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Abstract

Earthquakes rarely occur at extremely shallow depths, for example, less than 2 km. Even
for induced earthquakes that are typically shallower than tectonic events, only very
small ones have been reported in such depths. The M 4.9 earthquake (M,, 4.3) that
struck the Rongxian County, Sichuan, China on 25 February 2019 was an extremely shal-
low event. Seismological and geodetic data constrained the mainshock depth at ~ 1 km
with a thrust-faulting mechanism, consistent with the Molin fault orienting northwest.
Two foreshocks with magnitudes larger than 4 occurred on an unmapped fault striking
northeast, right next to an injection well where hydraulic fracturing (HF) was con-
ducted. The focal depths of the two foreshocks were at ~ 2.7 km, coinciding with
the depth of HF. Coulomb failure stresses of the two foreshocks on the Molin fault
was ~ 3 kPa, smaller than typical static triggering threshold (10 kPa), and thus their
triggering effects were mild. As the fault was hydraulically sealed from HF, we sug-
gested that the M, 4.9 earthquake was possibly triggered by nearby HF activities
through poroelastic stress transfer. Such findings held significant implications for shale
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gas development by considering seismic hazard associated with shallow faults.

Introduction
It was well known that anthropogenic processes can trigger
earthquakes large enough to harm infrastructure and people
(Ellsworth, 2013; Grigoli et al., 2017; Yang et al., 2017). In par-
ticular, recent heightened concern had been raised in a number
of places where unconventional energy production took place,
such as geothermal development (Grigoli et al., 2018; Kim et al.,
2018), shale gas production (Clarke et al., 2014; Atkinson ef al.,
2016; Bao and Eaton, 2016), underground gas storage (Zhou
et al., 2019; Jiang et al, 2020), and so on. The mechanisms
to induce earthquakes were commonly attributed to pore-pres-
sure perturbation or poroelastic stress changes by the bulk
deformation of rock matrix, depending on whether the faults
were hydraulically connected to the fluid reservoir (Ellsworth,
2013). Recently, injection-induced aseismic slip propagating
into seismogenic portion of the faults (Bhattacharya and
Viesca, 2019; Eyre et al., 2019) and cascading triggering effects
by small earthquakes (Brown and Ge, 2018) had been suggested
to play significant roles in earthquakes caused by fluid injection.

Hydraulic fracturing (HF), also termed fracking, had been
extensively used to extract resources from unconventional res-
ervoir such as low-permeability shale rocks. Accompanying HF,
numerous earthquakes with moment magnitudes (M,,) less
than 0 were induced, which were valuable to monitor fracture
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growth. However, damaging earthquakes with M., > 4 triggered
by HF had been reported recently, with notable examples in
North America (Babaie Mahani et al, 2019; Wang, Harrington,
et al., 2020), United Kingdom (Eyre et al., 2019), and China (Lei
et al., 2017; Meng et al., 2019). In the literature, “induced” and
“triggered” sometimes were mixed. Here, we followed the con-
vention in Ellsworth et al (2019), in which “induced earth-
quakes” referred to events with magnitudes consistent with the
spatial dimension of anthropogenic activities, whereas “triggered
earthquakes” denoted runaway ruptures, although the ruptures
may have nucleated within the rock volume perturbed by indus-
trial activities. By far, the largest HF triggered earthquake (the
2018 Xingwen earthquake with a local magnitude M; 5.7)
occurred in the southern Sichuan basin (Lei et al, 2019a), where
the Changning—Weiyuan shale gas block (Fig. 1a) had been
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Figure 1. Surging earthquakes in the Sichuan basin. (a) Seismicity with local magnitudes larger than
1 since December 2008 are shown by black circles. White lines represent mapped faults. Blue focal
mechanism plots denote moment tensor solutions of induced earthquakes in the Changning
region (Lei et al., 2017, 2019a). Red focal mechanism plot indicates the 25 February 2019 M,, 4.3
(M 4.9) earthquake. WYSF, Weiyuan shale gas field. Inset shows the location of the study region.
(b) Daily number of earthquakes (M, > 1) in the Rongxian—Weiyuan region with location shown in
(a) by the red dashed lines. Red line denotes seismic moment release (converted from

M, = 1.3M,, — 0.88 that was empirically estimated in the region) from December 2008 to March
2019. Red dot marks the occurrence time of the 25 February 2019 mainshock. The color version of
this figure is available only in the electronic edition.

discovered and developed since
2011. A few other M, >4
earthquakes had been linked
with HF in the Changning
shale gas block, including five
M 4-5 earthquakes in 2017
(Lei et al., 2017; Meng et al,
2019) and an M; 5.3 earth-
quake in 2019 (Lei et al,
2019a). In addition to HF trig-
gered earthquakes, fluid injec-
tion for salt mining in the
Changning area had been con-
ducted for three decades,
which possibly led to an
M, 6.0 earthquake in June
2019 (Lei et al., 2019b).

In contrast, the Rongxian-
Weiyuan  region,  located
~150 km north of Changning,
had infrequent seismicity with
My larger than 1 before mid-
2015 (Fig. 1b). Then, earth-
quakes occurred more often,
but the magnitudes were up
to M,, 3.4 before 2018 (Lei et al.,
2017). The number of earth-
quakes with My > 1 increased
drastically from 2018, with a
few M > 4 damaging events
(Fig. 1b). On 25 February 2019,
an M; 49 earthquake struck
the region at 1:15 p.m., with a
reported intensity of VI As
reported by The Paper, the
earthquake caused two fatalities
in the Gaoshan Town and 12
injuries, resulting in numerous
damaged houses, and an esti-
mated economic loss of 14 mil-
lion RMB (~2 million U.S.).
The earthquake was preceded
by two M 4+ foreshocks, one at
5:38 p.m. on 24 February and
the other at 8:40 am. on 25
February. HF wells within 2 km
to their epicenters were in oper-
ation, before the occurrences of
these earthquakes. Immediately
after the mainshock, HF activ-
ities in the Rongxian County
were shut down. Identifying
the responsible faults of the
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earthquakes and finding the potential link with HF are critical
not only for seismic hazard assessment in the region, but also for
sustainable development of shale gas industry in China.

To infer which mechanism could have triggered earthquakes,
source parameters of earthquakes, including focal depths, as well
as states of hydraulic connection between injection and source
faults were critical. In this study, we conducted high-resolution
relocations of the February 2019 Rongxian-Weiyuan earth-
quake sequence, obtained focal mechanisms of the largest earth-
quakes using local and regional seismic network data, and
derived the rupture dimension of the mainshock from
Interferometric Synthetic Aperture Radar (InSAR) observations.
We also calculated the Coulomb failure stress (CFES) caused by
the two foreshocks on the fault plane of the mainshock to inves-
tigate their causal link. The well-constrained source depths and
spatiotemporal distribution of earthquakes provided valuable
information to identify the seismogenic faults and to understand
how the earthquakes occurred.

Geologic Settings and Shale Gas
Production

The Weiyuan shale gas block is located in the Weiyuan-
Rongxian Counties and Zizhong City in the Sichuan
Province, neighboring the Longquan Mountain structural belt
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Figure 2. Relocated earthquakes and focal mechanisms.

(@) Mapped faults (black lines), local seismic stations (black and
gray triangles), and relocated earthquakes (color dots) with colors
showing their occurrence time relative to the origin time of the
mainshock. Green hexagons denote locations of hydraulic
fracturing wells. Purple arrows show directions of maximum
horizontal stress from borehole measurements. (b) Dashed gray
lines denote the area, a zoom-in map showing earthquake
locations and moment tensor solutions of the three M 4+
earthquakes. (c) and (d) Depth view of the relocated earthquakes
corresponding to (a) and (b), respectively. The color version of this
figure is available only in the electronic edition.

in the west, central Sichuan monocline in the north, and the
Zigong sag in the south (Wei et al., 2008). The local geology is
characterized by the Weiyuan anticline, a northeast-south-
west-trending dome structure, with many mapped faults
trending in the northeast direction on the north flank, and sev-
eral faults (e.g., Molin fault) trending in the southeast direction
on the south flank (Fig. 2a). Based on geological survey, the
Molin fault was mapped as a reverse fault dipping to the west,
extending ~15 km along strike (Wei et al., 2008). On seismic
reflection profiles near the epicenter of the 2019 February
earthquake, the Molin fault was found to extend to and
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terminate at the detachment interface dated middle Triassic,
~1.5 km in depth (Wang, Yang, et al., 2020). The maximum
horizontal stress (Sy.¢) Orientation near the Molin fault was
measured at boreholes Wei201 and Wei202, around 105°-135°
(Fig. 2a; Ma et al., 2017). No earthquakes larger than M| 3 were
found near the fault before 2019 (Fig. S1, available in the sup-
plemental material to this article). Indeed, historical earth-
quakes in the region were sparse, with five M| > 4 earthquakes
within 50 km of the 2019 mainshock between 1970 and 2018.
Among them, the largest earthquake was the M 4.8 earthquake
on 29 March 1985, ~50 km to the mainshock. However, fre-
quent M > 1 earthquakes had been observed in the Weiyuan
shale gas block since 2014 (Fig. 1b), especially in the Rongxian
County since 2018 (Lei et al., 2019a).

The Rongxian-Weiyuan region is covered by the upper
Ordovician Wufeng Formation to lower Silurian Longmaxi
Shale Formation at depths of 1.5-4.5 km (Wu et al., 2019).
The Longmaxi-Wufeng formations, with an average thickness
of 35-40 m in good quality for production, had been demon-
strated with resourceful shale gas and thus were primarily tar-
geted for shale gas production. The Weiyuan shale gas reservoir
was one of high-productivity shale gas fields, with a target pro-
duction volume of 2 billion m? shale gas by 2015, nearly one-
third of the total target in China. The “Wei-201 Well,” located at
the Laochang Village, Xinchang Town, Weiyuan County,
became the first shale gas well in China in 2010 (Fig. 2a).

Since 2010, numerous fracking wells had been drilled in the
Rongxian-Weiyuan region. However, there were no direct
online resources listing the well locations. Because drilling
wells and conducting relevant construction required approvals
from local and provincial governments, we had then searched
for the approval reports of the fracking wells in the Rongxian-
Weiyuan region, with online sources from the government
website (see Data and Resources). We compiled a list of well
locations that had approval time before 2019. Since 2018, at
least 48 horizonal well drillings had been projected on 13 well
pads (six in the Gaoshan Town; Fig. 2), with average injection
depth of ~3.4 km and horizontal well branches extending
~1.7 km. In the vicinity of the Gaoshan Town, where the
mainshock intensity was VI, three of six HF well pads (drilled
or operated) were located within distances of 0.5-2 km to the
Molin fault (Fig. 2b). Unfortunately, no data of injection time,
volume, and rate were available to public.

Seismic Network and Velocity Models

To locate the earthquakes, we used three regional 1D velocity
models. The first was derived from active source refraction
profiles and body-wave arrival times of earthquakes in the
Sichuan basin and surrounding regions (Zhao et al, 1997).
The second one is based on a Vg model derived from ambi-
ent-noise tomography in adjacent regions (Wang et al., 2013)
and an assumed Vp/ Vg = 1.73 (Lei et al., 2017). To constrain
the moment tensor solutions of the largest earthquakes, we
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Figure 3. P- and S-wave velocity model constructed in this study.
Model 1 (Zhao et al., 1997), model 2 (Lei et al., 2017), and model
3 (modified from Zhao et al., 1997; Meng et al., 2018). The color
version of this figure is available only in the electronic edition.

constructed a local velocity model (Fig. 3) based on the 1D
regional velocity model (Zhao et al., 1997) for depths greater
than 3 km. At shallower depth, we adopted the velocity from
well-logging data obtained in the Weiyuan shale gas field
(Meng et al., 2018), which indicated a low-velocity layer below
1 km (Fig. 3). The effects of velocity models on source param-
eters will be discussed later.

To derive source parameters of the 2019 Rongxian earth-
quake sequence, we used all available local and regional sta-
tions (Fig. S2), including the permanent seismic network in
Sichuan and some local seismic networks such as Zigong,
Yibin, and Weiyuan stations. There are more than 10 stations
as close as 10-20 km in our study area, with the nearest station
(HMS) to the mainshock at a distance of ~15 km. After the
mainshock, a temporary seismic network had been deployed
since 28 February 2019 (Fig. 2), which was helpful to locate
some aftershocks. Catalog data from 1 September 2018 to
13 March 2019 were collected from the China Earthquake
Data Center, bounded by longitudes 104.2° and 105° and lat-
itudes 29.3° and 29.8°. P and S travel times on nearby seismic
stations were obtained from the Sichuan Earthquake Agency.
Waveform data of the largest earthquakes were obtained from
Data Management Centre of China National Seismic Network
at Institute of Geophysics, China Earthquake Administration
(Zheng et al., 2010).
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TABLE 1

Double-Couple Moment Tensor Solutions of the Largest Four Earthquakes

Event Time M
2019/02/23 21:38:08 4.7
2019/02/25 00:40:26 4.3
2019/02/25 05:15:58 4.9
2019/03/08 11:14:30 3.2
2019/02/14 to 2019/02/28 (InSAR analysis) NA

Strike/Dip/Slip (°) M, Depth (km)
FM1 190/42/83 4.2 26

FM2 19/48/96

FM1 202/43/90 4.0 29

FM2 22/47/90

FM1 170/51/72 4.3 1.0

FM2 17/42/11

FM1 179/60/82 35 2.0

FM2 15/31/104

FM1 170/42/90 4.4 1.33+02°

-0.55

FM2 350/48/90

INSAR, Interferometric Synthetic Aperture Radar.

Results

Seismological constraints on the earthquake
sequence

We first relocated these earthquakes by the double-difference
method (Waldhauser and Ellsworth, 2000), using our con-
structed velocity model (model 3 in Fig. 3). After relocation,
uncertainties of most earthquake locations were less than
500 m in horizontal distances and 1 km at depth (Fig. S3).
We also conducted tests on effects of uncertainties in velocity
models on earthquake locations. Using different velocity models
(Zhao et al., 1997; Lei et al., 2017), we found that horizontal and
vertical location uncertainties were on the same order with those
using velocity model 3. Although spatial pattern of seismicity
distribution was similar among the three velocity models, depth
distribution was certainly affected even for aftershocks that were
recorded by newly deployed temporary network (red circles in
Fig. S4). For the three M 4+ earthquakes, uncertainties caused by
different velocity models were ~1 km in depth and less than
100 m in epicentral locations (Fig. S4).

After relocation, most earthquakes distributed in two clus-
ters, one around the Rongxian County and the other one
between the Weiyuan County and the Zizhong City (Fig. 2a),
but they did not necessarily correlate with mapped faults. The
two M 4+ foreshocks were located in the east of the Molin fault,
whereas the mainshock was located ~1 km west to the Molin
fault (Fig. 2b). Most earthquakes in the Rongxian cluster
occurred in depths of 2-8 km (Fig. 2¢,d).

We then derived focal mechanism solutions for the largest
earthquakes using the generalized cut-and-paste method (Zhu
and Helmberger, 1996; Zhu and Ben-Zion, 2013). Using the
newly constructed 1D velocity model (model 3), we computed
the Green’s functions using a Haskell propagator matrix

Volume XX« Number XX « —2020 « www.srl-online.org

method (Zhu and Rivera, 2002). The original seismograms
were filtered with frequency band of (0.05, 0.15) Hz for the
smaller earthquakes and (0.03, 0.1) Hz for the mainshock.
Full moment tensors were then obtained by a grid search with
respect to the moment magnitude and strike, dip, and slip
angles of the faults, as well as the compensated linear vector
dipole (CLVD) component. In comparison, we also derived
pure double-couple (DC) solutions, which were listed in
Table 1.

According to the DC solution, the mainshock had a
moment magnitude of 4.3 and occurred on a thrust fault
orienting 170°, dipping to the west with a dip angle of
52° (Fig. 2b), which is consistent with the fault geometry
shown in reflection profiles (Wang, Yang, et al, 2020). In
the full moment tensor solution, the fault orientation
(179°) and dip angle (46°) were close to those in the DC
solution, and the CLVD component accounted 13%
(Fig. 4a). Apparently, there was a trade-off between the fault
geometry and the CLVD component. The focal depth was
~1 km in both the solutions (Fig. 4b,c). We also tested the
effects of different velocity models (Fig. 3) and found that they
did not impact the moment tensor solutions and focal depth
(Fig. 4e,f). The location and focal mechanism solution sug-
gested that the mainshock occurred on the northwest-trending
Molin fault.

The two M 4+ foreshocks exhibited nearly identical thrust-
faulting mechanisms (Fig. 2b), with orientations along north-
east ~10°. Compared with the shallow mainshock (1 km), the
two foreshocks were consistently located at greater depths,
2-3 km, using different velocity models (Fig. S5). The
CLVD components of the two foreshocks were both minor,
2% and 5%. The optimal depth was ~2.7 km, coinciding with
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Figure 4. (a) Waveform fit of the best full moment tensor solution et al., 1997), and (e) model 2 (Lei et al., 2017). CLVD, com-

for the mainshock. Depth sensitivity tests on different velocity pensated linear vector dipole; ERR, error; FM, focal mechanism
models of moment tensor solutions: (b) pure double-couple solution; 1SO, isotropic component; rms, root mean square. The
solution and (c) full moment tensor solutions using model 3 in color version of this figure is available only in the electronic
Figure 3, (d) full moment tensor solutions using model 1 (Zhao edition.
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Figure 5. Waveform comparison of the mainshock (red) and the
two M 4 foreshocks (blue and black) at station across different
distances (km) and azimuths, shown on left. All waveforms were
aligned by our manually picked P-wave arrivals. The color version
of this figure is available only in the electronic edition.

the Longmaxi formation of shale layer and thus the injection
depth. However, the two foreshocks did not occur on the
Molin fault, despite that their focal mechanisms were similar
to that of the mainshock. To verify, we compared their wave-
forms on different stations with epicentral distances up to
100 km. The polarities of P waves appeared completely oppo-
site at stations NZS and ROC (Fig. 5), which were at distances
of 25 and 93 km, respectively. The P-wave polarities of the
mainshock was positive at station NZS (azimuth of ~160),
whereas the two foreshocks showed downward motion.
Such opposite first-motion polarities were also clear at station
ROC (azimuth of ~97), indicating different source faults of the
mainshock and the foreshocks. In comparison, the two fore-
shocks had nearly identical waveforms across all stations
(Fig. 5) and thus should occur on the same fault.

Constraints on the mainshock from InSAR data
and modeling

Furthermore, we resolved the depth and rupture dimension of
the mainshock using the Synthetic Aperture Radar (SAR) data.
Volume XX« Number XX
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29.45° .
104.45°

Figure 6. Interferometric Synthetic Aperture Radar (InSAR) data
and models of the mainshock deformation. The top two panels
show observed ground deformation based (a) ascending and
(b) descending directions. Focal mechanism plots denote the
focal mechanism solutions from seismological data. Black line
indicates the Molin fault. (c,d) The middle two represent
coseismic model prediction, with the white rectangle denoting
the source dimension and geometry. (e,f) The differences
between the preferred model and observations. LoS, line of sight.
The color version of this figure is available only in the electronic
edition.

SAR images were acquired by European Space Agency’s
Sentinel-1 satellite, with one interferogram from an ascending
orbit (14-26 February 2019) and the other from a descending
track orbit (16-28 February 2019). Interferograms were
formed using the GAMMA software, and the Shuttle Radar
Topography Mission digital elevation models were used to
remove the topographic effects. We used the minimum cost
flow method to unwrap the two interferograms and then geo-
coded them into 1984 World Geodetic System (WGS84) coor-
dinate system.

Two unwrapped interferograms from both ascending and
descending orbit showed clear coseismic deformation up to
1.5 cm, consistent with thrust faulting on a nearly
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Contour lines denote 5 and 10 kPa, respectively. Nearby fracking well locations are shown by green
hexagons. (b) CFS in the cross section whose location is shown in (a). (c) and (d) are same to (a) and
(b), respectively, except for exchanging the locations of the two foreshocks. The color version of
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Coulomb 3.4 software (Lin and
Stein, 2004). The ACFS was de-
fined as ACFS = A7, +uxAog,,
in which A7, is the shear stress
change (positive in the direction
of receiver fault slip), Ag,, is the
normal stress change (positive
for extension), and y is the ef-
fective fault friction coefficient

north-south-striking fault (Fig. 6). Indeed, it was rare to
observe ground deformation for earthquakes with such mag-
nitude. We then retrieved the deformation source by geodetic
inversion using a rectangular dislocation source in the half-
space with Poisson’s ratio v = 0.25 and shear modulus
p = 15 GPa (Okada, 1992), which was defined by a fault plane
position in space (strike, depth, dip, and coordinates of upper
middle edge of fault), fault plane geometry (length and width),
and the displacement components (strike-slip and dip-slip).
We also conducted uncertainty estimation with a Bayesian
method (see supplemental material) to form the posterior
probability density function, with the moment magnitude
determined by seismic data as the prior knowledge. For each
of these inversion tests, we chose the best-fitting model that
minimized the normalized root-mean-square error to the
InSAR observations (Fig. S6; Table S1).

The best-fit model yielded an optimal moment magnitude
4.4 and a fault oriented 350° with a dip angle of 52° dipping
to the west and a left-lateral slip in the direction 79°, remarkably
consistent with the seismic solutions. Based on the Bayesian test
(see supplemental material), distributions of each parameter
showed that depth, strike, and the location of the fault were bet-
ter constrained than the length, width, and slip of the fault
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(0.4 in this study). To focus on
the potential triggering effects
of the two M 4+ foreshocks
on the mainshock, here we assumed the receiver fault geometry
on each grid identical to the mainshock in the region. Using
point-source parameters of the two foreshocks, we converted
them into rectangle sources with uniform slip under the empirical
scaling relationship. After calculation, we found that the main-
shock fault plane had an increased ACFS of ~3 kPa (Fig. 7a,b).

Although the location and depth of the mainshock were
constrained by seismic and InSAR data, the two M 4+ fore-
shocks still had uncertainties up to ~500 m in locations and
depths. We thus considered the impact on calculated ACFS
of location uncertainties by varying the depths and epicenters
of the two foreshocks by 500 m (see supplemental material).
The mainshock was always located in the area with positive
ACEFS (Fig. S7), with the peak value of ACEFS less than 10 kPa.
Because the two M 4+ foreshocks had nearly identical wave-
forms and should originate from the same fault, we tested an
extreme case by exchanging their locations (Fig. 7c). As the
M,, 4.2 foreshock moved closer to the mainshock, the value
of ACFS increased to 7 kPa (Fig. 7c,d). As many outstanding
observations indicated a minimal triggering stress of 10 kPa or
higher (Stein, 1999), the two M 4+ foreshocks probably did not
trigger the mainshock, despite the positive ACFS imparted on
the mainshock fault plane.
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They did show temporal

variations, however, with a
few days with low or no seis-
micity (Fig. 8c). Around 20
days before the mainshock,
there was a nearly two-week
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to the holidays
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2019. Although we did not
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center of the M, 4.0 earth-
quake; whereas the other well
(H63) is within 1 km from
the epicenter of the M, 4.2
event. As such, we interpreted
that these two M 4+ earth-
quakes were induced by frack-
ing. Potential ~mechanisms
included pore-pressure pertur-
bation, poroelastic stress trans-

fer, and/or aseismic slip

Mechanism of the February 2019
Earthquake Sequence

The mainshock was preceded by numerous foreshocks, in addi-
tion to the two M 4+ ones nearby (Fig. 2b). However, most
earthquakes were more than 5 km away from the Molin fault,
on which the mainshock occurred (Fig. 2b). We first focused on
the mainshock region, nearly twice of the mainshock rupture
length (Fig. 8a). There were at least three fracking wells in this
~7 x 7 km? grid, with one located in the mainshock rupture
zone and two within 2 km from the M 4+ foreshocks
(Fig. 8a). Since September 2018, there had been a number of
M, > 1 earthquakes in the region, including two M; 3.7 events
(Fig. 8b,c). However, most of them occurred below 3 km in the
basement formation and did not correlate with the Molin fault
(Fig. 8d). The seismicity neither appeared to be spatially
clustered nor exhibited clear migration pattern toward the
mainshock or the two M 4+ foreshocks (Fig. 8b,d).
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triggered by fluid injection.
Because of the lack of accurate injection data and seismicity
migration, we cannot distinguish these mechanisms.

The mainshock, however, was located at 1 km in depth
within the marlstone layer (Fig. 8d), well above the
Longmaxi shale formation. According to results of laboratory
frictional experiments on sedimentary rock samples (mud-
stone, sandstone, and limestone) from the Longmen Shan fault
zone, all samples under conditions representing shallow depths
(<2 km) exhibited velocity strengthening (VS) behavior
(Verberne et al., 2010). Although a VS patch was normally
anticipated to slip aseismically, it may break during earthquake
ruptures because of strong loading from neighboring segment
(Yang et al, 2012). In this case, potential sources of loading
and consequently inducing coseismic slip on the Molin fault
included the following: pore-fluid pressure increase on the
fault plane due to the fracking fluid injection; aseismic slip trig-
gered by fluid injection on the fault; static stress exerted from
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the two M 4+ foreshocks; and poroelastic stress perturbation
due to fluid injection.

Although there was a fracking well (H54) in the mainshock
ruptured zone (Fig. 8a), the injection depth is ~2.7 km at the
Longmaxi formation, at least 1.7 km deeper than the focal
depth of the mainshock. Because there is another shale layer
of ~800 m in thickness atop the Wufeng-Longmaxi formation
(Fig. 8d), fracking fluids presumably cannot migrate upward
into the Molin fault. Therefore, the Molin fault should not
hydraulically connect with the injected fluids, and thus
pore-pressure elevation would be unlikely. Indeed, the
Molin fault ceased at depth of ~1 km on the detachment
and did not extend to the depth of injection. As such, it
was not feasible to have injection-induced aseismic slip propa-
gating into shallower depth and generating the mainshock, as
suggested by observations in central Alberta, Canada (Eyre
et al., 2019).

Because the ACFS from the two foreshocks was rather
small, and pore-pressure diffusion and injection-induced aseis-
mic slip were unlikely, poroelastic stress associated with HF
was plausible to trigger the mainshock occurrence on the
Molin fault that was supposed to be stable. Indeed, poroelastic
stress changes had been suggested to impact fault reactivation
in distances (e.g., Chang and Segall, 2016; Jiang et al., 2020). In
a 2D numerical model, the poroelastic stress induced ACFS on
basement faults that were hydraulically sealed and 1 km
beneath the injection zone reached the order of 100 kPa
(Chang and Segall, 2016). In the Changning region, the calcu-
lated ACFS on basement faults due to poroelastic stress
changes was ~100 kPa for one single injection well (Lei et al.,
2017). Considering hydraulically sealed faults above or at the
same depth of injection, the ACFS can reach at least 10 kPaina
distance of 2.5 km, even for injected natural gas that has
smaller density and compressibility than liquid (Jiang et al,
2020). Although we did not develop a geomechanics model
in this study, because we do not have the injection data, the
estimated values of ACFS due to poroelastic stress was likely
on the order similar to reports in the Changning region (i.e.,
100 kPa), much larger than the ACFS caused by the two M 4+
foreshocks (3 kPa). Quantitative modeling with operational
data is encouraged and shall be conducted if the injection data
become available.

Discussion

Unlike in the central United States, where wastewater disposal
significantly affected seismicity with larger footprints and
longer time periods (Ellsworth, 2013; Goebel et al., 2017),
wastewater disposal was not significant in the Sichuan basin,
because most of them had been reused for fracking (Lei et al.,
2017, 2019a). Thus, most induced earthquakes in the shale gas
field of Sichuan basin were suggested to relate with fracking
(Lei et al., 2017, 2019a; Meng et al., 2019). Fracking effect
was suggested to be localized in both horizontal and vertical
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distances to the injection zones (e.g., Davies et al., 2012;
Flewelling et al, 2013; Deng et al, 2016; Yu et al, 2019),
and, thus it should be of paramount importance in seismic haz-
ard mitigation, when injection sites were projected near pre-
existing faults.

An imperative strategy was to limit injection near known
faults that are preferentially oriented to fail in the regional
stress field. However, lots of induced earthquakes occurred
on unknown faults that were only detected after earthquakes
(e.g., Rubinstein et al., 2014). In the February 2019 Rongxian-
Weiyuan sequence, the M 4+ foreshocks occurred on an
unmapped fault orienting northeast that was activated by
fracking, demonstrating the difficulty in forecasting and pre-
venting damaging earthquakes due to our incomplete knowl-
edge of subsurface structures (Yeck et al, 2017). Densified
seismic network was important to capture microseismicity, so
as to derive their spatial and temporal evolution, which was
helpful to delineate such faults. In the Rongxian-Weiyuan
region, seismic stations before the mainshock were in distances
greater than 15 km from the epicenters, limiting the network
detection of small earthquakes and location resolution. A
mobile seismic network was deployed, a few days after the
mainshock, to record aftershocks. In the future, more perma-
nent seismic stations in the region will be needed to elucidate
the causal relationship between seismicity and fracking
activities.

Most HF-induced earthquakes were found to nucleate on
faults beneath the injection depth (Bao and Eaton, 2016; Lei
et al., 2017; Skoumal et al., 2018). In the Changning region,
where M,, 5+ earthquakes were suggested to be triggered by
HF (Lei et al., 2019a), the majority of earthquakes occurred
at depths 2-6 km. In our study area, most seismicity including
the two M 4+ events also occurred no shallower than the frack-
ing depth (~2.7 km). However, the mainshock was extremely
shallow, 1 km below the ground, on the Molin fault that was
previously mapped by geological survey (Wei et al., 2008). The
real surprise was that the Molin fault did not extend greater
than ~1.5 km at depth, and merged with the detachment layer
according to 3D seismic reflection profiles. Both observations
of tectonic earthquakes and results of frictional experiments
suggested that a fault at such shallow depth would have been
usually considered stable and thus would not anticipate earth-
quakes (Scholz, 1998). The 25 February 2019 M; 4.9 earth-
quake apparently posed challenges on such traditional view
and how to evaluate potential seismic hazard and risks for
injections near very shallow faults.

Compared with the southern fold zone in the Sichuan basin,
for example, Changning region, where earthquakes with mag-
nitudes up to 6 had occurred (Lei et al., 2019b), the Rongxian-
Weiyuan region had been speculated less likely to generate M 4
earthquakes (Lei et al, 2017), because of weaker sediment
deformations and fewer identified faults in the basement.
However, the Rongxian-Weiyuan earthquakes changed our
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views on the potential magnitudes of earthquakes in the region.
Indeed, on 8 September 2019, an M., 5.4 earthquake occurred
in the Weiyuan County and claimed one death and more than
60 injuries (M. Sheng et al, unpublished manuscript, 2020, see
Data and Resources). Another M| 4.3 earthquake occurred on
the same day, very close to the epicenters of the February earth-
quakes, demonstrating the urgent need to better evaluate seis-
mic hazard in the Sichuan basin for purposes of mitigating
their effects. The large population and aging infrastructure
in the region made it even more vulnerable when earthquakes
with similar or larger magnitudes occurred (Lei et al., 2017,
2019a). However, transparency of industrial data was invalu-
able to better evaluating risks of potential induced earthquakes
(McGarr et al., 2015). Given the ambitious plan of natural gas
in China, it is necessary to promote collaborations among
different stakeholders, such as regulators, operators, and the
scientific community to make correct and timely decisions,
aiming at sustainable shale gas development (Lei ef al., 2017;
Yang et al., 2017).

Conclusions

We conducted a detailed analysis using both seismic and geo-
detic data on the February 2019 Rongxian-Weiyuan earth-
quake sequence. Most of these earthquakes occurred at 2-6 km
in depth, with the M,, 4.0 and 4.2 foreshocks at ~3 km,
coinciding with the depth where fracking was conducted.
The two foreshocks ruptured an unmapped fault that was reac-
tivated by fracking. The My 4.9 (M,, 4.3) earthquake occurred
at extremely shallow depth, 1 km below the surface, one of the
reasons to cause destructive damage. As the Molin fault was
hydraulically sealed from injection activities, pore-pressure
elevation and injection-induced aseismic slip were thus
unlikely to be the triggering mechanisms for the mainshock.
CEFS caused by the two foreshocks was positive yet smaller than
the typical threshold (10 kPa) suggested to trigger seismicity.
Therefore, we suggested that the Rongxian-Weiyuan earth-
quake was plausibly induced by HF through poroelastic stress
transfer onto the Molin fault that was supposed to be aseismic
at the shallow depth.
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Earthquake catalog was obtained from the China Earthquake Data
Center (CEDC, http://data.earthquake.cn/index.html, last accessed
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