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The middle segment of the Xiaojiang fault zone consists of strike-slip faults with frequent strong and medium–strong earthquakes under the joint influence of NE-trending faults and deep structural characteristics. The distribution characteristics of the deep subfaults of each branch need to be revealed. Two short-period dense array survey lines are deployed in the area. Shear wave velocity structures are obtained using ambient noise tomography. The results reveal that the faults in each branch dip nearly eastward, with strike-slip characteristics in the north‒south direction. Strong velocity lateral variation infer imply that the deformation characteristics of the upper crust may be brittle. NE faults are observed, which are characterized by typical compression. The high-velocity zone in the Songming Basin may be related to the deeper upwelling of high-velocity strata in the upper crustal flow.
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1 INTRODUCTION
The Xiaojiang fault zone (XJFZ), located at the contact between the South China block and the Sichuan Yunnan block, is the southeastern boundary of the Tibetan Plateau (Figure 1B) and an important part of the strong sinistral strike-slip activity of the Tibetan Plateau (Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1977; Tapponnier et al., 1982). Since the late Quaternary, the structural deformation and seismicity of the XJFZ have been very active (Deng et al., 2003; Zhang, 2013; Guo et al., 2021). Therefore, the XJFZ is an important part of the north‒south seismic belt in China (Wang, 1998; Wang and Wang, 2005).
[image: Figure 1]FIGURE 1 | Topographic map of the location of the XJFZ (A) and regional tectonic setting (B) The black line denotes the main fault of the XJFZ. Red lines denote other faults. The fault dataset was obtained from Deng (2007). Historical earthquakes are denoted by red stars. The yellow box is the study area.
The crust in the southeast margin of the Tibetan Plateau rotates clockwise around the eastern Himalayan tectonic knot, which results in a strong stress concentration area along the XJFZ. Based on GPS data (Li et al., 2021b), tectonic stress field inversion (Pei et al., 2022; Zhou et al., 2022) and numerical simulation (Zhu et al., 2015; Kong et al., 2022), the results have shown that the tectonic stress field around the XJFZ is generally NW‒SE compressive stress. Under this tectonic background, the XJFZ and its surrounding areas has mainly a left-lateral strike-slip-type focal mechanism, and strong stress concentration leads to high seismic risk. Seismic anisotropy research shows that the fast wave direction is nearly perpendicular to the fault strike around the XJFZ (Gao et al., 2020), which may suggest that it is strongly affected by the east‒west direction of the South China block.
Many geophysical studies have been carried out in the XJFZ to describe its large scale and deep structural characteristics. The deep geophysical structures show that there are low-velocity (LV) (Yao et al., 2008; Chen et al., 2014; Zheng et al., 2016; Fu et al., 2017; Qiao et al., 2018), low-resistivity (Bai et al., 2010; Li et al., 2019; Yu N. et al., 2022) and high-attenuation (Zhao et al., 2013) anomalies in the middle and lower crust of the XJFZ. At present, researchers speculate that these anomalies are caused by two weak-material channels in the crust with a low velocity, high conductivity and high melting ratio. One branch in the east is distributed approximately along the Xianshuihe–XJFZ. High-resolution imaging results show that low-velocity (Zheng et al., 2016) and low-resistivity (Yu N. et al., 2022) anomalies are more obvious in the middle section of the XJFZ.
The middle section of the XJFZ, located in the area from Dongchuan to Fuxian Lake, is composed of the eastern and western branches. The structural characteristics are extremely complex. Current geological research is mostly based on GPS measurements, surface fault characteristics, etc., Fine underground structure detection must still be carried out to describe the fault and basin distributions. Short-period dense array technology is an important method for detecting underground structures due to its high observation density and convenient acquisition (Lin et al., 2013; Mordret et al., 2019). Ambient noise imaging can obtain the underground fine shear wave (S-wave) velocity structure by observing the environmental noise for ∼30 days. It has advantages in revealing the deep morphological structural information and describing the strikes of deep concealed faults (Schmandt and Clayton, 2013; Ben-Zion et al., 2015; Mordret et al., 2019). Ambient noise imaging also has good applications in deep mineral resource exploration (Du et al., 2020; Xie et al., 2021; Zheng et al., 2022).
Several subfaults and pull-apart basins are located in the middle section of the XJFZ. The seismogenic structures are all related to subfaults. Most of the current research focuses on large-scale deep structures. A better understanding of the deep structural characteristics of the faults and basins in the middle section of the XJFZ is needed. In this paper, using short-period dense array data, we obtained a high-precision S-wave velocity structure. The results reveal the deep characteristics of the subfaults in the middle section of the XJFZ and the basin distribution. We then discussed the relationship between the shallow structural characteristics and the deep geophysical anomalies.
2 GEOLOGICAL SETTING
The Xiaojiang faults have multiple stages of tectonic movement. Since the middle Pleistocene, the faults have been dominated by left-lateral strike-slip motion (Wang, 1998; Tang et al., 2006). The extension of the XJFZ is more than 400 km from north to south (Figure 1). Based on active tectonic and geomorphic data, the XJFZ is generally divided into three segments from north to south (Shen et al., 2003; Guo et al., 2021). The northern segment is between Qiaojia and Dongchuan, with only one main fault. The middle section is located in the area from Dongchuan to Fuxian Lake and consists of two branch faults in the east and west. The southern segment is from southern Fuxian Lake to northern Jianshui Basin and is composed of multiple branch faults. Among the segments, the middle section of the XJFZ is the key zone where the XJFZ transitions from a near north‒south strike to a near southwest strike. The two branches of the XJFZ are divided into many branches in the southern Yangzong Basin and Yiliang Basin (Li et al., 2018; Yu H. et al., 2022), which leads to a relatively complex geometry and structural characteristics of the faults (Li et al., 2020).
The middle segment of the XJFZ refers to the section from the Daduo to Yangzonghai Basins and the southern Yiliang Basin, including the eastern and western branch faults and the blocks between them. This section is a typical zone that contains rapid changes in the XJFZ (Figure 1A) (Yu H. et al., 2022). Because of its geographical location, the middle segment of the XJFZ is a strike-slip fault zone with frequent strong and medium-strong earthquakes under the joint influence of NE-trending faults and deep structural characteristics (Shen and Yu, 1997). Historically, the Songming M8 earthquake occurred in 1833 (Yu et al., 1996; Yu H. et al., 2022), the Yiliang M7 earthquake occurred in 1,500 (Yu and Shen, 1995; Cao and Shen, 1996; Chang et al., 2021) and other shear-type earthquakes have occurred (Pei et al., 2022). These earthquakes released energy accounting for 96% of the energy in the whole XJFZ. The seismogenic structure that generated the Songming M8 earthquake is speculated to be an internal tension shear fault in the Songming Basin (Teng, 1978; Yu N. et al., 2022), and the seismogenic structure that generated the Yiliang earthquake is supposedly the eastern branch of the XJFZ on the western edge of the Yiliang Basin (Chang et al., 2021).
In this study, we focus mainly on the Songming–Yiliang area (Figure 2), where the main structure is formed by the parallel arrangement of eastern and western branch faults. The western branch faults include the Luliangshan fault (F1), which extends across the Songming Basin, Yanglin–Qiansuo fault (F2) and Fugang–Haifenyuan fault (F3). The eastern branch faults consist of the Yiliang Basin western edge fault (also called the Xiaoxinjie–Yiliang fault, F4), Yiliang–Xujiadu fault (F5), Tangzi–Xiaoxinjie fault (F6), Mopanshan–Fenglecun fault (F7) and Majie–Nanyangjie fault (F8). The Wanshoushan fault (F9), Kuanglanghe–Yaolingshan fault (F10), and Dachunhe–Yiduoyun (F11) fault are NE-trending normal faults in the study area.
[image: Figure 2]FIGURE 2 | Structural geological map of the middle section of the XJFZ (Zuo et al., 2018) and the location of the survey lines. The thick red line represents the faults of the XJFZ, and the thin red line represents other subfaults in the area. Black dot represents Stratigraphic unconformity. The faults are modified from previous researchers (Shen and Yu, 1997; Shen et al., 2003; Deng, 2007; Du et al., 2009; Zuo et al., 2018; Chang et al., 2021). Arrows indicate the strike-slip direction of the faults. The red dots represent the measuring point positions. F1: Luliangshan fault. F2: Yanglin–Qiansuo fault. F3: Fugang–Haifenyuan fault. F4: Xiaoxinjie–Yiliang fault. F5: Yiliang–Xujiadu fault. F6: Tangzi–Xiaoxinjie fault. F7: Mopanshan–Fenglecun fault. F8: Majie–Nanyangjie fault. F9: Wanshoushan fault. F10: Kuanglanghe–Yaolingshan fault. F11: Dachunhe–Yiduoyun fault. F12 and F13 are annotated structural faults.
Along the western branch faults in the area (Figure 2), the Songming Basin and Yangzong Basin, which are pull-apart basins controlled by the subfaults, are present. The eastern branch faults are separated by the Yiliang Basin, which is also deformed by the subfaults. The areas between the eastern and western branches are the Kebao Basin and Laohoujie Basin. The main boundary of the Laohoujie Basin is a non-faulted basin. The Kebao Basin is a half-graben faulted basin that developed in the early Pleistocene and is controlled by the XJFZ and Wanshoushan fault (F9).
The structural area contains two large-scale sinistral stepped areas of the eastern and western branch faults: the Songming–Xiaoxinjie and Yangzong–Yiliang areas. The two areas are the main discontinuous areas of the entire XJFZ, which easily form a structural area locked by ruptures (Zhou et al., 2022) with high local stress levels and earthquake risks. The epicenter of the 1,833 Songming M8.0 earthquake is speculated to be in the Songming Basin (Teng, 1978; Shen et al., 2003). The epicenter of the 1,500 Yiliang M7.0 earthquake is located at the intersection of the NNE-trending Yiliang Xujiadu shear fault and the nearly north-south-trending tensile shear fault in the basin on the western side of the Yiliang Basin (Yu and Shen, 1995; Cao and Shen, 1996). A risk of major earthquakes still exists in the future (Qian and Qin, 2008).
The outcropping strata in the study area are the Cenozoic Nanhua system to the Quaternary system. The strata are divided into eastern and western regions. Generally, the Sinian to Devonian strata in the eastern branch are relatively complete, mainly including the Sinian, Cambrian, Ordovician, Devonian and other strata. The strata outcrop near faults or stratigraphic sedimentary boundaries, which are distributed in a belt shape and are associated with the structure. Carboniferous and Jurassic strata are missing. Quaternary cover is mainly distributed in the Yiliang Basin, with an overall thickness of 358 m. In addition, some strata in South China crop out in the middle of the study area. The outcropping strata of the western branch fault are relatively complex, mainly including the middle and lower Cambrian system, a detected lower system, the Devonian system, the Carboniferous system, the Jurassic system and other strata. The Quaternary deposits are mainly distributed in the Songming Basin, with a total thickness of approximately 800 m.
3 DATA AND METHODS
3.1 Data acquisition
In 2020, two short-period dense array survey lines were deployed (Figure 2) in the middle of the XJFZ using Z-land3C node seismometers with a dominant frequency of 5 Hz. The length of the survey line is approximately 50 km, and the interval between stations is approximately 500 m. 72 seismometers are arranged along the southern line (Line 1), and 83 are arranged along the northern line (Line 2). The sampling interval is 2 ms, and the observation period is 29 days. The survey lines cross the eastern and western branches of the middle section of the XJFZ. Line 1 mainly covers the eastern Kunming Basin, Yangzong Basin, Kebao Basin, Yiliang Basin, and western Shilin. Line 2 starts from Baiyi in the west, passes Songming, and reaches Mamingxiang in the east.
The vertical component data of the Z-land3c node seismometer are used for ambient noise tomography (Shapiro et al., 2005) to obtain the S-wave velocity structure under lines. In this paper, the empirical Green’s function (Yao et al., 2006; Yao et al., 2008) is extracted by using the cross-correlation method, and then the Rayleigh surface wave group velocity dispersion curve is picked. Based on the direct surface wave inversion method (Fang et al., 2015), the shallow surface velocity structure is obtained.
3.2 Data preprocessing
We first converted the FCNT format of the vertical component of the data into the SAC format. During the conversion, the integrity of the continuous data was checked. The continuous signal of one station is divided into hour-long segments. Then, mean value removal, linear trend attenuation and filtering were performed to eliminate the impact of zero drift and long-period trends in the data on subsequent data processing (Bensen et al., 2007). Low-pass filtering was carried out to obtain signals below 5 Hz, and the data were resampled down to a 100 ms sampling interval. We normalized the data in the time domain to reduce the impact of seismic signals. Then, the data were whitened to weaken the influence of some continuous monochromatic sources and balance the strength of signals at various frequencies.
3.3 Cross-correlation function (CCF)
In this paper, the cross-correlation method of ambient noise is used to extract the surface wave empirical Green’s function (EGF) between pairs of stations (Sabra et al., 2005; Campillo et al., 2014). We combine all stations on the same line into pairs and use the corresponding single-hour segment for cross-correlation calculation. As the survey line passes through an urban area with strong city noise, methods based on linear and phase-weighted stacks (PWS) are applied. The PWS method is a non-linear stack method that can effectively remove incoherent noise and enhance coherent signals (Schimmel and Paulssen, 1997). When stacking, every sample of the linear stack will be weighted by the coherency of its instantaneous phases. The stacking value g at time t can be calculated as,
[image: image]
Where N is the number of traces used, [image: image] is the data of the jth trace. Its instantaneous phases can be obtained using Hilbert transform:
[image: image]
Figure 3 shows that the cross-correlation function of Line 2 recovered well. Benefitting from PWS, the data signal-to-noise ratio (SNR) is effectively improved within the station spacing range of 20–35 km. The signals of the negative half-branch signal are obviously stronger than those of the positive half-branch signal. It is speculated that the noise source is mainly from an area to the east of the survey lines.
[image: Figure 3]FIGURE 3 | CCFs between station 2001 and other stations in Line 2. (A) CCFs calculated using the liner stack. (B) CCFs calculated using PWS.
We then perform bandpass filtering at 1–6 s 6–8s and 9–15 s. The process effectively improves the SNR (Figure 4). The valid signal is basically within the 1–8 s band (Figures 4A, B). Signals can also be observed at 9–15 s (Figure 4C). Considering that Zland seismometers have a corner frequency of 5 HZ, we abandon the signal at 8–15 s for higher data reliability and more stable picking Therefore, 1–8 s bandpass filtering is applied to both Line 1 and Line 2 in this processing (Figure 5).
[image: Figure 4]FIGURE 4 | CCFs between station 2001 and other stations along Line 2. The original CCFs are bandpass-filtered in three bands with different periods: (A) 1–6 s (B) 6–8 s and (C) 9–15 s.
[image: Figure 5]FIGURE 5 | Bandpass-filtered CCFs in bands with periods of 1–8 s. (A) CCFs between station 1,001 and other stations along Line 1. (B) CCFs between station 2001 and other stations along Line 2.
3.4 Group velocity dispersion curve extraction
The frequency–time analysis method is performed to extract Rayleigh surface wave dispersion signals from the cross-correlation between stations (Figure 6) (Yao et al., 2006; Yao et al., 2008). This method can adjust the parameters of the surface wave velocity range, filtering frequency band, station spacing and wavelength relationship in real time to obtain high-quality dispersion curves. We preliminarily choose the cross-correlation with a SNR greater than 5. Based on the far-field approximation (the distance between stations is greater than twice the wavelength) and SNR (Zeng and Ni, 2011; Yu et al., 2020), we screen the dispersion curve with a distance greater than 10 km. Since the rational velocity gradient in this area is less than 0.3 km/s, unreasonable dispersion curves with a fast change and low SNR are deleted to obtain smooth dispersion curves for geological rationality (Xie et al., 2021). We also eliminate the dispersion curves with large differences from the average value of the dispersion curve. When picked the dispersion curves, we found signals above 8s were difficult to pick with small quantity. So the automatic picking process was performed within the range of 1–8 s periods. Finally, 980 dispersion curves are obtained for Line 1, and 919 are obtained for Line 2 (Figures 7A, B). Due to the low SNR signal in the intervals of 1–2 s and 6–8 s, the 2–6 s period dispersion curve is selected for this processing. The dispersion curve number at every period is shown in Figures 7C, D.
[image: Figure 6]FIGURE 6 | Group velocity dispersion extraction using the image transformation technique. The color bar represents the normalized surface wave envelope amplitude. Gray circles represent dispersion points satisfied with the chosen conditions, and solid red points are the final reserved dispersion points.
[image: Figure 7]FIGURE 7 | Group velocity dispersion extraction results. (A,C) are the group velocity dispersion curves extracted from the EGFs in Line 1 and Line 2, respectively. The red solid line denotes the average velocity dispersion curve of all station pairs. The gray solid lines show randomly selected dispersion curves. (B) and (D) are the number of phase velocity dispersion nodes at each period for Line 1 and Line 2.
3.5 S-wave velocity inversion
In this paper, the direct surface wave tomography method (Fang et al., 2015) based on ray tracing is utilized to obtain the S-wave velocity structures under Line 1 and Line 2. Compared with the traditional inversion method, the direct inversion method of surface waves avoids the intermediate step of phase velocity map or group velocity map inversion, directly uses the finite difference travel time of the eikonal equation to calculate the ray path, and continuously updates its sensitive core matrix and the ray path of different periods. Considering the influence of ray bending in complex media on surface wave tomography, the approach is more suitable for shallow complex areas and accurately obtains the fine velocity structure of a smaller area.
We used 0.006° as the horizontal grid spacing for Line1 and Line2. According to ambient noise tomography result on the southeast edge of the Tibet Plateau (Qiao et al., 2018), the S-wave velocity range from 0 to 10 km is 2.8–3.2 km/s at XJFZ. Considering shallow LV Quaternary coveravge, we adopt a simple initial S-wave velocity model that is 2 km/s at 0 km and increases with depth with a 0.1 km gradient. In the inversion process, to ensure the stability of inversion and avoid boundary effects, the inversion depth is set to 10 km. Minimum and maximum velocity are set as 1.5 km/s and 4 km/s respectively. We tested different weights and take 6 as the best weight. The damp value is 0.1 and sablayers is 3 during this inversion. After 10 iterations, the inversion finally converges (the convergence curve is provided in Supplementary Figuer S1).
4 RESULTS
4.1 Checkerboard tests
The checkerboard test is an effective way to demonstrate the resolution and reliability of inversion results. Because of the linear array deployment in this paper, it is difficult to carry out the standard detection plate test. The array survey line is nearly perpendicular to the structural strike of the XJFZ, and the ray path is less affected by the lateral heterogeneity of the velocity structure. Therefore, the use of surface wave tomography can ensure that the velocity structure below the survey line is effectively constrained. To analyze the horizontal resolution of the linear array in this paper, a strip detection plate (Figures 8A, F) is designed. The strip has a positive north‒south trend that is close to the actual tectonic trend, and the horizontal grid spacing is 0.006°. We generate a real detection plate model by adding 40% of the average velocity to the background velocity model to disturb the positive and negative forms of the structure. The background velocity gradually increases with depth (the gradient is 0.1). The velocity disturbance is generated by a sine function, and all inversion parameters are the same as those of the actual data.
[image: Figure 8]FIGURE 8 | Lateral checkerboard resolution tests for Line 1 (A–E) and Line 2 (F–J). (A,F): input checkerboard model, in which the anomaly size is approximately 0.006°. Output models at different depths are as follows: (B,G): 1 km; (C,H): 3 km; (D,I): 6 km; (E,J): 8 km. The small black dot denotes the survey.
Figure 8 b-e and g-j show the recovery results of the checkerboards of Line 1 and Line 2 at depths of 1, 3, 6, and 8 km, respectively. Most of the shallow layers (<=6 km) within the observation range have recovered well. At the edge of the study area and the location of the survey line dislocation (especially between 103.2oE and 103.3oE along Line 2), the recovery results are relatively poor due to the sparse ray coverage. The recovery result of the 8 km depth slice can reflect only the positive and negative trends of velocity, and the form of the specific velocity disturbance cannot be completely recovered. The recovery quality of the checkerboard at each depth shows a trend of decreasing gradually with increasing depth, but the overall recovery is shown by quality data. The shallow area of 6 km is an area of reliable data, indicating that the imaging results are reliable.
4.2 Shear wave velocity
S-wave velocity inversion is carried out for Line 1 and Line 2 to obtain the velocity profile. We intercept the shallow area of 6 km because it is the reliable inversion area and discuss the velocity structure below the profile.
The inversion results (Figures 9, 10) show that the S-wave velocity values in the study area are in the range of 2–3.6 km/s. The velocity distribution corresponds with the elevation. Mountains with large overall elevations have higher velocities, while basins have lower velocities. In terms of longitudinal characteristics, the LV of the velocity profile is generally approximately 2 km/s, corresponding to the Quaternary overburden (Figure 3) and shallow weathered layers. Generally, the LV layer of Line 1 is thicker than that of Line 2 and corresponds more to the distribution of the basin. The inversion results below a depth of 5 km are generally above 3.0 km/s, which corresponds well with the larger regional inversion results (Zheng et al., 2016; Yang et al., 2020). Our results reveal more details of the velocity variations. In terms of the horizontal distribution, benefitting from the low-density spacing between stations, the imaging resolution is high, which can reveal the strong lateral velocity variations in the region. The overall velocity is low in the west and high in the east.
[image: Figure 9]FIGURE 9 | Group velocity imaging result of Line 1. (A) Simplified geological map. (B) Altitude profile. (C) S-wave inversion profile.
[image: Figure 10]FIGURE 10 | S-wave velocity imaging result of Line 2. (A) Simplified geological map. (B) Altitude profile. (C) S-wave inversion profile. The shadow rectangle indicate unreliable results.
Various low-velocity areas can be observed in the Line 1 and Line 2 profiles, which are consistent with the basins. The main basins in the area include the Songming Basin, Yiliang Basin, Yangzong Basin, etc. The inversion results show that the thickness of the sedimentary layer is consistent with that of the sedimentary basins in the study area (Song et al., 1997; Shen et al., 1998). In the Shilin, Baiyi, Songming and Mamingxiang Basins, the high-velocity features are obvious, and the velocity reaches 3 km/s at 1 km in the shallow part. It is worth noting that there is a large LV anomaly along the western part of Line 2 (102.95oE-103oE), and the eastern branch of the XJFZ (103.2oE-103.3oE) may be an LV area due to sparse ray coverage and insufficient imaging resolution.
5 DISCUSSION
5.1 Faults in the middle segment of the XJFZ
In the middle section of the XJFZ, the direction of the rhombic Sichuan–Yunnan block movement is from SSE to S (Kong et al., 2022), and the tectonic stress generally intersects with the tectonic direction, resulting in relatively concentrated stress (Shen and Yu, 1997). Each segment or secondary fault in the area has formed a strong deformation zone. Basins and mountains are distributed alternately, indicating complex topographic features.
We obtained the S-wave velocity structure in this area, in which the LV anomaly corresponds well with the eastern and western branch secondary faults in the middle section of the XJFZ and the NE- and NNE-trending subfaults (Figures 11, 12). A comparison of the velocity structures of Line 1 and Line 2 reveals that Line 1 spans multiple secondary faults and multiple basins, and the lateral velocity changes are generally more intense. The LV and HV areas are relatively obvious, indicating that the area has undergone a strong tectonic deformation process. The Songming–Yiliang area is a section where the XJFZ has been divided from two to many branches (Zhang and Xie, 2001), indicating rapid changes in the structural characteristics.
[image: Figure 11]FIGURE 11 | Interpreted results based on the S-wave velocity structure of Line 1. The black solid lines denote the faults. The thick black dotted lines denote the predicted faults. The thin black dotted lines denote inferred small faults in basins.
[image: Figure 12]FIGURE 12 | Interpreted results based on the S-wave velocity structure of Line 2. The black solid lines denote the faults. The thick black dotted lines denote the predicted faults. The thin black dotted lines denote inferred all faults in basins.
The velocity corresponding to the subfaults (F1∼F8) of the XJFZ is relatively low, i.e., generally 2 km/s, indicating that a strong compression fracture zone along the fault was formed in the process of left-lateral strike slip. At the same time, the LV areas usually show nearly vertical dips with a slightly eastward tilt. The fault dip direction is consistent with the tectonic stress direction in the area. The results illustrate that the depth of the secondary faults of the XJFZ extends to 6 km. According to deeper imaging studies, the eastern‒western branch converges at a depth of approximately 25 km and cuts through the whole crust (Chunyong et al., 2009). F4 and F8 in this area are north of the faults (Figure 2), which may be shown as the junction between high and low velocities (black dashed line in Figure 11). Combined with the velocity structure inversion in this paper, we conclude that the lateral variation in the velocity structure of the upper crust in the study area is strong, showing obvious strike-slip brittle deformation characteristics, and the fault dips are nearly eastward.
The NE-trending faults (F10 and F9 in Figure 12) that are sandwiched by the XJFZ in the study area are cut off morphologically by the subfaults. The corresponding S-wave velocities are low (2.4–2.8 km/s), but the lateral velocity structure shows obvious compressional characteristics, such as LV inversion under F9 (103.2E in Figure 12) and obvious lateral fluctuation at the F10 fault (103.15E in Figure 12). Tectonically and geomorphologically, Yaoling Mountain has clear sinistral strike-slip characteristics (Shen and Yu, 1997). The compressional environment caused the rhombus fault block on the north side of the Yaolingshan fault to rotate counterclockwise under the anti-clockwise torsion of the faults on the east and west sides. Influenced by F1 blocking, the Xiaojiang fault is closed or locked at this location (Li et al., 2021a), placing the southern end of the Songming Basin in a compressional uplift environment, which is one of the high-velocity anomaly factors in the Songming Basin. The results are consistent with the polarization directions of fast horizontal waves (Li et al., 2021a).
It is worth noting that the main seismogenic structure and location of the Songming earthquake that occurred in the Yanglin area have not yet been determined due to the long earthquake occurrence time. This result reveals that the F1 fault has the characteristics of a strong LV anomaly (Figure 12). Previous studies have inferred that the earthquake-generating area of the Songming earthquake is located in the Luliangshan (F1) area (Yu et al., 1996; Zhang and Wang, 2018) or at the intersection of the F1 and Yanglin Nanthrust (F2) faults (Zhang and Xie, 2001), which corresponds to the LV anomaly inversion in this paper. This paper speculates that F1, which is located in the interior of the Songming Basin, may be the main earthquake-generating fault.
F11, which is located west of Line 1, is in the Sichuan–Yunnan block and is hidden under the hills and mountains on the southeast edge of the Kunming Basin; the LV (2.6–3 km/s) and lateral velocity change twist, indicating that the area shows obvious torsional compressional characteristics. The fault dip is relatively low and was formed before the Pliocene. Its main active time was the early Pleistocene, and Holocene activity has been weak (Yu et al., 2004). The velocity structure indicates that the fault shape is affected by torsional pressure due to the left-lateral strike slip of the XJFZ, and there is an obvious creep slip feature. The LV anomaly along the western part of Line 2 can be observed (Figure 12). We speculate that it may caused by a hidden fault or the irregularities of Line2 at this area.
The inversion results in this paper indicate that the main secondary faults of the XJFZ show nearly vertical strike-slip characteristics, and the secondary faults in the Sichuan Yunnan block clamped by the eastern‒western branch show obvious compressional creep slip characteristics. In general, the secondary faults are mainly strike-slip and have compressional characteristics, which conforms to the view that the XJFZ compresses and slides along large-scale strike-slip faults. The velocity structure laterally changes dramatically. The deformation characteristics of the upper crust are brittle, and the deformation mechanism conforms to the rigid block extrusion model.
In recent years, more deep structural features of the XJFZ have been revealed. According to magnetotelluric and seismological studies, two weak material flows may be present in the middle and lower crust, and these flows are considered crustal flows (Bai et al., 2010; Li et al., 2021a; Yu N. et al., 2022). Among the low-velocity and low-resistivity anomalies, a low-velocity and low-resistivity zone is located along the Xianshuihe–Xiaojiang fault zone, and the low-velocity zone is relatively obvious in the range of 24-26oE (Zheng et al., 2016; Zhao et al., 2020).
In the upper crust, the area held by the eastern and western branches of the XJFZ (especially the inner part of the Songming Basin) has obvious high-velocity anomalies (Figure 12), in addition to the high-velocity characteristics caused by strike-slip compression.
We propose that the XJFZ is comprehensively affected by the upwelling of crustal flow and mantle flow. In this area, because of the influence of weak material flows, some of the molten fluid formed by crust and mantle upwelling along the Xiaojiang fault, which has formed low-resistance and low-velocity characteristics in the middle and lower crust of the XJFZ (Fu et al., 2017; Li et al., 2021a; Yu N. et al., 2022). In the middle and upper crust, it is possible that the upwelling along the XJFZ caused the upwelling of the high-velocity strata in the upper part of the crustal flow and finally led to the existence of the HV anomaly zone. HV materials may be jointly affected by F1 and F10 faults (Figure 12), forming a uplift area in the Songming Basin.
5.2 Basins in the middle segment of the XJFZ
Several basins are located in the study area. Most of the basins have good correspondence with the LV zones. The Yangzong Basin, Kebao Basin, Yiliang Basin and Qixingcun Basin all have LV zones. The interior of the Yiliang Basin shows a high-velocity anomaly. Except that the main boundary of the Laohoujie Basin is not controlled by faults, the genetic mechanism of the basin in the study area is closely related to the regional crustal movement and the characteristics of the Xiaojiang fault activity (Song et al., 1997). The origin of the basins is basically controlled by the left-lateral strike-slip movement of the Xiaojiang fault. The shape, structure and distribution of the basins reflect the characteristics of the left-lateral strike-slip movement of the XJFZ (Shen et al., 1998).
The Yiliang Basin is composed of strike-slip pull-apart double-step areas that are controlled by F4, F5, F7 and F8. F4 and F8 extend into the basin basement from the north, forming the east‒west boundary of the basin. The western area of the basin is a left-stepping extensional zone composed of F4 and F5, while the eastern area is a left-stepping extensional zone composed of F8 and F7. The seismogenic structure of the Yiliang earthquake in 1,500 is considered F5. The velocity in the Yiliang Basin is low over a large scale, the crust is relatively thin, and the fault that cuts through the basement is the main fault controlling geothermal resources in the Yiliang Basin (Ba et al., 2019).
The Yangzong Basin is a left-stepping extensional zone composed of F2 and F3, while the Kebao Basin is a trigeminal extensional zone composed of F3 and NW-trending fault F9. The Yangzong Basin shows a strong LV anomaly, which is speculated to be due to the influence of lake water, and it is also possible that the high slip rate in this area leads to a high degree of fragmentation of upper crustal strata (Li et al., 2013), which comprehensively explains the activity in this region.
The shape of the Yiliang Basin is irregular. The dominant faults are F1 on the north side and F2 on the south side. The Songming Basin has a high-velocity anomaly area. Previous studies have considered that the Songming area is an area of uplift (Teng, 1978). The regional crustal movement in the Cenozoic era has been mainly characterized by large-scale uplift. There is strong horizontal differential movement along the fault, while vertical differential movement is still weak. The movement is mainly shown in the step area of the secondary shear fault (Song et al., 1997).
6 CONCLUSION
In this paper, based on short-period dense array data and the ambient noise imaging method, the S-wave velocity structure profile of the middle section of the shallow XJFZ is obtained. The results better reveal the velocity structure of the upper crust, the distribution characteristics of the eastern‒western branch subfaults and the basin distribution in this area.
The inversion results show a strong LV zone at each subfault in the middle section of the XJFZ, which can reflect its strike-slip characteristics in the north‒south direction. The faults in each branch have nearly eastward dips. The strong lateral velocity variation characterizes the brittle deformation of the upper crust, indicating that the movement and deformation mechanism of the middle and upper crust conform to the rigid block extrusion model. In addition, the middle section of the XJFZ experienced more severe structural deformation from north to south.
The changes in the fault shape and velocity also represent local compression slip in the large-scale strike-slip process. Especially in the Sichuan–Yunnan block and the east‒west block, the faults and stratum variation are characterized by typical compression.
The fault in the Songming Basin has LV values and extends to deeper areas, which is speculated to be related to the 1833 Songming earthquake.
A comprehensive analysis of basin distribution and deep velocity structure characteristics reveals that during the upwelling process of deep crustal flow, anomalies such as a significant LV, low resistance and strong attenuation in the middle and lower crust were produced, and upwelling along the XJFZ led to the upwelling of high-velocity strata in the upper part of the crustal flow and finally led to the existence of high-velocity anomaly areas.
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