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The 2014 Jinggu My, 6.0 earthquake occurred in the complex conjugate fault system of the Southwest Yunnan
Block, comprised of NNW-trending and NNE-trending faults. We relocated the mainshock’s hypocenter and
inverted the focal mechanisms of earthquakes greater than M 3.5 and the mainshock’s rupture process to study
the earthquake sequence’s source process. The relocation of the mainshock’s hypocenter was determined to be at
100.47°E, 23.40°N, and 9.3 km. The focal mechanism of the mainshock is 150°/76°/179°(strike/dip/rake).
There are 21 strike-slip earthquakes, 2 normal aftershocks, and 2 thrust aftershocks. The average dip angle of the
Jinggu earthquake sequence is 78.75°. The Jinggu earthquake was a single-fault bilateral rupture event. The peak
slip, average rake, and slip rate of the mainshock are 0.56 m, 182°, and 2.12 km/s, respectively. The main slip
patch of the mainshock slip model was at 4 km in the 150° direction from the epicenter with a depth ranging
from 4 km to 9 km. Ninety percent of the energy was released within the first 5.8 s. The Jinggu earthquake
sequence may consist of ruptures on two fault planes dominated by the mainshock and two M,y 5.5 aftershocks

occurring within the conjugate fault system.

1. Introduction

According to the China Earthquake Networks Center (CENC) report,
at 13:49:39 UTC on October 7, 2014, an Mg 6.6 earthquake (referred to
as the Jinggu earthquake) occurred in Yunnan Province, China. The
hypocenter was located at 100.46°E, 23.39°N, with a focal depth of 8
km. The Jinggu earthquake occurred in the Wuliangshan fault zone,
which is located on the southwestern boundary of the Chuan-Dian
Rhombic Block. On August 3 of the same year, another earthquake,
referred to as the Ludian earthquake, struck the eastern boundary of the
Chuan-Dian Rhombic block, with a magnitude (Ms 6.5) comparable to
that of the Jinggu earthquake (Chen et al., 2024). The Jinggu earthquake
had a magnitude up to Ms 6.6, but its impact and destructiveness on the
surface were relatively minor. According to the strong-motion records
and damage assessments of the Jinggu earthquake (Xu et al., 2018), the
highest intensity of the Jinggu earthquake was VIII, and a Peak Ground
Acceleration (PGA) of 0.64 g (at station code 053JYP; component N;
epicenter distance 6.9 km). The Jinggu earthquake resulted in 1 death,
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324 injuries, and economic losses of ¥18.9682 hundred million, (Jia
et al., 2016). The differences in the damage caused by the earthquake
ruptures from the two earthquakes require further exploration.

The Wuliangshan fault zone, where the epicenter is located, consists
of the Mohei fault, Puer fault, Puwen fault, and Jinggu-Yunxian fault
(Wen et al., 2022). Meanwhile, the Wuliangshan Fault Zone is situated
within the Southwestern Yunnan Block (Fig. 1). The Southwest Yunnan
Block is located to the west of the Red River Fault, which serves as a
major boundary fault zone for the Chuan-Dian Rhombic Block (Xu et al.,
2014). The Southwest Yunnan Block and the Chuan-Dian Rhombic Block
together comprise the southeastern margin of the Tibet Plateau. The
Southwest Yunnan Block is characterized by the development of two
main sets of active fault zones. One set consists of northeast-trending
(NNE) arc-shaped sinistral faults, including the major Dayingjiang
Fault, Ruili Fault, Nantinghe Fault, Menglian Fault, and Jinghong Fault,
which exhibit a concentric circular arc pattern with the eastern Hima-
layan syntaxis as the center; the other set consists of northwest-trending
(NNW) dextral faults that intersect perpendicularly with the northeast-
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Fig. 1. The tectonic background of the Jinggu earthquake sequence. (a) The gray and dark green squares (labeled) represent broadband seismic stations used for the
mainshock relocation and finite-fault inversion, respectively. The purple diamonds indicate the short-period reservoir seismic stations. The orange triangles represent
the strong-motion stations. The black lines denote the NNW faults in the research area: F1 is the Mohei fault; F2 is the Puer fault; F3 is the Puwen fault; F4 is the
Jinggu-Yunxian fault; RRF is the Red River fault; WLSF is Wuliangshan fault; LCJF is Lanchangjiang fault. The red lines denote the NNE faults: DYF is Dayingjiang
fault; RLF is Ruili fault; NTHF is Nantinghe fault; MLF is Menglian fault; JHF is Jinghong fault. The abbreviations denote the tectonic units: CDB is Chuan-Dian block;
SWYB is Southwest Yunnan block. The circle marks the epicentral distance of 300 km. (b) The dots denote the Jinggu earthquake sequence, With the red star marking
the mainshock. JGF is Jinggu fault. F3, F4, LCJF are the same as (a). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

trending arc-shaped faults, including the major Lincang Fault, Lan-
changjiang Fault, and Wuliangshan Fault (Shi et al., 2016).

The 2014 Jinggu earthquake’s seismogenic mechanism, operating
within a conjugate fault system, has been extensively studied through
multidisciplinary analyses. Surface rupture characteristics and regional
seismotectonic assessments initially identified the northwest-trending
Jinggu-Yunxian Fault as the causative structure (Chang et al., 2016).
Subsequent aftershock relocations and focal mechanism solutions
revealed a northwest-trending linear rupture pattern dominated by
dextral strike-slip motion (Xu et al., 2015). However, the relocation
based on waveform cross-correlation further delineated a bifurcated
aftershock cluster southeast of the mainshock (Wang et al., 2018). The
interaction mechanisms between conjugate fault systems and the Jinggu
earthquake sequences, particularly their control over rupture propaga-
tion patterns and stress release dynamics, remain unresolved. The
relocation of the mainshock’s hypocenter, the inversion of the point
source mechanisms of earthquake sequence, and the inversion of the
mainshock’s rupture process can indeed provide valuable insights into
the seismic source physics (Zhang et al., 2019; Yue et al., 2022; Gong
et al., 2022; Li et al., 2022; Liu et al., 2022; Zhang et al., 2022; Cheng
etal., 2023; Guo et al., 2023; Liang et al., 2023; C. Liu et al., 2023; Y. Liu
et al., 2023). In this study, the regional broadband seismic data and the
local short-period seismic data were used to relocate the mainshock’s
hypocenter. The regional broadband seismic data were applied to invert
the focal mechanisms of earthquakes with a magnitude greater than M
3.5. The unclipped regional broadband seismic data and local strong-
motion data were utilized to restrain the rupture process of the main-
shock. This investigation aimed to explore the source process of the
Jinggu earthquake sequence and to provide insights into the earthquake
rupture mechanism within the conjugate fault system of the Southwest
Yunnan Block, as well as the relationship between the source process
and the relatively minor disaster impact.

2. Relocation of the mainshock

In the inversion of the finite-fault rupture process, the hypocenter is a
prior information that needs to be used. Therefore, we used a grid search
method (Ye et al., 2017) to test the accuracy of the mainshock’s hypo-
center. Due to the interference of the P coda wave on S-wave arrival
times, which increases errors in manual picking, this study only utilizes
P-wave first arrivals to constrain the source location. In the test, the Z-
component P-wave first arrivals were manually picked from 48 stations
of the Yunnan Broadband Seismic Network and 26 stations of the
Yunnan Short-Period Reservoir Seismic Network (Fig. S1). Then, the
theoretical P-wave first arrivals of each grid were calculated using TauP
(Crotwell et al., 1999), and a modified Crust 1.0 velocity model (Laske
etal.,2013;Y. Liu et al., 2023; Wu et al., 2024; Table S1; Text S1). When
calculating the theoretical arrival times, the epicentral distance, depth
intervals, and initial epicenter were set to 0.1°, 0.5 km, 100.46°E, and
23.39°N, respectively. The grid with the smallest residuals is the relo-
cated epicenter. Then, using the relocated epicenter, the same strategy
was employed to determine the source depth. The parameter domain
and intervals for the grid search are shown in Table S2. After relocation
(Fig. S2), the epicenter of the mainshock was determined to be at
100.47°E, 23.40°N, which is very close to the epicenter obtained
through double-difference relocation (Wang et al., 2018) used in our
rupture process inversion, specifically 100.48°E, 23.38°N. However, the
source depth of the grid search (15 km) and double-difference relocation
(15.384 km) were deeper than the depth reported by CENC (8 km).

Due to the poor constraint on source depth from the P-wave first
arrivals, we employed a depth scanning algorithm (DSA) based on depth
phases (Yuan et al., 2020) to obtain the source depth of the mainshock.
The detailed information about DSA was described in the supplementary
text S2. The instrument response was removed from the three-
component of broadband seismic data. The short-period velocity re-
cords of reservoir stations were integrated into the displacement re-
cords. Subsequently, all data were deaveraged, detrended, and the
horizontal components were rotated to radial and transverse
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Fig. 2. The focal mechanism and waveform fitting of the Jinggu earthquake. The station name and epicentral distance (km) are marked on the left of observed
records (black), and synthetic waveforms (red) are denoted. The values under the waveforms denote the time shift and cross-correlation coefficient. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

components. After using the DSA method, nine stations, including YJT
station (Fig. S3, S4), were selected as the optimal stations for depth
localization. The depth phases used in our source depth analysis are
documented in Table S3. The best estimated focal depth obtained from
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Fig. 3. The mainshock focal mechanism solutions and misfits with different
fitting depths. The depth h represents the best-fit value with the error margin.
The value on the top of the focal mechanism is the moment magnitude.

the scan is 9.3 km (Fig. S5).
3. Focal mechanism solutions

We inverted the source mechanism solutions of 26 earthquakes with
M > 3.5 from the 2014 Jinggu earthquake sequence between October 7
and December 9 (Table S4). We adapted the gCAP method (Zhu and Ben-
Zion, 2013) to invert the focal mechanism. The regional broadband
seismic data were obtained from the International Earthquake Science
Data Center (esdc.ac.cn). The distribution of stations is shown in Fig. 1a.
The stations with epicentral distances of less than 300 km were utilized
in the inversion. In this study, we use the F-K method (Zhu and Rivera,
2002) to calculate Green’s functions based on the 1D velocity model
(Table S1). After deaveraging, detrending, and removing response, the
raw horizontal displacement records were rotated to radial and
tangential components. In the inversion, the synthetic and observed
seismograms were filtered with the same frequency band. The Pnl and
surface waves were filtered by the band of 0.05 Hz-0.2 Hz and 0.02
Hz-0.1 Hz, respectively. The window lengths of Pnl and surface waves
were 35 s and 70 s, respectively. The domains of the source mechanism
parameters (0 <6 < 360°,0 < § <90°, —180° < 1 <180°) were searched
by the step of 5°. The searching depth ranged from 2 km to 20 km, with a
depth step of 1 km.
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We selected 21 regional broadband stations with unclipped seismic
waveforms to participate in the mainshock mechanism inversion
(Fig. S6). In our inversion, the regional broadband data were used, and
approximately 64 % of waveform fitting cross-correlation coefficients
were above 80 % (Fig. 2). The focal mechanism of the mainshock is
240°/89°/14° (6, 5, 1) of the nodal plane (NP) I, and 150°/76°/179° of
NP II (Fig. 2). Our mainshock mechanism is consistent with the results
obtained using regional broadband seismic data (Xu et al., 2014; Wang
et al., 2018; Wang et al., 2019). The mechanisms of GCMT derive from
centroid moment tensor, rather than a focal mechanism associated with
the nucleation point of the rupture. The P-axis direction obtained from
the GCMT is NNE, which is opposite to the SSW direction of the P-axis
derived from the point source mechanisms (Fig. S7). The moment
magnitude of the mainshock achieved through our mechanism inversion
is My, 6.0 (Kanamori and Anderson, 1975; Kanamori, 1977). Our
moment magnitude result is slightly lower than the M, 6.1 estimated
from seismic energy based on the source spectrum (Song et al., 2020)
and other studies (Table S5). In this study, the best-fit depth of the
mainshock was found to be 5.2 km (Fig. 3).

The focal mechanisms of 24 aftershocks with M > 3.5 were derived.
In the results of the inversion, there are 20 strike-slip earthquakes, 2
normal aftershocks, and 2 thrust aftershocks, in which 83 % of the af-
tershocks are strike-slip earthquakes (Table S6). The aftershock focal
mechanism solutions include two M, 5.5 largest aftershocks of the
Jinggu earthquake sequence (Table S7). Based on the precise locations
of the determined aftershocks (Wang et al., 2018), we observed that the
distance between these two largest aftershocks was only 1.91 km. Our
focal mechanism solutions reveal that these two aftershocks exhibit
relatively similar focal mechanisms, moment magnitude, and depth.

4. Finite fault inversion

To constrain the rupture process of the mainshock, we selected 27
unclipped components of 10 regional broadband stations and 20 com-
ponents of 10 local strong-motion stations based on the signal-to-noise
ratio and azimuth coverage (Fig. S8). The epicentral distances of these
stations ranged from 25 km to 241 km. The selected broadband regional
seismic data were manually picked for the P-wave arrival time. After
applying instrument response correction through deconvolution, the
velocity records were integrated to derive displacement waveforms. The
strong-motion seismic data were also manually picked for the P-wave
arrival time but were integrated twice to displacement waveforms.
Subsequently, we applied a Butterworth band-pass filter with a fre-
quency range of 0.02 Hz-0.5 Hz to filter the displacement waveforms.
We resampled all observed records to 0.1 s to match the interval of the
synthetic data. The Green’s function synthesis algorithm and velocity
model maintain consistency with the computational framework
employed for focal mechanism inversion. The observed and synthetic
data were both cut using a time window of 10 s before and 51.2 s after
the P-wave arrival.

The simulated annealing finite fault inversion method based on
wavelet transform (Ji et al., 2002a,b) was employed to invert the
rupture process of the mainshock of the Jinggu earthquake. According to
the relocation of the Jinggu earthquake sequence (Wang et al., 2018)
and our mainshock mechanism, we defined the strike angle of the fault
plane as 150° and the dip angle as 76°. The dimension of the fault plane
was 28 km along the strike direction and 16 km along the dip direction.
The subfault size was 2 km x 2 km. The epicenter of the mainshock was a
double-difference relocation result of 23.378°N and 100.475°E (Wang
et al., 2018). The source depth was determined based on the best-fit
depth of the focal mechanism, which is 5.2 km. The hypocenter was
located on the 6th subfault in the strike direction and the 3rd subfault in
the dip direction. The parameter space for the search (Hao et al., 2013,
2017; Chen et al., 2022, 2024) includes the slip ranging from 0 to 1.2 m,
the rake angle between 149° and 209°, the rupture velocity ranging from
1.25 km/s to 3.75 km/s, and the rise time between 0.2 s and 1.2 s.
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Fig. 4. The finite-fault inversion results of the mainshock. (a) The rupture
process of the mainshock. The black contour and number denote the rupture
front and the initial rupture time, respectively. The white arrows are the slip
direction, and the color shows the slip value. (b) The moment rate of
the mainshock.

Through the finite fault inversion, we obtained the rupture process of
the Jinggu earthquake (Fig. 4). The inversion reveals that the moment
magnitude is M,y 6.08, with a rupture scale of approximately 14 km
along the strike direction and 16 km along the dip direction. The main
rupture zone (with a slip amount greater than 0.48 m, MRZ) is located
within a 4 km range in the 150° direction from the epicenter, at depths
ranging from 6 km to 10 km, with a peak slip amount of 0.60 m. The
fault motion direction is right-lateral strike-slip with bilateral rupture,
with a weighted average rake angle of 182°, a weighted average rupture
velocity of 1.89 km/s, and a weighted average rise time of 0.78 s. The
waveform fitting of finite fault inversion is shown in Fig. 5.

5. Discussion and conclusions

The mainshock originated in a deep-seated ductile-brittle transition
zone and propagated upward into a shallow brittle zone. According to
our grid search and depth search results, the relocation of the main-
shock’s hypocenter was determined to be at 100.47°E, 23.40°N, and 9.3
km. The source location we obtained aligns well with the location
determined by the relative positioning of Pn/Pg, which is 100.475°E,
23.384°N, at a depth of 9.5 km (Wang et al., 2019). The best-fit depth of
5.2 km reported in this study is in good agreement with the best-fit depth
of 5.0 km obtained by using the CAP method (Wang et al., 2019). The
source depth derived from the depth phases is regarded as the initial
rupture depth of the earthquake. The best-fit depth serves as the geo-
metric center of the MRZ. The rupture of the Jinggu earthquake was
initiated from a deeper zone and propagated upward. The initial rupture
occurred at the brittle-ductile transition zone (Scholz, 1998) with a
depth of approximately 9.3 km. The depth of the brittle-ductile transi-
tion zone is consistent with the depth of the MRZ of the slip model
(Fig. 4a). The deep-to-shallow rupture directivity and the rupture depth
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extending into the brittle-ductile transition zone align with the conclu-
sions of Wang et al. (2019).

The Jinggu earthquake sequence was a high-angle right-lateral
strike-slip earthquake sequence. We statistically analyzed the dip angles
of strike-slip earthquakes above M, 4.0 in the Jinggu earthquake
sequence. The statistical results reveal that the dip angles of eight strike-
slip earthquakes above M,y 4.0 ranged from 63° to 84°, with an average

dip angle of 78.75°. By analyzing the average dip angle of the seismic
source mechanism in the Jinggu earthquake sequence, the results show
that the seismogenic structure of this earthquake is a high-angle fault
(Xie and Han, 2019). According to the analysis of the focal mechanism of
the Ludian earthquake, it is suggested that the Ludian earthquake was
also a high-angle earthquake, with the seismic source showing rapid
energy release features (Chen et al., 2020). The rupture process of the
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Fig. 6. The projection of the rupture process, the earthquake sequence, the
focal mechanisms, and the moment rate of mainshock. The Jinggu earthquake
sequence distribution (Wang et al., 2018) and focal mechanisms of M > 3.5
earthquakes are displayed. The magenta rectangular box denotes the fault plane
of the mainshock. The color bar shows the days after the mainshock. The back
lines are the same as the faults shown in Fig. 1. The red, purple, and cyan
mechanisms are strike-slip earthquakes, formal earthquakes, and thrust earth-
quakes, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Jinggu earthquake shows that 90 % of the energy is released within
0-5.8 s (Fig. 4b). The rapid energy release observed in the Jinggu
earthquake was close to the energy release process of the Ludian
earthquake, wherein 90 % of the energy of the Ludian earthquake is
released within 2-13 s after the mainshock (Luo et al., 2018).

The Jinggu earthquake is an event of a single fault with bilateral
rupture with approximately 4-9 km depth of MRZ (Fig. 4). The Jinggu
earthquake sequence occurred on two fault segments. The mainshock
sequence took place along a fault segment with a strike of 150° (Segment
1 in Fig. 6). The seismic sequence driven by two major M,, 5.5 earth-
quakes occurred along a fault segment (Segment 2 in Fig. 6) with a strike
of 345°, 59 days after the mainshock. There is a strong correlation be-
tween the rupture scale of the mainshock and the distribution of the
subsequent earthquake sequence on the fault Segment 1 (Fig. 6). Both
the rupture process and the aftershock propagation stopped at the same
location to the southeast point of Segment 1 (Fig. 6). The rupture
propagation on Segment 2 (Fig. 6) may result from the mainshock’s
triggering of a sustained rupture along another fault plane within the
conjugate fault system. The relationship between earthquake triggers is
consistent with the conclusions drawn from the combination of paleo-
seismological trenching and numerical simulation methods (Sun et al.,
2016). Statistical analysis of strike angles reveals distinct average values
of 150° (Segment 1 in Fig. 6) and 343° (Segment 2 in Fig. 6), respec-
tively. Based on the average strike angles of the two fault segments, we
determined the rupture angle (¢ in Fig. S7), which is the angle between
the rupture surface and the maximum principal stress axis (Anderson,
1951). The rupture angle, when multiplied by two, is referred to as the
fault conjugate angle; here, we obtained an approximate value of 13°.
The fault conjugate angle of the Jinggu earthquake is smaller than the
statistical range of 65° to 75° reported in other studies (e.g. Li et al.,
2019; Wang and Chen, 2021). Therefore, we speculate that the fault
segment 2 (Fig. 6) is an already existing buried fault, in which the
mainshock rupture halted after triggering the rupture of segment 2

Physics of the Earth and Planetary Interiors 366 (2025) 107410

(Fig. 6), resulting in a single fault rupture. The single fault rupture and
deep rupture zone of the Jinggu earthquake may be the main seismic
factors contributing to its lesser impact in terms of disaster.
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