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In May 2021, a Ms 6.4 earthquake occurred in the Yangbi Country, Yunnan, China, located in the northern region
of the Red River fault, resulting in three deaths. It is a typical foreshock-mainshock-aftershock sequence.
However, the kinematic rupture process and the interplay between foreshocks, the mainshock, and aftershocks
associated with the Yangbi event remain controversial. Here, we decipher the detailed rupture process associated
with this moderate event by jointly inverting the teleseismic body waves, three-component regional waveform,
near-field Global Positioning System offsets, and Interferometric Synthetic Aperture Radar data. Results show
that the rupture expands as a narrow slip-pulse that propagates southeastward. This event is dominated by the
dextral movements with minor normal components, cohere with the tectonic shear and dilation strain parti-
tioning. The high slip is concentrated within the depth range of 5-13 km, spanning ~12 km along strike. A
significant shallow slip deficit is identified, perhaps related to the fault being immature. The foreshocks,
coseismic slips, and aftershocks reveal a complementary pattern, together releasing the accumulated stresses on
the fault. Their distribution areas and Coulomb stress changes suggest that the Yangbi seismic sequence follows
the rupture cascade. The absence of large earthquakes, dispersed seismicity, and diffuse strain rate patterns
indicate that strain accumulates over a wide area around the northern region of the Red River fault, leading to
small-scale ruptures distributed over the area and a low possibility of M > 6.5 events in the near future.

Zheng et al., 2017). The SYB has experienced rapid uplift in the past
8-15 Ma and is considered to be the “youngest” development section of

1. Introduction

1.1. Tectonic settings of the Red River fault

The continuous collision between the Indian and Eurasian plates in
the past ~50 Ma results in the rapid uplift of the Tibetan Plateau (TP) (e.
g., Royden et al., 2008) and the eastward extrusion of lithospheric ma-
terial. This motion is blocked by the South China block, leading to the
remarkable clockwise rotation of the Sichuan-Yunan block (SYB) located
on the SE margin of the TP, which is well captured by the Global Posi-
tioning System (GPS) velocity field (Fig. 1a, Wang and Shen, 2020;

the TP, characterized by active seismicity and complex deformation
patterns such as extension, shortening, and strike-slip (e.g., Guo et al.,
2018; Lease et al., 2007; Royden et al., 2008).

The ~1000-km-long Red River fault (RRF), the west boundary of the
SYB, is a profound structural discontinuity with a dextral slip rate of
~1.1 mm/yr (Shi et al., 2018). However, the low slip rate does not imply
a low seismic potential. Both the 2008 Mw 7.9 Wenchuan earthquake
(Zhang, 2013) and the 2021 Mw 7.4 Maduo earthquake (Guo et al.,
2021a) occurred on the slowly deforming faults in China. The Weixi-
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Qiaohou-Weishan fault (WQWF) is considered to be the northwestward
extension of the RRF, whose length is about 280 km with a slip rate of
1.8-2.4 mm/yr (Chang et al., 2016). Several events with Ms > 5.0
occurred near the WQWF, and the recorded largest earthquake is the
1948 M 6.3 earthquake, but none of these historical earthquakes just fell
on the geologically mapped fault line (Fig. 1c).

1.2. Overview of the 2021 Yangbi seismic sequence

At 21:48 on May 21, 2021, Beijing Standard Time (UTC Time 2021-
05-21 13:48), a Ms 6.4 earthquake occurred in the Yangbi Country,
Yunnan, China, resulting in 3 deaths and a large number of damage to
local infrastructures. The China Earthquake Network Center (CENC)
reported that the epicenter of the earthquake is located at 25.67°N,
99.87°E, with a depth of 8 km. The focal mechanism solution (Zhu et al.,
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2022) shows that this event is dominated by the dextral movements with
minor normal components (Fig. 1¢), with a strike of 141° and a high dip
of 83° towards the southwest. This event occurred ~15 km away from
the WQWF, raising a question about the location of the seismogenic fault
due to the absence of surface rupture.

The 2021 Yangbi earthquake was immediately preceded by a rich
foreshock sequence. There are several large foreshocks of M > 4.0 within
four days before the mainshock (Fig. 1c), including the largest Ms 5.3
foreshock. Foreshocks have been the proxy for examining the mainshock
nucleation and growth (e.g., Huang et al., 2020; Kato and Ben-Zion,
2021). Up to date, triggering links between the major foreshocks and
the Yangbi mainshock have been widely investigated. Stress transfer,
aseismic slip, fluids, or a combination of them are invoked to explain the
nucleation of the mainshock (e.g., Zhu et al., 2022; Liu et al., 2022a,
2022b; Sun et al., 2022; Zhang et al., 2021b; Yan et al., 2022; Zhou et al.,
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Fig. 1. Tectonic environment of the 2021 Yangbi source region. (a) The topography and GPS deformation in the southeastern Tibetan Plateau. The blue arrows
represent the GPS surface deformation relative to the Eurasian plate from Wang and Shen (2020), and the pink ellipses represent the 98% confidence interval. The
white lines represent the major faults around the Sichuan-Yunnan diamond-shaped block and the gray lines represent the other faults. The illustration in the lower
right corner shows the large-scale background. (b) Data sets used in this work. Blue and red triangles are GPS sites and three-component seismic stations used in the
coseismic slip inversion, respectively. Green inverted triangles represent teleseismic stations. White rectangles show the SAR coverage for ascending track 99 and
descending track 135. (c) Focal mechanisms. Black beachballs indicate the focal mechanisms of historical earthquakes from the gCMT catalog (https://www.globa
lemt.org/). Blue, red, and purple beachballs represent the focal mechanisms of foreshocks, mainshock, and aftershocks from Yang et al. (2021b), respectively. The red
star is the epicenter of the Yangbi event. SCB: Sichuan Basin; SYB: Sichuan-Yunnan block; LMSF: Longmenshan fault; GYF: Ganzi-Yushu fault; XSHF: Xianshuihe fault;
ANHF: Anninghe fault; ZMHF: Zemuhe fault; XJF: Xiaojiang fault; RRF: Red River fault; CHF: Chenghai fault; ZDF: Zhongdian fault; JSJF: Jinshajiang fault; TP:
Tibetan Plateau; NC: North China; TB: Tarim Basin; SC: South China. WQWF: Weixi-Qiaohou-Weishan fault. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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2022). Although a unified consensus has not yet been reached, this is not
what we are studying in this work.

There also have been many aftershocks of magnitude 4 and 5, in
which the Ms 5.0 and Ms 5.2 strong aftershocks occurred successively in
7 min and 36 min after the Ms 6.4 mainshock (Fig. 1c). The aftershock
sequence is relatively abundant and distributed in an NW-SE trace about
27 km long, providing excellent prior information for mapping the
hidden ruptured fault (Zhang et al., 2021b; Yan et al., 2022). Although
the static dislocation distribution has been reported by some studies (e.
g., Lietal.,, 2022; Liu et al., 2022; Xu et al., 2021; Wang et al., 2021), the
spatiotemporal rupture of coseismic slip and the relationship between
the mainshock, foreshocks, and aftershocks are still controversial, which
can provide a key basis for understanding the seismogenic environment
and accessing the future seismic potential in this region (Wang et al.,
2022).

In this work, we try to resolve the detailed rupture process of the
2021 Ms 6.4 Yangbi earthquake by jointly using the teleseismic body
waves, three-component regional observations, near-field GPS, and
Interferometric Synthetic Aperture Radar (InSAR) data. The interplay
between foreshocks, coseismic slips, and aftershocks can shed light on
earthquake physics and future seismic hazards, which are also discussed.
Finally, we analyze the stress and strain build-up pattern in the Yangbi
source region and explain the reasons for the absence of strong earth-
quakes with M > 6.5 for decades here.

2. Seismic and geodetic data processing

The 2021 Ms 6.4 Yangbi earthquake has been well captured by the
teleseismic P and SH waves, regional three-component waveforms, near-
filed GPS, and InSAR data (Fig. 1b). These well-documented dense
networks provide an unprecedented opportunity to decipher the
detailed spatial and temporal rupture process of the Yangbi event and
understand the source characteristics of moderate earthquakes.

We select 14 P and 19 SH waveforms with a high signal-to-noise ratio
(SNR), which are available in the Incorporated Research Institutions for
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Seismology (IRIS) data management center (http://ds.iris.edu
/wilber3/find_event). Their epicentral distance ranges from 30° to 90°
to escape waveform complexities from the heterogeneity of crust and
upper mantle at short distances and the core-mantle boundary at long
distances (e.g., Guo et al.,, 2021b; Kumar et al., 2017). During the
inversion, all teleseismic waveforms are deconvolved to velocities at a
sampling rate of 0.2 s and bandpass filtered at 0.002-0.5 Hz. In addition,
we set the weight of P waves twice that of SH waves, because the P wave
decays slower with distance than the SH wave, and it is also easier to
pick the first motion. The generalized ray theory and reflection and
refraction method are applied to compute the teleseismic Green’s
functions (Helmberger, 1974).

We collect 14 three-component regional waveforms with high SNRs
from the China National Digital Seismic Network (https://doi.org/10.7
914/SN/CD) and the Institute of Engineering Mechanics, China Earth-
quake Administration (https://data.earthquake.cn/datashare/report.sh
tml?PAGEID=datasourcelist&dt=ff80808277cc56050179c55ee
7220005). The accelerograms are bandpass filtered with a frequency
band of 0.02-0.5 Hz to prevent the contamination of long-period inte-
gration noise and the inadequacy of the theoretical Green’s function at
higher frequencies (Liu et al., 2015). Then they are integrated to the
ground velocities. During the inversion, each component of every station
is given the same weight. The regional Green’s functions are calculated
by the frequency-wavenumber integration method (Zhu and Rivera,
2002).

There is a continuous GPS dense array in the ~50-km area centered
on Eryuan County, composed of 34 stations that were successively
completed between March 2018 and July 2020 (Fig. 2). The Yangbi
earthquake occurred south of this GPS network, whose coseismic
deformation was well captured by this array. The specific GPS data
processing please refers to Text S1. We select 11 GPS stations with sig-
nificant coseismic displacement signals and good azimuth to participate
in the joint inversion (Figs. 1b and 3). Given the low SNRs and large
uncertainties of most vertical GPS components, we use only horizontal
GPS displacements, except for the station YBXL with the maximum
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Fig. 2. Time series on each GPS site.
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Fig. 3. Comparison between the observed and predicted GPS displacements. Red and blue lines are the horizontal GPS observations and predictions, respectively.
Black and green lines are the vertical GPS observations and predictions, respectively. The dashed rectangle presents the surface projection of the fault plane, and the
thick line is the fault trace. The red star is the epicenter of the 2021 Yangbi event. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

subsidence of ~44 mm. As shown in Fig. 3, the marked horizontal dis-
placements are mainly observed within the range of ~50 km from the
epicentral distance, and their magnitude decays rapidly as the epicentral
distance increases. The four stations with the largest horizontal dis-
placements appear in different patterns: station H204, located ~5.3 km
NE of the epicenter, moves ~46.1 mm to the south; station YBXL,
located ~6.9 km SE of the epicenter; moves ~34.3 mm to the north; the
station YBZZ, located ~10.2 km W of the epicenter, moves ~40.0 mm to
the west; and the station YBZM, located ~14.3 km E of the epicenter,
moves ~30.4 mm to the east. It reveals that the seismogenic fault passes
through the middle of sites H204 and YBXL, imposing a strong constraint
on the fault geometry. During the inversion, the weight of each station is
set to be equal. We calculate the static Green’s functions using the
generalized reflection-transmission coefficient matrix method (Xie and
Yao, 1989).

We employ the two-pass method of differential interferometry to
derive coseismic deformation associated with the 2021 Yangbi earth-
quake. The Sentinel-1 SAR images with descending and ascending orbits
(Table S1) are provided by the European Space Agency (ESA). The data
processing is performed based on the open-source GMTSAR software
(Sandwell et al., 2011). The 30 m resolution digital elevation model
from NASA Shuttle Radar Topography Mission (SRTM) is applied to
eliminate topographical effects. To improve the interferometric coher-
ence, the interferograms are multiviewed with a factor of 8:2 and

filtered using a Gaussian filter with 200 m wavelength (Goldstein and
Werner, 1998). The SNAPHU software (Chen and Zebker, 2001) is
invoked to phase unwrapping. The tropospheric delay is calibrated by
using the Generic Atmospheric Correction Online Service (GACOS) (e.g.,
Yu et al., 2018). After geocoding, the ascending and descending line-of-
sight (LOS) deformation associated with the Yangbi event is obtained.

3. Inversion methodology and model setup

In this work, we apply a joint finite fault inversion algorithm of Ji
et al. (2002) to simultaneously invert the average rupture speed, rise
time, rake angle, and slip amplitude of the 2021 Yangbi earthquake. This
method performs the inversion in the wavelet domain, which can
combine the seismic and geodetic observations to decipher the detailed
source characteristics. It has been extensively invoked to recover the
rupture processes of some major earthquakes (e.g., Chousianitis and
Konca, 2021; Guo et al., 2020a; Wang et al., 2018). The kinematic slip
model can be derived by minimizing the objective function, which is
defined by incorporating the misfits of waveforms and geodetic obser-
vations, as well as the fault slip and seismic moment smoothness
constraint, as follows

misfit = eyr + Wararicstaric + WSI[pAslip + WonAgn 1)

Where e,y is the misfit between the seismic observations and
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predictions, including the teleseismic body waves and regional three-
component waveforms. egqc is the misfit between the observed and
predicted GNSS and InSAR data. Agpand Agy, represent the slip differ-
ence between adjacent subfaults and the discrepancy between the
modeled and referenced seismic moments, respectively. Parameters
Wstatic, Wslip, Wsm denote the relative weighting of the geodetic misfit, the
Laplacian slip smoothness, and the seismic moment constraint, respec-
tively (Ji et al.,, 2002). Given that reasonable variations of relative
weighting do not induce significant differences in the data fits and slip
pattern (e.g., Wang et al., 2018; Yue et al., 2014), they are set to 1.0, 0.1,
0.1 following previous studies (Guo et al., 2019; Ji et al., 2002; Wang
et al., 2018), respectively.

During the inversion, we need to impose a priori information about
the fault geometry and rupture initiation. Based on the relocated fore-
shocks and aftershocks (Yang et al., 2021a; Zhang et al., 2021a), the
fault strike and dip angles are set as 140° and 84°, respectively,
compatible with the point-source mechanism solution of the mainshock
(G. Zhu et al., 2022) and the symmetrical ground motion pattern (X. Liu
et al., 2022). Different relocation results derive a similar epicenter,
providing a perfect constraint on the hypocenter location at 25.69°N,
99.88°E (Su et al., 2021; Yang et al., 2021a; Zhang et al., 2021a).
Because the teleseismic depth phases pP and sP are sensitive to the
source depth (e.g., Xie et al., 2013), the differential travel times between
P-pP and P-sP (Heyburn et al., 2013) are used to determine the initial
rupture depth of the 2021 Yangbi earthquake. As shown in Fig. 4, the
optimal source depth is ~7.6 km. The average rupture speed is limited to
2.2 km/s, consistent with the models of Gong et al. (2022) and Chen
et al. (2022). In addition, several constraints are applied to make the
inversion more stable: a seismic moment of 1.74 x 10'® N-m (Mw 6.1)

(by MBAR

16 pP+sP
L AN

Depth(km)
o 0

Depth(km)
o
Depth(km)
o

4 "\/\/\W“—' 4 ——\/\/\./\—uv\-—-vv
I~ AN\ A SN -\/V)MM'W
2 _s./\/\/\/\N\f—- - _-\/\/\/\/\M’w
0 T T 1 T T 0 T T T T T
0 2 4 6 8 0 2 4 6 8
T(s) T(s)
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from the USGS solution is applied as the reference moment; the rupture
speed is constrained from 1.0 to 3.0 km/s; the rise time of each patch
varies between 0.8 s and 4.0 s; the rake angle is allowed to vary from
—250° to —110°; and the maximum slip is not allowed to exceed 1.5 m.
To recover the detailed rupture features, the rectangular fault plane is
gridded into some small patches of 2 km by 2 km, spanning 36 km along
strike and 20 km along dip. It allows the coseismic slip to rupture to the
ground. Moreover, we apply the same 1-D velocity model as Zhang et al.
(2021a) and Zhu et al. (2022) when calculating Green’s functions.

4. Results and discussion
4.1. Kinematic source characteristics

The detailed kinematic rupture process of the Ms 6.4 Yangbi earth-
quake is visualized in Fig. 5, and its surface projection is demonstrated in
Fig. S1. The primary slip is concentrated in an asperity at a depth
ranging between 5 km and 13 km, which is dominated by the dextral
movements with a small percentage of normal components. No surface
rupture occurred in the Yangbi earthquake, as indicated by the conti-
nuity striations in the radar interferogram (Liu et al., 2022) and
confirmed by field investigations (Li et al., 2021). The peak slip is ~0.8
m at a depth of ~7.3 km along dip (Fig. 5a). The released seismic
moment is approximately 1.7 x 10'® N-m (Mw 6.1), similar to the gCMT
point-source solution (1.6 x 10'8 N-m).

Fig. 6 demonstrates snapshots of the rupture expansion from our
optimal slip distribution, revealing a unilateral rupture propagation
dominated by southeastward expansion, spanning ~12 km along strike.
The rupture initiates at the hypocenter and then expands as a slip-pulse.
The released seismic moment rate rapidly increases at the first ~6 s and
reaches the peak value of ~3.0 x 10'” N-m/s, then it decreases gradually
with time (Fig. 5d). Fig. 5b illustrates the spatial distribution of rise time
for each subfault (the slip of 0.15 m is set as the cutoff threshold),
revealing a heterogeneous pattern. The slip rate is specified as the ratio
of slip to the rise time, whose peak value is about 1.0 m/s (Fig. 5c¢).

The associated teleseismic body waves and regional three-
component waveforms data fits are depicted in Figs. 7 and 8, respec-
tively. Although most of the seismograms are well recovered, some
mismatches could be seen, which may be attributed to the effects of 3-D
complex crustal structure. Moreover, our optimal slip model can effec-
tively reproduce the InSAR observations (Fig. 9), except for the north-
east disk of the ascending orbit, attributed to the atmospheric delay
interference that is difficult to eliminate (Xu et al., 2021). For more
details of cumulative coseismic GPS observations and predictions, please
see Table S2 and Fig. 3. Generally, our slip model can well explain the
static GPS displacements, although there are some small fitting errors at
some stations, such as the YBZM and YBZZ sites. Both of them with
“relatively large” horizontal displacements may be related to the loose
soil or landslides beneath the stations, pending further field investiga-
tion (Zhang et al., 2021a).

4.2. Comparison with previous studies

There is a consensus on two features of the slip model associated with
the 2021 Yangbi event: one is unilateral rupture along strike; the other is
that the coseismic slip does not reach the surface (e.g., Gong et al., 2022;
Zhang et al., 2021a; Li et al., 2022; Liu et al., 2022; Xu et al., 2021; Wang
et al., 2021), consistent with our model results. However, there are
discrepancies in the rupture direction along dip, the peak slip (Gong
et al., 2022), and the high-slip coseismic asperity. The finite fault results
using the apparent moment-rate functions from Gong et al. (2022)
revealed that the rupture propagates downdip, while the rupture process
from Chen et al. (2022) showed a feature propagating upward from the
hypocenter of 11 km. The difference is that our results imply near-
horizontal propagation along strike. Most of the static coseismic slip
distribution derived from the GPS and/or InSAR data (Zhang et al.,
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2021a; Li et al., 2022; Liu et al., 2022; Xu et al., 2021) exhibited a
relatively large asperity, distributed over a range of approximately 2-14
km, with a peak slip of <1 m. A concentrated high-slip area (7-12 km)
was obtained by Gong et al. (2022), but its peak exceeded 2 m. In our
preferred model, the coseismic asperity is constrained by a relatively
narrow zone (5-13 km), and the peak slip is moderate.

4.3. Shallow slip deficit due to fault inmaturity

The phenomenon of shallow slip deficit (SSD) has been documented
in many strike-slip events (Fig. 10), in which the maximum coseismic
slip is concentrated in the middle of the brittle crust and decreases to-
wards the surface (C. Liu et al., 2021). A significant SSD associated with
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the Yangbi earthquake is also observed in the top 0-5 km of the crust
(Fig. 5a). One understanding of the slip termination in the uppermost
crust is the presence of velocity-strengthening fault friction at shallow
depths, with SSD compensated by interseismic creep and/or postseismic
afterslip (e.g., Fialko et al., 2005; Yue et al., 2017; Yang and Yao, 2021).
However, many seismic events with SSD are not associated with either
resolvable shallow interseismic creep or robust shallow afterslip
(Kaneko and Fialko, 2011; Sadeghi Chorsi et al., 2022). Geodetic ob-
servations reveal that both of them are rather uncommon at shallow
depths (e.g., Fialko, 2004; Kaneko and Fialko, 2011), especially for
infrequent and immature sliding faults (Fialko et al., 2005), except for
certain regions near major creeping parts of mature faults and/or areas
with thick sedimentary overburden of overpressured pore fluids (e.g.,
Wei et al., 2009). Therefore, neither shallow creeping nor afterslip can
be used to fully explain the origin of the SSD (Yang and Yao, 2021).
SSD is especially severe for immature faults (Sadeghi Chorsi et al.,
2022). Fault structural maturity, that is, the sliding longevity of a fault,
greatly affects the behavior of earthquakes (Choy and Kirby, 2004;
Manighetti et al., 2007, 2015, 2021; Wesnousky, 1988). The Yangbi
earthquake occurred on a blind fault system with some conjugate
aftershock trends, stepovers, and parallel strands (Gong et al., 2022; Lei
etal., 2021; Liu et al., 2022b; Su et al., 2021), similar to the 2013 Eryuan
(Liu et al., 2022a) and 2019 Ridgecrest sequences that occurred on an
immature fault system (Barnhart et al., 2020; Feng and Almeida, 2020;
Goldberg et al., 2020). In general, large earthquakes with fast rupture
rates and long propagation distances are more likely to occur on smooth
and simple mature faults, while immature faults are prone to produce
more frequent, smaller magnitude earthquakes because they are sepa-
rated by stepovers and higher strength barriers (e.g., Manighetti et al.,
2021; Perrin et al., 2016; Thakur and Huang, 2021). In addition, the low

average rupture speed and small moment scaled radiated energy of the
Yangbi earthquake are compatible with the high fracture energy dissi-
pation of immature faults (Gong et al., 2022). Note that the immature
strike-slip fault has the potential to produce the supershear rupture, such
as the seismogenic fault of the 2021 Maduo earthquake (Cheng et al.,
2023). Combined with the rupture features, low fault slip rate (Chang
et al., 2016; Shi et al., 2018; Shen et al., 2005), complex fault structure
(Shi et al., 2018; Wen et al., 2022), and distributed deformation pattern
in the source region (discussed in Section 4.5), we argue that the seis-
mogenic fault of the 2021 Yangbi event is immature (Lei et al., 2021).
SSD on such faults could be possibly compensated by distributed in-
elastic deformation during the interseismic period (e.g., Barnhart et al.,
2020; Feng and Almeida, 2020; Fialko et al., 2005; Kaneko and Fialko,
2011). Similar inferences were drawn for the 2003 Mw 6.5 Bam earth-
quake (Fialko et al., 2005) and the 2020 Mw 6.8 Elazig earthquake
(Gallovic et al., 2020). The long-term non-brittle fault behavior of the
uppermost crust is widely recognized in field studies of thrust tectonics
(Dolan et al., 2003). For strike-slip faults, the uppermost crust may also
be characterized by inelastic deformation due to granular flow, folding,
or some other distributed damage mechanism (Fialko et al., 2005). It is
important to note that here we cannot exclude the possibility that the
SSD is caused by the shallow crust being locked.

4.4. Interplay between the coseismic slips, foreshocks, and aftershocks

As shown in Fig. 11c, the coseismic slips and aftershock loci are
found to be complementary, which has been observed by other large
earthquakes, for example, the 2015 Mw Illapel, Chile, earthquake (e.g.,
Melgar et al., 2016), the 2016 Mw 7.0 Kumamoto, Japan, earthquake (e.
g., Yue et al., 2017), and the 2017 Mw 8.2 Chiapas, Mexico, earthquake
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this article.)

(e.g., Guo et al., 2019). The coseismic high-slip region is depleted of
aftershocks, and aftershocks are mainly concentrated in the flanks of the
significant coseismic slips at shallower depths from 3 to 6 km (Fig. 11c),
indicating that the strain energy in the asperity has been sufficiently
released by the mainshock. Under the assumption that aftershocks
directly induced by coseismic stress change only occur in the early
postseismic phase (the first hours after the mainshock), aftershocks
complementary to the coseismic slips can be understood as ruptures that
occurred on the velocity-strengthening creeping zones (Perfettini and
Avouac, 2007; Perfettini et al., 2018; Yue et al., 2017). For this mech-
anism, the coseismic slips usually transfer significant Coulomb stress
increase to the nearby brittle creeping zones (Fig. 11d), but the sur-
rounding velocity-strengthening zones could hinder the coseismic
rupture. During the postseismic period, the creeping zones loaded by the
mainshock would experience some aseismic afterslip, in line with the
framework of the stress-driven afterslip model (e.g., Barbot et al., 2009;
Johnson et al., 2006). And with the rapid accumulation of afterslip,
aftershocks are produced accordingly (e.g., Lange et al., 2014; Perfettini
et al., 2018).

As shown in Fig. 11c, foreshocks are mainly distributed in the updip

of the coseismic slips, where there are only a few aftershocks (Zhou
et al.,, 2021). And most foreshocks and aftershocks, as well as the
mainshock are located linearly on a SE-trending fault plane. Therefore,
the slip of foreshocks fills the slip deficit of the mainshock and after-
shocks, and jointly releases the accumulated energy of the fault plane
during the interseismic period. Zhu et al. (2022) detected the spatio-
temporal migration of the foreshock sequence to the hypocenter, which
can well resolve the relationship between foreshocks and the initiation
of the mainshock rupture process. The rupture zones of most large
foreshocks are adjacent with little overlap, and the mainshock is ulti-
mately initiated at the edge of the foreshock rupture zone, where there is
a localized increase in shear stress, coinciding with a triggered cascading
stress transfer. Thus, foreshocks, coseismic slips of the mainshock, and
aftershocks in the Yangbi seismic sequence form a complementary
pattern in accordance with the Coulomb stress triggering relationship.

4.5. Diffuse strain rates in the northern region of the RRF

Rock mechanics (e.g., Hamiel et al., 2004) and simulations of
evolving seismicity (e.g., Lyakhovsky and Ben-Zion, 2009) suggest that
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the evolution of a seismic cycle goes through three steps: (1) accumu-
lation phase, (2) localization phase, and (3) rupture phase. Seismic ob-
servations reveal that the elastic stresses are released near the rupture
source after a major earthquake, causing a stress shadow (Freed et al.,
2007; Guo et al., 2020b; Kroll et al., 2017; Simpson and Reasenberg,
1994). Diffuse deformation and smaller events are widely distributed
(accumulation phase). Then, the stresses gradually evolve out of the
shadow and reorganize along the main fault system, accompanied by
changes in the location of seismic activity and deformation pattern
(localization phase). When the stress reaches a critical threshold of the
maximum frictional resistance, another large earthquake occurs
(rupture phase). Given the time-dependent patterns, we are able to
identify the phase of the interseismic period in our study region based on
the strain rate and earthquake distribution to assess the seismic hazard
in the near future (e.g., Shen et al., 2007; Zeng et al., 2018).

In this study, we estimate strain rate partitioning based on the
interseismic GPS surface velocities from our new-built GPS stations
(Table S3) and Wang and Shen (2020) (Figs. 2 and 12) and download the
earthquakes with M > 4.5 from 1976 to 2020 from the gCMT project.
The method proposed by Shen et al. (2015) is invoked to derive the
continuum strain rate field. The detailed description please refers to Text
S2. As shown in Fig. 13c, the northern region of the RRF has good spatial
resolutions. Fig. 13a shows the horizontal strain rate field, where the
background represents the maximum shear strain rate, and the
maximum and minimum principal strain rate tensors are plotted as
conjugate vector pairs. The second invariant of horizontal strain rates
demonstrates a similar pattern (Fig. 12). Fig. 13b demonstrates the
distribution of dilatation rates, corroborated by the focal mechanisms of
historical events. The source region of the Yangbi earthquake is char-
acterized by shear strain rates with very minor contraction strain rates
(Fig. 13), cohere with the coseismic slips of the Yangbi event (Fig. 5).
Both high shear and contraction strain rates are mainly concentrated
west of the Chenghai fault. While the maximum extensional dilatation is
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distributed near the Jianchuan-Qiaohou fault. Overall, the high strain
rates are not localized along the main faults, but are diffused in the
northern region of the RRF (Li et al., 2020; Wen et al., 2022).

As illustrated in Fig. 13b, earthquakes of M > 4.5 are also dispersed
and widely distributed in both high and low strain rate regions, implying
that the northern region of the RRF is in the accumulation phase during
the interseismic period. The absence of large events with M > 6.5 for
decades also confirms this. The wide distribution of seismicity and strain
rate may be due to the stress shadow of previous large earthquakes
(Simpson and Reasenberg, 1994; Zeng et al., 2018). The size of the stress
shadow is controversial, but the region may be quite large considering
the viscoelastic behavior of the lower crust and upper mantle (Pollitz
et al., 2008). Stress shadows from the 1515 M73/4 Yongsheng event (Luo
et al., 2015) and the 1925 M7.0 Dali earthquake reduced stresses across
the region. These stress reductions led to the extensive deformation and
dispersed seismicity in the northern region of the RRF. During this
period, stresses and strains accumulate over a wide area around the
fault, resulting in small-scale fractures distributed throughout the region
(Zeng et al., 2018), compatible with the small-scale fault spacing and
diffuse deformation in the southeastern TP (e.g., Bai et al., 2010; Yang
et al., 2020; Li et al., 2020; Wen et al., 2022). Therefore, we argue that
the northern region of the RRF is less likely to have a major earthquake
with M > 6.5 in the near future.

5. Conclusions
In this study, the kinematic rupture process of the 2021 Yangbi

earthquake is inverted by the teleseismic P and SH waves, three-
component regional waves, GPS, and InSAR observations. The joint

inversion results show that the pulse-like rupture is concentrated in an
asperity at depths of 3-13 km, propagating towards SE with a peak slip
of ~0.8 m at the depth of ~7.3 km. The shallow slip deficit is due to the
distributed inelastic deformation that occurs predominantly during the
interseismic period. The foreshocks, coseismic high-slip zone, and af-
tershocks form a detailed complementary pattern, in line with the trig-
gered interplay of stress transfer. Both the diffused strain rate and
seismicity present the accumulation phase of the interseismic period in
the northern region of the Red River fault, where stress builds up in a
broad region surrounding the fault.
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Data availability available at https://scihub.copernicus.eu/. The data of GPS coordinate
time series used in this paper are stored at Harvard Dataverse

The SAR images are obtained from European Space Agency and are (https://doi.org/10.7910/DVN/AH6KHG).  The  coseismic  and
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interseismic GPS observations from our new-built GPS stations are dis-
played in the supporting information Tables S2 and S3, respectively. The
other secular GPS velocities are from the work of M. Wang and Shen
(2020), Journal of Geophysical Research: Solid Earth (doi:10.1029/
2019jb018774). The three-component regional waves are from the
China National Digital Seismic Network (https://doi.org/10.7914/SN/
CD) and the Institute of Engineering Mechanics, China Earthquake
Administration  (https://data.earthquake.cn/datashare/report.shtml?
PAGEID=datasourcelist&dt=ff80808277cc56050179c55ee7220005).
The focal mechanisms of historical earthquakes are downloaded from
the gCMT project (https://www.globalcmt.org/).
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