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Key points:

* We detect and locate 343 foreshocks of the 2016 M5.1 Yunlong earthquake using the matched filter detection.

* The spatiotemporal evolution of the foreshocks indicates that the nucleation of the 2016 M5.1 Yunlong earthquake was
prominently governed by stress perturbation.

* The temporal changes in b values reveal precursory drops before the Yangbi mainshocks in the adjacent area.

ABSTRACT

Monitoring the evolution of foreshocks can be a valuable way to analyze the nucleation process. Foreshocks accompanying
moderate mainshocks have been recorded in the west of Yunnan Province, China. We obtain the earthquake catalog and source
parameters of the 2016 Yunlong foreshocks, and discuss the implications for the nucleation processes of the earthquake in
western Yunnan, China. By using the matched filter detection, we identify 343 foreshocks with a magnitude of —0.8—4.5,
starting with a magnitude 1.0 foreshock approximately 3 months before the 2016 M(5.1 Yunlong mainshock. The spatial
distribution of foreshocks doesn’t show localization or directional migration towards the mainshock. Coulomb stress analysis
suggests a positive stress perturbation at the mainshock nucleate area. These observations indicate a cascade-triggering
mechanism of the 2016 Yunlong earthquakes. We further collect published catalogs of 2021 Yangbi and 2017 Yangbi
foreshocks in the adjacent area, and analyze the temporal changes in b values. The temporal changes in b values reveal
precursory drops before the mainshocks.
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1. Introduction

Earthquake prediction is extremely challenging but of
great significance to the society. The 1975 M7.3 Haicheng
earthquake that occurred in northeast China is considered
the only major earthquake known to have been predicted
(Scholz, 1977, Wang KL et al., 2006). Official predictions
were made and evacuation measures were taken for civil
protection (Wang KL et al., 2006). Anomalies before the
Haicheng earthquake were documented, such as changes in
geodetic deformation, gravity, groundwater level and
color, and peculiar animal behavior (Chen YT et al., 1980;
Jin AS and Aki, 1986). The most important precursor was
an intense foreshock sequence (Jones et al., 1983; Xu SX
et al., 1982), which triggered the final prediction. The
successful prediction of the Haicheng earthquake
motivates people to investigate earthquake processes and
pursue the goal of earthquake prediction.

Studying foreshocks may shed light on the goals. Yet
intriguing discussions about the physical mechanisms of
the earthquake nucleation process have been in long debate
(Cattania and Segall, 2021; Ellsworth, 2019; Huang H et
al., 2020). The pre-slip model proposes that aseismic slip
occurring at the mainshock hypocenter can generate
foreshocks during the mainshock nucleation (Bouchon et
al., 2011; Kato and Nakagawa, 2014; Kato et al., 2012;
Tape et al., 2018). During pre-slip processes, foreshocks
could be interpreted as byproducts of the nucleation
process of a large event, driven by pre-seismic slip, which
is optimistic for short-term prediction (deterministic
process) (Ellsworth, 2019). In comparison, the cascade
triggering mechanism suggests that foreshocks are
triggered by stress perturbations of previous earthquakes
instead of aseismic slip (Ellsworth and Bulut, 2018; Mori,
1996; Yoon et al., 2019; Zhu GH et al., 2022). Therefore,
foreshocks may not be different from other smaller
earthquakes (stochastic process), which implies that the
magnitude of the earthquake is unknown until the rupture
stops (Abercrombie and Mori, 1996; Ellsworth, 2019).
Besides, fluids and possible attendant aseismic slip may
also play important roles in the earthquake nucleation
process (e.g. Lei XL et al., 2024; Liu M et al., 2023; Peng
ZG et al, 2024). During the fluid-triggered seismic
process, possible along-strike or along-dip triggered front
of seismicity accords with a parabola proportional to the
square root of time (Shapiro et al., 1997).

In addition to the physical mechanisms of foreshocks,
the statistical features of foreshocks are also elusive. A
critical unknown in real-time earthquake risk evaluation
during an ongoing seismic sequence is whether the
mainshock has already happened or is yet to come.
Monitoring b values of the Gutenberg-Richter law in real-
time may shed light on the vital issue (Gulia and Wiemer,
2019). The cumulative number (N) of earthquakes is larger
or equal to magnitude (M) as log(N) =a—bM, where a
value represents activity rate, and b value describes the
earthquake-size distribution (Gutenberg and Richter,
1944). The b value is regarded as an indicator of diffe-
rential stress (Schorlemmer et al., 2005). A systematic b
value reduction before the main event has been proposed
in laboratory observations (Scholz, 1968; Goebel et al.,
2013). Retrospectively, obvious drops in b-values relative
to background values before large natural events were
established as a traffic-light system for earthquake
warnings (Gulia and Wiemer, 2019). However, the tests
using well-recorded earthquake foreshock sequences in
Ridgecrest, California, and Maria Antonia, Puerto Rico
show ambiguous warning levels, suggesting that such b
value based real-time warning values depend strongly on
dense instrumentation, high completeness catalog and
expert judgment (Dascher-Cousineau et al., 2020). There-
fore, further testing of the effectiveness of precursory drop
in b values in different geological environments is
necessary.

Foreshocks proceeding moderate mainshocks have
been recorded in the west of Yunnan Province, China, such
as the May 17, 2016 Mg5.1Yunlong and 2021 M 6.4
Yangbi (Figure 1b) earthquake sequences. These earth-
quakes occurred on the southwest side of Weixi-Qiaohou-
Weishan fault. The Weixi-Qiaohou-Weishan fault is
caused by the northward extension of the Red River Fault
(Figure 1). The seismic observations in western Yunnan
provide a great opportunity to study spatial-temporal
evolution of foreshocks and time-varying b values. The
foreshocks of the 2021 Yangbi M 6.4 mainshock have
been investigated in recent studies (He X et al., 2023; Lei
XL et al., 2021; Liu M et al., 2022; Zhang YY et al., 2022;
Zhou YJ et al., 2022; Zhu GH et al., 2022), suggesting a
dominant cascade triggering mechanism in the 2021
Yangbi sequence, but the inconsistency is whether
aseismic slip exists at the initial stage. The Yunlong Mg5.1
earthquake occurred on May 17, 2016 (Figure 2), and was
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(a) The tectonic map and historical large earthquakes surrounding the study region. The pink and gray dots

represent M> 7.0 and 6.0 < M<7.0 historical earthquakes, respectively. Inset map: The red star shows the location of study

region. Black lines represent the structural sutures among blocks of Qinghai-Xizang Plateau. Red line marks the collision front

between Indian and Eurasian plates. (b) The seismic stations (cyan triangles) and earthquake sequences near the Weixi-

Qiaohou-Weishan Fault in western Yunnan.

investigated by deriving focal mechanisms of the
mainshock and major aftershocks, which were used to
depict the seismogenic fault (Jiang JZ et al., 2019). Based
on relocated hypocenters and focal mechanisms, the
seismogenic fault was suggested to be a NNE-striking
blind or a sub-fault located between the NW-striking
Weixi-Qiaohou Fault and Lancangjiang Fault (Jiang JZ et
al.,, 2019). However, few studies have analyzed the
foreshock patterns of the 2016 M¢5.1 Yunlong earthquake.

Although underlying physical mechanisms of earth-
quake nucleation processes and the role of foreshocks in
the earthquake initiation process remain unclear, fores-
hocks may still provide unique and valuable information
for the earthquake nucleation process. By studying the
pattern of foreshocks and their relationship with the
mainshock, we can better understand the underlying
physics of earthquakes. In this study, we investigate the
spatial-temporal  pattern of 2016 Mg 5.1 Yunlong
foreshocks, and the stress perturbation of the largest
foreshock, based on which the mechanism of mainshock
nucleation is discussed. Besides, using the published
catalog of 2017 and 2021 Yangbi earthquake sequences,
we conduct an integrated analysis of time-dependent b
values for the earthquake sequences in the region. The
findings provide insights into the mechanisms of
earthquake nucleation and the role of foreshocks in

earthquake prediction.

2. Dataset and methods

2.1. Seismic data

Because of the great seismic hazard along the Red
River fault in western Yunnan, multiple seismic networks
have been deployed. The permanent stations of the China
Array project were deployed with a spacing of ~40—60 km,
while a temporal seismic array with a spacing of ~10—20
km has been launched since April 2011 (Wang BS et al,,
2012; Yang HF et al., 2020). These stations recorded the
2016 M¢5.1 Yunlong earthquake rupture. We collected six
months of continuous data (starting from November 2015)
before the 2016 Yunlong mainshock from the China
Earthquake Networks Center (CENC). A number of 16
stations within 80 km of the epicentral area were used for
earthquake detection and location (Figure 1b).

2.2. Earthquake detection and location

To build a more complete earthquake catalog, we
conducted earthquake detection using the matched filter
detector. A number of 105 events in the CENC catalog
were used as templates (Figure 2c), and then cross-
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Figure 2. The temporal distribution of earthquake magnitude

and cumulative count surrounding the 2016 Yunlong M5.1 earth-
quake (red star). The spatial region is the same as Figure 4a.
The earthquakes were collected from CENC over the period
from 2012 to 2021 (a) and from 2015-01 to 2016-05 (b). The
blue curve represents the cumulative event count since 2012.
(c) The comparison between the CENC catalog (black dots)
and our catalog (red dots). The red and blue curves represent
the cumulative count of events in our catalog and CENC since
2016-01, respectively.

correlated with continuous waveforms (Peng ZG and Zhao
P, 2009; Yang H et al., 2009). The 3-component P waves
(1.5 s before to 8 s after the P-wave arrival) were chosen as
template waveforms. Following the processors in Zhu GH
et al. (2022), a 1-20 Hz bandpass filter was adopted to
improve the signal-to-noise ratio of the template and
continuous data. A candidate earthquake was detected with
a cross-correlation coefficient (CC) larger than 0.6 on one
single station. If the original time of events detected by
different template events was within 8 s, they were
regarded as duplicate events. After removing the duplicate
detections, we obtained 949 foreshocks with the initial
locations as the same as their template events. The
magnitude of detected events (M, )were calculated accor-
ding to ratio (R) of maximum amplitudes between detected
earthquakes and template earthquakes with magnitude
(M,) (Yang H et al., 2009; Zhu GH et al., 2019).

Mdet = M0+10g10(R). (1)

We located the detected earthquakes using the
Hypoinverse algorithm (Klein, 2002). The used 1D velo-
city model (Figure S1) was the same as Zhang YY et al.
(2022), which was constructed from an active source
velocity model at shallow depth and surface-wave tomo-
graphy model for deep section. Double-difference method
(hypoDD algorithm) was then used to improve the relative
relocations (Waldhauser and Ellsworth, 2000). We
obtained 7,104 P- and 3,287 S-phase differential time
measurements from phase picks, and 76,790 P- and 4,650
S-phase differential times by cross-correlating P and S
phases. We astricted a minimum number of 8 differential
times per event pair and a maximum separation of 8 km.
Eventually, we relocated 343 out of the detected fores-
hocks. A median relative location uncertainty was ~17 m
laterally and ~25 m vertically in the hypoDD, but the
actual location uncertainties are generally larger than that
given by hypoDD inversion based on least-square criteria.
A bootstrapping analysis was then adopted to compute the
relocation uncertainty (Waldhauser and Ellsworth, 2000),
giving a mean relocation uncertainty of 235 m laterally and
579 m vertically, respectively.

2.3. Repeating earthquake identification

Repeating earthquakes (or repeaters) are usually
regarded as evidence for aseismic slip surrounding seismic
fault patches (Kato et al., 2016; Nadeau and Johnson,
1998; Uchida and Biirgmann, 2019; Waldhauser and
Schaff, 2021). However, it is challenging to recognize
(Gao DW et al., 2021). In practice, the detection of
repeaters mostly relies on the overlapping ratio of
estimated earthquake source areas and/or the degree of
waveform similarity (Uchida and Biirgmann, 2019;
Waldhauser and Schaff, 2021).

We searched for possible repeating carthquakes, by
calculating the maximum cross-correlation coefficient
(CC) of seismograms of event pairs. We first tested the
influence of filters on CC wvalues. The 3-component
seismograms of different events were filtered with a series
of frequency bands (Figure 3), starting from 1.5 s before
and 8 s after the P-wave arrival times. The CC values vary
with different filter bands, showing a better waveform
fitting at lower frequencies in general (Figure 3).
Waveform similarity is affected by the filter band and
epicentral distance, which is consistent with previous study
(Gao DW et al., 2021). We adopted the criteria that the
candidate repeater pairs have at least one CC > 0.95 and a
mean of five highest CC >0.9 (Waldhauser and Schaff,
2021). Using typical filter bands of 1-10 Hz or 1-20 Hz
for identifying repeating events, no event pairs meet the
criteria. The event pair with the highest CC value among



Zhu GH et al. 5

Earthquake Science 38 (2025)
(a)
1.0FT T T T T =]
0.8 - B
Q
“ 06} g
—o—LUS —o—XBT EY213
—e—HEQ ——EYA 53285
04+ —e—BAS 53039 CHT
——CFT HDQ
[ | | ——YUL TUS

No filter 1-20 Hz 1-10 Hz
(b)

—4HZ ' €C=097 ' '
7 A CC=0.97 N A
N0.5-5 Hz CC094 A s
E CC=0.92 A AN N AN
Z A " CC=095 A\ A A

1-8 Hz ) CC=0.87 '
E CC=0.85 >C : :f Nj:
Z A CC=0.87 -

1-10 Hz ' CC=0.83 '
E CC=0.82 ) A
Z A CC=0.82 WA

20tz T CC=076 '
CC=0.76 WA
Z Ceog o Ve W v

N No filter ' CC=076___p WA
CC=0.75
Z A e N A
0 1 2 3 4 5 6 7
Time (s)

1-8Hz 0.5-5Hz 1-4HZ

Figure 3. Cross-correlation coefficients (CC) of waveforms
between two different events. (a) Effects of filters and
epicentral distance on CC of waveforms. The curves are
colored by epicentral distances. (b) Normalized example 3-
component waveforms of an event pair on 53,039 station with
different filters aligned at the P-phase arrival.

the 2016 Yunlong foreshocks is shown in Figure 3.

2.4. Source parameter inversion and Coulomb
failure stress (CFS) changes

Focal mechanism solutions of the largest foreshock
were derived from the Cut-And-Paste (CAP) method
(Zhao LS and Helmberger, 1994; Zhu LP and Helmberger,
1996). The CAP method adopts a grid search approach in
the source parameter domain (strike, dip, rake, and
centroid depth) to find the best fitting between the
synthetic and observed seismograms (Figures S2 and S3).
The synthetic seismograms were calculated using the 1D
velocity model through the frequency-wavenumber
integration method (Zhu LP and Rivera, 2002). During the
inversion, the body and surface waveforms were filtered in
the frequency band of 0.05-0.2 and 0.03-0.1 Hz,
respectively, and were allowed for separate time shifts to

alleviate bias caused by inaccurate velocity model.

To explore the relationship between foreshocks and
mainshock, we calculated the CFS of the largest M¢4.5
foreshock of the 2016 Yunlong earthquake using the
Coulomb 3.3 package (Lin J and Stein, 2004; Toda et al.,
2005). The parameters were set as follows: Poisson’s
ratio = 0.25, coefficient of friction = 0.5, and Young's
modulus = 8 x 10* MPa. The NW-trending distribution of
the 2016 Yunlong seismicity, the nearby major known
faults, and other earthquake sequences (including the 2021
M 6.4 Yangbi sequence and 2013 Yunlong earthquake
swarm) are dominantly in the NW-trending direction.
Therefore, we regarded the NW-trending fault plane as the
preferred one, and the source fault was derived from
moment tensor inversion with (strike, dip, rake) = (324°,
84°, —141°). Considering the possibility of different
rupture faults (e.g., Long F et al., 2021), we also calculated
the CFS with the other nodal plane (strike, dip, rake) =
(229°, 51°, —=8°). The receiver fault is set to be the same as
the mainshock rupture derived from moment tensor
inversion with (strike, dip, rake) = (293°, 86°, 177°).

2.5. Temporal changes in b value

To investigate the statistical features of the foreshock
sequences in the study region, we collected the published
catalog of earthquake sequences with mainshock
magnitude M>5. Another two M>5 earthquakes (2017
M5.1 and 2021 My 6.4 Yangbi earthquakes) in the region
have been recorded with foreshocks by previous studies
(e.g., LiJ et al., 2020; Zhu GH et al., 2022). We collected
the events catalog of the 2017 Yangbi earthquakes built by
Li J et al. (2020) using matched filter detection. For the
2021 Yangbi earthquake sequence, we used the events
catalog built by Zhu GH et al. (2022) using machine
learning and matched filter methods.

The b value and its temporal changes were estimated
based on the published catalogs using ZMAP (Wiemer,
2001). Because of the concentrated spatial distribution
(Figure 1b), we didn’t conduct spatial partitioning for each
foreshock sequence. To avoid the bias caused by the
mainshock, we divided the event sequences into two parts:
a pre- and a post-mainshock catalog. We also removed the
events immediately following the mainshocks, which are
likely incomplete and heterogeneous (Gulia and Wiemer,
2019). For b value estimation of pre-mainshock catalog,
we used the sliding window length (sample size) of 100
events, with 10 events overlapping. For b value estimation
of post-mainshock catalog, we increase the sliding window
length of 200 events, because aftershock sequences are
data-rich. The transient b values were computed using the
maximum-curvature method with a magnitude bin of 0.1
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(Wiemer and Wyss, 2000). Uncertainties of b values were
computed by bootstrapping. We then estimated the
background b value using seismicity reported by the
CENC catalog (Figure S4). The earthquakes in the same
spatial region as Figure 1b were chosen for calculating the
background b value.

3. Results

A total of 949 foreshocks were identified using
matched filter detection, but many of them generated clear
signals on only a few nearest stations. Eventually, 343 of
them with a magnitude of —0.8—4.5 were relocated,
depicting a SE-trending fault (Figure 4a). Most earthquakes
occurred at depths ranging from 2—15 km (Figure 4b). The
focal depth of the mainshock was 8.5 km.

The seismic activity significantly increased since Feb
1, 2016, with the largest foreshock M¢4.5 occurring on Feb
7, about 3 months before the mainshock (Figures 2 and
5a). The Yunlong sequence started with a magnitude 1.0
foreshock that occurred ~5.5 km southeast of the M5.1
mainshock (Figures 5a and 5b). In the following days,
most foreshocks ruptured the adjacent area of the first
event at the southeastern fault zone, where the largest
foreshock occurred (Figure 5b). There were also several
foreshocks ruptured the northwestern fault zone where the
mainshock nucleated. The largest M¢4.5 foreshock in the
Yunlong sequence was located ~5.2 km away from the
mainshock’s hypocenter in the southeast direction.
Immediately following the largest foreshock, many
earthquakes with smaller magnitudes dispersively occurred

along the entire fault zone (Figure 5). The rate of seismic
events obviously increased immediately following the
largest M¢4.5 foreshock, but then gradually decreased with
time until the occurrence of mainshock (Figures 5a and
Figure S5). Overall, the spatial-temporal evolution of
seismicity exhibited no localization or systematic migra-
tion towards the mainshock.

The largest foreshock and the 2016 Yunlong main-
shock showed a similar strike-slip faulting mechanism
(Figure 5). The foreshocks and the mainshock hypocenter
roughly delineated an NW-trending fault, in accord with
the NW-trending nodal plane of the focal mechanisms
(Figure 5). Therefore, the NW-trending nodal plane was
regarded as the preferred fault. The largest Mg4.5
foreshock of the 2016 Yunlong earthquake increased
Coulomb stress of ~0.3 bar at the hypocenter of mainshock
(Figure 6a). Similarly, for the 2021 Yangbi M 6.4
earthquake sequence, the largest M¢5.3 foreshock
increased the Coulomb stress by 0.5 bar at the mainshock
hypocenter, and cumulative shear stress of previous major
foreshocks increased of 2.2—10.1 bar (based on different
source models) at the mainshock hypocenter (Zhu GH et
al., 2022). Therefore, the 2016 Yunlong and 2021 Yangbi
earthquakes
mainshock.

may indicate stress triggering of the

Statistical characteristics of three foreshock sequences
(2016 Yunlong, 2017 Yangbi, and 2021 Yangbi) in the
region were examined. Due to a limited number of relo-
cated foreshocks of the 2016 AMg5.1 Yunglong sequence,
we were unable to calculate the transient b values. For the

2017 and 2021 Yangbi earthquake sequences, the transient
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Days to malmhock

Spatial-temporal evolution of the Yunlong foreshocks. The events were colored by the original time relative to the

mainshock in the map view (a), cross-section view (b) and spatial-temporal evolution along cross-section 4B (c). The red star
marks the mainshock, and the blue star with yellow frame marks the largest M4.5 foreshock. The distance in (b) and (c) is

taken along the fault strike direction with 0 km corresponding to the mainshock hypocenter.
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b values were estimated (Figure 7). An obvious decrease in
b values before the mainshocks was observed before the
2017 and 2021 Yangbi mainshocks (Figure 7). The
estimated background b value is 0.73 (Figure S3).

4. Discussion

Numerical modeling and laboratory experiments have
found signals of slip acceleration before rapid seismic

rupture, companying with accelerating foreshock activities
(Ampuero and Rubin, 2008; Marty et al., 2023; McLaskey,
2019; McLaskey and Kilgore, 2013; Ohnaka and Shen LF,
1999). A phase of pre-slip accelerating into dynamic
rupture is also suggested by natural observations (Tape et
al., 2018). Moreover, the localizing foreshocks preceding a
mainshock are also evidenced in nature, varying from a
few days (Savage et al., 2017) to several years (Ben-Zion
and Zaliapin, 2020). However, our observed spatial-
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Figure 7. The estimated transient b values of the three

earthquake sequences. The solid curves represent b values with
uncertainties marked by dashed curves. The red and grey colors
show estimates for foreshocks and aftershocks, respectively.
The vertical dashed black lines mark the time of mainshocks.
The dashed blue lines stand for calculated background b
values.

temporal evolution patterns of the Yunlong foreshocks
exhibit a random pattern, rather than a localization or
systematic migration towards the mainshock. There are no
repeating earthquakes of foreshock occurrence either,
which obviously differs from a nucleation-related pre-slip
model. In addition, fluids are suggested to play a critical
role in the 2013 Yunlong earthquake swarm (Liu M et al.,
2023). However, the spatial-temporal pattern of the 2016
Yunlong and 2021 Yangbi earthquakes didn’t show a
fluid-triggered parabola front. Instead, the stress-triggering
mechanism among foreshocks and mainshock is supported
by our observations of the Yunlong sequence.

The Coulomb failure stress changes caused by the
largest foreshock is ~0.3 bar at the mainshock’s hypocen-
ter. A critical triggering value may vary from site to site
and can be lower than ~0.1 bar according to previous
studies (Freed, 2005; Ziv and Rubin, 2000). For example,
Ziv and Rubin (2000) investigated cumulative static stress
changes imposed on 63 M>4.5 earthquakes in central
California, and suggested that 70% of the cumulative stress
changes at the time of rupture increase values of <0.1 bar
and <0.01 bar. Furthermore, there are many small earth-
quakes between the largest foreshock and mainshock,
which may facilitate stress transfers between earthquakes
(Helmstetter et al., 2005). Although the stress changes
caused by small earthquakes cannot be calculated in this

study, they may accumulate and increase stress changes at
the mainshock’s hypocenter (Helmstetter et al., 2005; Zhu
GH et al., 2022).

Our analyses suggest a cascade-triggering mechanism
for foreshock sequences in western Yunnan, which seems
pessimistic for earthquake forecasting. However, on the
other hand, an obvious decrease in b values before the
mainshocks was observed for the 2017 and 2021 Yangbi
foreshocks, although the change in b values of the
Yunlong sequence is unidentified due to the limited
number of foreshocks. Besides, a reduction in b values
before mainshock has also been documented in other
Yunnan regions. For example, a recent study of statistical
seismicity features shows b value reduction for foreshock
sequences 2014 M¢6.1 Yingjiang, Yunnan, earthquake
sequence (Li L et al., 2024).

The b value abruptly decreases before the mainshocks,
which is likely related to stress increase before the
mainshock (Scholz, 1968). However, the reported
precursory decrease in b values varies significantly in time
scale: from a decadal scale decrease documented in the
2011 Tohoku main slip area (Nanjo et al., 2012), to a
gradual decrease three years before the 2014 Iquique
earthquake (Schurr et al., 2014), to a sudden drop ten days
before the 2009 L’Aquila mainshock (Gulia et al., 2016).
Obvious changes in b values relative to background values
before large events were established as a traffic-light
system for earthquake warnings, which could assess
whether the mainshock has already happened or is yet to
come (Gulia and Wiemer, 2019). Such observations can
contribute to improving probabilistic short-term foreca-
sting models in the region, but the challenge of real-time
warning stems from the uncertain time scale of drops in b
values.

5. Summary

By investigating the spatio-temporal evolution and
source parameters of the 2016 Yunglong earthquake
sequence in western Yunnan, China, we discussed their
implications for the earthquake nucleation processes in the
region. The scattered spatial pattern of foreshocks in the
region differs from the features of a pre-slip earthquake
nucleation process. Rather, the 2016 Yunlong can be well
explained by stress triggering. We also examine the time-
dependent b values of the major earthquakes with recorded
foreshocks in the neighboring region, including the 2017
and 2021 Yangbi earthquakes. Although the earthquakes in
this region exhibit a cascade process, the established
temporal transient in b values shows precursory drops,
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which is optimistic for probabilistic short-term hazard
warnings in the region.

Data and Resources

Supplementary material of figures related to this article
can be found online. The seismic waveforms and
earthquake catalog produced in this study can be accessed
by connecting with the corresponding author. The fault
lines in western China are obtained from the HimaTibet-
Map-1.1 database (Styron et al., 2010).
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