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Abstract On September 5, 2022, a strong MS6.8 earthquake struck the Luding area in the Kangding-Moxi segment of the
Xianshuihe fault zone, which is the northern boundary of the Sichuan-Yunnan rhombic block, causing considerable casualties. The
Bamei-Kangding segment of the Xianshuihe fault zone, which is located only tens of kilometers away from the Luding earth-
quake, has hosted frequent moderate to strong earthquakes in history and is a dangerous earthquake-prone zone. Therefore, it is
critical to investigate the regional seismogenic environment for strong earthquakes and to evaluate the impact of the Luding
earthquake in this area. For this purpose, we deployed a dense seismic array comprising over 200 short-period nodes in this region
from July to August, 2022 and acquired seismic ambient noise for over 30 days. Using the collected data, we conducted surface
wave tomography and obtained a high-resolution 3-D shear wave velocity model for the regional shallow crust down to 8 km in
depth. The key findings include: (1) the Bamei-Kangding segment of the Xianshuihe fault zone exhibits widespread stripped low-
velocity anomalies, suggesting shear movements at a relatively high temperature of the Xianshuihe fault zone; the Zheduoshan
granitic pluton situated between the Zheduotang and southern Selaha faults shows a distinct low-velocity anomaly, which may be
attributed to the localized high-temperature anomaly resulted by a deep magmatic heat source and the recent rapid uplift of the
Zheduoshan area; (2) a ten-kilometer-wide high velocity body found below 4 km in depth near the Zhonggu area in the Bamei
segment coincides with the seismic gap of moderate to strong earthquakes in this region, suggesting that the high velocity body
may act as a seismic barrier; (3) the heterogeneity of the velocity structure along the Bamei-Kangding segment of the Xianshuihe
fault zone corresponds to the regional changes in temperature, which reveals the reason for the spatially varying seismogenic
potential in this segment; especially, the Selaha and Zheduotang faults which are located along the boundaries between the high
and low velocity anomalies may possess considerable seismogenic potential; (4) the Coulomb failure stress calculations indicate
that the Luding earthquake has imposed nontrivial stress loading in the Bamei-Kangding segment, and may shorten the earthquake
recurrence intervals of the southern Selaha fault, the Zheduotang fault, and the Xuemenkan segment of the Xianshuihe fault zone.
Thus, the Luding earthquake may potentially pose threats to the Sichuan-Xizang railway passing through this region.
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1. Introduction

The crustal movement in continental China is rather active
with numerous strong intraplate earthquakes in history, and
more than 80% of the M≥7 and almost all M≥8 earthquakes
occurred along active faults separating tectonic blocks
(Zhang et al., 2003). As the boundary between the Bayan Har
block and the Sichuan-Yunnan block (Xu Z Q et al., 2007;
Burchfiel and Chen, 2012; Zhang, 2013), the Xianshuihe
fault zone has undergone intense sinistral strike-slip move-
ment since the Cenozoic (Allen et al., 1991) with varying
evolutional and deformational characteristics in different
segments (Chen et al., 2016). Since 1700, more than 8 M≥7
earthquakes and at least 15 M>6.5 earthquakes have oc-
curred along the entire Xianshuihe fault zone (Allen et al.,
1991; Wen et al., 2008a). According to Zeng (2018), the
recurrence intervals of moderate to strong earthquakes along
the Xianshuihe fault zone are approximately 31 years, or
even possibly as short as 16 years for strong earthquakes
along the boundary faults of the Bayan Har block (Cheng and
Xu, 2018). However, there have been relatively few strong
earthquakes in the area between the Bamei town and the
Kangding city in the Xianshuihe fault zone recently (Yi and
Fan, 2005; Wen et al., 2008b).
The Xianshuihe fault zone splits from the Huiyuansi area

and converges again around the Kangding city (Liang, 2019),
and this section is referred to as the Bamei-Kangding seg-
ment of the Xianshuihe fault zone. From southwest to
northeast, the three main fault branches are the Zheduotang,
Selaha, and Yalahe faults. Previous studies based on field
investigations and thermochronological data have found that
the Selaha fault has a relatively fast slip rate (Xu et al., 2003;
Chen et al., 2016; Bai et al., 2018), suggesting that earth-
quakes of M>6 may occur along the fault in the future and
cause significant damages to the Kangding city (Bai et al.,
2018). In addition, Cheng and Xu (2018) suggested that the
Yalahe fault may possess high seismic potential, and an
MS6.8 earthquake may occur in the next 30 years based on
the observed slip rates and viscoelastic coulomb stress cal-
culations. By considering the coseismic dislocation and
stress loading from historical earthquakes as well as the
occurrence rates of strong earthquakes, Xu et al. (2019)
found that the earthquakes are likely to occur on the Selaha
and Yalahe faults before 2030 based on viscoelastic model-
ing. In addition, Chen et al. (2022) inferred that the Zhe-
duotang fault has a high potential for strong earthquakes
within the next century after the 1955 Zheduotang M 712
earthquake based on the analysis of paleo-earthquake activ-

ities. Therefore, previous studies suggest that all three
branches in the Bamei-Kangding segment of the Xianshuihe
fault zone possess high seismic risks currently. On the Selaha
fault, no large-scale ruptures occurred in the past 300 years
since the 1725 M7 Kangding earthquake. In addition, the
energy released by the 2014 MW5.9 and MW5.6 Kangding
earthquakes on the north side of the Zheduotang area is much
lower than the energy accumulated since the 1955 M7.5
Zheduotang earthquake (Jiang et al., 2015). Thus, the Bamei-
Kangding segment of the Xianshuihe fault zone probably is
in an unstable recurrence period nowadays (Zhou et al.,
2001; Xie and Kato, 2017; Yan and Lin, 2017).
On September 5, 2022, a strong MS6.8 earthquake which

was located about 30 km south of the Kangding city struck
the Luding area. This earthquake occurred near the June 1,
1786 M 73 4 Kangding-Luding earthquake, which was
caused by the rupture of the Moxi fault in the southeastern
segment of the Xianshuihe fault zone (Liu et al., 2022; Yi et
al., 2023). The MS6.8 Luding earthquake, which occurred in
the Hailuogou scenic area of the Moxi town, caused ex-
tensive damage with the maximum intensity of IX (An et al.,
2023; Kang et al., 2023), and the intensity in the Bamei-
Kangding segment also reached VI (Sichuan Luding MS6.8
Earthquake Intensity Map, China Earthquake Administration
of Ministry of Emergency Management). Therefore, due to
the coseismic deformation and stress loading by the Luding
MS6.8 earthquake, the recurrence intervals of the three fault
branches, which are in unstable recurrence periods in the
Bamei-Kangding segment may become even shorter (Smith-
Konter and Sandwell, 2009). Meanwhile, the Sichuan-Xi-
zang railway (Figure 1c), a key national project under con-
struction, crosses the Selaha and Zheduotang faults near the
Zheduoshan mountain (Pan et al., 2020). The January 2022
MS6.9 Menyuan earthquake in the Qinghai province caused
severe damage to the Lanzhou-Urumqi high-speed railway
system (Yang H F et al., 2022), indicating the necessity for
accurate evaluations of seismic hazards along the railways
on the plateau. Hence, understanding the fault activity of the
Bamei-Kangding segment is crucial not only for scientific
inquiries but also for geotechnical engineering associated
with national development.
Previous studies on the structure of the Bamei-Kangding

segment of the Xianshuihe fault zone were mainly based on
large-scale magnetotelluric and seismic tomography. Ac-
cording to magnetotelluric observations, Cheng et al. (2022)
found partially melted rock below 10 km in depth in the
Kangding segment, which supplies fluids and heat sources
for the Kangding geothermal system. Using travel times
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from body waves and ambient noise surface waves from the
China National Seismic Network and several temporary ar-
rays, Liu et al. (2021) adopted the joint inversion method to
characterize the velocity structures of the Sichuan-Yunnan
rhomboid block (including the Xianshuihe fault zone) and
the southeastern margin of the Tibetan Plateau, with hor-
izontal resolution up to 50 km. Based on the joint inversion
with single-station receiver functions and surface wave dis-
persion data from ambient noise, Liu et al. (2014) obtained a
relatively fine shear-wave velocity model for the crust of the
southeastern Tibetan Plateau (approximately 10–30 km for
the interstation distances). However, due to limited resolu-
tion, previous studies could not characterize the velocity
structure and seismogenic environment in the Bamei-
Kangding segment of the Xianshuihe fault zone in detail.
Supported by a National Key Research and Development

Project, we deployed a dense array consisting of 209 short-
period nodal stations in the Bamei-Kangding segment of the
Xianshuihe fault zone from July to August 2022. Using
ambient noise surface wave tomography, we obtained a high-
resolution 3D shear-wave velocity structure for the shallow
crust in this area. Together with the calculated coseismic
Coulomb stress from the MS6.8 Luding earthquake, the
seismogenic environment and seismic potential for moderate
to strong earthquakes in the area are discussed in detail in this
study.

2. Regional geological background and fault
activities

2.1 Regional geological structure

Since the Eocene, the continental collision and continuous
convergence between the Indian and the Eurasian plates
(about 40–50 mm/yr) formed the Tibetan Plateau (Figure 1a)
and substantially influenced the fault zones located along the
boundaries and periphery of the plateau (Gan et al., 2007).
The Xianshuihe fault zone which serves as the southern
boundary of the Bayan Har block and the northern boundary
of the Sichuan-Yunnan block (Figure 1b) is one of the most
distinct strike-slip faults in the Asian continent and south-
eastern Tibetan Plateau (Xu Z Q et al., 2007; Zhang, 2013).
Since the Cenozoic, the fault zone which strikes NW-SE at
145° has experienced strong sinistral strike-slip motion
(Allen et al., 1991). The Xianshuihe fault zone is in general
divided by the Huiyuansi basin in the Bamei town into the
structurally simpler northwestern segment and the more
complex southeastern segment with branched faults (Figure
1). The Bamei-Kangding segment within the latter is a highly
ductile shear zone composed of granite, mylonite and mixed
rocks (Wang and Burchfiel, 2000; Xu Z Q et al., 2007). The
Xianshuihe fault zone branches into the Yalahe and northern
Selaha faults from the Huiyuansi Basin (Bamei segment),

and further splits into the southern Selaha and Zheduotang
faults from the Honghaizi area (Kangding segment), with the
south Mugecuo fault developed in between (Pan et al., 2020).
These faults are mainly distributed along the boundaries and
within a granite body (Figure 1c), which is part of the
Gongga granite body (Figure 1b) perpendicular to the
Longmenshan Precambrian metamorphic complex belt
(Zhang, 2013). In our study area, magmatic rocks are ex-
tensively exposed in the Bamei-Kangding segment (Figure
1b, 1c), where the bean-shaped Zheduoshan granitic pluton
situated between the Zheduotang and southern Selaha faults
recorded multiple intrusion events during the Triassic, Jur-
assic, Paleogene and Neogene (Roger et al., 1995; Zhang et
al., 2004; Chen et al., 2006; Liu et al., 2006; Lai et al., 2007;
Li et al., 2013, 2015). In addition, the Zheduotang mylonite
belt (~170 Ma) is mainly distributed along the southern Se-
laha and Yalahe faults, the Jurassic granite bodies are mainly
distributed along the Zheduotang, northern Selaha, and
northern Yalahe faults (Li et al., 2015), and Cenozoic mag-
mas (<20 Ma) are also widespread in the Bamei-Kangding
segment. Therefore, the extensive distribution of igneous
rocks reveals frequent magmatic activities in the Bamei-
Kangding segment of the Xianshuihe fault zone. Based on
geochemical studies, Xu et al. (1992, 2007) and Zhang et al.
(2004) suggested that the intrusion of the linear granite body
was synchronous with the initiation of the Xianshuihe fault,
implying syn-tectonic magmatism. Furthermore, the upper
Triassic Runiange group mainly distributed around the
granite body is characterized by silty slate with a small
amount of fine-grained sandstone (Li et al., 2019) as shown
in Figure 1c.

2.2 Fault slip rate and seismic activities

The Bamei-Kangding segment of the Xianshuihe fault zone
is currently active. Based on field investigations, Bai et al.
(2021) found that the overall slip rate of the Bamei-Kangding
segment of the Xianshuihe fault zone is 8–12 mm/yr. For
individual branch faults, the slip rates of the Selaha and
Zheduotang faults are significantly faster than that of the
Yalahe fault (Figure 1d). The slip rates are about 9–9.9 mm/
yr for the northern Selaha fault (Yan and Lin, 2017; Bai et al.,
2018), 3.9–4.9 mm/yr for the southern Selaha fault (Bai et
al., 2018), 3–4.8 mm/yr for the Zheduotang fault (Zhou et al.,
2001; Yan et al., 2018; Bai et al., 2021), and only 0.6–2.2
mm/yr for the Yalahe fault (Allen et al., 1991; Zhou et al.,
2001; Chen et al., 2016). The Zheduoshan and Gonggashan
areas have been uplifting continuously, and the current sur-
face uplift rate of the Gonggashan area is 6±1 mm/yr ac-
cording to geodetic leveling data (Hao et al., 2014).
Additionally, some studies also revealed that the southern
Selaha and Zheduotang faults have a vertical slip rate of
about 1.5–3.2 mm/yr (Xu et al., 2003; Chen et al., 2016).
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Meanwhile, seismic activities are quite frequent in the
Bamei-Kangding segment of the Xianshuihe fault zone with
relatively fast slip rates. Figure 1e shows earthquakes with
M>1 in the study area between 2009 and 2019 (Long et al.,
2015), which mainly occurred on the Selaha and Zheduotang
faults, and barely on the Yalahe fault. The recent earthquakes
in the study area are distributed in clusters, and three clusters
can be found on the northern Selaha fault. Among them, the
2014 MW5.9 and MW5.6 Kangding earthquake sequences
corresponded to the two blue clusters (clusters 2 and 3) in
Figure 1e.

3. Data and methods

3.1 Seismic data collected by a dense array

To accurately characterize the seismogenic structures of the
Bamei-Kangding segment of the Xianshuihe fault zone, we
deployed a dense seismic array consisting of 209 short-per-
iod seismometers (Smartsolo, 5 Hz) from July 2 to August 8,
2022 for a duration of about one month. The stations are
shown by the blue triangles in Figure 1c, and the coverage is
approximately 90 km×30 km, with the interstation distances
ranging from 2.5 to 5 km. The existing road network in the
study area was fully utilized: except for some inaccessible
locations due to road damages or snow, the dense array
covered the most accessible locations in the study area.

3.2 Tomography with seismic ambient noise and data
processing

3.2.1 Ambient noise surface wave tomography
Ambient noise surface wave tomography has been widely
adopted to investigate crustal and lithospheric structures
across different scales (Shapiro and Campillo, 2004; Shapiro
et al., 2005; Yao et al., 2006; Shen et al., 2016; Yang et al.,
2020). This method uses long-duration ambient noise data
recorded at different stations to calculate cross-correlation
functions, from which surface wave empirical Green’s
functions between station pairs can be obtained. Then dis-
persion curves of surface waves can be derived using time-
frequency analysis, which can be inverted for the 3-D sub-
surface shear wave velocity structure. Fang et al. (2015)
proposed the direct inversion method to match the surface
wave travel times between station pairs for 3-D shear wave
velocity structures, and this method has two advantages:
first, it uses the fast marching method for ray tracing
(Rawlinson and Sambridge, 2005), which considers true
propagation paths of surface waves in complex velocity
structures; second, it directly calculates the sensitivity ker-
nels of surface wave travel times between station pairs with
respect to the 3-D subsurface velocity models along the ray
paths, and updates the model iteratively. The direction in-

version method has been applied successfully in many dif-
ferent regions for velocity tomography (Luo et al., 2019; Xu
et al., 2021; Feng et al., 2022)

3.2.2 Processing workflow
Following the preprocessing workflows for ambient noise
data proposed by Zhang et al. (2018) and Bensen et al.
(2007), we first down-sampled the original vertical-com-
ponent data from 500 to 50 Hz, which were acquired by 209
seismometers for about one month. After removing the
means and trends of the seismic data, we applied spectral
whitening in the frequency domain to broaden the effective
bandwidth. Subsequently, we applied time-domain nor-
malization in multiple frequency bands (0.1–2.0, 2.0–5.0,
5.0–10.0 s) to suppress body waves and interferences from
local noise. After normalization, the daily data in multiple
frequency bands were stacked into broadband waveforms,
which were then cross-correlated to obtain the broadband
surface waves. We finally stacked the daily cross-correla-
tion functions (CFs) of about one month to improve the
signal-to-noise ratio (SNR), resulting in clear CFs from
ambient noise, as shown in Figure 2a. The dispersion en-
ergy maps of the CFs were calculated using the image
transformation technique (Yao et al., 2006), and then the
dispersion curves were automatically picked using a CNN-
based deep learning method (Yang S B et al., 2022). We
obtained 5014 phase velocity dispersion curves from the
automatic processing, and then we performed careful
quality control manually and a clustering analysis based on
the similarity of the dispersion data (Zhang et al., 2018).
Eventually, we retained 1861 phase velocity dispersion
curves for inversion (Figure 2b), with effective periods
ranging from 0.1 to 6.0 s, and velocities ranging between
2.0 and 3.8 km/s (Figure 2a). Figure 2c shows the dis-
tribution of phase velocities along ray paths of different
station pairs at the period of 3 s.

3.2.3 Initial model and inversion parameters
The direct inversion method (Fang et al., 2015) updates the
velocity model through linearized iterations, and thus a
proper initial model is crucial for deriving the 3-D Shear
wave velocity structure. We first constructed a 1-D Shear
wave velocity model for the shallow to intermediate depths
(Figure 3) by averaging those 1861 extracted dispersion
curves and applying the empirical relationship between
surface wave wavelength and sensitive depth proposed by
Fang et al. (2015). For greater depths, the initial velocity
model was constructed based on the community velocity
model for southwest China (Yao, 2020; Liu et al., 2021,
2023). Considering that the vertical resolution of surface
waves decreases with increasing depth, the vertical grid in-
tervals gradually increase with depth for the initial model,
which are about 0.5 km at shallower depths and increase to
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about 2.5 km at 15 km in depth. Based on the average in-
terstation distance of the dense array, the lateral grid size is
set to 2 km.

3.3 Coulomb stress calculation

According to the Coulomb failure criterion, the Coulomb
stress ∆CFF can be defined as:

µCFF =  + , (1)

where ∆τ is the change in shear stress on the fault (positive in
the slip direction), ∆σ is the change in normal stress, and μ is
the apparent friction coefficient. When ∆CFF is positive, it is
prone to failure, and vice versa (Lin and Stein, 2004; Toda et
al., 2005). We use Coulomb 3.3 (Toda et al., 2011) to cal-
culate the coseismic Coulomb stress changes caused by the
Luding earthquake. Based on Okada’s elastic half-space
dislocation model, the program calculates the Coulomb
stress changes according to the coseismic slip of the seis-
mogenic fault. According to the Crust 1.0 model (Laske et
al., 2013), the Poisson’s ratio of the upper crust in the study

area is between 0.24 and 0.27, and the Young’s modulus is
approximately 80–85 GPa. Therefore, we set the Poisson’s
ratio to 0.25 and the Young’s modulus to 8×105 bar (80 GPa)
for our calculations. The friction coefficient of typical faults
ranges from 0.2 to 0.8, while that of continental strike-slip
faults usually ranges from 0.4 to 0.6 (King et al., 1994;
Harris, 1998; Parsons et al., 1999, 2014). In this study, we set
the friction coefficient to 0.6 and also discuss the results
based on different friction coefficients. The fault plane is the
NW-SE striking plane (strike/345°, dip/88°, rake/17°) from
the focal mechanism solution provided by USGS. Although
some alternative models for the coseismic rupture of the
Luding earthquake have been published, our preliminary
tests indicate that non-uniform slip distributions have a re-
latively small impact on the Coulomb stress in the study area.
Therefore, combining the different coseismic slip distribu-
tions determined by the regional seismic network (Xu Zhao,
personal communication), GNSS measurements (Rui Xu,
personal communication), and strong motion stations (Yang
Z Q et al., 2022), we set the rupture length to 25 km, the
width to 12 km, and the average slip to 0.9 m.

Figure 2 Cross-correlation functions from ambient noise, phase velocity dispersion curves, and ray paths at a certain period. (a) Cross-correlation functions
between a particular station and the rest 208 stations within the dense array. The red dashed lines indicate apparent velocities of 3.8 and 2.0 km/s, respectively.
(b) A total of 1861 retained phase velocity dispersion curves after automatic picking using deep learning, manual quality control, and clustering analysis. The
black circles represent the average phase velocities at different periods, and the black dashed lines represent the number of measured phase velocities at
different periods. (c) Distribution of phase velocities along ray paths of different station pairs at the period of 3 s. The lines connecting station pairs represent
the ray paths used for inversion, and the colors of the lines indicate the phase velocities along the respective paths.
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4. Results

4.1 Resolution test and model uncertainty evaluation

We performed checkerboard tests to evaluate the 2-km in-
version grids and assess the spatial resolution of the data
used in this study. The size of the anomalies is 0.06°×0.06°
horizontally, and three layers are assumed in the vertical
direction, which are 0–2.5, 2.5–7.0, and 7.0–15.0 km, re-
spectively. The velocity perturbation on the anomalies is 5%,
and the noise level is 0.2%. The recovered model after six
iterations is shown in Figure 4. It is found that the model
resolution around the depths of 1.0 km and 3.5 km is sa-
tisfactory, and the anomalies can also be well recovered at
5.5 km in depth in most areas except for the northeastern
region due to sparsely distributed stations. Overall, the lat-
eral resolution can reach up to 6 km at depths shallower than
8 km in most areas using the surface wave dispersion data.
The ray paths of the surface waves shown in Figure 4 in-
dicate that the Zheduotang, Selaha, and Yalahe faults in the
Xianshuihe fault zone are all well covered, and their sur-
rounding structures should also be reliably determined.
Figure 5 shows a systematic decrease in the residual after the
inversion, with the root mean squares (RMS) error decreas-
ing from 0.8354 to 0.7460 s. The bootstrapping test was also
conducted to evaluate the uncertainty of the inverted velocity
model with 100 inversions. In each inversion, 90% of the
dispersion data were randomly selected, while the inversion
parameters remained unchanged. The standard deviations of

the 100 inverted models for all depths are less than 0.01 km/s
(Figure 6).

4.2 Regional shear wave velocity structure

We obtained the 3-D shear wave velocity structure for the
study area after six iterations using the 2-km inversion grid
verified by the checkerboard test (Figures 7 and 8). To avoid
over-interpreting the results in poorly recovered areas as
determined by the checkerboard test, we further selected the
credible regions of the model according to the ray coverage
and removed the regions either without proper ray coverage
or with poor resolution. Since the dispersion data have the
largest amount at the period of 3 s, we used the ray coverage
at this period to delineate the credible region of the inverted
model. Also, the uncertainty test (Figure 6) indicates that the
velocity uncertainty in the study area is much smaller than
the variations in the inverted velocity, indicating that the
velocity structure can be reliably interpreted. Figure 7 shows
the horizontal slices of the shear wave velocity model at
different depths, and it is found that the structures at depths
shallower than 8 km generally exhibit a horizontally con-
sistent pattern. The main features are: (1) distinct high-ve-
locity anomalies are present to the west of the northern
Selaha and Zheduotang faults; (2) the region from the
Huiyuansi basin to the Kangding city bounded by the Yalahe,
Zheduotang, and Selaha faults exhibits widespread striped
low-velocity anomalies; (3) along the Bamei-Kangding
segment of the Xianshuihe fault zone from northwest to
southeast, the velocity changes abruptly at the Honghaizi
area; that is, the Zheduoshan granitic pluton between the
southern Selaha and Zheduotang faults exhibits a distinct
low-velocity anomaly, which is referred to as the Zhe-
duoshan low-velocity body (ZDSL) (Figures 7d, 8b and 8c).
These aforementioned structural characteristics exist at all
depths shallower than 8 km. The high-velocity anomalies to
the west of the northern Selaha and Zheduotang faults and to
the east of the Yalahe fault correlate well with the Triassic
strata exposed on the surface (Figure 1c). In addition, be-
tween 4 and 8 km in depth a ten-kilometer-wide high-velo-
city anomaly body is observed near the Zhonggu area
(101.7°E, 30.4°N) in the Bamei segment of the Xianshuihe
fault zone, which is referred to as the Zhonggu high-velocity
body (ZGH) (Figure 7d). This anomaly is oriented perpen-
dicular to the fault zone and divides the overall low-velocity
anomaly along the Bamei-Kangding segment. The checker-
board test and ray-path coverage (Figure 4) suggest that the
resolution and model recovery are satisfactory in the ZGH
area, thus the structural anomaly obtained from inversion
should be reliable.
Figure 8 shows the vertical profiles AA′, BB′, and CC′

highlighted in Figure 7b. The profiles AA′ and BB′ which are
perpendicular to the Xianshuihe fault zone near the Bamei

Figure 3 (a) The 1-D initial model used in this study. (b) Variation of the
Rayleigh wave phase velocity sensitivities with depth at several typical
periods.
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town and Kangding city, respectively, reveal that the Xian-
shuihe strike-slip fault zone exhibits relatively low-velocity
anomalies compared to the country rock. The stripped low-
velocity anomalies are contained by the three main branches
of the Xianshuihe fault zone, and spatially correspond with the
local high elevations (Figures 8a and 7b). The northern Selaha
and Yalahe faults are located along the boundaries separating

the high and low velocities (Figure 8a), while the Zheduoshan
granitic pluton in the Kangding segment of the Xianshuihe
fault zone (Figure 8b) exhibits a distinct low-velocity anomaly
bounded by the southern Selaha and Zheduotang faults. The
profile CC′ (Figure 8c) shows the lateral velocity variation
along the Xianshuihe fault zone, where the Zheduotang area
exhibits a distinct low velocity (ZDSL), in contrast with the
high-velocity anomaly to the northwest (ZGH).

5. Discussion

5.1 Heterogeneity in the velocity structure of the Ba-
mei-Kangding segment of the Xianshuihe fault zone and
the influencing factors

5.1.1 Shear movements with a relatively high temperature
in the Bamei-Kangding segment of the Xianshuihe fault zone
and distinct shallow high-temperature anomaly in the Zhe-
duoshan area
The high-resolution 3-D shear velocity model shown in
Figures 7 and 8 reveals that the Bamei-Kangding segment of
the Xianshuihe strike-slip fault zone exhibits widespread
stripped low-velocity anomalies. In addition, there are sig-
nificant velocity changes across the Selaha, Yalahe, and
Zheduotang faults, which are similar to the characteristics of
the large strike-slip fault zones such as the San Andreas and

Figure 4 Checkboard test for ambient noise surface wave inversion and ray path coverage at different periods. (a)–(c) show the recovered model for
0.06°×0.06° checkerboard anomalies with 0.2% added noise at the depths of 1.0, 3.5 and 6.0 km, respectively. The color bar indicates the percentage of shear
wave velocity perturbation. The subfigures show the ray path coverages at the periods of 2, 3, and 4 s, respectively, and the black triangles represent the
stations. (d)–(e) show the vertical profiles AA’ and BB’ marked by the black lines in (a).

Figure 5 Histograms of travel time residuals for the initial and inverted
models after the direct inversion. The light blue bars represent the travel
time residuals at different periods for the initial velocity model, while the
orange bars represent the residuals after inversion.
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North Anatolian faults (Malin et al., 2006; Bennington et al.,
2015; Papaleo et al., 2017). Meanwhile, the regions within
the three branches exhibit overall low-velocity anomalies,
which are surrounded by country rock with high velocities
external to the fault zone. Previous geological studies found
that Zheduoshan granitic pluton is widely exposed along the
branch faults in the Bamei-Kangding segment (Roger et al.,
1995; Liu et al., 2006; Zhang, 2013), and the Upper Triassic
strata are mainly distributed outside the fault zone (Li et al.,
2019). Thus, it is difficult to explain merely with lithology
why the granite body exhibits an overall relatively lower
velocity characteristic compared to the metamorphic Upper
Triassic strata. Since the Neogene, the Bamei-Kangding
segment of the Xianshuihe fault zone has been in a strike-slip
movement (Allen et al., 1991; Zhang, 2013; Bai et al., 2018,
2021), which might fracture the rock massif in the fault zone
(Catchings et al., 2002). Meanwhile, the relatively high heat
flows (56.3 mW/m2 on average) (Hu et al., 2000; Liu et al.,
2017) and the fast slip rate (Bai et al., 2021) in the Bamei-
Kangding segment suggest that the velocities of the fault
zone be decreased due to both fracturing of the shallow
massif and higher subsurface temperature, indicating the
general characteristics of shear movements with a relatively
high temperature in the Bamei-Kangding segment.
The velocities along the Bamei-Kangding segment of the

Xianshuihe fault zone are not only lower than the country
rock, but also exhibit distinct heterogeneities from northwest
to southeast. The Kangding segment to the southeast of the
Honghaizi area exhibits more distinct low velocity char-

acteristics (ZDSL area in Figures 7d, 8b and 8c) compared to
the Bamei segment to the northwest, which may spatially
correlate with differences in subsurface temperatures be-
tween these two segments. The heat flux gradually increases
southeastwards from 41.0 to 206 mW/m2 in the Daofu-
Kangding segment of the Xianshuihe fault zone (Liu et al.,
2017; Tang et al., 2017), and the hot springs are more
widespread in the Kangding segment than in the Bamei
segment, which collectively suggest that the Kangding seg-
ment hosts more prominent high-temperature anomalies. In
particular, the shear velocity anomaly of the ZDSL in the
Kangding segment is about 5% slower compared to the
average velocity at 1-km depth, and the anomaly decreases to
about 2% slower at 6 km in depth, implying that the ZDSL
should only show high temperature characteristics and may
not be molten (Hirschmann, 2010; Selway and O’Donnell,
2019). There are two possible reasons for the more apparent
low-velocity anomalies in the shallow depths for the Zhe-
duoshan area. First, the relative low velocity characteristics
of the Zheduoshan area are mainly attributed to the high
temperature anomalies, which becomes less distinct with
increasing depth (Goes et al., 2000; Cammarano et al., 2003;
Yang, 2015). Second, the low velocity anomaly is also as-
sociated with the fracturing of the rock massif. Field in-
vestigations indicate that surface ruptures of strong
earthquakes in the Bamei-Kangding segment are quite ap-
parent (Wen et al., 2008b; Xu et al., 2022). However, as the
temperature and pressure increase with depth, ruptures at
greater depths can gradually heal (Yasuhara et al., 2005),

Figure 6 Statistics for the bootstrapping tests. (a)–(d) Horizontal slices at the depths of 2, 4, 6, and 8 km, respectively. The color represents the standard
deviation of the inverted shear wave velocities.
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Figure 7 Shear wave velocity structure at different depths obtained from ambient noise tomography and distribution of historical earthquakes in the study
area. (a)–(f) Show the shear wave velocities at 1–8 km in depth. The white solid lines represent the major faults in the region, and the color represents the
shear wave velocity (km/s). The three black lines in (b) indicate the surface positions of the profiles AA’, BB’, CC’ shown in Figure 8. The dashed lines in (d)
highlights the Zheduoshan low-velocity body (ZDSL) and the Zhonggu high-velocity body (ZGH) along the Xianshuihe fault zone, which are discussed in
detail in the paper. In (e), the purple beachballs and white circles represent the historical moderate to strong earthquakes (M>6.5) which occurred in the
Bamei-Kangding segment of the Xianshuihe fault zone between 1700 and 2000 (Wen et al., 2008b; Papadimitriou et al., 2004). Among them, the white circles
indicate the epicenters of historical earthquakes. The black dashed lines represent the estimated coseismic rupture extents of the historical earthquakes in
1793, 1748, 1700, and 1725 (Wen et al., 2008b), and the orange rectangle represents the rupture extent of the 2014 MW5.9 Kangding mainshock (Jiang et al.,
2015). In (f), the black dots represent the epicenters of earthquakes (M>1) in the region between 2009 and 2019 (provided by Long Feng of the Sichuan
Earthquake Administration). The red beachballs show the 2014 MW5.9 Kangding mainshock and the MW5.6 aftershock, and the red dots represent the
epicenters of all aftershocks with M>1 (Jiang et al., 2015). Due to inaccurate or lack of focal depths, we only show the modern and historical earthquakes on
the horizontal slices at 6 km and 8 km in depth.

1969Zhao Y, et al. Sci China Earth Sci September (2023) Vol.66 No.9



Fi
gu
re

8
Sh
ea
rw

av
e
ve
lo
ci
ty
pr
of
ile
sa
lo
ng

A
A
′,
B
B
′,
an
d
C
C
′i
n
Fi
gu
re
7(
b)
.T
he

pe
rtu
rb
at
io
ns

ar
e
re
la
tiv
e
to
th
e
av
er
ag
e
sh
ea
rw

av
e
ve
lo
ci
tie
sa
td
iff
er
en
td
ep
th
s.
Th
e
ZD

SL
re
pr
es
en
ts
th
e
Zh
ed
uo
sh
an

lo
w

ve
lo
ci
ty
bo
dy
,a
nd

th
e
ZG

H
re
pr
es
en
ts
th
e
Zh
on
gg
u
hi
gh

ve
lo
ci
ty
bo
dy
.(
c)
Th
e
bl
ac
k
da
sh
ed

lin
es

sh
ow

th
e
ru
pt
ur
e
ex
te
nt
s
of

th
e
hi
st
or
ic
al
st
ro
ng

ea
rth
qu
ak
es

in
Fi
gu
re
7(
e)
pr
oj
ec
te
d
on

pr
of
ile

C
C
′.

1970 Zhao Y, et al. Sci China Earth Sci September (2023) Vol.66 No.9



resulting in relatively more apparent fracturing at shallow
depths along the fault zone. Therefore, these two factors
jointly lead to more pronounced perturbations in the shear
wave velocity at the shallow depths in the Zheduoshan area.
Furthermore, the high-temperature anomaly in the Zhe-

duoshan area may be closely associated with heat sources at
great depths. The Sichuan-Yunnan rhombic block in the
eastern margin of the Tibetan Plateau has suffered from
eastward extrusion since the middle-late Cenozoic (Figure
1a), and the Zheduoshan area has undergone large scale
magmatic intrusion events (Roger et al., 1995; Lai et al.,
2007; Tan et al., 2010; Li et al., 2015, 2016; Tang et al.,
2022). The extensive hydrothermal activities in the region
imply the existence of fixed heat sources, which cause high-
temperature anomalies in the upper crust of the Zheduoshan
area. Also, the apparent diachronous phenomenon observed
in the Bamei-Moxi segments from northwest to southeast
which indicates a decreasing trend in the cooling ages of
granites (Zhang et al., 2004; Li and Zhang, 2013; Tang, 2021)
further corroborates their predominant existence in the
Zheduoshan area. However, the distribution of heat sources
may not be confined within the area beneath the Zheduoshan
area. Instead, the Gonggashan area (Figure 1) is generally
characterized by low velocity at greater depths (Liu et al.,
2021; Liu et al., 2014), high Poisson’s ratio (Xu L L et al.,
2007; Wang et al., 2010), high surface heat flow 76 mW/m2

(Hu et al., 2000) and low resistivity (Sun et al., 2003), sug-
gesting potential partial melting in the lower crust of the
entire region (Zhang, 2013). In addition, Cheng et al. (2022)
inverted magnetotelluric data for a resistivity model to
characterize the geothermal system in the Kangding segment,
which revealed high conductivities beneath the southern part
of the Zheduoshan massif and the Dongcuogou area. The
high partial melting coefficients (4–19%) from the con-
ductivity model suggest magmatic heat sources at the 10-km
depth in these areas. However, the inversion result in this
study shows that a low-velocity anomaly exists in the entire
Zheduoshan area whereas the Dongcuogou region does not
have such a characteristic. Thus, it remains unclear why low-
velocity anomalies are only observed in the Zheduoshan
massif, though heat sources were found in both areas.
The study based on 40Ar-39Ar thermochronology shows

that the Xianshuihe fault underwent several episodic uplift
during the Neogene (Chen et al., 2006), and the most recent
rapid uplift occurred ~3.6 Ma ago in the Kangding segment,
corresponding to the high elevation of Zheduoshan area
(Figure 8b, 8c). In addition, previous studies also revealed a
1.8 mm/yr vertical slip rate of the southern Selaha and
Zheduotang faults (Xu et al., 2003; Chen et al., 2006; Tan et
al., 2010; Chen et al., 2016) and a fast erosion rate of the
Kangding segment (Cook et al., 2018). These pieces of
evidence further corroborate the recent rapid uplift of the
Zheduoshan area. Therefore, although heat sources are pre-

sent beneath both the Zheduoshan and Dongcuogou areas,
the recent rapid uplift of the Zheduoshan area may have
further elevated the deep thermal materials, resulting in the
upward shift of the closure isotherm (Ehlers and Farley,
2003) and intensification of the regional hydrothermal ac-
tivities (Guo et al., 2017). Together with the frictional heat
generated by rapid uplift (McKenzie and Brune, 1972), these
factors jointly led to more pronounced temperature anoma-
lies in the Zheduoshan area. Therefore, the low velocity
anomalies in the Zheduoshan area should be attributed to
regional high temperature anomalies, which are caused by
deep heat sources (Cheng et al., 2022) and recent rapid uplift
(Chen et al., 2006; Hao et al., 2014), and the velocity contrast
at the Honghaizi area may delineate the boundary of the most
recent episodic uplift of the Xianshuihe fault zone.

5.1.2 High velocity anomaly near Zhonggu
As discussed above, the Bamei-Kangding segment of the
Xianshuihe fault zone generally exhibits low velocities
compared to the country rock, whereas an anomalous ten-
kilometer-wide high velocity anomaly (ZGH area in Figure
7d) is found below 4 km in depth near the Zhonggu area. The
recovery in this region from the 0.06° (6 km) checkboard test
is satisfactory (Figure 4), and the anomaly is unambiguously
present from 4 to 8 km in depth. Thus, the ZGH should be a
reliably recovered structure.
As the boundary between the Bayan Har block and the

Sichuan-Yunnan block, the Xianshuihe fault zone has un-
dergone continuous sinistral strike-slip movement since the
late Cenozoic. Based on the dislocation of the Kangding
complex across the Xianshuihe fault zone, Zhang (2013)
estimated the accumulated left-lateral displacement is ap-
proximately 90–100 km (Figure 1b). Therefore, the sig-
nificant strike-slip tectonic movement could have dislocated
high-velocity crustal fragments of the ancient Songpan-
Ganzi block into this region. Another possible explanation
for the presence of the ZGH is that historical earthquakes did
not rupture into this area, thus the rocks around the fault
remained intact with high velocities (Figures 7e, 6f). To
summarize, the ZGH is closely related to the absence of
strong earthquakes and coseismic ruptures in the Bamei-
Kangding segment, though its formation remains equivocal.
The seismogenic environment and rupture behavior of
moderate to strong earthquakes in the study area will be
further analyzed in the following section.

5.2 Structural heterogeneity, earthquake rupture and
seismogenic environment in the Bamei-Kangding seg-
ment

5.2.1 Relationship between structural heterogeneity and
earthquake rupture behavior
In the Bamei-Kangding segment of the Xianshuihe fault
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zone, destructive earthquakes were frequent in the past, and
along all three branches (Figure 7e) moderate to strong
earthquakes withM≥6.5 have occurred since 1700, including
the M 612 Yalahe earthquake in 1700, the M 612 Selaha
earthquake in 1748, the M7 Kangding earthquake in 1725,
and theM7.5 Zheduotang earthquake in 1955 (Papadimitriou
et al., 2004; Wen et al., 2008b). Wen et al. (2008b) proposed
an empirical relationship between rupture extents and in-
tensities of earthquakes based on historical records and
surface traces of moderate to strong earthquakes along the
Xianshuihe fault zone, and Xu et al. (2022) obtained the
surface rupture traces of the 1955 M7.5 Zheduotang earth-
quake based on high-precision LiDAR images and field in-
vestigations. Based on these two studies, we first estimated
the rupture extents of moderate to strong historical earth-
quakes in this region (Figure 7e), and then investigated the
relationship between earthquake ruptures and velocity het-
erogeneities. Yi and Fan (2005) relocated regional earth-
quakes with M>2.5 from 1981 to 2003 and found that these
earthquakes mainly occurred in the upper crust shallow than
10 km (most in the 4–8 km depths), though the focal depths
of strong historical earthquakes remain largely unknown. In
addition, strong earthquakes in this region also caused sig-
nificant dislocation and deformation on the surface (Wen et
al., 2008b; Xu et al., 2022), suggesting that the earthquake
ruptures extended to the surface. Therefore, it is considered
possible to investigate the seismogenic environment and
rupture behaviors of moderate to strong earthquakes in this
region through the shallow crustal structures. Additionally,
the Xianshuihe fault is a large steeply dipping strike-slip
fault, and the velocity structures along the fault zone in the
study area exhibits nice consistency from 1 to 8 km in depth
(Figure 7). These characteristics suggest that the Xianshuihe
fault zone exhibits structural continuities at different depths,
which is similar to the San Andreas and North Anatolian
faults (Dorbath et al., 1996; Papaleo et al., 2018). Thus,
though our tomographic results mainly constrain the velocity
structures shallower than 8 km, they can still provide valu-
able information for the structures of the upper-middle crust.
Our high-resolution velocity structure using ambient noise

tomography reveals that both the M7 Selaha earthquake in
1725 and theM7.5 Zheduotang earthquake in 1955 occurred
at the edge of the ZDSL (Figure 7e). The estimated coseismic
rupture extent of the Zheduotang earthquake based on the
surface trace is spatially co-located with the Zheduotang
fault and bounded by the southwestern margin of the ZDSL.
Similarly, the estimated rupture extent of the Selaha M7
earthquake in 1725 was mainly along the southern Selaha
fault and bounded by the northeastern margin of the ZDSL.
Moreover, the estimated rupture extents of the M 612 Selaha

earthquake in 1748 and the M 612 Yalahe earthquake in
1700 were mainly distributed within the low-velocity

anomaly between the northern Selaha and Yalahe faults. The
M 612 Selaha earthquake occurred to the southeast of the
ZGH (Figure 7d) until its northwestward rupture was im-
peded by this high velocity anomaly (Figure 8c) and the
magnitude was limited consequently. Likewise, the north-
westward rupture of the Yalahe M 612 earthquake in 1700
was also terminated prematurely by the ZGH. Also, the es-
timated coseismic rupture of the Taining earthquake (M>6)
located in the Huiyuansi basin (Figure 7) was likely impeded
by the northwestern margin of the ZGH in 1793 as well
(Figures 7e and 8c).
In addition to the coseismic ruptures of strong earthquakes,

the distribution of small earthquakes can also characterize
fault activities. Figure 7f shows the distribution of earth-
quakes with M≥1 between 2009 and 2019 (black dots) lo-
cated by the regional permanent network. Similar to the
strong historic earthquakes, the reactivated region of the
Xianshuihe fault zone characterized by small earthquakes is
also gapped by the ZGH. More specifically, the aftershocks
(red dots in Figure 7f) of the 2014 MW5.9 Kangding earth-
quake (Jiang et al., 2015) delineate the rupture extent of the
mainshock unambiguously, which is also bounded by the
ZGH. This correlation suggests that the ZGH impedes the
northwestward rupture of the Kangding earthquake, resulting
in a smaller rupture extent and magnitude compared to the
strong historical earthquakes in the region. Due to con-
siderable uncertainties in focal depths determined by travel
times from sparse regional networks (Long et al., 2015), the
depths of the earthquakes are not further analyzed in this
study. Still, the coseismic ruptures determined by InSAR
data can reliably delineate detailed structures of the faults
and slips. It is observed that the 2014 MW5.9 Kangding
earthquake caused a significant coseismic slip shallower than
8 km in depth (orange rectangle in Figure 7e) (Jiang et al.,
2015), which was obviously impeded by the ZGH. There-
fore, we suggest that the ZGH act as a rigid asperity (Li et al.,
2013; Pei et al., 2014; Wang et al., 2015; Sun Q et al., 2021),
which is consistent with the Tagong locked asperity identi-
fied by Yi and Fan (2005) from relocated earthquakes,
whereas the ZDSL act as a weak barrier.
Although the ZGH has impeded ruptures on the northern

Selaha fault, future ruptures resulted by continuously accu-
mulated stress could eventually break the asperity and in-
itiate a strong earthquake that may propagate through the
entire segment, which is commonly found in numerical
earthquake rupture simulations (Yang et al., 2012; Yu et al.,
2018). By analyzing the seismic activities of the Xianshuihe
fault zone, Yi et al. (2005) also found that the Tagong area in
the ZGH possesses high seismic potential. More specifically,
based on the empirical relationship between the earthquake
magnitude and rupture length for strike-slip fault by Wells
and Coppersmith (1994), we estimated the magnitude of a
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potential earthquake using the equationMW=a+b×log(RLD),
where a is 5.16, b is 1.12, and RLD is the subsurface rupture
length. Suppose that a strong earthquake ruptures through the
ZGH from the Bamei area to the Honghaizi area, the esti-
mated rupture length would be about 55 km, resulting in an
MW6.9 earthquake which is even larger than the 2022 Luding
earthquake on the Moxi fault to the south and would cause
enormous damages to the region. In conclusion, the high
resolution shear wave velocity model reveals that the struc-
tural heterogeneities in the Bamei-Kangding segment in the
Xianshuihe fault zone control the occurrence, coseismic
rupture extents and magnitudes of moderate to strong
earthquakes in this region.

5.2.2 Seismogenic environment revealed by structural
heterogeneities
The heterogeneities in the Bamei-Kangding segment of the
Xianshuihe fault zone provide constraints on the occurrences
and rupture behaviors of strong historical earthquakes. The
discontinuity in the velocity structure at the Honghaizi area
may also indicate the brittle-ductile transition of the strike-
slip movement at this region, suggesting that the seismogenic
environment in this segment varies.
First, the geothermal difference along the Xianshuihe fault

zone may cause variations of shear movements between the
Bamei and Kangding segments. Zhang et al. (2004) and Tang
(2021) conducted systematic field investigations and petro-
logical studies in the Danba and Kangding areas, and found
that dark plagioclase-quartz schists with strong foliation
outcrop in the Bamei segment, which exhibit characteristics
associated with brittle-ductile deformation due to pressure
solution under relatively low temperatures (Tang, 2021).
Also, mylonites exposed on the faults along the Sichuan-
Xizang highway near the Kangding area (Zhang et al., 2004)
also indicate that the Kangding segment underwent ductile
shear deformation under relatively high geothermal gradients
at shallow depths (Wang et al., 1996; Sun L J et al., 2021).
Thus, the velocity contrast in the Bamei-Kangding segment
not only delineates the boundary for temperature variations,
but also suggests the transition from brittle to ductile de-
formation of the Xianshuihe fault zone in this area. As
summarized by Scholz (1988) and Sibson (1977), brittle-
ductile transition for major shear zones often occurs between
11 and 15 km in depth, earthquakes that tend to nucleate at
the transition zone are mainly distributed in the brittle zone.
However, since the ZDSL area even exhibits low velocity at
shallower depths, the central region of the ZDSL (Figure 8)
is probably characterized by ductile shear deformation at
different depths, lacking the brittle-ductile transition. Thus,
the central area of the ZDSL bounded by the Zheduoshan and
southern Selaha faults might not be a favorable region for
earthquake nucleation, which is corroborated by the absence
of seismic activities along the Mugecuo South fault ex-

tending through the ZDSL.
However, the southern Selaha and the Zheduotang faults

are situated along the boundaries separating the high and low
velocities where the brittle-ductile transitions are present,
and may have higher seismic risks (Li et al., 2013; Pei et al.,
2014; Wang et al., 2015; Sun Q et al., 2021). Compared to the
velocity variations across the southern Selaha and the Zhe-
duotang faults, the velocity difference across the northern
Selaha fault in the Bamei segment is less distinct. However,
the Bamei segment is characterized by brittle deformation
(Zhang et al., 2004; Tang, 2021), which implies that the
northern Selaha fault is more prone to shear stress accumu-
lations. Accordingly, the earthquake recurrence intervals
could be shorter and the magnitude could be small as well
(Nadeau and McEvilly, 1999; Daub et al., 2011; Wu and
Daub, 2017). The slip rate of the northern Selaha fault is
about 9.6–9.9 mm/yr, and the recurrence interval for M≥7
earthquakes is estimated to be about 300 years (Yan and Lin,
2017). Some studies suggest an even shorter recurrence in-
terval of 230 a (Zhou et al., 2001; Xie and Kato, 2017) or 158
±62 years (Shao et al., 2016). On the one hand, the ZGH
could impede ruptures along the northern Selaha fault (Fig-
ure 7e), but on the other hand, it could facilitate local ac-
cumulations of normal and shear stresses as well (Lei, 2003;
Johnson et al., 2012). In comparison, the southern Selaha and
the Zheduotang faults have periodic earthquake activities
(Wen et al., 2008b). Since these faults have a slower slip rate
of 3.4–4.9 mm/yr (Zhou et al., 2001) compared to the
northern Selaha fault and are deformed ductilely along the
edge of the ZDSL, they have a longer recurrence interval of
about 350 years (Zhou et al., 2001; Wang et al., 2008; Xie
and Kato, 2017).
Meanwhile, the Yalahe fault with only a slip rate of 0.6–

2.2 mm/yr has limited seismic activities on record, except for
the 1700 M 612 Yalahe earthquake (Bai et al., 2021). The
small velocity contrast across the Yalahe fault (Figure 7), the
absence of seismic activity (Figure 1e), together with the low
slip rate along the Yalahe fault (Bai et al., 2021) all suggest
that the Selaha and the Zheduotang faults accommodate most
of the strike-slip deformations along the Xianshuihe fault
zone. Thus, though the Yalahe fault has certain seismic po-
tential, the maximum magnitudes of future earthquakes on
this fault may be relatively small, and the recurrence inter-
vals could be about 1000 years (Zhou et al., 2001).

5.3 Assessment and implications for the seismic po-
tential

By combining new tomographic results for the Bamei-
Kangding segment in this study with previous studies, it is
found that the Zheduoshan granitic pluton which exhibits a
low velocity characteristic has been heated by deep sources
and rapidly uplifted concurrently with shear movements of
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the Xianshuihe fault zone. The community velocity model of
southwest China (CVM-2.0) (Liu et al., 2023) with hor-
izontal resolution of 25 km indicates that the Gonggashan
granitic pluton including the Zheduoshan area (Figure 1a)
exhibits relatively low velocities. Also considering the recent
rapid uplift of the southern Gonggashan massif (Tan et al.,
2010; Chen et al., 2016; Cook et al., 2018), it can be inferred
that the boundary characterized by the velocity contrast in
the Gonggashan area from the regional CVM-2.0 model has
similar seismogenic environment as the Zheduoshan area
with relatively ductile shear deformation, where the 1786
M 73 4 Xuemenkan earthquake and the 2022 MS6.8 Luding
earthquake occurred.
The 2022 MS6.8 Luding earthquake with a shallow focal

depth caused significant damages (Qu et al., 2022), and the
maximum intensity reached VI even in the region of the
Zheduotang and southern Selaha faults located approxi-
mately 50 km away (Sichuan MS6.8 Luding earthquake in-
tensity map, China Earthquake Administration of Ministry of
Emergency Management). Also, significant SSE coseismic
displacement was observed in the Kangding region in the
southern section of the study area (Meng Guojie Research
Group, https://www.ief.ac.cn/dzkk/info/2022/69553.html).
To analyze the impact of the Luding earthquake on the
seismogenic environment of the study area, we calculated the
Coulomb failure stress changes (∆CFF) from the Luding
earthquake. Different friction coefficients (μ=0.4, 0.5, and
0.6) were tested since the friction coefficient on the fault
plane can influence the result, and it is found that the ∆CFF
in the study area is quite close in spite of variations in the
friction coefficients (Figure 9). The stress calculations sug-
gest that the study area has significant positive stress changes
(Figure 10a): the Xuemenkan segment of the Xianshuihe
fault zone has positive ∆CFF over 0.1 bar, the Zheduotang
and southern Selaha faults on the periphery of the ZDSL
have positive ∆CFF of 0.05–0.1 bar, and the northern Selaha
and Yalahe faults have positive ∆CFF of 0.01–0.05 bar.
Previous analyses on a larger amount of earthquakes with
M>1 found that even a positive ∆CFF of 0.1 bar could
trigger earthquakes on faults in a critical state (Stein, 1999;
Sumy et al., 2014), and thus the Xuemenkan segment, the
Zheduotang fault, and the southern Selaha fault are all under
the condition close to or above the stress threshold for fault
activations. Though no strong earthquake with M>7 has
occurred since the 1786 M 73 4 earthquake at the Xue-
menkan segment of the Xianshuihe fault zone (Figure 10a),
the occurrence of frequent small earthquakes between 2009
and 2019 in this area suggests that the tectonic stress was
accumulated continuously (Figure 7f); meanwhile, there has
been no strong earthquake on the southern Selaha fault since
the 1725 M7 Kangding earthquake as well. Thus, strong
earthquakes on both faults could already have approached

their recurrence intervals of around 350 years (Zhou et al.,
2001; Yan and Lin, 2017), while the Coulomb stress changes
due to the Luding earthquake may further shorten the inter-
vals and advance their occurrences (King et al., 1994; Sumy
et al., 2014). The Sichuan-Xizang railway, which is a key
national project departs from the Kangding city in the Zhe-
duoshan region, crosses the southern Selaha, the Mugecuo
South, and the recently earthquake-prone Zheduotang faults
(Figures 1e and 7f), and then arrives at the Xinduqiao town
(Figures 1 and 10). Therefore, great attention should be paid
to the ductile-deforming Zheduotang fault, the southern Se-
laha fault and the Xuemenkan segment of the Xianshuihe
fault zone, where significant surface damages would be
caused once strong earthquakes rupture on these faults.

6. Conclusion

In this study, we obtained a high resolution shear wave ve-
locity model for the Bamei-Kangding segment of the Xian-
shuihe fault zone down to 8 km in depth using the surface
wave direct inversion method. The seismic ambient noise
data were recorded by 209 stations in a dense array deployed
from July 2 to August 8, 2022. Together with regional
geology, distribution of active faults, occurrences of histor-
ical earthquakes, as well as coseismic Coulomb failure stress
changes, we obtained the following four key findings.
(1) The Bamei-Kangding segment of the Xianshuihe fault

zone exhibits general stripped low velocities which are
bounded by the Selaha, Yalahe and Zheduotang faults and
manifest the characteristics of shear movements at a rela-
tively high temperature. The bean-shaped Zheduoshan
granitic pluton bounded by the Zheduotang and southern
Selaha faults shows low velocity characteristics which re-
main distinct and consistent for all depths shallower than 8
km. In combination with inferences from previous geo-
chemical and geophysical studies, it is suggested that the low
velocity structures in the Zheduoshan area may be attributed
to high temperature anomalies caused by magmatic heat
sources at greater depths and rapid regional uplift.
(2) A high-velocity body (ZGH) of 10 km×10 km is found

near the Zhonggu area (101.8°E, 30.4°N), which divides the
low velocity structures of the Xianshuihe strike-slip fault
zone. The ZGH impeded the rupture of the 1700 M 612
Yalahe earthquake, the 1793 M>6 Taining earthquake, the
1748 M 612 Selaha earthquake, and also the northwestward
rupture of the 2014 MW5.9 Kangding earthquake. It is in-
ferred that the impedance of the ZGH accounts for the
smaller magnitude of the Kangding earthquake compared to
its regional predecessors. The reasons for the presence of
ZGH, however, are still unclear. One explanation is that the
ZGH is an exotic fragment from the Songpan-Ganzi block or

1974 Zhao Y, et al. Sci China Earth Sci September (2023) Vol.66 No.9



other terranes brought by the sinistral strike-slip movement
of the Xianshuihe fault. Another reason is that historic
earthquakes did not rupture through this region and thus the
ZGH remained intact.
(3) The changes in the seismic velocities along the Bamei-

Kangding segment of the Xianshuihe fault zone suggests
temperature variations in the area, which can lead to brittle-
ductile transition in the deformation and resulting diverse
recurrence intervals and seismic activities in the segment.
The ductile-deforming Zheduoshan low velocity body
(ZDSL) is not prone to earthquakes, whereas the Zheduotang
and southern Selaha faults along the margins of ZDSL are
prone to moderate to strong earthquakes. Compared to the
northern Selaha fault which primarily accommodates brittle/

brittle-ductile deformation, the Zheduotang and southern
Selaha faults accommodate relatively more ductile de-
formation, and thus the earthquakes on these two faults may
have longer recurrence intervals.
(4) The Bamei-Kangding segment of the Xianshuihe fault

zone where moderate to strong earthquakes occurred fre-
quently possesses high seismic risks. Especially, the positive
Coulomb failure stress change of 0.05–0.1 bar from the 2022
Luding earthquake could further increase the seismic risks of
the Zheduotang and southern Selaha faults, as well as the
Xuemenkan segment of the Xianshuihe fault zone. Therefore,
it is imperative to reevaluate the recurrence intervals and
risks for earthquakes on the Zheduotang and southern Selaha
faults, which the Sichuan-Xizang railway passes through.

Figure 9 Comparison of ∆CFF in the Xianshuihe fault zone and the surrounding areas caused by the 2022 MS6.8 Luding earthquake with different fault
friction coefficients. The three friction coefficients (μ) tested are: (a) 0.4, (b) 0.5, and (c) 0.6.

Figure 10 ∆CFF caused by the 2022 MS6.8 Luding earthquake in the Bamei-Kangding segment of the Xianshuihe fault zone and surrounding areas. (a)
Shows the coseismic Coulomb failure stress (∆CFF) caused by the 2022 MS6.8 Luding earthquake. The purple rectangle indicates the region with a reliably
determined velocity structure in this study, and the black line represent the faults. The red beachball represents the Luding earthquake, and black beachballs
represent the historical earthquakes in the region with ∆CFF≥0.05 bar. (b) The velocity structure at 6-km depth in the study area and contours (red lines) of
∆CFF by the 2022 Luding earthquake. The white dots (without focal mechanism solutions) and purple beachballs represent the strong historical earthquakes
before 1955 and the 2014 MW5.9 Kangding mainshock and MW5.6 aftershock, respectively. The black dashed line indicates the approximate route of the
Sichuan-Xizang railway currently under construction in this area (Li et al., 2022).
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