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An MS 6.8 earthquake struck the Luding county in the southeastern section of the Xianshuihe fault on 5 September 2022, causing heavy casualties and serious property losses. Using the data of 61 seismic stations surrounding the focal area, we utilize the machine learning-based LOC-FLOW for phase picking and association, and obtain a total of 13,496 aftershocks. We also collate 2,331 preshocks near the mainshock. We then conduct event relocation and three-dimensional P- and S-wave velocity structure inversion by double-difference tomography. The catalog we obtained has higher accuracy and completeness than the manual catalog. The relocation results show that the mainshock struck the Moxi section of the Xianshuihe fault at 9.2 km depth. There is a southeast-striking seismic strip of 35 km long at 5–13 km depth, and two relatively shallow seismic clusters exist to the west and northwest of the mainshock. Furthermore, there is an obvious seismic gap to the northwest of the mainshock. Based on the spatial pattern of the aftershock sequence, we speculate that the Moxi section of the Xianshuihe fault is the seismogenic fault. The earthquakes are mainly located in the regions of low velocity and low Poisson’s ratio, which is consistent with the granite that is geologically distributed along the southeast section of the Xianshuihe fault. There are two high-velocity zones located to the northwest and southeast of the mainshock, which are speculated to have controlled the rupture scale of the MS 6.8 Luding earthquake.
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1 INTRODUCTION
According to the report from China Earthquake Networks Center, an MS 6.8 earthquake struck the Luding County (29.59°N, 102.08°E) in Sichuan province at 04:52 on 5 September 2022 (UTC) with a focal depth of 16 km. Within 5 days, there are 16 M3.0+ aftershocks, including 14 M3.0∼3.9 events and two M4.0∼4.9 events. According to the intensity survey result, the highest intensity near the focal area is IX; the long axis is 195 km and NW-directed, whereas the short axis is 112 km (http://www.mem.gov.cn/xw/yjglbgzdt/202209/t20220911_422190.shtml). The earthquake caused heavy casualties and serious property losses; a total of 93 people died and a large number of houses were collapsed.
The Ms 6.8 Luding earthquake is another strong earthquake that occured on the boundaries of the Bayanhar block over the past 25 years (Figure 1; Wang, 1998; Zhang et al., 2003). Since the 1997 M7.5 Mani earthquake, all the M7.0+ earthquakes in mainland China occurred on the boundaries of the Bayankara block, including two M8.0+ earthquakes, indicating that the boundaries of this block is prone to strong earthquakes. The southeast of the Bayanhar block is also the borders of the Sichuan-Yunnan block and the South China block (Qiao et al., 2004; Xu et al., 2005; Chen et al., 2013); several major faults, including the Xianshuihe fault, the Longmenshan fault, the Anninghe-Zemuhe-Xiaojiang fault and the Xiaojinhe fault, converging here (Figure 2; Xuan et al., 2015; Zhao et al., 2018). These faults have different properties and slip rates: the slip rates are larger for the Xianshuihe fault and the Anninghe-Zemuhe-Xiaojiang fault, and relatively smaller for the Longmenshan fault and the Xiaojinhe fault (Shen et al., 2005; Zhang, 2013; Zheng et al., 2017; Wang and Shen., 2020). The average elevation of the Gongga Mountain to the west side of the Xianshuihe fault is around 6,000 m, whereas the average elevation of its surrounding area to the east of the fault is only about 4,500 m (Hao et al., 2014; Jiang, 2019). The Gongga Mountain belongs to the frontal uplift part of the Tibetan Plateau, and has the largest vertical uplift rate within the southeastern margin of the Tibetan Plateau (Hao et al., 2014).
[image: Figure 1]FIGURE 1 | Topography and block boundaries of the Tibetan Plateau. The red star indicates the epicenter of the Ms 6.8 Luding earthquake; the beach ball shows the focal mechanism (https://www.cea-igp.ac.cn/kydt/279423.html). Yellow and blue circles indicate M7.0–7.9 and M8.0+ earthquakes around the Bayan Har block since 1996. The grey lines represent the active block boundary. Ⅰ: Tarim-North China Craton; Ⅱ: Qaidam Block; Ⅲ: Bayan Har Block; Ⅳ: Qiangtang Block; Ⅴ: Lhasa Block; Ⅵ: Himalayan Block; Ⅶ: Sichuan-Yunnan Block; Ⅷ: South China Block. F1: Western Kunlun-Qilian Mountains Galedonian Suture Zone; F2: Kunlun Mountains Varissian Suture Zone; F3: Jinsha River Indosinian Suture Zone; F4: Bangong Lake - Nujiang Yanshan suture zone; F5: Yarlung Tsangpo Himalayan Suture Zone.
[image: Figure 2]FIGURE 2 | The Luding Ms 6.8 seismic area in tectonic background. Geological age and lithological distribution data from Steinshouer et al. (1999). The red star indicates the epicenter of the MS 6.8 Luding earthquake. F1:Xianshuihe Fault; F2: Daduhe Fault; F3:Xiaojinhe Fault; F4: Anninghe Fault; F5: Daliangshan Fault; F6: Hanyuan-ganluo fault; F7: Longmenshan Fault; F8: Yunongxi-yanshuitang Fault.
The focal area of the MS 6.8 Luding earthquake has large terrain undulation, high fault slip rate and vertical uplift rate, which reflect the active tectonic movement of the crust and the complexity of underground media. The fine three-dimensional velocity structure of the focal area and the high-precision aftershock sequence relocation results are essential for revealing the spatial geometry of the seismogenic fault, and for understanding the relationship between the major earthquake and the properties of the deep material medium. In this study, we collect continuous waveform data recorded by permanent and mobile stations near the focal area, use the machine learning method for automatic earthquake detection and phase picking, and adopt the double-difference tomography method to obtain the three-dimensional velocity structure of the focal area. By comparing the results with those from manual catalog, we exhibit the advantage and promise of the AI method.
2 DATA AND METHOD
2.1 Data
After the MS 6.8 Luding earthquake, we collected the latest continuous waveform data from 61 seismic stations from the mainshock to 2 October 2022. Almost 1 month of data is sufficient because the data from a few or 10 days after a major earthquake can characterize the spatial pattern of the aftershock sequence well (Fang et al., 2013; Wang et al., 2014; 2021). The stations are distributed surrouding the mainshock and cover the earthquake sequence well, including 48 permanent stations of the Sichuan seismic network and 13 mobile stations deployed after the earthquake (Figure 3A). We adopt the LOC-FLOW program package (Zhang et al., 2019; 2022) for phase picking and association. During the phase association, the search area is centered at the station recording the earliest P phase, which is 22 km in horizontal direction and 20 km in depth with a search grid of 2.2 km and 2 km, respectively. The criteria for phase picking and association are as follows: 1) both P- and S-wave phases are recorded by at least four stations; 2) the phase identification probability for the P- and S-wave is greater than 0.3. By phase association, we obtain a total of 13,496 events. In addition, we also collate the phase report data recorded by permanent stations from 2014 to the mainshock, and select 2,341 preshocks with at least 12 phases and both P- and S-wave phases recorded by at least four stations. As a result, we obtain a total of 15,837 events (Figure 3A), including 154,054 P-wave phases and 153,363 S-wave phases (Figure 3B).
[image: Figure 3]FIGURE 3 | (A) Distribution of seismic stations and epicenters; (B) Travel time versus hypocenter distance for the Pg and Sg wave. The blue box is the study area.
2.2 Method
The double-difference tomography method (Zhang and Thurber, 2003) is developed based on the double-difference earthquake location method (Waldhauser and Ellsworth, 2000), from which we can obtain high-accuracy velocity structure model and earthquake relocation results simultaneously. Due to the consideration of the non-uniform variation in velocity, the method overcomes the assumption of a constant velocity of the earthquake pair to the station in the double-difference location method. Thus it can get more accurate location results. Both absolute and relative arrival time data can be used in the inversion. Usually, a larger weight is given to the absolute arrival time data for inversion iterations to obtain the velocity structure of the whole study area, and then the weight of the relative arrival time data is increased for subsequent iterations to obtain a more detailed velocity structure of the focal area. Many researchers have applied the method to different regions and obtained higher-resolution three-dimensional velocity models and high-precision earthquake sequence (e.g. Allam and Ben-Zion, 2012; Wang et al., 2018; 2021; Sun et al., 2021).
According to the distribution of the events and stations, the horizontal grid nodes in the study area near the Luding earthquake are set to be equally spaced by 0.1°×0.1°. In contrast, unequally spaced grid divisions are used in the boundary area with vertical grid nodes of −5, 0, 3, 6, 12, 20, 30, and 80 km. In this study, we refer to the result of the Deep Seismic Sounding profile (Wang et al., 2007) and the result from the H-κ scanning of the receiver function method (Wang et al., 2017), to establish a one-dimensional initial velocity model, as shown in Table 1. Considering the large terrain undulation in the study area, we set the 0 km depth of regional model as the average elevation of the stations, which is more convenient for describing the event depth and model depth in the subsequent sections. Before inversion, we test the smoothing factor and damping factor, and finally choose a smoothing factor of 30 and a damping factor of 700 by evaluating the L-curves to ensure the stability and reliability of the inversion results.
TABLE 1 | The initial velocity model for phase picking and association in this study.
[image: Table 1]To check the resolution of the inversion results, we use the perturbation model and the theoretical arrival time data for the checkerboard test (Figure 4). Firstly, a checkerboard model (Supplementary Figure S1) is established by adding ±5% velocity perturbation to the initial velocity model alternately. Then the checkerboard model recovery is used to evaluate the reliability of the inversion results. According to the checkerboard results of the VP and VS models (Figure 4), the horizontal slices of 3 km, 6 km, and 12 km have an overall good resolution. The checkerboard test results have good resolution along the Xianshuihe fault at different depths, mainly due to the fact that the MS 6.8 Luding earthquake sequence occurs near the Xianshuihe fault, which has better ray coverage and stronger resolution in the study region. It has higher resolution at 6 km depth overall and lower resolution at 3 km and 12 km depth in the marginal area where there are fewer earthquakes.
[image: Figure 4]FIGURE 4 | Checkerboard test results for the P- and S-wave at different depth slices. Black lines indicate the faults. The blue box is the study area.
3 RESULTS
Based on the double-difference tomography, we obtained high-resolution three-dimensional P- and S-wave velocity models for the focal area of the MS 6.8 Luding earthquake and relocation results for 15,612 events, including 13,272 aftershocks and 2,340 preshocks (Figures 5–7).
[image: Figure 5]FIGURE 5 | Relocated epicenters and error statistics in the study region. (A) Epicenter distribution; (B) errors along latitude; (C) errors along longitude; (D) errors along depth; (E) travel time residuals. The red star indicates the mainshock. White circles show the preshocks. Colored circles indicate the aftershocks, and the colors indicate the time from the mainshock. The blue dotted quadrilaterals outline the three seismic zones. Black lines indicate the faults.
[image: Figure 6]FIGURE 6 | Spatiotemporal evolution of the relocated Ms 6.8 Luding earthquake sequence from −19 days to 27 days relative to the date 5 September 2022.
[image: Figure 7]FIGURE 7 | (A) Locations of the epicanters and the profiles AA’-GG’. (B) The focal depth distribution of the events located within 10 km from the northwest profile GG’, as well as the P-wave velocity, S-wave velocity and the Poisson’s ratio. H1: high velocity and high Poisson’s ratio regions, H2: high velocity and low Poisson’s ratio regions; L1 and L2: low velocity and low Poisson’s ratio regions, which are outlined by white dotted lines. The black dotted lines indicate the area where the checkerboard test recovery is 0.65.
3.1 Relocation results for the MS 6.8 Luding earthquake sequence
Figure 5 shows the relocation results and the error distribution. Most earthquakes have residuals less than 0.1 km in horizontal direction, less than 0.2 km in vertical direction, and less than 0.1 s for the travel time, indicating a highly accurate relocation results. The mainshock is located at (29.59°N, 102.09°E), and the focal depth is 9.2 km (Figures 5, 6). From Figure 5, the MS 6.8 Luding earthquake sequence is mainly NW-directed, and there are several obvious seismic clusters. The mainshock is located on a seismic strip of 35-km long and NNW-directed, which is coincident with the Moxi section of the Xianshuihe fault. Except for this seismic strip, there are two seismic clusters to the west and northwest of the seismic strip, which are SW- and NW- directed, respectively. In order to simplify the subsequent statement, we label the seismic strip and the two seismic clusters as A1, A2, and A3. There is a seismic gap between A3 and A1- A2. The seismic gap is an approximately circular area with a 5 km radius, and almost no earthquake occurred at 0–15 km depth. The focal mechanism result by the CAP method (https://www.cea-igp.ac.cn/kydt/279423.html) shows that it is a strike-slip earthquake and the centroid depth is about 7 km. Nodal plane I: strike 74°/dip 66°/slip angle −179° and Nodal plane II: strike 343°/dip 89°/slip angle −24°. Combined with the fact that this earthquake sequence is mainly NW-directed, nodal plane II is speculated to be the seismogenic fault. Luding earthquake is a unilateral rupture, and the main rupture area coincides with the seismic strip of A1, indicating that the energy of the mainshock may be released mainly in this strip.
Figure 6 shows the spatial-temporal evolution of the MS 6.8 Luding earthquake sequence. Within 19 days before the mainshock (Figure 6A), there are only a few earthquakes scattered in the study region and no significant foreshocks near the mainshock. Within 4 h from the mainshock (Figure 6B), there are a small amount of aftershocks, which are mainly distributed at the southeastern end of A1, and almost no earthquake occurred at the northern end of A1. The seismic strip A1 corresponding to the mainshock had not formed by that time, which is significantly different from the 2010 MS 7.0 Yushu earthquake sequence (Wang et al., 2012) and the 2021 MS 7.4 Maduo earthquake sequence (Wang et al., 2021), which are also strike-slip earthquakes in the Tibetan Plateau.
Within 4–12 h from the mainshock (Figure 6C), aftershocks increase significantly in succession in all the three areas. The seismic strip A1 starts to appear, and the seismic density in the middle part is significantly lower than that in the southern and northern ends. During the following three time periods (12–24 h, 24–72 h, and 72 h–27 days), the overall seismic strip in A1 does not change much, but a bifurcated seismic cluster gradually forms on the east side of the southeastern end. The strike of the seismic cluster in A2 is nearly perpendicular to the Xianshuihe fault. It shows outward dispersion characteristics, and the seismic density decreases with the increasing distance from the mainshock. The seismic cluster in A3 gradually forms NW-directed dominant distribution.
Figure 7A shows the epicenters of the MS 6.8 Luding earthquake sequence and seven profiles (AA’–GG’). Figure 7B shows the focal depth distribution for the events located within 10 km from the northwest-striking profile GG’, as well as the P-wave velocity, S-wave velocity and the Poisson’s ratio. We can see that the earthquakes are mainly distributed in the depth range of 0–15 km, and the earthquakes gradually deepen from northwest to southeast. In A3 in the northwest, the earthquakes are mainly at 0–6 km depth. The earthquakes in A2 and in the western A1 are mainly at 3–10 km depth. Earthquakes in the eastern A1 are mainly at 5–15 km depth. Deep seismic sounding profiles show that there is an extensive low-velocity detachment layer at 15–20 km deep in the crust of the eastern Tibetan plateau (Wang et al., 2007), and regional surface-wave and body-wave travel time tomography study also reveals the widespread occurrence of low-velocity layer in the middle and lower crust in the region (Zhang et al., 2020; Liu et al., 2021). It indicates that the middle and lower crust of the eastern Tibetan Plateau has low mechanical strength, where plastic deformation is dominant and not prone to earthquakes. The upper crust in this area is mainly in the range of 0–20 km, and consists of a cover layer of 15 km thick with VP of 6.05–6.15 km/s and a detachment layer of 5 km with VP of 5.85–5.95 km/s (Wang et al., 2007). The relocation result shows that most of the aftershocks are distributed in the depth range of 0–15 km, indicating that the earthquake mainly ruptured the cover of the upper crust.
3.2 Three-dimensional body wave velocity structure
Figure 8 shows the horizontal slices of P-wave and S-wave velocity at 3 km, 6 km, and 12 km depth, where the average P-wave velocities of the horizontal slices are 5.91 km/s, 5.98 km/s, and 5.99 km/s, respectively, and the average S-wave velocities of the horizontal slices are 3.44 km/s, 3.50 km/s and 3.52 km/s, respectively. The seismic events at depths of 0–4.5 km, 4.5–9 km, and 9–15 km are projected to the horizontal slices mentioned above. According to previous results (Wu et al., 2018; Li et al., 2022), the nodes with the checkerboard recovery higher than 0.65 can be considered as reliabe area. Based on the criterion, from the slice at 6 km depth with the best recovery, we can see that the body wave velocities between the two sides of the Xianshuihe fault are significantly different, where higher velocities are found on the east side and lower velocities are found on the west side, which is consistent with the joint inversion results of body and surface wave data by Liu et al. (https://github.com/liuyingustc/SWChinaCVM-V2.0). Xiao (2022) studied the velocity structure of the Longmenshan fault and the Anninghe fault and the surrounding areas, using the data of regional permanent seismic network and the double-difference tomography method. The results show that in the intersection of the Longmenshan fault, the Anninghe fault, and the Xianshuihe fault on the eastern edge of the Tibetan Plateau, high P- and S-wave velocities are found and the highest velocity of 6.3 km/s is found at 5 km depth. Although the resolution of the result is 0.25°×0.25°, the velocity difference can be found at 5–25 km depth on both sides of the southeastern section of the Xianshuihe fault. The results of deep seismic sounding profile in the east-west direction (Wang et al., 2007) also show that there is a low velocity detachment layer at 15–20 km depth on the west side of the Xianshuihe fault, which is not found on the east side of the Longmenshan fault zone.
[image: Figure 8]FIGURE 8 | The VP, VS, and Poisson’s ratio for horizontal slices at 3 km, 6 km, and 12 km depth. Black lines indicate the faults.
The velocity and Poisson’s ratio are important parameters for understanding the material properties and state of the underground medium. In order to understand the relationship between the earthquake sequence and the velocity structure characteristics systematically, we obtain the regional Poisson’s ratio distribution from the P- and S-wave velocity. Due to the difference in the quantity and quality of P- and S-wave data, there may be errors to obtain the wave velocity ratio by directly dividing the P-wave velocity by the S-wave velocity (Allam and Ben-Zion, 2012; Hu et al., 2021; Sun et al., 2021). Tian et al. (2007) suggests that the reliability of Poisson’s ratio can be evaluated based on the resolution of P- and S-wave. Therefore, we use the region with better checkerboard recovery of both VP and VS to calculate the Poisson’s ratio. Usually, the P-wave velocity has better checkerboard recovery than the S-wave velocity, and thus we analyse the Poisson’s ratio structure in the region with reliable quality of Vs.
Figure 8 shows that the Poisson’s ratios are generally low in the study area. Zhang et al. (2014) use the receiver function method and obtain the wave velocity ratio of 1.738 (σ=0.253) in the Chinese continental crust, which is lower than the global continental average wave velocity ratio of 1.78 (σ=0.269). They speculate that the Chinese continental crust is rich in felsic or low in Fe-Mg material. Their results show that the Poisson’s ratios are generally lower than 0.25 at the intersection of the Bayanhar block, the Sichuan-Yunnan block, and the South China block, which is consistent with the low Poisson’s ratios in this study. The results of horizontal slices (Figure 8) show that both the velocity structure and the Poisson’s ratio are different on both sides of the Xianshuihe fault zone, indicating that there are different material properties on the two sides of the Xianshuihe fault.
In order to display the wave velocities, the Poisson’s ratios, and the vertical distribution characteristics of the events more clearly, we select a total of six profiles for the three seismic zones, including four profiles in A1, one profile in A2 and one profile in A3 (Figure 7A). Among them, profile AA’ is distributed along the Xianshuihe fault and the other five profiles are approximately perpendicular to the Xianshuihe fault. For each profile (Figure 9), the earthquakes within 5 km from the profile are projected to it. The profile AA’ is along the main rupture area A1 and through the mainshock. The mainshock is located at the bottom of the Luding earthquake sequence and at the upper edge of weak S-wave low-velocity zone, significant P-wave low-velocity zone and low Poisson’s ratio zone. Moreover, most of the earthquakes in A1 also occur in the weak low velocity and low Poisson’s ratio zone. Earthquakes along the five profiles BB'- FF’ that are perpendicular to the Xianshuihe fault have similar distribution characteristics. The wave velocity and Poisson’s ratio are low to the southwest of the southeast section of the Xianshuihe fault, whereas high velocity and low Poisson’s ratio are found to the northeast. The five profiles show the structural differences between the two sides of the southeastern Xianshuihe fault more significantly. The earthquakes are distributed in an approximately upright pattern along the five profiles, and mainly located in low velocity and low Poisson’s ratio zone.
[image: Figure 9]FIGURE 9 | The VP, VS, Poisson’s ratio and the events along profile AA’, BB’, CC’, DD’, EE’, and FF’. The profiles are shown in Figure 7A. The black dotted lines indicate the area where the checkerboard test recovery is 0.65.
From the results of the horizontal slices and vertical profiles, it can be seen that the Luding earthquake sequence is mainly distributed in low velocity and low Poisson’s ratio zone, and fewer earthquakes occur in high velocity and high Poisson’s ratio zone. In order to simplify the subsequent discussion, we divide the profile GG’ with white dashed lines (Figure 7B), where H1 is high velocity and high Poisson’s ratio region, H2 is high velocity and low Poisson’s ratio zone, and both L1 and L2 are low velocity and low Poisson’s ratio zones.
3.3 Comparison with manual catalog
Traditionally, the seismic phase data from manual catalog are accurate and widely used in the study of seismic tomography (Huang and Zhao, 2004; Tian et al., 2007; Allam and Ben-Zion, 2012; Wang et al., 2018; 2021; Sun et al., 2021). In recent years, seismic phase data from machine learning has been applied to the double-difference tomography (e.g., Feng et al., 2022). After the Luding earthquake, there are high-quality seismic phase data from manual catalog by the Sichuan Earthquake Agency from permanent and mobile seismic stations, which provides a chance for checking the reliability of velocity structure tomography based on the AI catalog.
In this study, we collect the 5,163 earthquakes of manual catalog in the same period after the mainshock, among which 4,631 aftershocks are recorded by at least four stations with both P- and S-wave phases. With the same preshocks from manual catalog, a total of 6,972 events are finally collected, which are studied by double-difference tomography under the same parameters. Figures 10, 11, show the results of the checkerboard, the velocity structure and the earthquake distribution in horizontal slices at 6 km depth and vertical profiles along GG’ from the manual catalog.
[image: Figure 10]FIGURE 10 | Horizontal slices at 6 km from manual catalog. (A) VP checkerboard test; (B) VP velocity; (C) VP velocity difference between tomography models produced from the manual catalog and AI catalogs; (D) VS checkerboard test; (E) VS velocity; (F) VS velocity difference between tomography models produced from the manual catalog and AI catalogs. Black lines indicate the faults. The blue box is the study area.
[image: Figure 11]FIGURE 11 | The focal depth distribution of relocated events for manual catalog along profile GG’, as well as the P-wave velocity, S-wave velocity and the Poisson’s ratio.
We compare the results based on two data sets in terms of both earthquake distribution and velocity structure. From Figures 7, 11, the aftershocks based on the two data sets have consistent distribution of seimic clusters and strip characteristics in horizontal direction, and the depth ranges for both of them change from 0–6 km in the northwest to 5–13 km in the southeast in the vertical direction. The spatial consistency indicates that the AI catalog is as reliable as the manual catalog. Moreover, the number of earthquakes from AI catalog is about three times as many as that from the manual catalog. The velocity structure along profile GG’ for L1 in the main rupture zone and for H2 to the southeast of the mainshock is consistent, whereas there are some differences for L2 and H1 to the northwest of the mainshock (Figures 7, 11). Combined with the checkerboard recovery, it can be seen that the L1 and H2 regions are overall very well, while the shallow part of L2 and the deep part of H1 are relatively poor. We speculate that the two data sets have limited resolution for anomalies to the northwest of the mainshock and result in differences in velocity structure. The results based on manual catalog show that the consistency between L2 and the low velocity and low Poisson’s ratio region as well as between H1 and high velocity and high Poisson’s ratio region is not well. In contrast, the results based on AI catalog have better resolution for L2 and H1. The seismic cluster to the northwest of the mainshock basically occurs within L2 of low velocity and low Poisson’s ratio, where there are granites which can be used to explain the distribution characteristics of the earthquake sequence more reasonably. Figure 10 shows the velocity structure based on the manual catalog data set at 6 km depth and the difference between the velocity structure based on the two data sets. The equations for calculating velocity structure difference: [image: image], where V0 is the velocity structure based on the AI catalog, and V1 is the velocity structure based on the manual catalog. According to Figures 4, 8, 10, the results based on the two data sets are consistent on the horizontal slice at 6 km depth with good resolution, where low velocity zone is found on the southwest side of the Xianshuihe fault and high velocity zone is found on the other side. This indicates that on the premise of good resolution, the results from the two data sets are consistent, and the three-dimensional body wave velocity structure by double-difference tomography method from AI calalog in this study is reliable.
4 DISCUSSION
4.1 The seismogenic fault of the MS 6.8 Luding earthquake
The Sichuan-Yunnan block and the Bayanhar block undergo different degrees of deformation under the extrusion of the Indian plate (Wang et al., 2003). The former rotates and extrudes to the southeast, and the latter moves south-eastward at a relatively low rate due to the blockage by the Sichuan Basin. The difference in motion of the two blocks leads to the Xianshuihe fault with left-lateral strike-slip and extrusion characteristics. The southeast section of the Xianshuihe fault zone is also intersected with several faults, including the Longmenshan and the Anninghe-Zemuhe-Xiaojiang fault zones, and there are significant differences in the activity of each fault. The Xianshuihe fault has the largest slip rate and relatively active seismicity, and the surrounding faults have smaller slip rates. According to the GPS measurements (Shen et al., 2005; Zhang, 2013; Zheng et al., 2017; Wang and Shen., 2020), the right-lateral strike-slip rate of the Longmenshan fault zone is less than 1 mm/a; the left-lateral strike-slip rate of the Anninghe-Zemuhe-Xiaojiang fault zone is 7∼11 mm/a; the left-lateral strike-slip rate of the Xiaojinhe fault zone is less than 1 mm/a; whereas the left-lateral strike-slip rate of the Xianshuihe fault zone is basically in the range of 8–12 mm/a. The Daliangshan fault, the Anninghe fault, and the Xiaojinhe fault overlap and intersect at the southeast end of the Luding earthquake sequence, which is far from the mainshock. Similarly, the southwest end of the Longmenshan fault is far from the mainshock and does not overlap with the aftershock, while the Daduhe fault has only a small overlap with the aftershock sequence. The above faults were not involved in the occurrence of this Luding earthquake. However, in history, a series of major earthquakes have occurred along the Xinshuihe fault, and these major events have typical characteristics of migration, repetition, and segmentation (Wen, 2000; Xu et al., 2005; Wen et al., 2008; Chen et al., 2013). The MS 6.8 Luding earthquake occurs near the Moxi section of the fault zone. The focal mechanism (https://www.cea-igp.ac.cn/kydt/279423.html) is strike-slip, which is consistent with many strike-slip earthquakes along the Xianshuihe fault zone (Papadimitriou et al., 2004; Wen et al., 2008; Xu et al., 2013; Zhao et al., 2018), suggesting that the Xianshuihe fault largely controls the earthquake.
The Xianshuihe fault is not a single coherent fault. Instead, it is composed of many sub-faults in an oblique pattern and the fault structure is complex. He et al. (2017) concluded from the geomagnetic results that the Xianshuihe fault zone is composed of a group of faults; some faults are deep and large with steep dips cutting through the crust and some faults have gentle dips. Therefore, we show the distribution characteristics of relocated earthquakes and faults in the horizontal plane and three-dimensional space (Figure 12; Supplementary Figures S2, S3). High-precision earthquake location results show that the Luding earthquake sequence is distributed within the main rupture zone in a stripe roughly parallel to the Moxi section of the Xianshuihe fault. Furthermore, it is approximately upright in the vertical direction, which is consistent with the steeply upright fault plane characteristic of the Xianshuihe fault from the northwest to the southeast (Xu et al., 2013; Zhao et al., 2018). The focal mechanism also shows that the Luding earthquake is a left-lateral strike-slip earthquake with a high dip angle. In addition, the Xianshuihe fault is one of the most active faults and has the largest slip rate near the mainshock (Shen et al., 2005; Zhang, 2013; Zheng et al., 2017; Zhao et al., 2018; Wang and Shen., 2020; Bai et al., 2021; Li et al., 2022), indicating that the Xianshuihe fault controlled the occurrence of the Luding earthquake. According to the distribution of earthquake sequence in spatial pattern, the geometry and location of the seismogenic fault can be outlined (Fang et al., 2013; Wang et al., 2014; 2021; Hu et al., 2021; Li et al., 2021; Sun et al., 2021). In the main rupture area, the seismic strip to the southeast the mainshock has a high spatial overlap with the Moxi section of the Xianshuihe fault in both horizontal and vertical directions. Therefore, we speculate that the Moxi section of the Xianshuihe fault is the seismogenic fault of the Luding earthquake (Figure 12). In contrast, the other earthquake clusters (Figure 12) are distributed to one side of the mainshock and the overall distribution dispersed outward, which are more likely to be induced by the mainshock. In addition, for the earthquake cluster bending toward the Daduhe fault at the southeastern end of the aftershock sequence within A1, the Daduhe fault may have some contribution to the earthquakes in the southern part of the aftershock sequence.
[image: Figure 12]FIGURE 12 | The seismogenic fault for the Ms 6.8 Luding earthquake. The pink dotted line indicates the main rupture of the Luding earthquake, and the pink circles show the main earthquake clusters. Black lines indicate the faults.
4.2 Seismogenic structure and mechanism
Weak materials of low velocity, high Poisson’s ratio and high conductivity are common in the crustal scale in the eastern margin of the Tibetan Plateau, which basically appear at 20 km depth (Clark et al., 2005; Wang et al., 2007; Wang et al., 2008; Bai et al., 2010; Chen et al., 2014; Liu et al., 2014; Qiao et al., 2018). However, the weak layer existing in the middle and lower crust changes near the southeastern section of the Xianshuihe fault. The S-wave velocity in the middle and lower crust on the southwestern side of the Xianshuihe fault is significantly lower than that on the eastern side (Chen et al., 2014; Liu et al., 2014), and it is easier for the southwestern side of the Xianshuihe fault to accumulate stress. The fluid or molten material in the middle and lower crust can lead to the weakening and stress concentration of the seismogenic fault above it, which can cause the occurrence of a major earthquake (Tian et al., 2007; Hu et al., 2021; Li et al., 2021), and the widely existing weak layer in the middle and lower crust in the southwestern part of the Xianshuhe fault may have a certain contribution to the Luding earthquake.
The occurrence of a major earthquake requires the condition for both the stress accumulation and stress release. Previous results (Huang and Zhao, 2004; Tian et al., 2007; Li et al., 2015; 2021; Wang et al., 2018; Hu et al., 2021) indicate that major earthquakes mostly occur at the boundary of high velocity zone or at the transition zone between high and low velocity zone, where it is easy to accumulate stress and bear major earthquakes and also easy to release stress to cause major earthquakes. The Luding earthquake sequence basically occurs in the low Poisson’s ratio and low velocity zone, which is different from previous understanding. The results of Li et al. (2015) show that such low velocity material distributed along the Xianshuihe fault on the west side also has a low density and low magnetic properties. Low Poisson’s ratio (σ < 0.26) indicates that felsic material dominates and middle Poisson’s ratio (0.26 < σ < 0.28) indicates mixed minerals dominate (Zandt and Ammon, 1995). The Xianshuihe fault is a boundary zone between the Sichuan-Yunnan and Bayanhar block. Li et al. (2016) proposes that under the collision of the blocks, melting of deep materials below the fault can be caused under the shear-generated heat in the boundary zone, which will generate materials such as metamorphic rocks, mixed rocks, and granites along the fault. In fact, research has shown that there are granites along the south-east section of the Xianshuihe fault zone and it is distributed in a striped pattern (Zhang et al., 2004; Li and Zhang, 2013; Zhang et al., 2017; Cook et al., 2018). He et al. (2017) combined the existing results and geomagnetic results and suggests that the granites are generated by the remelting of upper crustal materials under the force of the Xianshuihe fault. The mixed rocks to the east of the granites with strong left-lateral strike-slip deformation also indicates that the granite belongs to the product of the Xianshuihe fault (Li and Zhang, 2013; Li et al., 2016). The granites are also rich in quartz and other materials, which have characteristics such as high resistance, low magnetic, low density, and low gravity anomaly (Li et al., 2015; He et al., 2017), and it exhibits low velocity and low Poisson’s ratio in this study. According to the relocation results, the Luding earthquake sequence basically occur in the granite.
Major earthquakes are often closely related to the existence of barriers or asperities on the fault surface, where the barriers can halt or even terminate the rupture of earthquakes (Aki, 1979). Klinger et al. (2006) analysed the Kokoxili earthquake from high-resolution satellite image data and concluded that the rupture was constrained by the geometric barrier. Yue et al. (2017) discussed the rupture pattern of the Kumamoto earthquake in terms of stress accumulation and release for both stress barriers and material barriers, ultimately concluding that material barriers were the primary mechanism for rupture termination. The three-dimensional velocity structure model shows two regions of high velocity and low Poisson’s ratios (H1 and H2) on the two sides of the mainshock along the Xianshuihe fault. After a major earthquake, stress releases along the easily ruptured area. The high-velocity zone on one side of the major earthquake has a blocking effect on the earthquake rupture, leading to a unilateral rupture to the other side (Hu et al., 2021; Sun et al., 2021). The Luding earthquake is also a unilateral rupture in the granite along the Xianshuihe fault toward the southeast. The rupture scale of the Luding earthquake is within the L1 region that precedes H1 and H2, so we prefer to think that the existence of H1 and H2 as stress barriers blocked the earthquake rupture.
According to the shape of the earthquake sequence and the deep velocity structural features obtained in this study, the mainshock is located in the middle of the aftershock zone inside the granite. The high velocity body (H1) existing to the northwest of the mainshock may have blocked the rupture towards northwest, leading to a seismic gap in the area around the high velocity zone. In the northwest, the earthquake cluster basically occurs in the upper part of the high velocity zone in a dispersion pattern, which may be because the granite with low velocity, low Poisson’s ratio and low density in the upper part is more likely to rupture and release stress than the high velocity zone. Hence, the earthquakes mainly occur in the upper part of this high velocity zone. The earthquake cluster to the west of the mainshock also has a similar dispersion pattern. Therefore, the earthquake clusters to the west and northwest of the mainshock are probably caused by the granite rupture induced by the mainshock. After the mainshock, the rupture occurs in the relatively homogeneous granite L1 along the southeast direction of the Xianshuihe fault, where the granite is relatively deep and easy to release stress, so the dominant depth of the seismic strip within the main rupture zone increase. There is a significant high velocity zone (H2) to the southeast and about 25 km from the mainshock, which has a strong mechanical property that may block the rupture of the Luding earthquake along the Xianshuihe fault toward the southeast. To sum up, the Luding earthquake occurs in the granite with low velocity and low Poisson’s ratio, and the high velocity zones (H1 and H2) on two sides of the mainshock may control the rupture scale of the earthquake.
Based on the fault spatial sliding rate and stress distribution characteristics, the Moxi section of the Xianshuihe fault zone has the risk of major earthquakes (Bai et al., 2021; Li et al., 2022). We think that based on seismotectonic features and high-resolution three-dimensional velocity structure models, it is also possible to better understand the mechanisms of major earthquakes and further assess the risk of future major earthquakes. The seismogenic fault of the Luding earthquake was the Moxi section of the Xianshuihe fault, and along the Xianshuihe fault, there were two other significant high velocity bodies, respectively H1 and H2, which have the conditions to breed strong earthquakes. Li et al. (2015) suggested that the material in the Shimian area of the south-eastern section of the Xianshuihe fault has features such as high velocity, high density and strong magnetism, which has strong mechanical properties to bear major earthquakes, and the risk of the possible major earthquakes in the area is relatively high in the future. Moreover, combining the migratory pattern of major earthquakes along the Xianshuihe fault zone, there is a high probability of future major earthquakes along the southeastern part of the Xianshuihe fault in the Shimian region.
5 CONCLUSION
In the study, we use the data of 61 seismic stations surrounding the focal area and obtain the Luding earthquake sequence based on AI catalog. In combination with the preshocks near the mainshock, we conduct event relocation and three-dimensional P- and S-wave velocity structure inversion by double-difference tomography. Compared the results with those from the manual catalog, the catalog has high accuracy and completeness, and the three-dimensional velocity structure model is reliable and exhibits the AI method’s advantage and promise. About the Luding earthquake, we obtain the following understanding.
1) The MS 6.8 Luding earthquake sequence is distributed along the southeast section of the Xianshuihe fault. The mainshock locates at 9.2 km depth. The dominant depth range of the earthquake sequence gradually changes from 0–6 km in the northwest to 5–15 km in the southeast. A seismic strip about 35 km long in the southeast direction is within the main rupture area. In addition, the seismic clusters to the west and northwest of the mainshock show dispersion distribution. To the northwest of the mainshock, there is a significant seismic gap between the seismic strip and the northwestern earthquake cluster.
2) In the southeast direction of the main rupture area of the Mainshock, the seismic strip is distributed horizontally along the Moxi section of the Xianshuihe fault. In the vertical direction, it is approximately upright and coincides with the steep and vertical characteristics of the Xianshuihe fault plane. Overall, it has a high spatial overlap with the Xianshuihe fault which is seismically active with high slip rate. We speculate that the Moxi section of the Xianshuihe fault is the seismogenic fault of the Luding earthquake.
3) The earthquake sequences are mainly located in the regions of low velocity and low Poisson’s ratio, which is consistent with the granite that is geologically distributed along the southeast section of the Xianshuihe fault. The two high velocity zones on both sides of the Xianshuihe fault may have controled the rupture scale of the Luding earthquake.
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