwest of the hypocentre are positive when the receiver rake
angle is less than 90° (Figs 6a and b). It suggests that the past
two large earthquakes may have a positive triggering effect on the
rupture in the most area of the seismogenic fault. However, it is
worth noting that the CFS change is negative at the hypocentre
when the receiver rake angle is less than 90°, indicating that the
two large earthquakes have little impact on the initial rupture in the
hypocentre of the 2019 CNEQ.

Fig. 1 shows that there are plenty of shallow aftershocks (focal
depth less than 8 km) occurrence in the northwest of the seismogenic
fault after the 2019 CNEQ. Furthermore, Fig. 6 shows that a large
number of small earthquakes occurred between 2018 December 16
and 2019 May 31 in this area following the previous two large events
(occurred on 2018 December 16 and 2019 January 3, respectively).
Besides, there are many exploratory wells distributed across this
area, but no shale gas and/or salt extraction operation have been
executed over the past years. However, it is worthy to note that this
dense earthquake area in the northwest of the seismogenic fault is
only ~14 km from the salt mining area. And the study by Zhu &
He (2014) has shown that a lot of earthquakes have been triggered
by the water injection of salt mining in this area. Therefore, it

is hypothesized that the water injection of salt mining could also
contribute to the earthquake occurrence in the northwest of the salt
mining area.

In addition, the two large events have a positive triggering effect
on the occurrence of the earthquakes in this area (Fig. 6). However,
the CFS change caused by the two large earthquakes is ~0.02 bar,
which is too small to trigger the earthquake. Therefore, it is hypoth-
esized that the high-frequency earthquakes in the northwest of the
hypocentre of the Changning earthquake could be jointly caused by
the two large earthquakes occurred in the hydraulic fracturing area
and the water injection of the salt mining. The detailed water injec-
tion of salt mining and geology data would help us understand more
of the relation between the earthquakes occurred in the northwest
of hypocentre and salt mining.

4.3 Aftershocks and historical earthquakes distribution

We collect the historical earthquakes occurred in the seismic zone
from the study by Lei e al. (2019b) and relocated aftershocks
of the 2019 Changning earthquake from the study by Yi et al
(2019). Fig. S7(b) shows the distribution of the aftershocks with
a magnitude larger than M 2.0 that occurred in the seismic zone.
It is obvious that the aftershocks have a high spatial consistence
with the coseismic fault slip of the 2019 Changning earthquake.
Furthermore, the historical earthquakes with distances less than
3.0 km from the seismogenic fault and magnitudes larger than M
2.0, the aftershocks and coseismic fault slip are projected onto the
vertical plane along the trace of the seismogenic fault [the top edge
of the main fault (F1) shown in Figs 5 and S7], as shown in Fig. 7.

It is noticed that the historical earthquakes (green dots) mainly
occurred at the along-strike distances of 8-25 km and at depths of
3-16 km. The shallow fault with significant coseismic fault rup-
ture is a remarkable seismic deficit zone before the 2019 CNEQ.
Furthermore, the aftershocks distribution is complementary to the
historical earthquakes, and the most aftershocks occurred in the
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Figure 8. Coulomb failure stress change at aftershocks cluster depths of 2 and 4 km caused by the faulting of the 2019 Changning earthquake. CFS change at
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in Fig. 9.

previous seismic gap zone, especially in the northwest of the seis-
mogenic fault. It suggests that the historical earthquakes, coseismic
fault slip and aftershocks may have caused complete rupture of the
seismogenic fault. However, the magnitude of the Changning event
is only M, 6.0, and no surface rupture is observed. Considering
that the seismic zone is located in an active compressional zone,
it is necessary to take care of more serious future seismic hazards
with magnitudes larger than M 6.0 in this area. Furthermore, it is
also noticed that few of historical earthquakes and aftershocks can
be found in the recognized seismic gap zone (Fig. 7), which may
indicate a high potential of future seismic event.

4.4 Coulomb failure stress change and aftershocks

In order to further investigate the correlation between the main
shock and the aftershocks, the CFS change (Figs 8, S8 and S9) at
the aftershock concentration depths of 2 and 4 km (more than 80 per
cent aftershocks occurred at depths 1-5 km) is calculated based on
different receiver fault dip and rake angles. For the depths of 2 and
4 km, we calculate the CFS change based on two groups of fault
receiver parameters, the first group shares the similar parameters

with the main fault of 122.3° for the strike angle, 27.2° for the dip
angle, 0° (Figs S8a and S9a), 45° (Figs S8b and S9b), 90° (Figs S8c
and S9c¢), 135° (Figs S8d and S9d) and 180° (Figs 8a and c) for the
rake angle. And the second group (Figs S8e—h, S9¢—h and Figs 8b
and d) shares the similar fault receiver parameters with the first
group, except for a high dip angle of 75°. In addition, the friction
coefficient is set as 0.4 due to that it is difficult to assign the best
value, thus, the middle value of the possible range is chosen.

Figs 8 and S8 demonstrate that more than 70 per cent aftershocks
occurrence in the area with positive CFS change when the receiver
fault rake angle is excess of 135° for both the low dip angle (27.2°,
same as the inferred dip angle of the main shock) and high one (75°)
receiver fault dip angles at the depth of 2 km. However, it is found
that the aftershocks and positive CFS change exhibit a good spatial
consistency only in the case of low dip angle and large (180°) rake
angle at the depth of 4 km (Figs 8 and S9). In addition, the relation
between the aftershocks and CFS change (Figs S10 and S11) due to
faulting model with a uniform dip angle of 50° (Fig. S3) also shows
that the larger rake angle would cause a higher spatial consistency
of the aftershocks and positive CFS change, especially at the depth
of 2 km (Fig. S10e). Thus, we hypothesized that the faulting model
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Figure 10. Trade-off relation between the percentage of positive CFS
change and friction coefficient for the sections P2-P2’ in the salt mine
area.

of most aftershocks could be characterized by a low dip angle and
significant strike slip component. Moreover, the previous studies
have proposed the possibility that the strike slip component of the
earthquake results from the high pore pressure in the water injection
area (Sun er al. 2017; Liu & Zahradnik 2019). In addition, the
CFS change is larger than 1.0 bar in the northeast (marked by
‘C-17) and northwest (marked by ‘C-2’) of the seismogenic fault
(Fig. 8). However, few aftershocks have occurred in these areas,
which indicates potential but not certain future seismic event in the
areas of ‘C-1” and ‘C-2’.

Furthermore, we calculate the CFS change in the two selected
sections (the black solid lines in Fig. 8) with receiver fault strike
angle of 122.3°, dip angle of 27.2° and rake angle of 180°. As
shown in Fig. 9, ~65.3 and ~75.2 per cent of the aftershocks are
located in the areas with positive CFS change for sections P1-P1’
and P2-P2’, respectively. It indicates that the aftershocks in the
southeast of the seismogenic fault have a higher tendency to occur
on a fault characterized by low dip angle and high rake angle than
in the northwest. In addition, Fig. 4 indicates that the rake angle of
most fault patches is less than 90° for the main shock. Therefore,
it is suggested that the most aftershocks may have different motion
patterns from the main shock. The above-mentioned inconsistency
between the main shock and the aftershock sequences should result

from the complex geological structure in the seismic zone (He et al.
2019; Yi et al. 2019).

Previous studies show that the friction coefficient could be used
to reveal the characteristics of the stress on the fault (Hsu et al.
2010; Toda et al. 2012). Here, we firstly calculate the shear stress
and normal stress change of the section P2-P2’ (Fig. 8) due to the
coseismic fault slip based on the Okada elastic dislocation model
(Okada 1992). Then, we calculate the CFS change using the linear
varying friction coefficients within the range of 0.0-1.0 based on the
equation 1 (Yang et al. 2018a). And the trade-off relation between
the percentage of positive CFS change and friction coefficient is
shown in Fig. 10.

It can be found from Fig. 10 that the maximum percentage of the
positive CFS change is ~76 per cent at the friction coefficient of
0.36. The low friction coefficient indicates significant cumulative
slip and/or high pore pressure on the fault (Hsu et al. 2010; Toda
et al. 2012; Yang et al. 2018a,c). Moreover, the study performed
by Lei et al. (2019b) proposed that the overpressurized water can
flow out along the fault within the Changning anticline and play an
important role in weakening the pre-existing fault. It can facilitate
the reactivation of a pre-existing fault due to the accumulation of
shear stress and increase the possibility of the earthquake occurrence
in the salt mine area. Therefore, it is hypothesized that the high pore
pressure induced by the water injection in salt mine area should
be partly responsible for the low friction coefficient. However, it is
worthy to note that it is limited to discuss around the pore pressure
change solely based on the CFS change. In addition, to conduct
further quantitative analysis of the relationship between the pore
pressure change due to the water injection in salt mine and the 2019
Changning earthquake, it is necessary to collect the detailed water
injection and geology data, and to construct fined flow model in
porous medium in salt mine area in the future study.

In addition, it is worthy of noting that the CFS due to the main
shock is an important triggering factor in the occurrence of the af-
tershocks, however, the background stress due to tectonic motion,
dynamic CFS caused by the coseismic fault rupture, anthropogenic
activities (including the high-pressure water injection in the salt
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mining area and the hydraulic fracturing in the oil exploration and
production area) and other unknown factors could also contribute to
the occurrence of the aftershocks of Changning earthquakes (Freed
2005). And a better insight of the relation between the triggering of
the aftershocks and above-mentioned factors needs further compre-
hensive study in the future.

5 CONCLUSIONS

In this study, ALOS-2 and Sentinel-1 SAR images are firstly used to
measure the coseismic surface deformation field of the 2019 M, 6.0
Changning earthquake. Both the ascending and descending track
ALOS-2 interferograms maintained the interfermetric coherence in
the near- and far-fields of the seismogenic fault, but the Sentinel-1
interferograms lost the correlation in the near-field. The four tracks
InSAR data are jointly used to estimate the faulting model of the
2019 Changning earthquake. The best-fitting result shows that a
major fault plane dipping to southwest and a small backthrust fault
dipping to northeast developing in Changning anticline are respon-
sible for the 2019 Changning earthquake. The aftershocks and the
CFS change distribution suggest the possibility that the aftershocks
may have different motion patterns from the main shock. In addi-
tion, the CFS change due to the two large earthquakes occurred in
the hydraulic fracturing area shows that the previous two events may
have insignificant impact on the initial rupture of the hypocentre.
However, they are found to have a positive triggering effect on the
fault rupture in the northwest of the seismogenic fault. In the final,
the water injection in the salt mine area could have caused high pore
pressure and low friction coefficient in the seismic zone. And the
quantitative effect on the main shock due to the water injection in
salt mine area needs more detailed studies.
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