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Abstract 

We construct the 3D Shear wave velocity and azimuthal anisotropy images in the southern Chuandian block using 
phase velocity dispersion of Rayleigh wave in the period of 5–45 s. The images show two extensive low-velocity 
zones with a depth range of 20–40 km. The west range of the low-velocity extends from the Lijiang-Xiaojinhe fault 
to the Red River fault, while its east range follows along the Xiaojiang fault. Two ranges of low velocities are merged 
at the southern inner belt of the Emeishan Large Igneous Provinces (ELIP). The observed fast directions of azi-
muthal anisotropy are consistent with the extension of low-velocity ranges at the lower crust. The findings reveal 
the presence of two potential weak channels in the lower crust, characterized by low-velocity zones, which align 
with the hypothesis of lower crustal flow. Meanwhile, the crust around the inner belt of ELIP exhibits a high-velocity 
body characterized by a northeast-trending and counter-clockwise azimuthal anisotropy. Combined with geological 
data, we attribute the high S-velocity to a mafic–ultramafic magma reservoir of the ELIP, which blocks the continuity 
of crustal flow within the southern Chuandian block, thus dividing the lower crustal flow into two branches. Addition-
ally, we also find the fast directions of azimuthal anisotropy above 20 km align well with the strike-slip fault orienta-
tions. The above research results indicate that the crustal deformation in the southern Chuandian block is likely attrib-
uted to the joint action of the two deformation mechanisms. One involves a lower crustal flow model, while the other 
entails rigid extrusion controlled by the deep-seated, large-scale strike-slip faults in the upper crust.

Keywords  Southern Chuandian block, Shear wave velocity, Shear wave azimuthal anisotropy, Lower crustal flow, 
Rigid extrusion

Introduction
The southern Chuandian block is located at the junction 
of the Yangtze Craton and the southeast margin of the 
Tibetan Plateau (SE Tibet). It shows a long-wavelength 
margin with a gently sloping surface, different from the 
other steep margins of the Tibetan Plateau. It comprises 

most of Yunnan and part of the Sichuan Basin and 
Guizhou Province in southwest China (Fig. 1). Due to the 
N–S ongoing collision of the Indian and Eurasian plates 
since ~ 50 Ma, the topography and lithosphere structure 
of the Tibetan plateau have experienced enormous defor-
mation. Large and deep faults and intense seismic activ-
ity are widely distributed in this region. Then, this region 
is an ideal place for understanding the deformation and 
uplift mechanism of the Tibetan Plateau, the rheological 
properties of materials within the continental plate, and 
the tectonic setting of intense earthquake preparation.

Two different models have been proposed to explain 
the lithospheric deformation of SE Tibet. One is the lower 
crustal flow (Royden et  al. 1997), which deems that the 
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surface is uplifted by the material flow in the lower crust 
and causes crustal thickening. The other model is the 
lateral extrusion within the lithosphere along the large 
and deep faults (Tapponnier et al. 1982). For the crustal 
channel flow model, low viscosity and soft materials are 
believed to extend from the central Tibetan Plateau to SE 
Tibet. This results in east–west extension and the clock-
wise rotation to NW–SE extension with the decoupled 
deformation of the crust and mantle lithosphere. In con-
trast, the primary deformation for the lateral extrusion 
model is confined to the large and deep strike-slip faults 

within the lithosphere. The crust and mantle lithosphere 
deformation is coherent inside the block. Both models 
are partly supported by geological data (Clark et al. 2005; 
Schoenbohm et al. 2006).

The lithospheric structure in SE Tibet has been inves-
tigated by geophysical studies (e.g., Yao et al. 2008, 2010; 
Bao et  al. 2015; Liu et  al. 2019; Chen et  al. 2017). For 
example, surface wave images (Yao et  al. 2005, 2008), 
joint inversion of Rayleigh wave and body wave data 
(Yang et al. 2023; Huang et al. 2010), and regional large-
scale seismic images revealed that low-speed anomalies 

Fig. 1  Distribution diagram of the stations. The red triangles represent the national permanent stations. The yellow triangles represent 
the broad-band mobile stations of the Xiaojiang fault zone. The blue triangles refer to independently distributed wide-band mobile seismic stations. 
The black lines represent the faults in the region. N-CDB: the northern Chuandian block; S-CDB: The south part of the Chuandian block; CXB: 
Chuxiong Basin; SCB: Sichuan Basin; EHS: East Himalayan block; SMR: the Simao block; JSJF: Jinshajiang Fault; LJ-XJH: Lijiang-Xiaojinhe fault; XSHF: 
Xianshuihe fault; ANHF: Anninghe fault; ZMHF: Zemuhe fault; XJF: Xiaojiang fault; RRF: Red River fault; YPSF: Yingpanshan fault; JGF: Jinggu fault
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are widely spread in the lower crust in SE Tibet (Yao et al. 
2005, 2008) and extend to the southern Chuandian block 
(Lei et  al. 2009; Yang et  al. 2010). Xu et  al. (2007) pro-
posed that the distribution of these low-speed anomalies 
is heterogeneous and discontinuous in the Chuandian 
block. A joint inversion of receiver functions and surface 
wave showed only two ranges of low-velocity anomalies 
distributed in the depth range of 20–30  km (Wang and 
Gao 2014; Bao et  al. 2015; Wu et  al. 2016; Chen et  al. 
2016; Bao et  al. 2015; Liu et  al. 2021a). Furthermore, 
Magnetotelluric sounding profiles (Bai et  al. 2010; Li 
et  al. 2019a, b) showed that two low-resistivity layers 
spread around SE Tibet along the large strike-slip faults, 
such as the Xiaojiang fault and the Red River fault. The 
above studies generally support the model of the middle 
and lower crust flow in the Tibetan Plateau and believe 
that there may be a channel for the southeast materials 
flow from the Tibetan Plateau to Yunnan region (Wu 
et al. 2016; Bao et al. 2015; Liu et al. 2019).

The Rayleigh wave tomography showed that the low-
velocity anomalies only spread around the Red River fault 
and its west side in the lower crust, and are rare in the 
southern Xiaojiang fault zone (Wu et al. 2019). However, 
Zhang et  al. (2020) found significant low-speed anoma-
lies around the Xiaojiang fault and its eastern side, which 
are not connected to the low-speed anomalies in the 
northern Chuandian region. They considered that these 
low-speed anomalies might be caused by crustal thick-
ening, which leads to plastic deformation or even partial 
melting of the felsic material in the lower crust, unrelated 
to the lower crustal flow (Zhang et  al. 2020). Although 
the lateral spatial extent and velocity magnitude of low-
velocity zones were observed by different studies in this 
region, due to the limitations in the applied imaging 
methods and the spatial availability of stations, the dis-
tribution and connectivity of low-velocity zones of the 
Chuandian area are still controversial, especially in the 
Xiaojiang fault zone and the intersection of the Xiaojiang 
fault and Red River fault zone. Thus, the refined seismic 
wave structure is necessary based on the dense seismic 
stations in this complex geological area.

On the other hand, Seismic anisotropy has significance 
in indicating the lattice and shape‐preferred orientation 
of mineral crystals and cracks under strain/stress, respec-
tively (Savage 1999). It was widely used to detect crustal 
or mantle deformation. The Moho Ps splitting suggests 
significant crustal anisotropy with the fast direction of 
SE–NW under SE Tibet (Sun et al. 2012; Yang et al. 2010; 
Xu et  al. 2007), which supported the lower crust flow 
model hypothesis extended from the Tibetan Plateau. 
However, Han et al. (2017) found a coherent deformation 
in the whole crust in this region based on the GPS and 
Ps splitting, which support the rigid block model within 

the crust along the significant deep strike-slip fault. Ps 
splitting only reflects the average anisotropy of the crust, 
while the SKS splitting has a low resolution in the ver-
tical direction. SKS spitting cannot separate whether 
anisotropy comes from the crust or the upper man-
tle. Azimuthal anisotropy retrieved from surface waves 
can constrain deformation patterns in different crustal 
depths, which can describe the crustal and upper mantle 
deformation at different depths.

In recent years, the China Earthquake Network (CEA), 
the provincial Network, and various scientific research 
institutes have established numerous broadband seismic 
stations in this area. These stations provide additional 
high-quality and continuous observation seismic data. In 
this study, we apply the direct inversion methods of sur-
face wave dispersion to determine isotropic and azimuth 
anisotropic shear-wave velocities (Fang et  al. 2015; Liu 
et al. 2019). Our study region spans 21˚ N to 30˚ N and 
99˚ E to 106˚ E (Fig. 1), covering the southern Chuandian 
and part of the northern Chuandian block.

Data and phase velocity measurements
Data
In this study, we collected the 69 national broad-band 
permanent stations operated by CEA during 2014–2015 
and 22 broad-band seismic stations operated by the Seis-
mic group of Central South University at the interaction 
of the Xiaojiang fault and Red River fault zone dur-
ing 2018–2020. At the same time, we have also selected 
2-years continuous waveform data of 50 broadband tem-
porary seismic stations in the southern Xiaojiang fault 
zone during 2008–2010, which were operated by the 
China Earthquake Administration supported by the pro-
ject “Quantitative Study on the Medium and Long term 
Seismic Potential of the Xiaojiang Fracture zone”. We 
have 141 broad-band seismic stations that can provide 
high-quality continuous observation data and good cov-
erage for the study area (Fig. 1).

Dispersion curve of Rayleigh wave
We first resampled the original waveform data to 1  Hz 
and removed the mean, trend, and instrument response 
for the vertical component waveform data. The data are 
then filtered in the 5–45  s period band and processed 
with time domain normalization. Finally, the traces 
are cross-correlated between all station pairs daily. By 
assuming an isotropic model at the environmental noise 
field, we stacked the time-reversed cross-correlation to 
build a symmetric cross-correlation. Finally, all the avail-
able daily cross-correlations were stacked for a given sta-
tion pair. The details of the principle and data processing 
process of ambient noise tomography have been intro-
duced in previous studies (Shapiro and Campillo 2004; 
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Yao et al. 2005, 2006; Bensen et al. 2007). Following Yao 
et al. (2005), the empirical Green’s function is expressed 
as:

where CAB(t) is the cross-correlation function of station 
A and B; GAB(t) is the Green function associated with 
waves propagating from station A to station B; GBA(−t) is 
the reverse Green function associated with waves propa-
gating from station B to station A; 

⌢

GAB(t) and represent 
the corresponding empirical Green functions and t rep-
resents travel time. Empirical Green functions computed 
for 69 national stations, 50 temporary stations, and 22 
broad-band stations are shown in Fig.  2, respectively. 
Obvious surface-wave moveouts for both directions after 
being arranged were shown in these figures based on the 
distance between station pairs.

The phase velocity dispersion of fundamental mode 
Rayleigh waves was extracted using time–frequency 
analysis (Yao et  al. 2005). The signal time window is 
defined by assuming phase velocities between 2.5 and 
4.5 km/s (Fig. 3). The noise part is considered the enve-
lope of a 150-s-long window immediately following the 

(1)
dCAB(t)

dt
= −

�

GAB(t)+
�

GBA(−t) ≈ −GAB(t)

+ GBA(−t),−∞ ≤ t ≤ ∞

signal window. We set the signal-to-noise ratio to 5 and 
the station spacing to more than 2 times the wavelength 
to satisfy the time-harmonic expression of surface wave 
propagation in the far field (Yao et al. 2006). We further 
selected the phase velocity dispersion based on the fol-
lowing criteria. Rayleigh wave dispersion data were ini-
tially picked automatically (Fig. 3a). We adopt the quality 
control strategy of two-trial-and-error inversion, firstly 
eliminate the outlier dispersion data with travel time 
residual more than 5  s, and then eliminate the outlier 
dispersion data with travel time residual more than 3 
times standard error (Fang et al. 2010). We obtained 3377 
reliable dispersion curves in the period range of 5–45  s 
(Fig. 3b). The blue dots represent the average measured 
phase dispersion curves in Fig.  3b. The number of ray 
paths of different periods is plotted in Fig.  4. The num-
ber of measurement phase velocities gradually increases 
from ~ 2500 in the 5–30  s period range to a maximum 
of ~ 3000 in the range of 15–20  s. The minimum ratio 
value of station distance to wavelength will give the maxi-
mum period of dispersion analysis, so fewer ray paths 
may satisfy the conditions at the 45  s period, and the 
extracted dispersion information is also less (Fig. 4).

Fig. 2  Cross-correlation of 141 national stations (the red lines refer to the expected arrival times of the surface wave with a group velocity 
of 3.0 km/s)
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Direct inversion for 3D shear wave velocity
We applied the direct inversion method (Liu et al. 2019) 
to calculate the 3-D shear wave velocity and shear wave 
azimuthal anisotropy. Fang et al. (2015) developed a one-
step inversion method, which can directly invert shear 
wave velocity structure using dispersion data from Ray-
leigh surface wave with mixed path. This method is based 
on the fast process method proposed by Rawlinson and 
Cambridge (2004) for simulating the ray path of surface 
waves in heterogeneous media. Therefore, the influ-
ence of surface wave propagation in complex media in 

different periods of non-great circle path is considered in 
the inversion process, which can effectively improve the 
inversion accuracy of short-period dispersion data. In the 
process of inversion of shear wave velocity, based on the 
empirical formula given by Brocher (2005), P-wave veloc-
ity and density were coupled together with shear wave 
velocity. Liu et  al. (2019) added azimuthal information 
into the slowness expression based on the direct inversion 
method of surface wave (Smith and Dahlen 1973; Mon-
tagner and Nataf 1986), developed a method to obtain 
a three-dimensional azimuthal anisotropic shear wave 
velocity model by direct inversion of Rayleigh surface 
wave mixed path dispersion data. It includes two steps: 
(1) inverting the 3D isotropic shear wave model based on 
Rayleigh wave travel time, and (2) joint inversion of the 
observed 3D isotropic shear wave perturbation and the 
shear wave azimuthal anisotropy. The joint inversion can 
enhance the smooth constraints of the inversion results 
and improve accuracy. In recent years, this method has 
been extensively utilized for the investigation of velocity 
structure imaging and azimuthal anisotropy in the south-
east margin of the Tibetan Plateau, Sichuan Basin and its 
adjacent area, and the Tanlu fault zone (Liu et  al. 2019; 
Zhang et al. 2022a, b; Bem et al. 2022), yielding imaging 
results with a high level of reliability. We first choose the 
SWChinaCVM-1.0 (Yao 2020; Liu et al. 2021a) as the ini-
tial model. The Rayleigh wave travel time related to the 
frequency was subsequently measured using a grid reso-
lution of 0.5° × 0.5° in both longitude and latitude, based 

Fig. 3  Phase velocity dispersion curves at different periods, a automatically picking of the phase velocity dispersion curves, b after the removal 
of outliers, the blue dots represent an average phase velocity of different periods

Fig. 4  Number of ray paths in different periods
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on this model. We opted for a depth discretization of 12 
layers with an interval of 5 km.

Results
Checkerboard tests
To check the inversion results obtained by the method 
and data, we designed a synthetic two-dimensional shear 
wave velocity model based on conventional checkerboard 
resolution tests (Rawlinson and Spakman 2016). We first 
performed a theoretical shear wave velocity model with 
an anomaly size of 1˚ × 1˚ in the checkerboard test. We 
then calculated the theoretical Rayleigh wave travel time 
based on the ray path of station pairs. The peak veloc-
ity perturbation of high- and low velocities are ± 5%, 
respectively. Moreover, 2% random noise was added to 
the forward model. Figure  5 shows a two-dimensional 
theoretical shear wave velocity model and the isotropic 
checkerboard test at different depths. Comparing the 
input models (Fig. 5a–d) and inversion results (Fig. 5e–
h), the isotropic model has a good recovery in both deep 
and shallow structures in the intersection of the Red 
River fault and Xiaojiang fault and the south part of the 
Xiaojiang fault with dense ray paths (Fig. 5). Figure 6 dis-
plays the path coverage at four different periods. Mean-
while, due to the sparse distribution of seismic stations 

(Fig. 6) in the regional edge, the checkerboard test at four 
boundaries has a lower resolution than that of the center 
region.

Based on the isotropic checkboard test, we analyzed 
the anisotropic checkboard test. The isotropic param-
eters are kept unchanged in the checkerboard test for azi-
muthal anisotropy, while only the anisotropic parameters 
were set as anomalies. The grid spacing is 0.5 × 0.5°. We 
set the fast direction of azimuthal anisotropy perpen-
dicular to each other in adjacent abnormal grids and the 
strength of the azimuthal anisotropy of 2% in the input 
model (Fig.  7a). 0.2% random noise was also added to 
the azimuthal anisotropy model. The recovery results are 
shown in Fig. 7b–f. We found that the recovery inversion 
results in the dense station areas are well recovered with 
good coverage of the ray path, such as the south part of 
the Xiaojiang fault, the interaction of the Red River fault 
and Xiaojiang fault, and the center of the study area. The 
fast directions of the azimuthal anisotropy model are well 
recovered. However, due to the sparsity of ray paths in 
the northwest and four regional edges, the resolution of 
the checkboard test is not as good as in the center study 
area. The angles of the fast directions observed from the 
retrieved results are consistent with the original model. 
Although the amplitudes of azimuthal anisotropy are not 

Fig. 5  Checkerboard test for Surface wave isotropic structure. a–d are the input mode, e–h are the inversion results at a depth of 20, 30, 40 
and 50 km
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recovered sufficiently, the fast wave directions obtained 
from inversion are relatively stable. Therefore, we mainly 
analyze and discuss the fast direction in subsequent 
inversion results.

3D shear wave velocity
The inverted isotropic S wave velocities at the depths of 
10, 20, 30, 40, and 50 km are shown in Fig. 8. Four verti-
cal images along the lines of Fig. 9 are shown in Fig. 10. 
Significant low-velocity anomalies are widely observed 
around the fault zones (Red River fault and Xiaojiang 
fault) above 10  km and the shallow sedimentary layer 
in the Sichuan Basin (Fig.  8a and 8b). In comparison, 
high-speed anomalies are distributed in the Sichuan 

Basin. Two ranges of low-velocity anomalies are found 
along the significant strike-slip faults in the depth range 
of 20–40 km, which are similar to the results of previ-
ous studies in the periods of 15–35 s (Wang et al. 2015; 
Han et  al. 2017; Wu et  al. 2019; Liu et  al. 2019). The 
west low-velocity range is mainly concentrated in the 
Lijiang–Xiaojinhe fault and rotates to the SE direction 
along the Red River fault with a low-velocity value of 
3.3 km/s. In contrast, the east range extends along the 
Xiaojiang fault from the northern part of the Chuan-
dian block. A columnar high-speed anomaly is envel-
oped in the middle of the southern Chuandian block 
by low-velocity anomalies on both the east and west 
sides. This high-velocity anomaly is located around the 

Fig. 6  The ray path at the period of 5 s, 25 s, 35 s, and 45 s (the triangles represent the stations, and the black lines refer to the ray paths)
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inner Emeishan Large Igneous Provinces (ELIP), simi-
lar to the observations of previous studies (Bao et  al. 
2015; Liu et  al. 2019; Zhang et  al. 2020). Our results 
also show that two ranges of low-velocity anomalies 
converge at 26–27˚ N and 102–103˚ E at a depth of 
40 km. At 50 km depth, the low-velocity anomalies dis-
appear in the southern Chuandian block, mainly con-
centrating in the northern part of the Chuandian block, 
which might be attributed to the different crustal thick-
nesses between the northern and southern parts of the 
Chuandian block. Previous Rayleigh wave and Love 
wave tomography studies have also identified the low-
velocity anomaly only in the north Chuandian block 
in the depth range of 45–60  km (Wu et  al. 2019; Han 
et al. 2017; Zhang et al. 2020). Receiver function results 
(Sun et al. 2012; Wang and Gao 2014; Wang et al. 2017) 
showed that the crustal thickness in the southern part 
of the Chuandian block is about 40 km, while it reaches 
to ~ 60 km in the northern Chuandian block (Sun et al. 
2012; Li et al. 2017), indicating that observed low-speed 
anomalies in the Yunnan area only exit in the crust.

The earthquake events that have occurred in the past 
22 years are also depicted (Figs. 9, 10). It is evident that 
seismic activity predominantly transpired along the Xiao-
jiang Fault, the northern segment of the Red River fault, 
and the Lijiang–Xiaojinhe fault zone, indicating these 
fault zones as seismogenic environments. The frequency 
of major earthquakes (> Ms 5.5) in the southern section 
of the Red River fault (elliptical region in Fig. 9) is com-
paratively lower than that in other deep and major fault 
areas within Yunnan Province. There have been a few 
major earthquakes in the south section over the past sev-
eral hundred years (Shi et al. 2018; Trinh et al. 2012).

The shear wave velocity profile AA’ (Fig.  10) across 
the Chuandian block and the western Yangtze block 
shows two distinct low-velocity zones in the 20–40  km 
depth range. Two low-velocity anomalies are separated 
by a high-speed anomaly in the center of the Chuandian 
block. The Moho interface (marked by the black line in 
Fig. 10) gradually decreases from 50 to 35 km from west 
to east, consistent with the previous studies (Sun et  al. 
2012; Yang et al. 2010). It suggests that the crustal thick-
ness in the Chuandian block is relatively thicker than 

Fig. 7  Checkerboard test for azimuthal anisotropy. a is input model, b–f are the inversion results at different depths
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that of the Yangtze block. Profile BB’ shows a continuous 
low-speed anomalous of ~ 3.3 km/s widely spread above 
the crust-mantle boundary, which extends from the East-
ern Himalayan Syntaxis to the Xiaojiang fault. The Moho 
surface varies gently in the southern and eastern parts of 
Yunnan, with crustal thicknesses of 40 km (Fig. 10), con-
sistent with the results of Ling et  al. (2020). The profile 
CC’ shows the low-speed anomalies in the 20–40  km 
depth range beneath the northern Chuandian block, the 

Xiaojiang fault and its east side. However, there are rela-
tively high-speed anomalies in the interaction of the Liji-
ang–Xiaojinhe fault and the Xiaojiang fault above 20 km. 
The topography of the Moho interface varies from 55 km 
at 100˚–102˚ E to 45 km at 102.5˚E, and then gently with 
crustal thicknesses of 45  km in the west–southwest of 
Xiaojang fault. Profile DD’ shows that the crustal thick-
ness of the southwestern Red River fault is relatively 
thinner than that of the center of the Chuandian block 

Fig. 8  Isotropic shear wave velocity images at 10, 20, 30, 40, and 50 km depth (a–f), black lines represent the major faults
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and the western Yangtze Craton. The distribution of 
earthquakes in the four vertical profiles indicates that 
earthquakes mainly occur in the boundary of high- and 
low-velocity, especially near the large and deep fault 
zones. The earthquakes might relate to the velocity tran-
sition zone and the deformation of the large-scale fault 
zone.

Shear wave azimuthal anisotropy
We further calculate the shear wave azimuthal anisotropy 
at different depths in Fig.  11, which also indicates two 
prominent low-speed zones around the large deep faults 
(Fig.  11b–d). These two branches of low-velocity zones 

are consistent with the isotropic results. The low-speed 
anomaly gradually becomes confined to the north Chuan-
dian block when the depth reaches 50 km (Fig. 11e). The 
fast direction of observed shear wave azimuthal anisot-
ropy is approximately N–S in most of our study area in 
the depth range of 5–20 km, except the southwest mar-
gin of the Sichuan Basin (Fig. 11a–c), which is generally 
consistent with the strike of the tectonic structure and 
the extension stress. It has a large-scale anti-clockwise 
in the southwest margin of the Sichuan Basin, consistent 
with the result of Zhang et  al. (2022a, b). Below 25  km 
(Fig.  11d–f), the fast direction gradually rotates from 
the N–S in the north part of the Chuandian block to the 

Fig. 9  Distribution of seismic events from 1999 to 2021 and the black straight lines denote the location of vertical profiles. The yellow circles 
represent the magnitude of Ms 2–5 seismic events, the red circles represent the seismic events with a magnitude larger than 5, and the blue 
elliptical area is the predicted Red River seismic gap
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Fig. 10  Vertical profiles of shear wave velocity of the four measuring lines in Fig. 9. Black dots indicate seismic events in the past 22 years within 0.2 
degrees near the profile. The black solid lines represent the Moho surface, referring to Sun et al. (2012)
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NE–SW along the Lijiang–Xiaojinhe fault and has an 
anti-clockwise around the inner core of Emeishan Large 
Igneous Provinces. It transforms clockwise in the south-
ern Xiaojiang fault and the west Yangtze Craton, which 
is different from the previous results that show the fast 
direction is N–S and parallel to the strike of the Xiaojiang 
fault (Wang et  al. 2015; Wu et  al. 2019). The fast direc-
tion is generally similar to the extension of the low-speed 
anomaly.

To more clearly demonstrate the variation in the direc-
tion of anisotropic fast waves at vertical depth, we have 
also drawn two vertical profiles with anisotropic distri-
butions (Fig. 12). The fast direction rotates from the N–S 
direction in the shallow part (above 20  km) to the near 
E–W direction in the deep part (below 35  km) around 
the interaction of the Xiaojiang-Red River faults zone 
(Fig.  11d, Fig.  12 BB’), which agrees with the result of 
Wu et  al. (2019) and Yao et  al. (2010). The strength of 
azimuthal anisotropy in the south part of the Red River 
fault zone (blue elliptical area in Fig. 9) and the southwest 

Sichuan basin gradually extends to the southeast and 
deeper depths (Figs.  11, 12). The fast direction of azi-
muthal anisotropy has shifted from approximately N–S 
to E–W at the intersection of the Red River and Xiaojiang 
fault zones near 25° N (Figs. 11, 12).

Discussion
Comparison with previous results
The measured tomographic result displays some fea-
tures similar to previous surface tomography results 
(Yao et  al. 2008; Bao et  al. 2015; Wang and Gao 2014; 
Wang et  al. 2015; Han et  al. 2017; Liu et  al. 2019; Qiao 
et  al. 2018; Zhang et  al. 2020). For example, two appar-
ent low-speed anomaly belts are observed along the large 
deep faults in the lower crust. In contrast, prominent 
high-speed anomalies are revealed above 25  km with 
a northeast direction from the center Emeishan area to 
the southwest Sichuan basin, which separates two large 
low-speed anomalies (Figs. 8, 10, 11a–d). Meanwhile, the 
measured fast polarization axes of azimuthal anisotropy 

Fig. 11  Lateral slices of 3-D shear wave azimuthal anisotropic velocity, (a–f) denote the depths range of 5–10, 15–20, 25–30, 35–40, 40–50, 
and 50–60 km, respectively
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also have similar characteristics to the previous results 
that are subparallel to the large deep strikes of low-speed 
anomaly belts, such as Xiaojiang fault, Lijiang-Xiaojinhe 
fault (Liu et al. 2019; Chen et al. 2016; Han et al. 2022). 
However, our results also reveal some new features. Wu 
et  al. (2019) showed that the west zone of low veloc-
ity does not flow along the Red River fault but extends 
to the southwest direction through the Red River fault 
zone. Zhang et  al. (2020) displayed that the east low-
speed anomaly is separated from the north Chuandian 
block by the high-speed that extends from the inner 
Emeishan to the southeast Sichuan basin. They deduced 
that the low-velocity zone beneath the Xiaojiang fault 
may relate to the crustal thickening after the plateau 
uplift in this area, which increases crustal temperature, 
high-temperature melting (Wang and Gao 2014; Zhang 
et al. 2020). Whereas our result shows that the west low-
velocity zone rotates from the Lijiang-Xiaojinhe fault to 
the Red River fault and extends to the southeast direction 
along the Red River fault, and the east low-velocity zone 
is connected to that of the north Chuandian block in the 
depth range of 25–45 km. Our result also shows that the 

two low-velocity anomalies are merged at the intersec-
tion of the Xiaojiang fault and the Red River fault in the 
25–40 km depth range. The converging low-speed anom-
aly turns to the southeast, mainly concentrates in the 
southern section of the Xiaojiang fault zone, and extends 
southward along the Xiaojiang fault zone in the depth 
range of 35–40  km. Meanwhile, there is strong anisot-
ropy in the low-speed anomaly, with the fast wave direc-
tion extending along the low-speed anomalous body.

On the other hand, due to the sparse station distribu-
tion, Liu et  al. (2019) displayed insignificant azimuthal 
anisotropy in the northern low velocity of the Xiaojiang 
fault. Wu et al. (2019) showed that the fast directions in 
the west low-speed anomaly around the north of Red 
River fault are nearly W–E in the 10 and 20 s periods of 
Rayleigh wave phase-velocity, while this study shows that 
the fast direction rotates to NW–SE along the Red River 
fault in the 15 s period. Our model clearly shows signifi-
cant anisotropy in the low-velocity north of the Xiaojiang 
fault with the fast direction aligned well with this strike-
slip fault orientation. The fast directions rotate from the 
N–S direction in the lower crust to the NW–SE along 

Fig. 12  Vertical profiles of shear wave and azimuth anisotropy of the two measuring lines in Fig. 9 (profile AA’, BB’). Black dots indicate seismic 
events in the past 22 years within 0.2 degrees near the profile. The abbreviations of blocks and faults are the same as in Fig. 1. The fast axis direction 
and magnitude of anisotropy in a geographic map view are represented by short black lines. The vertical bar and the horizontal bar in the profiles 
indicate the azimuthal anisotropy’s fast direction with N–S and E–W, respectively
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the extension of the low-speed anomaly in the Red River 
fault zone and then turn to the E–W in the 40–60  km 
depth range at the intersection of the Xiaojiang fault and 
Red River fault. The fast directions are consistent with 
the orientations of the main faults, such as the Lijiang-
Xiaojinhe fault and the Red River fault. Similar features 
are also observed in the 3D seismic azimuthal anisotropy 
image at the same depth by Ai et  al. (2023). Moreover, 
our results suggest that the fast polarizations rotate to 
the NW–SE along the west margin of the Sichuan Basin.

Shear wave low‑velocity anomalies and crustal structure
In the shallow depth of 0–20 km, the middle Chuandian 
block and the east of Xiaojiang fault are covered with a 
relatively high-speed anomaly, and the low-speed bodies 
are mainly distributed along the Lijiang-Xiaojinhe, Xiao-
jiang and Red River faults (Figs. 10, 11, 12). The seismic 
events are primarily concentrated beneath deep faults 
that exceed a depth of 20 km, based on the distribution 
pattern of earthquakes (Figs.  9, 10, 12). Those indicate 
that these low-velocity anomalies might relate to the brit-
tle fracture and shear heating near the fault. The brittle 
deformation has extended to a depth of about 20 km in 
the upper crust. GPS data showed that the movement 
and deformation in the upper crust in SE Tibet may be 
attributed to the shear stress of the large strike-slip faults 
(Zhang et al. 2022a, b). Therefore, our results support the 
rigid block extrusion model proposed by previous studies 
(Tapponnier et al. 2001; Qiao et al. 2018), which suggests 
that the upper crustal deformation follows large and deep 
faults.

In the depth range of 25–45  km, two low-speed 
branches extend southward along the Xiaojiang fault 
from the Zemuhe fault and southward along the Red 
River fault zone from the northern part of the Chuan-
dian block and Lijiang-Xiaojinhe fault zone, respectively 
(Fig. 8). In addition, the low-velocity belts are ductile in 
an east–west direction and appear to be connected at a 
depth of about 30 km (Fig. 10). A liner Magnetotelluric 
sounding also reported a horizontally extensive resistivity 
layer in the lower crust (Bai et al. 2010; Li et al. 2019a, b, 
2020). Seismic wave inversion shows that the low-speed 
anomalies in the crust on the west side might be caused 
by the southeastward extrusion from the central Tibetan 
Plateau (Zhang et al. 2020). Combined low-velocity mate-
rials in the lower crust (Ling et al. 2020), and high Vp/Vs 
ratio (Sun et al. 2012) and high heat flow of ~ 90 mW/m2 
in the Chuandian block (Hu et  al. 2000), previous stud-
ies have mostly believed that the low-speed anomalies 
originated from lower crustal flow during the eastward 
growth of the Tibetan Plateau associated with the contin-
uous subduction of Indian Plate (Chen and Gerya 2016).

However, the connectivity between the two low-veloc-
ity bodies and the direction of lower crustal flow in the 
south Chuandian block is still unclear due to limited 
seismic stations. In this paper, we added 22 new broad-
band seismic stations around the interaction zone of the 
Xiaojiang–Red River faults and 50 temporary broad-
band stations around the southern Xiaojiang fault zone, 
which provide good coverage for surface wave inversion. 
The topographic reliefs near the Xiaojiang fault, Lijiang–
Xiaojinhe fault, and Red River fault are relatively steep in 
the AA’ and DD’ profiles in Fig. 10. The profile BB’ shows 
that the terrain is also relatively steep around the west 
Yangzte Craton with a thick crust (Fig.  10). Geological 
data confirmed that if the weak low-speed zone materi-
als in the lower crust are blocked by the rigid high-speed 
body, it will show a relatively steep topographic relief on 
the surface. Otherwise, it will be a relatively gentle topo-
graphic relief (Clark and Royden 2000). Therefore, we 
believe that the low-speed zone along the Xiaojiang fault 
zone in the east and the low-speed zone along the Liji-
ang–Xiaojinhe fault and Red River fault in the west might 
be attributed to the lower crustal flow associated with the 
eastward compression of the uplift Tibet Plateau.

The inversion results also show that two ranges of the 
low-speed anomaly are separated by a relatively high-
speed body in the middle and lower crust around the 
inner belt of Emeishan Large Igneous Provinces. The 
measured high-velocity body inclines to the northeast 
and extends from 10 to 30 km in the AA’ profile (Fig. 10), 
corresponding to the inner-middle belt of Emeishan 
Large Igneous Provinces from Fig.  8. The radial anisot-
ropy shows a strong negative radial anisotropy in the 
columnar high-velocity body (Fu et  al. 2018), which 
implies that the lattice arrangement of materials in the 
crust of the inner zone is likely to have experienced ver-
tical migration. The observed residual gravity anomaly 
(Deng et  al. 2014) and high Vp/Vs (Sun et  al. 2012) are 
gradually decreasing from the inner zone of Emeishan 
Large Igneous Provinces to its middle zone. Combined 
with the previous studies (Mooney et al. 2012; Liu et al. 
2021b; Zhou et al. 2020), we consider that this observed 
high-velocity body might be attributed to the basic ultra-
basic materials during the formation of Emeishan Large 
Igneous Provinces caused by the mantle plume. When 
the mantle plume reached the boundary of the Moho 
surface, it heated the materials of the uppermost man-
tle and buoyant magma, which squeezed into the lower 
crust and caused the mafic crust after its cooling (Zhao 
et al. 2013). Those underplating mafic/ultramafic materi-
als would result in high seismic velocity, high crustal Vp/
Vs, and thickened crust in this region. In addition, large 
lead–zinc ores are widely spread around the observed 
high-velocity anomaly, which is related to magmatic 
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activity in Emeishan Large Igneous Provinces (Liu et al. 
2021b). It also confirmed the reliability of the observed 
high-speed body and its relationship with the magmatic 
activity in Emeishan Large Igneous Provinces.

The observed high-velocity anomaly extends northeast 
with its main part in the inner belt of Emeishan Large 
Igneous Provinces, implying that the mantle plume head 
is probably located in the inner belt of Emeishan Large 
Igneous Provinces. We then deduce that these observed 
low-velocity anomalies in the lower crust are mainly 
derived from the southeast-ward extrusion of the Tibetan 
Plateau and blocked by the rigid Sichuan block and the 
Emeishan Large Igneous Provinces, which was separated 
into two parts. The east part extends from the Zemuhe 
fault to the Xiaojiang fault, and the west part rotates 
to the Lijiang–Xiaojinhe fault and the Red River fault 
around the margin of the Emeishan Large Igneous Prov-
inces. Due to the regional stress field and the shear strike-
slip stress of the Red River and Xiaojiang faults, two 
ranges of low-velocity anomalies may migrate southward 
and merge around the south of the inner belt Emeishan 
Large Igneous Provinces.

With the increase in depth, the low-speed anomalies 
are restricted to the northwestern Chuandian block at a 
depth of 50 km (Fig. 11e). It might be controlled by the 
crustal thickness. The crustal thickness observed from 
receiver function in the northern Chuandian region is 
about 50–65 km, while it reduces to ~ 45 km in the south 
Chuandian block (Wang and Gao 2014; Wang et  al. 
2018). Therefore, the northern Chuandian block is still 
located in the lower crust at a depth of 50  km. In con-
trast, the southern Chuandian block might reflect the 
shear wave velocity of the upper mantle. Then, at 50 km, 
the low velocity is reduced in the south Chuandian block, 
indicating that the crustal flow mainly concentrates in 
the lower crust.

Azimuthal anisotropy and Crustal deformation
The azimuthal anisotropy can be used to interpret the 
deformation process and its dynamic mechanisms in 
this study area. The velocity variation of the azimuthal 
anisotropic shear wave, as depicted in Fig.  11, exhibits 
consistency with the isotropic velocity structure within 
the range of 5–30  km. Furthermore, the orientation of 
its anisotropic fast wave aligns with previous research 
findings (Liu et al. 2021a). The accuracy of azimuth ani-
sotropy results is influenced by the coverage of ray path 
data. By incorporating broadband seismic station data 
and the temporary seismic stations into our study in the 
Xiaojiang–Red River fault zone, we can present more 
detailed information on azimuth anisotropy and crustal 
structure, particularly regarding the southern section of 
the Xiaojiang fault and its interaction with the Red River 

fault (Fig. 11). The measured azimuthal anisotropy of the 
upper crust in the South Chuandian block exhibits fast 
axes that align with the direction of the principal stress in 
the stable block. This alignment reflects the orientation 
of fractures induced by stress within the stable block, 
as depicted in Fig. 11a (Shi et al. 2006; Tian et al. 2019). 
The fast direction near the fault zone is consistent with 
the orientations of local strike-slip faults, indicating a 
strong influence of fault activity on fracture arrangement 
in these areas (Cai et al. 2016; Zhao et al. 2013). The con-
sistency between fast directions and orientation of local 
strike-slip faults supports the idea that the deformation 
of the upper crust is mainly controlled by large strike-
slip faults (Fig. 13a). The GPS vectors were further com-
pared with the observed fast direction at 5–10  km and 
20–40  km (Fig.  13), revealing that the maximum devia-
tion angle between GPS and the fast direction of upper 
crustal anisotropy is less than 45 degrees. For the lower 
crust, the fast direction of azimuthal anisotropy exhibits 
significant deviation with GPS vectors, particularly at the 
junction of the Xiaojiang and Red River fault zones. The 
observed counterclockwise rotation of the fast direction 
along the Lijiang–Xiaojinhe fault in the north Chuandian 
block, below 35  km, is consistent with the distribution 
pattern of the low-velocity anomaly. We further observe 
that the fast directions above 20  km and below 20  km 
exhibit disparities. The comparisons of azimuthal ani-
sotropy at different depths, along with GPS data, suggest 
incoherent deformation mechanisms between the upper 
and lower crust.

In the 20–40 km depth range, the azimuth anisotropy 
is consistent with the extension direction of the two low-
velocity belts, the fast direction rotates from N–S in the 
north part of the Chuandian block to NE–SW around 
the inner Emeishan Large Igneous Provinces and then to 
the NW–SE in the south Xiaojiang fault. The SKS split-
ting, which serves as an indicator of deformation in the 
mantle lithosphere, reveals a predominant fast direction 
oriented approximately E–W at around 26–22° N (Einat 
et al. 2006). It shows that the measured azimuthal anisot-
ropy in the lower crust has an apparent difference with 
the SKS splitting, which suggests that the deformation of 
the lower crust and lithospheric mantle are decoupled in 
this study area. The joint inversion of crustal Lg attenua-
tion and Bouguer gravity anomalies also reveals a distinct 
zone of lower crust characterized by reduced seismic 
velocities, which is closely associated with major fault 
systems (Zhou et  al. 2020; Liu et  al. 2021a). The appar-
ent low-velocity anomalies in the middle and lower crust 
(Bao et  al. 2015; Shapiro et  al. 2004; Wang et  al. 2015), 
the high crustal Lg attenuation (Zhao et al. 2013), and the 
different fast directions of Ps and SKS splitting (Sun et al. 
2012; Han et al. 2022) also indicated that the deformation 
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mechanism is decoupled between the lower crust and 
lithospheric mantle in most of the south Chuandian 
block. Combined with the geophysical data and our 
observations, we deduce that these observed low-velocity 
anomalies along the significant deep faults in the lower 
crust might be caused by the lower crustal material flow. 
The observed shift in the low-speed anomalies trend 
within the southern Chuandian block also indicates a 
southeastward rotation of lower crustal flow (Fig. 13b).

Seismic gap
The inversion results show that the west side of the Red 
River fault is a low-speed zone, while the high-velocity 
anomaly spreads to the east side, especially in the area 
above 30  km. The Red River fault, as the southwestern 
boundary of the southern Chuandian block, is the large 
and deep fault zone in Yunnan (Zhang et  al. 2022a), 
which is NW trending and managed by a right-lateral 
strike-slip. It is divided into three sections: north, middle, 
and south. The distribution of earthquakes in Fig. 9 shows 
that the major earthquakes (Ms > 5.5) occurred only in 
the northern part of the Red River fault zone. Although 
the middle and south segments of the Red River fault are 
also transition zones of high- and low-velocity anomaly, 
there is no record of large-magnitude earthquakes in 
these segments (Yuan et  al. 2022). Two possibilities for 
this case. First, the Red River fault has been sliding in 

creep form and only caused the deformation along the 
fault. Meanwhile, the sliding friction is small, caused by 
the creep deformation. If the energy does not accumulate 
along the Red River fault, then the major earthquake has 
not occurred in the southern part of the Red River fault. 
Second, the fault is now locked, but the strain has been 
accumulating along the fault, as the sliding near the fault 
is not significant. Over time, potential major earthquakes 
may occur along the fault.

GPS observations showed that the sliding deficit and 
locking degree of the Red River fault are gradually increas-
ing with time. The strike-slip rates are 4.76 ± 0.78 mm/a, 
3.24 ± 0.56  mm/a, and 2.83 ± 0.34  mm/a, with the lock-
ing depths, 10.9 km, 11.5 km, and 12.6 km in the north, 
middle and south part of Red River fault, respectively 
(Zhang et al. 2022a). GPS observations also showed that 
the sliding deficit of the south section is 5 mm/a, slightly 
lower than that of the northern section 9 mm/a (Zhang 
et al. 2022a). The sliding deficit often reflects the speed of 
strain accumulation in this area. Therefore, the Red River 
fault zone has experienced rapid strain accumulation, 
and the velocity in the north section is faster than in the 
south section of the Red River fault.

The likelihood of a significant earthquake occurring 
in the middle and south segments of the Red River fault 
zone has been extensively examined in numerous studies 
(Zhang et al. 2022b; Wu et al. 2022; Su et al. 2022). The 

Fig. 13  GPS velocity field from Gan et al. (2007) and Pan et al. (2018) plotted relative to the Eurasia plate (blue arrows) and shear wave azimuthal 
anisotropy at 5–10 and 40 km (black bar); Red arrows in a and b inferred the block extrusion and crustal flow, respectively
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study revealed that seismic activity with high magnitudes 
in the Red River fault zone has the potential to migrate 
toward the southwest direction of the Chuxiong–Jian-
shui fault region (Zhang et al. 2022b). However, the high-
resolution remote sensing data and geomorphological 
surveys (Wu et  al. 2022) suggested that several strong 
seismic activities occurred in the center and south sec-
tions of the Red River fault. Additionally, various scales 
of river system faults have developed along the Red River 
fault zone (Su et al. 2022). The measured azimuthal ani-
sotropy of the shear wave indicates that the fast direc-
tion above 20  km near the Red River fault aligns with 
the strike-slip fault. However, there are significant differ-
ences between the east and west segments of this fault 
zone (Fig. 11). The fast direction on the western segment 
of the Red River fault is primarily the N–S direction, 
while it rotates to NE–SW on its eastern segment. This 
observation implies that the rates of strike slip and strain 
accumulation are relatively elevated within the middle-
southern segment of the Red River fault zone.

The tectonic stress field in Yunnan revealed that the 
predominant stress regime is characterized by strike-
slip motion, with the maximum principal compressive 
direction primarily oriented in the northwest-southeast 
axis (Tian et  al. 2019). The azimuth anisotropy of the 
upper crust of the Chuan-Dian block is roughly aligned 
with the principal compressive stress direction of the 
regional tectonic stress field. Moreover, the fast direc-
tion of anisotropy in the upper crust near the fault zone 
is consistent with the strike of the fault zone (Fig. 11), 
indicating that the upper crust deformation in this 
region is strongly influenced by strike-slip fault activi-
ties (Cai et  al. 2016; Zhao et  al. 2013). However, the 
observed fast wave orientations in the northern and 
central segments of the Red River fault zone exhibit 
disparities, with indications of deflection in the cen-
tral section of the Red River fault. The stress state of 
the Red River fault zone exhibits discontinuity, and the 
middle section of the Red River fault zone in the mid-
dle and upper crust displays a high-velocity anomaly 
relative to the north section. Electromagnetic inversion 
shows that there is a high resistance anomaly in that 
area (Ye et al. 2022). suggesting that the high resistance 
and high shear wave velocity may lead to stress deflec-
tion, potentially resulting in easier stress accumula-
tion within the central section of the Red River fault. 
In addition, the inversion results of fault strike-slip rate 
and locking depth indicate that the region is currently 
in a state of strong tectonic locking (Li et  al. 2019a, 
b). The seismic prediction performance of the Yunnan 
region was assessed by Wang et al. (2021) based on the 
b-value, revealing a low b-value zone located in the cen-
tral part of the Red River fault, indicating an elevated 

stress state. Consequently, there exists a heightened 
seismic risk within this particular section of the Red 
River fault zone.

Conclusions
We apply the direct joint inversion method to build the 
3-D Rayleigh wave velocity and its azimuthal anisotropy 
at a period of 5–45 s recorded by 141 broadband seismic 
stations. We mainly get the following three conclusions.

(1) The observed low-velocity anomalies are mainly dis-
tributed near the deep and large fault zones in the upper 
crust, and the fast direction of azimuthal anisotropy 
aligns well with the strike-slip fault orientations in the 
upper crust. Based on the depth distribution of seismic 
events, low-velocity anomalies might relate to the brit-
tle fracture and shear heating near the fault that extends 
to about 20  km. In the lower crust, two low-velocity 
branches extend southward along the Xiaojiang fault and 
the Red River fault zone, respectively. Two low-velocity 
branches are merged around the junction of Xiaojiang 
and Red River faults at about 30–40  km. The observed 
fast direction of significant azimuthal anisotropy in the 
lower crust mainly follows two major low-velocity anom-
aly trends, which might be associated with ductile defor-
mation within the lower crust. We deduce two crustal 
deformation modes in this region. One is the block extru-
sion model in the upper crust along the deep fault zone, 
and the other is the two branches of lower crustal flow 
along the Red River fault and the Xiaojiang fault.

(2) Our result also shows a high-speed body below the 
inner belt of Emeishan Large Igneous Provinces, while its 
outer belt shows a relatively low velocity. Combined with 
geological data and geophysical observations, we infer 
that the high-speed anomaly might relate to basic ultra-
basic materials intruding from the mantle plume into 
the crust. However, the head of the mantle plume mainly 
occurs below the inner zone. That is why the two low-
speed zones are merged in the south margin of Emeishan 
Large Igneous Provinces. Those also indicate that the 
Emeishan igneous rocks in the inner belt of Emeishan 
Large Igneous Provinces obstructed the low crustal flow 
and separated into two parts.

(3) We also find that seismic events mainly happen in 
the boundary of high–low velocity anomalies. However, 
less large magnitude earthquakes have occurred in the 
south Red River fault in the past ten years, although this 
area is the boundary of the high–low velocities zone. 
Combined with the locking degree and sliding deficit 
of the south Red River fault zone, we speculate that the 
south Red River fault zone may be the earthquake gap. 
However, more evidence needs to be further verified.
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