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The 11-month precursory fault activation
of the 2019 M, 5.6 earthquake in the
Welyuan shale gas field, China
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Anthropogenic activities such as hydraulic fracturing (HF) can trigger destructive earthquakes, the
triggering mechanisms of which are still in debate. We utilize near-fault seismic recordings to study the
preparatory phase of the 2019 M, 5.6 earthquake in the Weiyuan shale gas field (WSGF), Sichuan
Basin, China, which struck 3 months after stimulation completion. This is one of the largest HF-
triggered earthquakes worldwide. We observed an 11-month-long precursory fault activation, during
which continuous seismicity illuminated the fault plane and provided warnings for a potential
destructive earthquake. The fault activation is a consequence of injections in multiple HF well pads,
with a variety of mechanisms at play. Numerical simulation reveals that the occurrence of the
mainshock involves stress perturbation from post-injection aseismic slip. This work promotes our
understanding of HF-induced earthquakes and suggests incorporating long-term near-fault
observations and taking post-injection aseismic slip into account for effective hazard management.

In recent years, subsurface injection activities, including hydraulic fractur-
ing, have been cited as the leading cause of rising seismicity in regions that
were historically quiescent'. Hydraulic fracturing, an advanced technology
applied in the shale oil & gas industry, enhances oil & gas recovery by
injecting high-pressure fluids in low-permeability shale to stimulate fracture
growth’. Although the fracturing process was originally considered to cause
microseismicity with magnitudes below zero, unexpected events with higher
magnitudes were reported to accompany HF operations™. By far, HF-
triggered earthquakes of increasing magnitudes, up to M,, 5.4, have been
documented at many locations around the world*”’. Because such faults are
largely unknown until an earthquake occurs, there has been no effective
monitoring of fault activation to assess how large an earthquake might
strike.

Many physical mechanisms have been proposed to explain induced
seismicity, including pore pressure diffusion'’, poroelasticity effect'""”,
aseismic slip'*'%, and inter-event stress transfer'”. In practice, the scenario
can be complex, as the triggering of an earthquake can be the combined
work of multiple mechanisms. Understanding these intricacies is hindered
by the lack of near-fault observations so that detailed triggering processes of
destructive earthquakes were rarely thoroughly recorded. As this precursory
phase can span many months, utilizing the data in this period is crucial for
hazard assessment.

Furthermore, delayed triggering of earthquakes after injection
ceased has been widely observed, which complicates the design of an
effective risk mitigation strategy. In many cases, the largest events occur
near or after well completion in days to weeks'**'. Whether these
earthquakes are directly related to injection and what physical
mechanisms are responsible remain elusive. To compound the problem,
there could be multiple wells that are stimulated at different times in close
spatial proximity to each other, and they can all play a role in bringing
the fault system closer to failure with each successive stimulation. Thus,
observing how the fault is activated by injection operations over time is
key to effective risk mitigation.

All of the above challenges in risk monitoring are present for induced
seismicity in the Weiyuan shale gas field in Sichuan, China. In particular, the
M 5.6 earthquake that struck in September 2019, causing much economic
damage and casualties”’, occurred with very little warning on a previously
unknown fault, more than 3 months after injection shut-in. In this work, we
present detailed observations of the long-term preparation process of the
2019 Weiyuan M, 5.6 earthquake assisted by near-fault stations (Fig. 1A).
We report large-scale activation on the main fault plane, which started
~11 months before the mainshock, coinciding with fluid injection from an
HF well pad whose wells intersected the fault plane. Another HF operation
in a nearby well 6 months later. After this, there was a 3-month period of
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Fig. 1| Research background of the 2019 M 5.6 Earthquake. A Map view showing
the M 5.6 epicenter and the focal mechanism, local structures and earthquakes
before the M; 5.6 event since 2015. The inset shows locations of historical (1972-
2012) My, > 4.5 earthquakes in light blue dots (https://data.earthquake.cn) in and
around the Sichuan Basin with GPS velocities field*, and active faults (blue). The red
star is the M 5.6 epicenter. B Zoomed-in view of the dashed box in (A). The
coseismic deformation area™ is shown in a gradient of blue in the enclosed region.
14-day aftershock distribution of the M, 5.6 earthquake and adjacent well pads are

Along strike distance (km)

plotted. Red lines stand for fault traces at shallow depth according to aftershock
distribution. The fault consists of the main fault patches P1, P2 and a secondary
patch P3. Black dashed lines represent buried depths of the target shale layer.

C Along-strike cross-section view showing aftershocks with strata information and
projection of vertical wells of adjacent well pads. H04 and H37 do not intersect the
fault and are plotted in dashed lines. Aftershocks form an elliptical distribution, and
the M; 5.6 hypocenter is marked by a red star.

relative seismic quiescence, before the sudden rupture of the M 5.6
earthquake. To understand the triggering mechanisms, we set up a
numerical model with a fault in 2D antiplane shear in a homogeneous elastic
medium, governed by rate-and-state friction and coupled to pore pressure
diffusion from fluid injection. Our simulations show that post-injection
aseismic slip events over multiple injection operations could explain the
delayed triggering of the M 5.6 earthquake. This study advances our
understanding of HF-triggered earthquakes, suggesting the importance of
long-term observations for earthquake preparation and taking into account
post-injection aseismic slip.

Results

Background

The M, 5.6 (M,, 5.0) Weiyuan earthquake struck on 8 September 2019 in the
WSGEF. The event is among the largest HF-triggered earthquakes globally
and led to 1 death and 63 injuries. To the northwest of the WSGF lies the
current inactive Weiyuan anticline, the historical structural deformation of
which led to gentle southeastern-dipping strata distribution (Fig. 1A). The
target shale layer is located at the bottom of the Silurian shale strata (shale-

rich strata I) with buried depths of 3.0-3.5 km in the study area™ (Fig. 1B).
Strata between the shale-rich strata I to the pre-Ediacaran basement present
a “sandwich" structure with the ~460 m thick Lower Cambrian shale (shale-
rich strata II) embedded in the dolomite-rich strata (Fig. 1C). The M; 5.6
hypocenter is located in the Ediacaran dolomite strata that lie below the
shale-rich strata II. The pre-Ediacaran basement is composed of volcanic
debris sediments and granite™.

Historically, the seismicity rate at the WSGF was low, with no occur-
rence of My > 4.5 events within 50 km of the M 5.6 epicenter before 2012
(with historical records since 1972), when the WSGF was established.
Massive HF operations began in mid-2015 and led to a surge in
earthquakes’". Injections close to the M 5.6 epicenter were carried out in the
well pads HO04 in 2015, H39 in 2018, and H37 in 2019 (Fig. 1B). In the H39
well pad, which intersects the traces of the M; 5.6 fault patch, casing
deformation with shear slip up to 1.61 cm was reported” (Fig. S1). Apart
from HF operations, there were salt mining activities in Zigong city and
waster-waster disposal inside the Weiyuan anticline. However, these sites
are more than 20 km away from the M 5.6 epicenter and should play a
minimal role compared to HF injections.
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Earthquake relocation

To understand the mechanisms of the Weiyuan M, 5.6 earthquake, we
first constructed an earthquake catalog using near-fault stations, which
became available since March 2019. Four of these stations are within
6km of the My 5.6 epicenter (Fig. 1B). We started from the catalog
reported by the Sichuan Earthquake Agency (SEA) and refined picked
P&S arrivals. We then computed optimal velocity models (Fig. S2)
incorporating borehole measurements and conducted absolute earth-
quake location using the six closest stations that are most sensitive. The
locations were then refined by the double-difference relocation algo-
rithm, hypoDD”’, with P&S wave cross-correlation differential times
included (Table S1). Later, template matching was conducted to enhance
the catalog (see Methods). The utilization of near-fault stations and
velocity models originated from borehole measurements led to a high-
resolution earthquake catalog with small relative location errors (hor-
izontal and vertical errors of 9.8 m and 8.6 m, respectively). Consistency
was also achieved between aftershock locations and the reported fault
identified from seismic reflection profiles” (Fig. S3). Aftershocks deli-
neated a clear fault geometry with a strike orientation of 40°, dipping to
SE at 38° (Figs. 1A, 2D), which can be activated under the approximately
E-W orientation of the maximum horizontal compressive stress (SH,,..)
in the study area®. The shallow reverse-faulting event has a right-lateral
strike-slip component™, leading to distinct surface deformation with a
maximum displacement of ~ 3 cm” (Fig. 1B).

The earthquake rupture was directed towards the northeast™ along the
northeastern-striking fault, which consists of the main fault patches P1 and
P2 that extend down-dip toward the basement and a secondary fault patch
P3 with limited vertical extension (red lines in Fig. 1B). Intense aftershocks
occurred at the top of the shale-rich strata I and the basement (Fig. 1C,
Fig. $4B), which bound the vertical range of the mainshock rupture. Such a
feature might indicate a geological control on earthquake rupture. Many
shallow aftershocks are distributed along P2 and P3, while only a few exist
along P1, which experienced intense precursory activation before the M; 5.6
earthquake. Aftershocks in the northeast and southwest denote the lateral
extent of the mainshock rupture. We used an ellipse to denote the rupture
area in the along-strike section plot (Fig. 1C). The ellipse has a long axis
length of 6.6 km and a short axis length of 1.34 km in depth (2.2 km along
fault dip), resulting in a rupture area of ~ 11 km’. Aftershocks first enclosed
the rupture area and later expanded to a larger area, indicating the potential
role of afterslip.

Differences between HF-induced earthquakes and on-fault
earthquakes

To characterize features of HF-induced earthquakes and seismicity on the
fault that hosted the M} 5.6 earthquake, we conducted hierarchical clus-
tering using S-wave similarity for relocated events. We made use of near-
fault stations and employed multiple-station-based hierarchical clustering
for 2059 events, including 1188 events before the M; 5.6 earthquake since
March 2019 and 871 aftershocks within 14 days after the mainshock (see
Methods, Fig. S5). After clustering, we have 1219 events (59% of the total
number) grouped into 17 self-similar clusters and 840 unclustered events.
Events within a cluster have high waveform similarity coefficient and the
coefficient is low for event waveforms in different clusters (Fig. S6). New
events detected by template matching are assigned the same cluster IDs as
their templates.

Guided by clustering results, we identified two categories of seismicity
according to their spatial locations. The first category includes 10 clusters
and adjacent earthquakes (cluster IDs 1-10 in zones labeled (1), (2), and (3)
in Fig. 2). These events are close to the injection layer and the HF well pads,
extending horizontally parallel to the strata (Fig. 2, Fig. S4C). The second
category includes 7 clusters and nearby seismicity located on the main fault
(cluster IDs 11-17 in Fig. 2). Clusters 11-15 are located in the main fault
zone, while 16-17 are two isolated clusters on the shallower and deeper
extension of the main fault. We thus infer the two are also on-fault clusters.
We use HF-induced earthquakes to refer to seismicity directly associated

with HF operations and on-fault earthquakes to represent induced earth-
quakes that occurred on the main fault.

In addition to the differences in spatial distribution, HF-induced
earthquakes and on-fault earthquakes are different in three aspects. First,
HF-induced clusters and adjacent earthquakes have limited durations that
are consistent with the HF period (Fig. 2E). For example, earthquakes in the
vicinity of the H37 well pad began 15.4 days after HF started and stopped
13.7 days after shut-in. However, on-fault earthquakes persisted for the
entire period from March to September 2019 and mainly occurred on the
main fault patches (P1 and P2 in Fig. 2B). Second, HF-induced clusters have
a diffusive migration pattern with fitted hydraulic diffusivity up to 0.05 m*/s
(Fig. S7). Finally, from Fig. 2G, analysis of stress drop values derived by a
new method based on spectral decomposition combined with a global
optimization algorithm™ reveal that the median stress drop values of HF-
induced earthquakes in zones (1)—(3), which are in the range of
0.66-1.29 MPa, are systematically lower than on-fault earthquakes. For
earthquakes in the main fault zone (4), the median stress drop value is
6.17 MPa. For on-fault clusters 16 and 17, the median stress drop is
3.38 MPa. This stress drop contrast should be the consequence of increased
pore pressure in HF-induced earthquakes™.

As earthquakes in the main fault zone were recorded at the availability
of dense near-fault stations (Fig. 2F), it indicates that fault activation started
before March 2019. To understand the complete history of fault activation,
we conducted double-difference earthquake relocation from January 2015
to February 2019. As seismic network coverage was limited before March
2019, the bootstrap test resulted in median horizontal and vertical location
errors of 66 m and 49 m, respectively, higher than in the later period when
the array of near-fault stations became available (see Methods). We also
conducted template matching for this period to enhance the catalog. A
waveform similarity criterion was applied for on-fault earthquake identifi-
cation to account for both earthquake locations and mechanisms. For a
relocated event to be identified as an on-fault earthquake, it should be
similar to at least one later (since March 2019) on-fault earthquake with
S-wave cross-correlation coefficients greater than 0.7 on at least 3 stations.
Comparison with earthquake distribution reveals that identified earth-
quakes are located in the main fault zone (Fig. S8; Supplementary Movie 1),
showing the reliability of the identification.

Multi-stage fault activation

Earthquakes in the main fault zone first appeared in September 2018 and
escalated on 14 October 2018 (Fig. 3E), indicating the beginning of fault
activation. During the period, HF operations were performed in the H39
well pad. The consistency in time between the HF period and the activation
of the fault, the spatial intersection between the well pad and the fault, as well
as the large casing deformation reported in the H39 well pad™ lead to the
inference that injection in the H39 initiated the fault activation.

Before 2018, HF operations were conducted on the H04 well pad in
mid-2015. Although earthquakes occurred, they were shallow and were not
located in the main fault zone by the identification criteria (Fig. S8A, E, I).
Since the seismic network remained unchanged from May 2015 to February
2019, the identification of fault activation is not a biased result due to
network change. Furthermore, the absence of seismicity in the main fault
zone from 2015 to 2018, when the H04 well pad was in production, indicates
that shale gas extraction played a limited role in fault activation.

As the fault began to activate, earthquakes in the main fault zone lasted
for 11 months until the M, 5.6 earthquake. We divide the fault into the
shallow segment (shale-rich strata II) and the deep segment (dolomite
strata), and characterize the fault activation in four stages (Fig. 3A-D). The
first stage lasted ~4 months (14 October 2018 to 7 February 2019), during
which the H39 well pad experienced HF. Intense seismicity occurred around
the H39 well pad, including many earthquakes that took place between
shale-rich strata I and II (Fig. S8B, F). These earthquakes indicate the
hydraulic connection between the two shale-rich strata. Identified seismicity
in the main fault zone first appeared in the shallow segment, which corre-
sponds to the shale-rich strata II, with a sequential occurrence in P1 and P2
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(Fig. S5). We then performed level II hierarchical clustering for the last
cluster, which contains 1193 events, by lowering the clustering threshold to
6. Another 440 events were grouped into 10 clusters that have strong self-
similarity. In total, 1219 events were grouped into 17 strong self-similar
clusters, which is 59% of the total number of events, leaving the other 41%
unclustered.

Cumulative shear stress change

We estimated the cumulative shear stress change at the hypocenter of the
M; 3.5 and Mj 5.6 events using My > 2.0 on-fault events for the period
before the end of HF at H37, which is 108 days before the M 3.5 and M, 5.6
events (Fig. S10A, C). For the period after HF ended at H37, we lowered the
threshold to M} 1.0 (Fig. S10B, C). The conversion between local magnitude
(M) and moment magnitude (M,,) was carried out following the statistical
relationship™ in the study area:

M,, = 0.7449 X M, + 0.7769. (1)

We used the median stress drop value of on-fault events, 11 MPa, for these
events. By assuming a circular rupture model, the rupture radius could be
estimated® using the equation below:

13
rR= (LMo} @
16 Ao

101-5M,,+9.05

where Ao is the stress drop and the M, = is the seismic

moment. The average slip is determined by:

MO
= LR (3)

where y is the shear modulus, and a typical value of 30 GPa is used. After
that, we modulated the slip inside and outside the rupture area following
Andrew’s model”:

aw={Pl- 67"
0, r>R.

r<R,

(4)

Finally, the conversion from slip distribution to static shear stress change is
performed in the frequency domain by multiplying the static stiffness
function”. The results are shown in Fig. S10.

Estimation of net injected mass and volume at H37 well pad

As the M 5.6 earthquake occurred after the end of HF at the H37 well pad, it
is possible that shale gas extraction after injection plays a role in earthquake
triggering. We therefore estimate the net injected mass and volume starting
from the beginning of the HF period (10 April 2019) to 8 September 2019,
when the M; 5.6 earthquake occurred.

As production data is not accessible to the public, we estimate the range
of parameters using information collected from operators and literature. To
resolve uncertainties, we bootstrap these parameters 1000 times and then
use the mean values to represent the net injected mass and volume
(Fig. S11).

The parameters for estimation are shown in Table S4. For the injection
volume at each horizontal well of H37, we bootstrap the value in the range of
35,000 m’ to 45,000 m’ as provided by the operators, and use a constant
injection rate. After HF ended, each well was shut-in for ~30 days to allow
crack growth before shale gas production”’, and we use 20-40 days in our
estimation. The extraction process involves both shale gas production, with
amean value of 21.3 x 10*m’ day and a standard deviation of 12.81 x 10*m’
day, and flowback of injected fluid, with a mean ratio of 0.35 and a standard
deviation of 0.16 for 90 days in the WSGF”.

For the calculation of net injected mass, we use the density of water
(ps=1000kg/m?) for the HF fluid and a gas density of 0.657 kg/m’ (Py)

under normal temperature and pressure conditions (25 °C, 1.01 bar) for the
conversion between volume and mass. Thus, the net injected mass is esti-
mated by:

— Vi b n
M= Vipr = Vipr = VePe: ®)

where Vj" V¥ and V, represent the injected volume, flowback volume and
the extracted gas volume. We assume a constant flowback rate.

For the calculation of the net injected volume, we use a typical range of
free gas ratio of 0.4-0.6 (r) to quantify gas existing in pores”, and a
laboratory methane (gas) density of 306.91 kg/m’ (pg) at 89°C and
100 MPa’ to represent methane density at the buried depth. Thus, the net
injected volume is estimated by:

V= V} - th — 1 VP /Pl (6)

Numerical model

The fault is in 2D antiplane shear, governed by rate-and-state friction. It’s
located at y = 0, and displacements u(y, z, t) are in the x-direction. The
governing equations for quasi-static antiplane shear deformation of an
elastic solid are’:

Jdo do ou ou
A Xz =y =y 7
dy oz 0. oy =4 dy’ T =l @

where o, and o,, are the quasi-static stress changes associated with
displacement # and y is the shear modulus, which is assumed to be constant.
Slip and slip velocity are:

0(z,t) = 2u(0,z,t) and V(z,t) = 08/, 8)
respectively.

The fault boundary condition is set by letting the shear stress 7(z, )
equal to the frictional strength:

T(Z> t) :f(\{j7 V)("’Z) _P)7 (9)

where Vis the state variable, f{'F, V) is the rate-and-state friction coefficient,
0y, is the initial effective normal stress, and p is the change in pore pressure.
The shear stress on the fault is computed using the quasi-dynamic
approximation with radiation damping’®:

(2, 1) = 79 + 0,,(0,2,8) = 1,54V, (10)
where T is the initial shear stress and #,,4 = pc/2 is the radiation damping
parameter, with c=./u/p being the S-wave speed. The rate-and-state friction
coefficient is calculated using the regularized form””:

f(¥, V) = asinh™! (% e““/“), (11)

0

where a is the direct effect parameter, Vj is the reference velocity, and f; is
the reference friction coefficient. We use the aging law for state
evolution”:

d¥ _ bV, (e(fo*‘l’)/h — 1) (12)

dt 4, Vo
We also impose the traction-free boundary conditions perpendicular to the
fault, and the zero-displacement condition on the remote boundary parallel
to the fault, indicating no tectonic loading:

0.,»,0,t)=0, o0,(,L,,t)=0,

u(L,,z,t) =0, (13)

Communications Earth & Environment| (2025)6:175

11


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02151-1

Article

where L, and L, are the domain dimensions. We use a sufficiently large
domain to ensure that the solution is relatively insensitive to conditions
applied on remote boundaries.

We couple fault slip with pore pressure diffusion along the fault with a
point source injector’®***. Darcy velocity q is given by:

kop
q__ﬁi’ (14)

where k is the permeability, and # is the fluid viscosity. The fluid mass
conservation equation is:

_ o (kap
¢ﬂ§ - oz <;1 az) + qOSD(z)a

(15)
where ¢ is the porosity, 8 is the sum of fluid and pore compressibility, g, is a
constant injection rate, and 8p(2) is the Dirac delta function that places the
source at z= 0. The injection rate g, can be set to different values during
different time intervals so that we can simulate multi-stage injection
operations into the fault.

We use a high-order SBP-SAT finite difference method for spatial
discretization along with adaptive time stepping, with error control on slip
and the state variable”*’. Pressure is solved implicitly using backward Euler,
while slip and state variable are solved explicitly with an adaptive Runge-
Kutta method”. The solution of pressure at every time step updates the
effective normal stress on the fault. The parameters used in the numerical
simulations of multi-stage fluid injection are shown in Table S2.

Hydraulic fracturing activities

We collected operational information from government reports, literature®',
news reports, Google Earth images, and communications with operators for
well pads close to the M; 5.6 epicenter (H04, H39, H40, H33, and H37 in
Fig. 1B). We list their information below:

 HO04 well pad: it has three wells that extend northwest toward the fault
hosting the M 5.6 earthquake, and three southeastern wells that extend
away. Thus, we focus on the three northwestern wells, which was under
HF in August 2015 (Google satellite images) and finished HF in Sep-
tember 2015 (news report). This period is consistent with seismicity
around the well pad.

 H39 well pad: it has four wells that extend north and four wells extend
southeast. Earthquakes around H39 occurred in the northern wells
from February to June 2018, and in the southeastern wells from July to
December 2018. Therefore, we know that there are HF activities in both
the northern and southeastern horizontal wells of the H39 well pad
in 2018.

+ H40 well pad: according to the government report, the platform was
constructed in 2018. Google satellite images reveal that the platform
was under drilling in 2019. Negotiation with operators show that H40
did not experience HF before the M 5.6 event. We thus infer that
earthquakes around the H40 platform are due to well drilling
operations.

* H33 well pad: it is shown to be under HF in February 2019, consistent
with the seismicity period around the well pad from January 2019 to the
end of April 2019.

 H37 well pad: it has four horizontal wells that extend north and four
that extend southeast. The southeastern wells were fractured from 10
April to 23 May 2019 and the northern wells were not fractured before
the M 5.6 earthquake. Thus, we only used the southeastern wells in the
analysis (Fig. 1B).

Stress field

The reported focal mechanisms of M; > 1.5 earthquakes, many of which are
close to the HF depth, are reverse faulting with preferential strikes at NNE-
SSW?*>***2_ Tn addition, HF-induced earthquakes delineate intense NE-SW

and N-S fractures in the WSGF”'. These features are consistent with the
orientation of the local maximum horizontal stress (SH,,,.), which is
approximately along E-W?. It is worth noting that strike-slip casing
deformation is widely reported in the WSGF, indicating a localized stress
decoupling effect in the HF layer. This phenomenon might be due to the
structural deformation of a large-scale detachment fault in the Sichuan
Basin®, which is rooted in the bottom of the shale-rich strata I close to the
HF depth.

Data availability

The simulation data in this study are available in Open Science Framework:
https://doi.org/10.17605/0sf.io/bdp3r. Earthquake catalog and related
materials can be downloaded from https://doi.org/10.5281/zenodo.
11184358.

Code availability

All simulations were performed in the open-source code Scycle-2, available
at https://bitbucket.org/yyy910805/scycle-2.
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