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Abstract

The Sanjiang lateral collision zone in the SE margin of the Tibetan Plateau is located at the east 
edge of the junction of the Eurasian and Indian plates. Using the continuous seismic waveforms 
recorded by 146 temporary and 21 permanent seismic stations in the study area, we obtain Rayleigh 
wave phase velocity and azimuthal anisotropy for periods 2 s to 40 s from the surface wave direct 
tomography method. This direct tomography method can obtain finer high-resolution results than 
the traditional surface wave tomography. Our results show that the low‑velocity anomalies are found 
beneath the Lijiang‑Xiaojinhe fault (LXF), Red River fault (RRF), Chuxiong fault and Tengchong 
volcanoes, the high-velocity anomalies are in the region of Weixi and Panzhihua at periods 5 ~ 8 s. 
The fast velocity directions mainly align N‑S. At periods 10 ~ 15 s, the distributions of low‑velocity 
anomalies are consistent with the strikes of LXF and RRF. At periods 20 ~ 35 s, the high‑ and 
low‑velocity anomalies are bounded by the RRF, which may imply the fault is divided by the thick 
crust (indicated by low‑velocity anomalies) and the thin crust with shallow mantle (indicated by 
high‑velocity anomalies). The fast velocity directions at the periods 10 ~ 35 s rotate clockwise from 
north to south of the study area. The intensity of anisotropy in the low‑velocity zone is stronger 
than that in the high‑velocity zone, and the intensity in the north of the study area is stronger 
than that in the south. Results indicate the source of anisotropy may be different in each subzone.

Keywords: SE margin of the Tibetan Plateau; Sanjiang lateral collision zone; Rayleigh wave; Phase 
velocity; Azimuthal anisotropy
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1. Introduction

The continuous collision and extrusion of the Eurasian and Indian plates have facilitated the eastward migration 
of the Tibetan Plateau material, forming the characteristics of high altitude and thick crust [Yin and Harrison, 2000]. 
However, the eastward migration encounters the barrier of the Sichuan Basin, which caused diversion of the plateau 
material in the northeast and southeast directions. Within this context, the SE margin of the Tibetan Plateau serves 
as the channel of the plateau material flowing in the direction of NW‑SE to nearly N‑S [Royden et al., 2008], resulting 
in the clockwise rotation of surface movement. In recent years, GPS observations have provided clear evidence of 
this clockwise rotational motion around the eastern Himalayan syntaxis, with significant crustal strains primarily 
concentrated in the faults [Jin et al., 2019; Wang and Shen, 2020; Zhao et al., 2015].

Located in the SE margin of the Tibetan Plateau and the southwestern of the Sichuan‑Yunnan rhombic block 
(Figure 1), the Sanjiang lateral collision zone is considered to be the intersection of the Tethys tectonic belt and the 
western Pacific tectonic belt. The region has experienced two significant stages of the Tethys accretionary orogeny 
and the India‑Eurasia plate intercontinental collision orogeny, resulting in complex tectonics, strong deformation 
and frequent seismic activity in the study area [Pan, 1991; Liu et al., 1993; Zhong and Ding, 1993]. The study area is 
not only distributed Chuxiong basin (green shadow in Figure 1a) and the inner zone of the Emeishan large igneous 
province (ELIP) (pink dashed lines in Figure 1), but also active Tengchong volcanoes (TCV) (red triangle in Figure 1) 
and many deep faults, such as Lancangjiang fault (LCJF), Nujiang fault (NJF), Chenghai fault (CHF), Lijiang‑Xiaojinhe 
fault (LXF), Jinhe‑Qinghe fault (JQF), Longling‑Ruili fault (LRF) and Chuxiong fault (CXF) (Figure 1). These complex 
faults divide the study area into different tectonic units, namely the Tengchong block (TCB), Baoshan block (BSB), 
the Indochina block (ICB), the Western Sichuan sub‑block (WSB) and the Central Yunnan sub‑block (CYB) from 
west to east. The NW‑trending RRF is a giant strike‑slip fault that cuts through the ICB and the South China block. 
It  serves as the western boundary of the Sichuan‑Yunnan rhombic block and plays a key role in the eastward 
extrusion of material from the SE margin of the Tibetan Plateau. Therefore, it is necessary to study the velocity 
structure and azimuthal anisotropy of the Sanjiang lateral collision zone as a key place for the lateral extrusion and 
escape of the Tibetan Plateau material.

Since the 1980s, the deep seismic sounding [Bai and Wang, 2003], magnetotelluric tomography [Bai et al., 2010], 
various scales of body-wave tomography [Lei et al., 2009, 2014; Yang et al., 2014], surface-wave tomography [Li et al., 
2014; Qiao et al., 2018; Wang and Gao, 2014; Wang et al., 2015; Yao et al., 2008, 2010; Zhang et al., 2020], receiver 
functions studies [Cai et al., 2016; Sun et al., 2012; Zhang and Gao, 2019] and shear-wave splitting [Chang et al., 
2015; Gao and Wu, 2008; Gao et al., 2011, 2019, 2020; Lev et al., 2006; Shi et al., 2012; Wang et al., 2007; Zhang and 
Gao, 2017] have been carried out in the study area. These available research data indicated that the structure of the 
crust and upper mantle is laterally heterogeneous and dominated by low‑velocity, low resistivity, high electrical 
conductivity, high heat flow, low Q value and strong anisotropy [Bai et al., 2010; Cai et al., 2016; Hu et al., 2000; 
Sun et al., 2016; Zhang et al., 2020; Zhao et al., 2013]. It is widely accepted that the low‑velocity layers exist in the 
middle-lower crust. Some authors supported the middle-lower crustal flow model and suggested that there may be 
a channel for material flowing in the Yunnan province, China [Bao et al., 2015; Li et al., 2016; Royden et al., 1997; 
Wu et al., 2016]. However, based on the heterogeneity of the crustal low‑velocity layer, some authors suggested 
that the lower crustal flow in the SE margin of the Tibetan Plateau is confined to local areas by faults and tectonic 
boundaries [Chen et al., 2014; Chen et al., 2016; Wang et al., 2010; Yao et al., 2008]. Recently, Zhang et al. [2020] 
proposed that the SE margin of the Tibetan Plateau is experiencing three different tectonic modes simultaneously. 
Although the above-mentioned results from different methods are comparable and have a deep understanding of the 
crust-mantle structure in the study area, the lateral and vertical velocity distributions show important differences 
mainly due to the large scale and resolution limitations.

The surface waves propagate in a stratified medium, which are characterized by the dispersion, and the surface 
wave dispersion is sensitive to the S wave velocity of the medium. Furthermore, the surface wave data contains a 
wealth of crust-mantle structure information beneath the propagation path. So, surface wave tomography using 
dispersion data to obtain isotropic and anisotropic models is a very efficient approach for studying regional tectonics 
and deformation as well as probing high-resolution crustal structures [Yao et al., 2023]. Generally, traditional surface 
wave tomography based on dispersion data usually has two steps. Firstly, 2D phase or group velocity maps are 
inverted. Then, a 1D S wave velocity model is derived at each grid point based on the pure path dispersion of the grid 
point. Finally, these 1D models are combined to construct a 3D S wave velocity model [Yao et al., 2023]. However, the 
conventional tomography method faces challenges when there are limited paths available for constructing reliable 
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Figure 1. �Tectonic background and seismic station distribution in the study area. (a) Tectonic background of the study 
area. The red triangle represents the location of the Tengchong volcanic region. The pink dashed lines outline 
the inner zone of the ELIP [Xu et al., 2004]. The blue circles represent earthquakes of M > 5.0 from 1970 to 2021 
(https://data.earthquake.cn/). The major faults and tectonic boundaries are depicted with solid black and gray 
lines, respectively. Some important faults and blocks are indicated with their initials (in black), whose meaning 
is shown in the rectangular box on the left. The inset in the top left shows the location of the study area. 
(b) Distribution of stations. The triangles of different colors represent different types of stations, whose meaning 
is shown at the bottom right corner. The background color is the depth of Moho modified from Zhu et al. [2021].
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2D phase or group velocity maps for certain periods. Consequently, data from these periods cannot be effectively 
utilized in the two‑step surface wave tomography [Luo et al., 2019; Yao et al., 2010; Yao et al., 2023]. To address this 
limitation, recently advancements have been made in surface wave tomography. Fang et al. [2015] and Zhang et al. 
[2019] developed the direct surface wave tomography method based on surface wave dispersion traveltimes, that is 
one‑step method. This method allows for the utilization of dispersion traveltimes from all periods in surface wave 
tomography, enhancing data coverage density and improving resolution.

In our research works, in addition to the regional permanent stations and the ChinArray Phase I (ChinArray‑I) 
stations used in previous studies, we also benefited from the two temporary seismic arrays (SJ‑array and SL‑array) 
set up by the Institute of Earthquake Forecasting, China Earthquake Administration in the Sanjiang lateral collision 
zone, which provides more detailed velocity structure and azimuthal anisotropy in the study area. We first used the 
direct surface wave tomography method by the observed continuous seismic waveforms of temporary seismic arrays 
and regional permanent stations to obtain the 3D S wave velocity and azimuthal anisotropy in the study area, and 
then perform a forward calculation of the phase velocity and azimuthal anisotropy for each grid point at different 
periods based on our 3D S wave velocity. The 3D S wave velocity and azimuthal anisotropy will be discussed in detail 
later in another study. In this paper, the phase velocity and azimuthal anisotropy obtained by further calculation 
are mainly discussed, and the phase velocity results in this paper are compared with those obtained by the previous 
conventional method.

2. Data and Method

2.1 Data resources and Dispersion processing

The temporary linear arrays (SL‑Array) and areal arrays (SJ‑Array) were set up in the study area by the Institute 
of Earthquake Forecasting, China Earthquake Administration in October 2016 and October 2018, respectively. The 
seismograph has a period of 120 s. In this study, we use the continuous seismic waveforms recorded by SL‑Array 
from November 2016 to December 2018, SJ‑Array from October 2018 to December 2020, the stations of ChinArray‑I 
from October 2011 to December 2013 and Yunnan regional permanent stations from December 2012 to July 
2020 (Figure 1b). The even and dense distribution of these stations ensures a good resolution for ambient noise 
tomography.

The waveforms were first down-sampled form 100 Hz to 5 Hz and then used to compute interstation ambient 
noise cross-correlation functions (CFs) mainly following the processing schemes of Bensen et al. [2007], including 
removing instrument response, removing mean and trend, band-pass filtering (2 ~ 50 s), spectral whitening, and 
temporal normalization of the waveform data. Finally, we calculated the CFs of all station pairs. Figure 2 shows 

Figure 2. �Examples of CFs at periods of 2 s to 40 s as a functions of interstation distance (a) CFs between permanent 
station BAS and all other stations. (b) CFs between station SJ01 and permanent stations, the remaining SJ‑arrays.
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Figure 3. �Example of phase velocity dispersion curve measurements at BAS‑MLI station. (a) Station pair location map. 
(b) Magnitude of signal‑to‑noise ratio corresponding to different periods. (c) The empirical Green function and 
the waveform after adding the time window. (d) Phase velocity dispersion curve measurement plot.

the CFs examples of the station BAS and all other stations (Figure 2a), as well as the station SJ01 and permanent 
stations and the remaining SJ‑arrays (Figure 2b). A clear Rayleigh wave signal can be observed from the Figure 2.

The empirical Green functions were then obtained from the time derivatives of the CFs [Yao et al., 2006]. Under 
the assumption of far‑field surface wave propagation, we extracted the phase velocity dispersion curve based 
on the image analysis method [Yao et al., 2006]. Figure 3 shows an example of phase velocity dispersion curve 
measurements at BAS‑MLI station. The phase velocity measurements were picked based on the interstation distance 
and the signal‑to‑noise ratio of the empirical Green functions. We only retained phase velocity measurements with 
the signal‑to‑noise ratio equal to or greater than 5 and interstation distances greater than 2.5 times the wavelength. 
We finally obtained approximately 5228 phase velocity dispersion curves at the periods 2 s to 40 s. Figure 4 shows 
number of ray paths, average phase velocity and standard deviation of Rayleigh waves at all periods. We notice that 
the path number is more than 2000 at most periods and can reach above 3000 at intermediate periods. Figure 5 show 
the distributions of ray path and ray density at selected periods. We calculated the ray density for grid 0.1° × 0.1° 
and 0.2° × 0.2°, respectively. It can be seen that the paths are distributed evenly in the study area, which ensures 
the reliability of the inversion results. Figure 6 shows the sensitivity analysis of the Rayleigh wave phase velocity 
to the S wave velocity structure at different periods (Figure 6b). The initial velocity model (Figure 6a) derived from 
the 1D velocity model of the SE margin of the Tibetan Plateau [Zhang et al., 2020]. The sensitivity map shows that 
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the Rayleigh waves at period 8 s are mainly sensitive to the S wave velocity above 10 km in the upper crust, and its 
sensitive depth reaches 15 ~ 35 km at the period 25 s, which represents the middle-lower crust in the study area. 
The Rayleigh wave sensitive depth is greater than 40 km at the period 35 s (Figure 6b).

2.2 The direct inversion method for azimuthal anisotropy

In our research, we used the direct inversion method proposed by Liu et al. [2019]. Firstly, this method assumes 
the azimuthally anisotropic phase velocity variations are typically several percent in amplitude, which are much 
smaller than the isotropic phase velocity variations [Liu et al., 2019; Zhang et al., 2022]. Secondly, the traditional 
surface wave tomography method is based on the individual inversion for the S wave velocity model at each grid 
point and there is no constraint between adjacent grid points [Liu et al., 2019; Yao et al., 2023; Zhang et al., 2022], 
while the direct inversion method can directly invert for the 3D S wave velocity structure with lateral and vertical 
model smoothness constraints [Liu et al., 2019; Zhang et al., 2022]. Finally, the direct inversion method utilizes 
dispersion data from all periods, enhancing data utilization and improving resolution and accuracy [Liu  et al., 
2019; Fang  et al., 2015; Yao  et al., 2023]. The Rayleigh wave traveltimes were calculated by fast‑marching ray 
tracing method proposed by Rawlinson and Sambridge [2005]. The fast‑marching ray tracing method is a grid based 
numerical scheme for tracking the evolution of monotonically advancing interfaces via finite-difference solution 
of the eikonal equation and distinguishes itself by combining both unconditional stability and rapid computation 
[Rawlinson and Sambridge, 2004]. Considering the possible tradeoff between the isotropic S wave velocity and the 
azimuthal anisotropy parameter in the inversion [Yao et al., 2023], we usually use a two‑stage method for inversion, 
including (1) the 3D S wave velocity model is inverted directly from Rayleigh wave traveltimes [Fang et al., 2015]; 
(2) the reliable S wave velocity model obtained in the first step is considered as an initial model in the second step 
to invert for both 3D S wave azimuthal anisotropy and additional S wave velocity perturbations [Liu et al., 2019; 
Zhang et al., 2022]. In this paper, the Rayleigh wave phase velocity and azimuthal anisotropy for each grid point at 
different periods were perform a forward calculation based on our inversion results obtained in the second step. 
More details about this recently developed direct inversion method can be found in Liu et al. [2019].

Figure 4. �Number of ray paths, average phase velocity and standard deviation of Rayleigh waves at periods 2 ~ 40 s. The 
histogram is the number of Rayleigh wave ray paths at periods 2 ~ 40 s. The dot‑line map is average phase velocity 
and standard deviation at periods 2 ~ 40 s.
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2.3 Checkerboard tests

We conducted checkerboard tests to analyze the resolution of the Rayleigh wave phase velocity and azimuthal 
anisotropy model. To analyze the recovery ability more comprehensively, we tested checkerboard sizes of 
0.75° × 0.75° and 0.6° × 0.6° patterns for anisotropy, 0.5° × 0.5° and 0.4° × 0.4° patterns for isotropy. The isotropic 
velocity perturbation is ± 5%, and the magnitude of azimuthal anisotropy is 4%. The study area was meshed with 
a grid size of 0.1° × 0.1° in the horizontal direction and of 3 km from 0 to 15 km, 5 km from 15 to 50 km in the 

Figure 5. �The path coverage and ray density at periods 5, 12, 25 and 35 s. (a)‑(d) The path coverage at periods 5, 12, 25 and 
35 s, respectively. The black lines are the ray paths. “T” is the period, and “PathNum” is the path number at the 
corresponding period. The red solid polygon shows that the area has good ray coverage. (e)‑(h) The ray density 
at periods 5, 12, 25 and 35 s with grid size of 0.1° × 0.1°. (i)‑(l) The ray density at periods 5, 12, 25 and 35 s with 
grid size of 0.2° × 0.2°. The triangles are the stations, its meaning is consistent with Figure 1b.
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vertical direction. In the direct inversion, the optimal isotropic weighting factor λ=40 and the optimal anisotropic 
weighting factor λ=30 determined by L‑curve analysis (Figure 7) were used as the input, and the maximum number 
of iterations for isotropy and anisotropy were set to 15 and 5, respectively. The L‑curve analysis, depicted in Figure 7, 
played a crucial role in determining the optimal weighting factors. By evaluating the trade‑off between the misfit 

Figure 6. �Velocity model used for the inversion and velocity-sensitive kernel analysis. (a) Initial velocity model used for 
the inversion [Zhang et al., 2020]. (b) Depth sensitivity kernels at periods of 3, 5, 8, 12, 15, 25, 30 and 35 s for the 
Rayleigh wave fundamental phase velocity calculated using the model in (a).

Figure 7. �L‑curve analysis for the direct inversion. (a) L‑curve analysis for isotropic inversion. (b) L‑curve analysis for 
anisotropic inversion. The horizontal axis is the data residual term, and the vertical axis is the model regularization 
term. The parameter λ is the weighting factor, and the point indicated by the black dashed line is the optimal 
value of λ.
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and model smoothness, the L‑curve analysis helped select appropriate values for λ, ensuring a balance between 
data fit and model complexity.

Figure 8 shows the recovery results of phase velocity and azimuthal anisotropy with different anomaly sizes 
at 10 s, 20 s and 30 s, respectively. The phase velocity anomalies with size of 0.5° × 0.5° can be well recovered 

Figure 8. �Rayleigh wave phase velocity and azimuthal anisotropy recovery results for periods 10 s, 20 s and 30 s with different 
anomaly sizes. (a)‑(c) and (d)‑(f) are the phase velocity recovery results with anomalies sizes of 0.5° × 0.5° and 
0.4° × 0.4° for periods 10 s, 20 s and 30 s, respectively. (g)‑(i) and (j)‑(l) are the azimuthal anisotropy recovery 
results with anomalies sizes of 0.75° × 0.75° and 0.6° × 0.6° for periods 10 s, 20 s and 30 s, respectively. The velocity 
anomaly is ± 5% and the magnitude of azimuthal anisotropy is 4%. The dashed black lines in (a)‑(l) show the 
boundary of the true isotropic and anisotropic checkerboard patterns. The gray lines are the tectonic boundaries.
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(Figures 8a ~ 8c). For the azimuthal anisotropy, the intensity and direction except the edge region can be well 
recovered when the anomaly with size of 0.75° × 0.75° (Figures 8g ~ 8i). When the anomaly with size of 0.6° × 0.6°, 
the recoverable region gradually decreases as the period increases, and only the region near the dense temporary 
array can be recovered at period of 30 s (Figure 8l). The results of the checkerboard tests emphasize the strong 
correlation between resolution ability and ray path and density distribution. It can be seen the ray paths before the 
period of 25 s have better coverage in most of the study area from Figure 5, while after the period of 25 s, ray paths 
are more concentrated near the dense temporary arrays.

3. Results

The Rayleigh wave phase velocity and azimuthal anisotropy model at selected periods are shown in Figure 9. At 
short periods (5 ~ 10 s), the phase velocity map shows great lateral heterogeneity. The low‑velocity zone extends 
southwestward along LXF into the ICB and TCB. Two high‑velocity zones are presented on both sides of the 
low‑velocity zone, distributed in Panzhihua region within the Sichuan‑Yunnan block and Weixi region on the edge 
of Sanjiang lateral collision zone. In addition, there are small-scale high-velocity anomaly between the south side 
of the LRF and the west side of the Shidian region. The high‑velocity anomaly around the LCJF arc structure is 
consistent with the strike of the fault. The fast velocity directions mainly align N‑S in most of the study regions, 

Figure 9. �Results of the Rayleigh wave phase velocity and azimuthal anisotropy at selected periods. The background color 
is the Rayleigh wave phase velocity, red and blue colors denote the low and high velocity anomalies, respectively, 
whose scale is shown at the right side. The azimuth and length of the black lines denote the direction and the 
intensity of azimuthal anisotropy, respectively. Other symbols and abbreviations are consistent with Figure 1.
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except for some NNW‑SSE and ENE‑WSW trending in the TCV and Shidian region. Stronger anisotropy is found in 
the TCV and south of the northwestern end of the RRF.

At periods 12 ~ 20 s (Figures 9d ~ 9f), several notable changes can be observed. The low‑velocity zone on the 
north side of LXF gradually move westward. The low‑velocity zone in the southern side of TCV and the Shidian region 
gradually becomes high‑velocity. As the period increases, the range of the low‑velocity anomaly on the southwestern 
side of the study area gradually increases. The fast velocity directions are consistent with the strike of the faults 
in the west side of RRF, while the directions are nearly N‑S in the east. In addition, the anisotropy direction shows 
ENE‑WSW in the vicinity of Eryuan and Jianchuan region, which are located in the intersection area of different 
faults, indicating that the deformation of the intersection area is more complex. Compared with the maps of short 
period, the intensity of anisotropy in the low‑velocity zone is enhanced, especially near the LXF.

At periods 25 ~ 35 s (Figures 9g ~ 9i), the velocity structure is essentially restricted by the RRF, which is a 
high‑velocity in the southwest and a low‑velocity in the northeast. The results of the receiver functions show that 
the depth of the Moho in the northeast of the study area is more than 50 km, and the southwest is 35.1 ~ 38.3 km 
[Figure 1b, Sun et al., 2012; Wang et al., 2017]. Therefore, the velocity distribution in this period corresponds to 
the characteristics of crustal thickness. The fast velocity directions are NNW‑SSE in the west side of CHF, which 
is consistent with the strike of RRF, indicating that the RRF has a strong influence on anisotropy. The intensity of 
anisotropy also shows great lateral heterogeneity. The anisotropy intensity in the west of the study area is larger 
than that in the east, especially in the Panzhihua, where the intensity of anisotropy is less than 2% and the direction 
becomes to ENE‑WSW.

4. Discussion

4.1 Comparison with previous results

At short periods (8 ~ 10 s), we can see three distinct high-velocity zones in the northwestern, northeastern, and 
southern parts of the study area, respectively. The low‑velocity zones are distributed beneath the LXF, RRF, CXF 
and TCV. The azimuthal anisotropy mainly aligns N‑S direction. This distribution patterns of velocity and azimuthal 
anisotropy are consistent with previous results in the study area [Han et al., 2022; Pan et al., 2015; Qin et al., 2018; 
Wang and Gao., 2014; Wang et al., 2014; Wang et al., 2015; Yao et al., 2010; Zheng et al., 2014]. For example, the 
high-velocity zones in Weixi region are consistent with the phase velocity results obtained by Wang et al [2014] 
at period 10 s using the surface wave records of 504 teleseismic events at 50 temporary and 92 permanent seismic 
stations in southwest China. Geological data indicate that the Weixi region is located in Lanping‑Simao fold belt, and 
the sediment stratum are mainly marine facies strata of Triassic, Cretaceous and Jurassic [Li et al., 2021]. Receiver 
function analysis has further suggested that the Weixi region possesses a thick crust and a high Poisson’s ratio 
[Wang et al., 2017; Zhang and Gao et al., 2019], with intermittent exposure of ultramafic rocks in the north‑south 
direction [Xu et al., 2021]. Therefore, the high-velocity anomaly in this region could be related to crustal thickness 
and ultramafic materials in the crust. Previous studies have also reported a southwestward extension of low‑velocity 
zone from the LXF into TCV, with the azimuthal anisotropy in the low‑velocity zone oriented in nearly N‑S direction. 
However, our data have better coverage at the intersection of LXF and RRF (Figure 5), which can obtain high-
resolution phase velocity and azimuthal anisotropy. The phase velocity maps at periods 5 s and 8 s show that the 
low‑velocity zones of the LXF and the RRF are separated by a weak high-velocity zone in the Jianchuan region. At 
period 10 s, the low‑velocity of Jianchuan region becomes more obvious, with the trend of the low‑velocity zone 
aligning with the strikes of LXF and RRF. The azimuthal anisotropy in the low‑velocity zone also varies from the 
nearly N‑S direction at the northeast end of the LXF to ENE‑WSW (8 s and 10 s) directions of the intersection area, 
and then to the nearly N‑S and NNW‑SSE direction in the RRF. As the period increase, the intensity of anisotropy 
increases in this low‑velocity zone. From Figure 6b, we can see that the short periods phase velocity mainly reflects 
the upper crustal S wave velocity. Gao et al. [2019] used the local earthquakes recorded by SL‑array to obtain the fast 
wave polarization directions of the intersection area of the two faults by S wave splitting, which is also ENE‑WSW 
and nearly N‑S directions. This consistency, on the one hand, shows the reliability of this results in this study, on 
the other hand, shows that the deformation of the intersection area is more complex.

At periods 12 ~ 20 s (Figure 9d ~ 9f), we find that the extent of the low‑velocity zone gradually decreases, and 
the high-velocity zone on the south side of the RRF gradually increases correspondingly. The high- and low‑velocity 
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anomalies in the study area are bounded by the RRF at period 20 s, with low‑velocity on the northeast side and 
high‑velocity on the southwest side. The same characteristics can also be observed in the phase velocity map at the 
periods 25 ~ 35 s, which is consistent with Wang et al. [2015] and Wang et al. [2014]. Receiver functions results show 
that the crust on west side of the RRF is thin and is thick on the east side [Figure 1b, Sun et al., 2012; Zhang and Gao, 
2019; Wang et al., 2017; Zhu et al., 2021]. This pattern may imply the fault is divided by the thick crust (indicated by 
low‑velocity anomalies) and the thin crust with shallow mantle (indicated by high-velocity anomalies). However, 
the azimuthal anisotropy maps at periods 12 ~ 35 s show a complex patterns, especially in the region between 
the LCJF and the RRF to the south 26°N, where the azimuthal anisotropy varies from the nearly N‑S direction of 
the short periods to the NNW‑SSE direction, and the intensity of anisotropy is also weaker than that of the short 
period. In addition, in the southern side of the LCJF, the azimuthal anisotropy varies from ENE‑WSW to nearly N‑S 
in the middle and then to NNW‑SSE in the south, which is consistent with the strike of the fault, indicating that 
the anisotropy of the block is mainly related to the fault structure.

From periods 5 to 35 s, the Panzhihua region consistently exhibits a high-velocity, which is consistent with the 
phase velocity results of Wang et al. [2014] and Han et al. [2022]. Wang et al. [2014] speculated that the high‑velocity 
in this region might be related to the evolution of the Yangtze platform. Importantly, this high‑velocity zone 
corresponds exactly to the inner zone of the ELIP (pink dashed area in Figure 9). Numerous studies have suggested 
that the inner zone of ELIP is a rigid region characterized by high VP, high VS, high VP/VS, high density, low heat 
flow, high resistivity, weak azimuthal anisotropy and negative radial anisotropy in the crust [Chen et al., 2015; 
Deng et al., 2014; Hu et al., 2000; Jiang et al., 2018; Li et al., 2020; Liu et al., 2021; Wang et al., 2014; Xu et al., 
2015]. Wu and Zhang [2012] also found a high‑velocity body in the middle‑lower crust of the inner zone of ELIP, 
which is considered to be the relic of Permian paleomantle plume action. Huang et al. [2021] suggested that the 
high‑velocity body indicates the large-scale magmatic underplating and intraplating, which not only changed the 
crustal structure and composition of the Sichuan‑Yunnan rhombic block, but also changed the crustal rheological 
strength. Zhang et al. [2020] suggested that the high-velocity zone may be related to the basal-hyperbasal material 
remaining in the crust during the formation of the ELIP. Based on the results and conclusions of previous studies, 
we suggest that the high-velocity zone in the Panzhihua region are mainly related to the ELIP.

The TCV region (24°40’‑25°30’N, 98°15’‑98°45’E) is located along the southeast edge of the collision zone 
between the Indian and Eurasian Plates, away from the eastern boundary of the Indian plate by about 300 km 
[Sun et al., 2016]. It is one of the youngest volcano groups in mainland China, comprising dozens of volcanoes, and 
has significant volcanic and thermal activity, as well as seismicity [Du et al., 2005; Li et al., 2018; Wang and Huang, 
2004]. Previous studies have confirmed that TCV region exhibits characteristics such as high heat flow, low resistivity, 
high Poisson’s ratio and low velocity, suggesting the presence of magma chambers and molten materials beneath the 
volcano [Bai et al., 2001; Hu et al., 2000; Lei et al., 2009; Li et al., 2016, 2018; Wang and Huang, 2004; Wang et al., 
2017; Wu et al., 2016; Ye et al., 2018; Zhao et al., 2021]. Both the results of this study and previous results [Han et al., 
2022; Pan et al., 2015; Qin et al., 2018; Wang et al., 2014; Wang et al., 2015; Wang et al., 2020] show that low phase 
velocity is present beneath the TCV. However, the shape of the low‑velocity zone is still different from the results 
of the above results, especially at short period (Figure 9a ~ 9c). At periods 5 ~ 10 s, the low‑velocity zones in the 
TCV and Shidian regions are separated by a weak high-velocity zone exhibiting a nearly N‑S distribution. From 15 
to 35 s, the low‑velocity anomaly is mainly distributed in the north of TCV. The deep seismic sounding by Bai and 
Wang [2003] revealed the existence of a high‑velocity body on the south side of the LRF. They suggested that the 
high-velocity body likely represents a block associated with the process of magma upwelling. Therefore, we suggest 
that the low‑velocity beneath the TCV may be related to the magma chamber beneath the volcano area, while the 
high-velocity between TCV and Shidian region may reflect solidified magma intrusions and high-density remnants 
within the cooled volcanic channel prior to Pleistocene [Xu et al., 2012].

4.2 Anisotropy characteristics of each tectonic block in the Sanjiang lateral collision zone

Anisotropy refers to the variation of seismic wave propagation velocity with the direction in the medium 
[Crampin et al., 1980]. A large number of studies have shown that anisotropy exists in different depths of the earth, 
which is a common physical phenomenon in the interior of the earth [Crampin, 1978]. Seismic anisotropy is closely 
related to geological tectonic, deep material movement and stress-strain of medium. It is one of the effective means 
to study deformation of crust-mantle medium, material migration and dynamic evolution of lithosphere [Hirn et al., 
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1995; Kong et al., 2016]. Studies have shown that the upper crust anisotropy is mainly caused by the directional 
arrangement of the EDA (extensive-Dilatancy Anisotropy) microcracks induced by regional stress [Crampin and Gao, 
2014; Crampin and Peacock, 2008]. The middle-lower crust anisotropy may also be caused by dominant arrangement 
of minerals and melt lattices in rocks [Barruol and Mainprice, 1993]. Anisotropy in different depths of the earth can 
be obtained by using different types of seismic body wave or surface wave data. Therefore, it is of great significance 
to analyze the internal deformation, deep tectonic and dynamic model of the earth by combining various anisotropic 
data. In this paper, the azimuthal anisotropies at selected periods (8 s, 20 s, 35 s) are compared with fast polarization 
directions of S wave reflecting the anisotropy of the middle and upper crust [Gao  et al., 2019; Shi  et al., 2012; 
Tai et al., 2015; Zhang and Gao, 2017] and fast polarization directions of PmS wave reflecting the anisotropy of the 
whole crust [Cai et al., 2016; Peng et al., 2022; Sun et al., 2012; Sun et al., 2013] to analyze the crustal deformation 
characteristics in the study area. To facilitate discussion, the study area is divided into 5 subzones (Figure 10) based 
on major tectonic and the dividing line (purple shadow) of lithospheric anisotropy of lithosphere by Gao et al. [2020], 
including the subzone A (pink shadow area), subzone B (powder-blue shadow area), subzone C (yellow shadow area), 
subzone D (orange shadow area) and subzone E (light-blue shadow area). Here, we do not discuss the results of the 
S wave splitting in subzone A, due to the lack of data in previous studies in the region.

Overall, the directions of regional principal compressive stress obtained from the inversion of the focal mechanism 
solutions show clockwise rotation from north to south of the study area (Figure 10). The principal compressive stress 
directions are NNW‑SSE and NW‑SE in the WSB and CYB. The directions are NE‑SW and nearly N‑S in the TCB and 
the south of ICB, respectively. The surface velocity field measured by GPS data shows that, compared with the stable 
Eurasian plate, the crust in the study area rotates clockwise, showing NNW‑SSE movement in the north, nearly N‑S in 
the middle, and gradually NE‑SW in the southwest [Figure 10a, Zhao et al., 2015]. This rotation pattern is consistent 
with the azimuthal anisotropies observed in the study area. The alignment of the azimuthal anisotropies with the 
directions of regional principal compressive stress and GPS velocity field suggests a close relationship between the 
crustal deformation, stress field, and anisotropic properties of the medium.

The subzone A is composed of the northern part of the TCB and the ICB. It is located in the edge of the 
convergence, subduction and interaction of the Eurasian and Indian plates. There are many NNW‑SSE and nearly 
N‑S trending faults. The collision between the Eurasian and Indian plates and the blocking of the Sichuan Basin, 
results in significant compression and the occurrence of numerous normal-fault earthquakes. The stress field is 
characterized by NNW‑SSE compression and ENE‑WSW tension [Tian et al., 2019], and the GPS velocity field is 
also NNW‑SSE direction (Figure 10a). In this subzone, the fast velocity directions of 8 s, 20 s and 35 s show good 
consistency and vary from ENE‑WSW to nearly N‑S from west to east (Figure 10b ~ Figure 10d, Figure 11). The 
dominant direction is nearly N‑S, which is consistent with the strikes of large-scale strike-slip faults. The fast 
wave directions of PmS waves beneath most stations are parallel to the faults, showing nearly N‑S and NNW‑SSE 
directions. There are two dominant directions, namely NNW‑SSE and nearly E‑W directions, but they are consistent 
with the fast velocity directions as a whole. We suggest that faults play a significant role in controlling the azimuthal 
anisotropy and crust deformation in this region. In addition, we observe that the intensity of azimuthal anisotropy 
is larger than that of other regions, indicating that the southeastward extrusion of the Tibetan plateau materials 
exerts a stronger influence in the region.

The subzone B is composed of the WSB and the northern part of the CYB. It is located in the Sichuan-Yunnan 
rhombic block, with NE‑SW, NNW‑SSE and nearly N‑S trending faults, of which the LXF is an important fracture 
in the study area, dividing the Sichuan-Yunnan rhombic block into two north-south blocks, namely the WSB and 
the CYB [Xiang et al., 2002]. The study shows that the LXF absorbs part of the left-lateral strike-slip deformation 
transmitted from the Xianshuihe fault to the SE. The horizontal and vertical slip rates since the Quaternary are 
3.7‑3.8 mm/a and 0.6‑1.5 mm/a, respectively [Xiang et al., 2002]. Figure 11 shows that the dominant fast velocity 
directions of periods 8 s, 20 s and 35 s have good consistency in near N‑S, which is different from the fast wave 
dominant direction of S wave in near E‑W direction and PmS wave in NNW‑SSE direction (Figure 11). However, we 
found slight differences in anisotropy on both sides of LXF (Figure 10). In the north side of the fault, the FDs are 
NNW‑SSE and near N‑S, and the south side are ENE‑WSW. The same characteristics can also be observed in the 
PmS wave splitting results. The fast wave direction of PmS wave is ENE‑WSW on both sides of near the fault, but 
it is NW‑SE on both sides away from the fault. In addition, the fast wave direction of S wave at stations near LXF is 
also ENE‑WSW. These directions align with the strike of the LXF and suggest that the LXF, in particular, may have 
a strong influence on the anisotropy observed in this area. The presence of faults, such as the LXF and JQF, plays a 
significant role in shaping the seismic anisotropy within subzone B. The interaction and slip along these faults can 
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introduce variations in the propagation of seismic waves, leading to the observed anisotropy discrepancies between 
S wave and PmS wave. The local tectonic features and fault characteristics are crucial factors in determining the 
anisotropic patterns in this region.

In the subzone C, the fast velocity directions of period 8 s show nearly N‑S and ENE‑WSW (Figure 10b). The 
anisotropy intensity is relatively strong. At period 20 s, the fast velocity directions show NNW‑SSE in the northwest 
part, which is consistent with the strike of the RRF, while in the southeast part, the directions are ENE‑WSW, and the 

Figure 10. �Comparison of anisotropy in the study area. (a) GPS velocity field of crust motion relative to the stable Eurasia 
plate [Zhao et al., 2015]. (b)‑(d) The comparison of the Rayleigh wave azimuthal anisotropy (black lines) at 
periods 8 s, 20 s, 35 s with regional principal compressive stress [pair of arrows, Cui et al., 2006; Tian et al., 
2019; Wu et al., 2004], S wave anisotropy [red lines, Gao et al., 2019; Shi et al., 2012; Tai et al., 2015; Zhang and 
Gao, 2017] and PmS wave anisotropy [green lines, Cai et al., 2016; Peng et al., 2022; Sun et al., 2012; Sun et al., 
2013]. The letters A, B, C, D and E are five subzones in different colors. The purple shadow is dividing line of 
lithosphere anisotropy by Gao et al. [2020]. Other symbols and abbreviations are consistent with Figure 1.
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intensity of anisotropy is still strong (Figure 10c). At period 35 s, the fast velocity directions are similar with those 
at period 20 s, although the intensity of anisotropy is weakened (Figure 10d). The dominant azimuthal anisotropy 
direction is NNW‑SSE (Figure 11), which is distinct from the dominant direction (NWW‑SEE) of S wave, but it has 
similarity with the dominant direction of PmS wave (Figure 11). The subzone is the south‑central part of the Sichuan-
Yunnan rhombic block bounded by the RRF. The GPS observations also reveal that the Sichuan-Yunnan rhombic 
block has the characteristics of clockwise rotation around the eastern Himalayan syntaxis. Due to the eastward 
extrusion of the Tibetan Plateau material, the region is subjected to NNW‑SSE extrusion and ENE‑WSW tensile 
stress structure [Cui et al., 2006; Tian et al., 2019; Wu et al., 2004]. As the western boundary of the Sichuan‑Yunnan 
rhombic block, the RRF plays an important role in the southeastward extrusion of the material from the SE margin of 
the Tibetan Plateau. The azimuthal anisotropy of this study shows that the fast velocity direction of the short period 
(8 s) is N‑S near the RRF, and the medium-long period (20 ~ 35 s) is NNW‑SSE direction in line with the strike of the 
fault. The previous research results also show that after 30 s, the phase velocity azimuthal anisotropy is consistent 
with the strike of the RRF [Han et al., 2022]. Cai et al. [2016] suggested that the strike-slip movement of the faults 
in the Sichuan‑Yunnan region caused the deformation of the crust and distribution of minerals and melts along 
the strike of the fault, resulting in an anisotropic fast wave direction parallel to the strike of the fault. Therefore, 
the anisotropy in this area may not only be related to the clockwise rotation of the southeastward extrusion of the 
plateau material, but also the RRF has a great influence on the crustal deformation in this area.

Figure 11. �Fast polarizations at each subzone. Each circle plot is the equal‑area project rose diagram of fast polarizations 
at each subzone. The letters above rose diagram are subzones codes, the letters in the left of rose diagram are 
the types of seismic waves. The black equal-area project rose diagram is Rayleigh wave azimuthal anisotropy, 
which is fast velocity directions of 8 s, 20 s, 35 s from top to bottom, the red equal-area project rose diagram is 
S wave fast polarizations, the green equal‑area project rose diagram is PmS wave fast polarizations. The fast 
wave polarization data of S and PmS waves are consistent with Figure 10.
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The subzone D is located in the southern part of the ICB. At period 8 s (Figure 10b), the fast velocity directions are 
nearly N‑S in the north, NNW‑SSE and ENE‑WSW in the south, and the dominant direction is NNW‑SSE (Figure 11). 
The anisotropy intensity is stronger in the south than that in the north. At period 20 s (Figure 10c), the fast velocity 
directions become NNW‑SSE in the north, ENE‑WSW and nearly N‑S in the south, and the dominant direction is 
NNW‑SSE (Figure 11), but the anisotropy intensity decreases in the south and is still strong in the north. The fast 
velocity directions of period 35 s are consistent with those of period 20 s, but the anisotropy intensity is weakened 
(Figure 10d). The tectonic stress field obtained by focal mechanism inversion also shows clockwise rotation from 
north to south. The azimuthal anisotropy in this region is basically consistent with the dominant directions of S and 
PmS waves (Figure 10 and Figure 11). We suggest that the azimuthal anisotropy at short period may be controlled 
by the regional stress field, while the anisotropy from 20 s to 35 s is mainly controlled by the RRF on the eastern 
boundary and the LCJF on the western boundary.

The subzone E is located in the southern part of the Yunnan‑Myanmar‑Thailand block. There are many ENE‑WSW 
and NNW‑SSE oriented faults. The fast velocity directions at periods 8 s, 20 s and 35 s display consistent patterns. 
The fast velocity directions rotate clockwise from east to west, from NNW‑SSE to nearly N‑S and then to ENE‑WSW 
direction, which are consistent with the strikes of faults, GPS velocity field and maximum principal compressive 
directions in the region (Figure 10). The dominant direction is ENE‑WSW and NE‑SW direction, which are also 
consistent with the fast wave directions of S and PmS waves (Figure 11). We suggest that the azimuthal anisotropy in 
this region is affected by both fault tectonic and regional stress field. The intensity of anisotropy gradually increases 
from north to south, indicating the magmatism beneath TCV has caused strong deformation in this region.

5. Conclusions

In this study, we used ambient noise dispersion data from 176 seismic stations in the study area to obtain the 
high-resolution Rayleigh wave phase velocity and azimuthal anisotropy. Combined with the regional tectonic stress 
field, GPS data, S wave and PmS wave anisotropy, we obtained the following major conclusions.
1)	 At periods 5 ~ 8 s, the low‑velocity anomalies are found beneath the LXF, RRF, CXF and TCV, the high-velocity 

anomalies are in the region of Weixi and Panzhihua. The distributions of high‑ and low‑velocity are corresponding 
to the distribution of geological structure. At periods 10 ~ 15 s, the distributions of low‑velocity anomalies are 
consistent with the strikes of LXF and RRF. At periods 20 ~ 35 s, the high‑ and low‑velocity anomalies are 
bounded by the RRF, which may imply the fault is divided by the thick crust (indicated by low‑velocity anomalies) 
and the thin crust with shallow mantle (indicated by high‑velocity anomalies).

2)	 The direction and intensity of anisotropy shows significant variations. At periods 5 ~ 8 s, the fast velocity 
directions mainly align N‑S in the study area. At periods 10 ~ 35 s, the fast velocity directions vary from N‑S to 
NNW‑SSE and then to ENE‑WSW in a clockwise rotation from north to south of the study area, indicating that 
the deformation of the Sanjiang lateral collision zone is obviously affected by the deep fracture. The intensity 
of anisotropy in the low‑velocity zone is stronger than that in the high‑velocity zone, and the intensity in the 
north of the study area is stronger than that in the south.

3)	 By comparison, the fast velocity dominant directions are always nearly N‑S in subzones A and B, subzones C 
and D are NNW‑SSE directions, the subzone E is ENE‑WSW or NE‑SW directions as the period increases. The 
fast velocity directions of other subzones are basically consistent with the fast wave directions of S wave, except 
for subzones B and C. The fast velocity directions of all subzones are basically consistent with the fast wave 
directions of PmS wave.
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