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The tectonic crosscutting relationship between the two most tectonic important Xianshuihe-Xiaojiang fault system (XFS) and the Red River fault zone (RRF) is a key basic problem but it is controversial now. These obscure further leads to a hot argument about the geodynamic model of the southeast margin of the Tibetan Plateau. In order to answer whether the XFS has cut across the RRF and extended southwardly, multiple seismological methods, including seismic relocation, b-value analysis, seismic energy, density study, focal mechanism inversion, and regional stress field research, are applied in the Yunnan Province area, China, where the XFS and the RRF intersects with each other. The results comprehensively demonstrate that the southern segment of the XFS has not been affected by the RRF, and it has continued for a length after crossing the RRF, but the Dian Bien Phu fault zone should not be an extension fault of the XFS. Along the SW direction, starting from the middle segment of the XFS, and cutting across the Qujiang fault, Shiping-Jianshui fault zone, RRF, Ailaoshan fault zone, Wuliangshan fault zone, and the southern section of the Daluo fault, the belt should be treated as the eastern boundary of the clockwise rotational in geodynamics model of the Tibetan Plateau in this study area. Based on these conclusion above and previous recognitions, a new geodynamic evolution model is proposed.
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1 INTRODUCTION
The southeast margin of the Tibetan Plateau, characterized by complex Cenozoic structures created during the Indo-Asia collision (Molnar and Tapponnier, 1975; Yin and Harrison, 2000; Schoenbohm et al., 2006), is particularly important for understanding the tectonic evolution and uplift of the plateau (Wang et al., 1998). Various geodynamic models (Molnar and Tapponnier, 1975; Peltzer and Tapponnier, 1988; Royden et al., 1997; Flesch et al., 2001; Replumaz and Tapponnier, 2003; Copley, 2008; Wen et al., 2011; Shi et al., 2018b) have been proposed to describe the nature of continental deformation probably due to the unclear recognition on this area. What is accepted by almost all geologists is that GPS results demonstrated significant clockwise rotation in the margin between the eastern Himalayan syntaxis (EHS) and the left-lateral strike-slip Xianshuihe-Xiaojiang Fault System (Shen et al., 2005; Wang et al., 2008; Gan et al., 2021), revealing the present clockwise rotation of the upper crust of the southeast margin of the Tibetan Plateau around the EHS (Zhang et al., 2004).
In the southeast margin of the Tibetan Plateau region, the two most important and significant tectonic systems are the Red River Fault (RRF) and Xianshuihe-Xiaojiang Fault System (XFS), composed of Xianshuihe Fault in the north, Daliangshan Fault, Anninghe Fault, and Zemuhe Fault in the middle, and Xiaojiang Fault system (XFS) in the south (Figure 1). In the past decades, aiming at the crosscutting relationship between the RRF and XFS in the present tectonic movement, which is also the key base problem here, many researchers have proposed various heuristic geodynamic models as mentioned above. All these models can be generalized into two types. One type supports the almost N-S striking XFS that has not cut across the NW striking RRF, and the left lateral movement of the XFS ended at the south segment of the XFS and north of the RRF, meaning the RRF is predominant in the present tectonic deformation in the southeast margin of the Tibetan Plateau (Li and Wang, 1975; Tapponnier et al., 1982; He et al., 1992; Li, 1993; Roger et al., 1995; Song and Wang, 1998; Replumaz et al., 2001; Xu et al., 2003; Zhang et al., 2003; Wen et al., 2011; Xu et al., 2011). The other type suggests that the left lateral movement of the XFS has cut across the RRF and connected with a series of NE striking faults at the southwest of the RRF, forming the predominant left lateral tectonic belt (Lacassin et al., 1998; Wang et al., 1998; Chen et al., 2000; Schoenbohm et al., 2004; Shen et al., 2005; Schoenbohm et al., 2006; Simons et al., 2007; Wu et al., 2015; Zhang and Ding, 2016). So, the crosscutting relationship between the RRF and the XFS is the key base to the present geodynamic models, which is also the aim of this study.
[image: Figure 1]FIGURE 1 | The sketch geologic map of the southeast Tibetan Plateau area (A) and study region (B). The fault distribution is modified from the Seismic ground motion parameter zonation map of China. (2015). The earthquake data are cited from the China Earthquake Networks Center. The GPS data applied in Figures A and B were cited from Gan et al. (2021). The GPS velocity field is relative to a “Tibetan Plateau-fixed” reference frame, which highlights the E-W extension across the plateau and clockwise rotation in its eastern part. Abbreviations: BHB=Bayan Har Block, CDB=Chuandian Block, QTB=Tiangtang Block, LSB=Lhasa Block, SCB=South China Block, ICB=Indochina Block, AF=Anninghe Fault, DBPF= Dian Bien Phu Fault, DF=Daliangshan Fault, GYF=Ganzi-Yushu Fault, HFT=Himalayas Frontal Thrust, JF=Jingshajiang fault, JHF=Jinghong Fault, LTB=Longmengshan Thrust Belt, MLF=Menglian Fault, NMF=Mae Chan Fault, NTHF=Nangtinghe Fault, SF=Sagaing Fault, XF=Xianshuihe Fault, XF=Xiaojiang Fault, ZF=Zemuhe Fault, EHS=Eastern Himalayan Syntaxis, F1=Middle segment of the XFS, F2=Qujiang Fault; F3=Shiping-Jianshui Fault; F4=RRF; F5=South segment of the XFS, F6=Gejiu Fault, F7=Dian Bien Phu Fault; F8=Ailaoshan Fault; F9=Babianjiang Fault, F10=Wuliangshan Fault, F10-1=Mohei Fault (East branch), F10-2=Puer Fault (Middle branch), F10-3=Puwen Fault (West branch), F11=Heihe Fault, F12=Longling-Lancang Fault, F13=Menglong Fault, F14=Lancangjiang Fault, F15=Jinggu Fault, F16=Nantinghe Fault, (F16-1=East branch, F16-2=West branch), F17=Daluo Fault, F18=Menglian Fault, and F19=Wandin Fault.
Recently, our group obtained paleoseismic evidence (Guo et al., 2021b), geologic slip rate (Han et al., 2017), and tectonic geomorphologic characteristics (Guo et al., 2021a) of Holocene faulting activity of the Jianshui Fault, south segment of the Xiaojiang Fault, suggesting the strong faulting activity of the Jianshui Fault. Here, the present crosscutting relationship between the RRF and XFS is discussed from a seismological scope.
2 DATA AND METHODS
A total of 24,543 raw earthquakes (ML≥0.5) in the period from 1 January 2009, to 31 October 2017, were selected from the seismic phase report of Yunnan Province in the study region (21°N∼25°N, 99°E∼105°E). After testing the completeness of the earthquake catalog (Rydelek and Sacks, 1989), the smallest magnitude interval Mc was determined at Mc 1.3 (Figure 2D), below which the magnitude-cumulative frequency relationship does not obey Gutenberg-Richter law (Gutenberg and Richter, 1944). After filtering, a total of 15,208 earthquakes M≥1.3 were chosen (Figure 2). In order to identify the tectonic relationship between the XFS and RRF, several regular seismic methods, including seismic relocation, spatial distribution of b value, seismic energy, density distribution analysis, focal mechanism solution analysis, regional stress field inversion, were comprehensively obtained to further analyze the seismic characteristics along the XFS and the RRF. Detailed technical information, including parameters used, detailed meaning, and description of the treating processes can be found in supporting documents.
[image: Figure 2]FIGURE 2 | The statistical characteristic charts of the raw earthquake catalog data, date-magnitude chart (A), date-epicenter depth chart (B), epicenter depth-earthquake number chart (C), and magnitude-frequency chart (D). The yellow star is the biggest instrumental earthquake in the study region, October 2014 M6.6 Jinggu Earthquake.
3 RESULTS AND PRELIMINARY ANALYSIS
3.1 Crust velocity model and relocation results
As described above, three crust velocity models have been applied in our research, which are PREM (Dziewonski and Anderson, 1981), AK135 (Kennett et al., 1995), and the modified regional model (Hu and Han, 2013). The wave velocity ratio (Vp/Vs) of the PREM and AK135 model is set as 1.75, while it is 1.96 in the HN model. Because the picking accuracy of P-wave travel time data is better than S-wave, the weighting value of P-wave in relocation is set at 1, while it is set at 0.7 for S-wave. Considering a large number of earthquake events from the catalog, the LSQR algorithm (Paige and Saunders, 1982), belonging to the family of conjugate gradient methods, was used to solve the equation. This method has also been applied successfully in a previous study (Yao et al., 1999). Considering the possible comparatively large error of the initial relocation result, eight times iteration in two groups was applied in the solution. Because the relocation needs to pair earthquakes within a certain distance in the study region, different relocation parameters lead to different relocation results. The null relocation results are mainly caused by overlarge distance with other earthquakes in the iterative inversion process (Waldhauser and Ellsworth, 2000).
After the pretreatment and program calculation, a total of 491,691 pairs of P-wave and 408,278 S-wave seismic phases were obtained from 619,562 pairs of original P-wave and 587,468 S-wave seismic phases, meaning the matching rates are 79% and 69%, respectively, and the average distance between event pair is 4.87 km.
The minimum seismic phase pair number that forms a swarm was set as four in 15,208 events involved in relocation, and 1,009 events, considered isolated events, were removed from relocation due to dissatisfaction with the minimum number. Some events were also removed in 14,199 events after filtering. The detailed parameters used in relocation and their process are illustrated in the supporting document. Finally, 11,531, 11,535, and 12,080 events were obtained after relocation based on PREM, AK135, and HN crust velocity models, respectively. The spatial distribution map of these events from these three velocity models is shown in Figure 3. Compared with the spatial distribution map of the events before the relocation (Figure 3A), we could see that the horizontal distribution of events before the relocation was more discrete, and the difference between the spatial distribution map of events based on three crust velocity models was not that obvious (Figures 3B–D), revealing the result stability of this relocation.
[image: Figure 3]FIGURE 3 | Seismic events distribution map before (A) and after relocation with different crust velocity models, PREM velocity model (B), AK135 velocity model (C), and regional velocity model (D).
After relocation, regnant depth based on three velocity models was more concentrated. Considering the event number and average residue after relocation based on the same raw earthquake events, the PREM velocity model is better (Table 1). According to research on the parameters in double difference hypocenter relocation, Zheng and Yang (2008) concluded that double difference hypocenter relocation matched better with the PREM velocity model, in which a low-velocity layer existed on the surface of the earth. After comparison among the three velocity models above, the result from the PREM model had more events and smaller errors after relocation. We accepted the PREM model and used the resulting relocation data in the following study.
TABLE 1 | The statistical result of the relocation result and error with three different velocity models.
[image: Table 1]3.2 B-value result
The b-value distribution map was obtained through the fixed Mc (1.3) method. After the relocation, b-value increased at the same locations, probably because the relocation made the events more concentrated (Figure 4). The b-value distribution map after relocation (Figure 4B) showed high b-value characteristics from the middle segment of the Red River Fault to the south segment of Xiaojiang Fault and Gejiu Fault, meaning there is a comparatively low possibility of strong earthquake occurrence generally in this region. Low b-value existed along the Qujiang Fault, meaning a comparatively higher possibility of strong earthquake occurrence.
[image: Figure 4]FIGURE 4 | The b-value distribution map before (A) and after (B) relocation.
3.3 Seismic energy and density result
From the seismic energy distribution maps (left charts in Figure 5) and the events density distribution maps (right charts in Figure 5), an anomalous belt exists (the area between two black lines in Figure 5). The spatial characteristics of seismic energy and density distribution maps could recently reveal the relationship between seismic activity characteristic and faults trace and the possible trend of seismic activity in the future.
[image: Figure 5]FIGURE 5 | Seismic events density (A,C,E) and seismic energy (B,D,F) distribution maps of the study region. The first-row charts (A,B) are the results of 0.15°*0.15° mesh grids, the second-row charts (C,D) are 0.2°×0.2° mesh grids, while the third-row charts (E,F) are 0.3°×0.3° mesh grids.
From Figure 5, we can tell that 1) the seismic activity along the middle segment of the RRF, the area between the middle segment of the XFS and Gejiu Fault, is mainly consistent with the fault trace; 2) an NE-striking anomalous seismic activity belt exists along the middle segment of the XFS, extending across Qujiang Fault, Shiping-Jianshui Fault, RRF, Ailaoshan Fault, Babianjiang Fault, and Puwen Fault to the south side of Lancang-Gengma Fault.
The main epicenter locations and depth information could be obtained from seismic profiles, usually from which underground geological structures and rupture traces could be depicted. In order to know whether the earthquake belt along the Xiaojiang Fault system had extended across the Red River Fault, three seismic profiles were set across the Xiaojiang Fault system and its elongation (Figure 6), and statistical analysis was made in the regions that defined 10km and 20 km on both lateral sides to detect the underground structure.
[image: Figure 6]FIGURE 6 | The seismic profile location on seismic energy and seismic density map. Profiles: AA’, BB’, and CC’.
Based on earthquake energy and density distribution map results, three earthquake density distributions along the profiles are obtained (Figures 7–9). From the profiles, we find that 1) the epicenter depth is consistent from NE to SW, mainly concentrating at 0–15 km; 2) a high earthquake density belt, probably meaning a geologic structure, exists on all three profiles; 3) the depth of the high earthquake density belt increases and then decreases from NE to SW.
[image: Figure 7]FIGURE 7 | Earthquake energy isolines map along profile A-A’. The upper charts are the geomorphological profile along A-A′ and its settlement sites. The left charts (A,C,E) are the results in the region on 10 km lateral sides of A-A′ while the right charts (B,D,F) are the results on 20 km. The mesh grid size of charts a and b is 1 km*1km, charts c and d is 2 km*2km, and charts e and f is 3 km*3 km. The unit of both axes is km.
[image: Figure 8]FIGURE 8 | Earthquake energy isolines map along profile B-B’. The upper charts are the geomorphological profiles along B-B′ and their settlement sites. The left charts (A,C,E) are the results in the region on 10 km lateral sides of B-B′ while the right charts (B,D,F) are the results on 20 km. The mesh grid size of charts a and b is 1 km*1km, charts c and d is 2 km*2km, and charts e and f is 3 km*3 km. The unit of both axes is km.
[image: Figure 9]FIGURE 9 | Earthquake energy isolines map along profile C-C’. The upper charts are the geomorphological profiles along C-C′ and their settlement sites. The left charts (A,C,E) are the results in the region in the 10 km lateral sides of C-C′ while the right charts (B,D,F) are the results on 20 km. The mesh grid size of charts a and b is 1 km*1km, charts c and d is 2 km*2 km, and charts e and f is 3 km*3 km. The unit of both axes is km.
3.4 Focal mechanism solution result and analysis
Based on the relocation result from the HN velocity model, a total of 5,532 events (1.3≤M≤6.2) were used in focal mechanism solution inversion. The waveform between 10s before and 50s after every event was used in inversion, and parameters used in strong earthquake inversion were applied, and a total of 5,466 focal mechanism solutions were obtained (Figure 10). All focal mechanism solutions were classified according to classification standard (Zoback, 1992) (Table 2).
[image: Figure 10]FIGURE 10 | The focal mechanism solution results in the study region based on continuous waveform inversion.
TABLE 2 | Classification table of focal mechanism solutions in the study region.
[image: Table 2]Because crust structure and stress field may differ in different areas, one set of statistical results from the whole region is probably not enough to extract the tectonic information needed, and the magnitude of focal mechanism solutions is small, which cannot be used to compare with data published from other seismic organizations. Here, ensuring the same parameters in inversion, we compared our result with previous research (Hu and Han, 2013), the study region of which is located in our study region, to check the reliability of our result.
Hu and Han (2013) obtained 148 focal mechanism solutions inversion (ML≥2.0) of events in the arcuate tectonic belt in southeast Yunnan (23°N-25°N, 101°E-103°E; the black rectangle in Figure 11). Here, we picked out 230 focal mechanism solutions (ML≥2.0) from the same area to compare. The statistical analysis from both groups of data showed that the results from our research were very consistent with the result from Hu and Han (2013), revealing that normal faulting was dominant there and the tensile stress in the SWW-NEE direction plays a more important role in present-day activity of the arcuate tectonics compared to the compressive stress in the SSE-NNW direction.
[image: Figure 11]FIGURE 11 | Focal mechanism solutions (ML≥2.0) distribution map in this study. The black rectangle is the study region of Hu and Han (2013).
Since the RRF is considered a very important tectonic boundary and its tectonic relationship with XFS is still in hot debate as described above, the tectonic belt along the Xiaojiang Fault zone and its elongation (the area between the two black lines in Figure 12) was divided into two subregions in order to check whether the Red River fault is still blocking the tectonic extension of the Xiaojiang Fault zone. The subregion north of the RRF is shown as black focal mechanism solutions while the south of the RRF is red (Figure 12).
[image: Figure 12]FIGURE 12 | Focal mechanism solutions distribution map of subregions besides the RRF along the XFS and its elongation (ML≥1.3).
Based on the fault nature classification principles from the base of hypocenter theory (Chen and Chen, 1999), the statistical characteristic of the focal mechanism solutions of two subregions (Figure 13) shows that the percentage of normal faulting of nodalⅠ in the subregion south of the RRF is 53%, and the percentage of nodal Ⅱ is 52%; while the percentage of normal faulting of nodal Ⅰ in the subregion north of the RRF is 52% and the percentage of nodal Ⅱ is 51%. This means the normal faulting earthquake is predominant in the region. Almost the same statistical characteristic between the subregions besides the RRF revealed the consistent stress field characteristic.
[image: Figure 13]FIGURE 13 | Statistical characteristics of two subregions besides the RRF, or south (A) and north (B) side.
Combining the earthquake energy, density distribution charts (Figures 11–13), and the statistical analysis on focal mechanism solutions above, we can deduce that the tectonic blocking from the RRF does not exist presently.
3.5 Stress field result
Based on previous researchers’ experience (Hardebeck and Michael, 2004), the study region was divided into 1,026 mesh grids (grid size 0.15°*0.15°), and the optimal fitting tectonic stress tensor of every grid was calculated. According to the equation from Lund and Townend (2007), horizontal maximum principal compressive stress map was obtained. The focal mechanism solutions distribution of small events in the study region (Figure 14) shows that focal mechanism solutions are distributed in most study regions evenly. The main faulting type of the focal mechanism solutions in the distribution map distributes very dispersively, which is probably related to the small magnitude of the events used in this study. The small events that release small energy are easily affected by local factors, meaning local structure information is predominant.
[image: Figure 14]FIGURE 14 | The direction distribution map of maximum horizontal principal compressive stress in the study region. Red is normal faulting, green is striking slip faulting, and blue is thrust faulting.
From the R-value distribution map (Figure 15), the R-value distributes dispersively and is generally larger than 0.5, meaning the maximum principal compressive stress status is stable (Huang et al., 2016). R-value is high along middle and south segments of XFS and Gejiu fault, meaning there is strong tectonic activity presently, and the area where R-value maintains around 0.5 distributes along RRF, Qujiang Fault, Shiping-Jianshui Fault, Ailaoshan Fault, Babianjiang Fault, and the south segment of Lancang-Gengma Fault, which is consistent with the anomalous belt of seismic density and seismic energy above (Figure 5).
[image: Figure 15]FIGURE 15 | The R-value distribution map of the study region.
4 DISCUSSION
4.1 The information from seismological statistics
According to the results of the relocation and focal mechanism solutions, some zonation and linear tectonic characteristics could be revealed:
1) In the area from the middle and south segments of XFS to Gejiu Fault and from east RRF to Qujiang Fault and Shiping-Jianshui Fault, small earthquake activity is strong, and the principal compressive stress field has the characteristics of mainly NE striking and local NW striking.
2) In the area of the Longling-Gengma fault and its west side, some strong earthquakes occurred there earlier (Shao et al., 2015), and in recent years, small earthquakes have been dense there, mainly along Lancang-Gengma (NW direction). The stress field in this region is predominantly NE direction and locally NW direction.
3) Seismic energy and density distribution characteristics in the area from the middle segment of the XFS to Longling-Gengma fault, across a series of NW striking fault, such as Qujiang fault, Shiping-Jianshui fault, RRF, Ailaoshan fault, Babianjiang fault, and Longling-Gengma fault, are very familiar, and the stress field direction changes from NW at XFS to NE at Longling-Gengma fault.
The relocation and seismic energy and density distribution maps revealed the seismic activity characteristic in recent years, and the profiles revealed geological structures underground. The stress field reflected from this study is also consistent with previous cognition of the stress field. The current research on tectonic stress field in the Chuandian region (Kan et al., 1977; Cheng, 1981; Xu et al., 1989; Xu, 1995; Cheng et al., 2003; Xie et al., 2004) revealed that the northward pushing of Indochina block, the southeastward left lateral movement of material in Tibetan Plateau, the blocking of South China Block, and the dragging of Burma Block jointly resulted in two stress transition belts at the eastern and western sides of the Chuandian Block. The principal compressive stress of the eastern and western sides of Chuandian Block obtained in this study is consistent with the background tectonic stress field, which suggested that the principal compressive stress is mainly NW trending at the eastern side of Chuandian Block while mainly NNE at the western side of Chuandian Block (Luo et al., 2014).
The following regional characteristics could be achieved as follows:
1) In the north of the RRF, the middle and south segments of the XFS are the boundary. The seismic energy and density distribution maps (Figure 9) show strong seismic activity and dense seismic energy at the middle and south segments of the XFS, where the large R-value from the focal mechanism (Figure 15) also exists, fitting with strong tectonic activity there. In the west of this boundary, the maximum compressive stress is mainly NW striking, while the east of this boundary is mainly NE striking, which is consistent with previous research. Strong small earthquake activity near the Qujiang Fault and Shiping-Jianshui Fault exists due to NW striking extrusion force from the north. At the perpendicular direction of NW principle compressional stress, shearing fracture and following tensional stress will occur according to the Hooke law, meaning tensional stress should be predominant there, which is consistent with a previous study and this research in this region (Hu and Han, 2013). This may be explained by the finding that the joint compressional stress from NW-striking principal stress in the east of the RRF and stronger NW-striking principal stress at the southeast side of the middle and south segments of the XFS resulted in enhanced inner vertical tensional stress with local characteristics of normal faulting in this region.
2) On the southwest side of the RRF, the Dian Bien Phu Fault is considered the boundary in previous geodynamic models, in which clockwise rotation around the EHS cut across the RRF and these models are strongly supported by GPS observations (Iwakuni et al., 2004; Shen et al., 2005; Simons et al., 2007; Zhang and Ding, 2016). The seismic energy and density distribution maps suggest that seismic activity does not extend along the Dian Bien Phu Fault after distributing along the south segment of the XFS and Gejiu Fault and across the RRF. However, the regional principal compressive stress direction in the area of the south segment of the XFS, Gejiu Fault, and Dian Bien Phu Fault is all NW-striking, which is consistent with previous research (Guo et al., 2014; Luo et al., 2014). The focal mechanism inversed from seismic data after relocation shows almost the same stress field direction besides the Dian Bien Phu Fault, meaning the region beside the Dian Bien Phu Fault is generally suffering NW-striking principal compressive stress and the fault is playing a whole role in the clockwise rotation system of the southeast margin of Tibetan Plateau.
3) At the area beside the RRF, or Qujiang Fault, Shiping-Jianshui Fault, Ailaoshan Fault, and Wuliangshan Fault, the seismic energy and density distribution maps show very good continuity. The R-value is mainly bigger than 0.5 in this region while smaller beside this region, meaning small earthquake activity in this region is strong. When considering the boundary from the middle and south segments of the XFS at the northeast side of the RRF and south end of Wuliangshan Fault to Menglong Fault, the NE striking belt across Qujiang Fault, Shiping-Jianshui Fault, RRF, Ailaoshan Fault, Babianjiang Fault, Wuliangshan Fault, and Longling-Gengma Fault could be treated as a whole region with consistent seismic energy, density, and R-value distribution. The principal compressive stress direction gradually changes from NW at the Qujiang Fault to NE at the south part of the Longling-Gengma Fault. Seismic density profiles demonstrate that a continuous deep tectonic belt exists inside, and earthquakes beside this belt occur in the shallow crust while the depth of the seismic events in the belt is comparatively deeper.
4.2 The implication of the geodynamic model of the southeast margin of the Tibetan Plateau
This study involves the two most important and significant fault systems, RRF and XFS, which are composed of the Xianshuihe Fault in the north and the Xiaojiang Fault in the south. Current research reveals different tectonic activities of these two fault systems nowadays. Abundant GPS observations have clearly demonstrated the strong systematic sinistral movement of the XFS (Zhang et al., 2004; Shen et al., 2005; Simons et al., 2007; Wang et al., 2008; Gan et al., 2021), and strong Holocene faulting activity of the XFS (He and Ren, 2003; Shen et al., 2003; He et al., 2006; He and Ikeda, 2007; He et al., 2008; He and Oguchi, 2008; Ren et al., 2010; Wei et al., 2012; Wang et al., 2013a; Wang et al., 2013b; Wang et al., 2014; Ren, 2013; Li et al., 2015; Zhang et al., 2016; Han et al., 2017; Wang et al., 2017; Yan and Lin, 2017; Bai et al., 2018; Yan et al., 2018; Sun et al., 2019) also supports GPS results, resulting in He et al. (2006) concluding that a uniform sinistral XFS had formed connected block boundaries. But the question of whether this uniform boundary has cut across the RRF is still in hot argument. It is widely accepted that the left-lateral strike-slip motion along the system is absorbed, or at least partially, by the deformation along the two parallel NW-trending faults, Qujiang fault and Shiping-Jianshui fault, before it reaches up to the RRF (He et al., 1993; Li, 1993; Wen et al., 2011; Wang et al., 2014) because of the unclear faulting geomorphological appearance of the XFS in the south area of Qujiang Fault. The XFS has been split into the east branch and the west branch in the south of Daduo (Shen et al., 2003). With the development of high-resolution satellite images and high-resolution topography reconstruction technology, our research team has revealed the strong Holocene faulting activity of the south segment of the XFS (Han et al., 2017; Guo et al., 2021a; Guo et al., 2021b), which could be treated as an elongation of the east branch of the XFS. Oppositely, the Holocene faulting research on the RRF (Li et al., 2016; Shi et al., 2018a) showed us very weak activity.
Tectonic research on both fault systems in late Cenozoic Current research about initiation time of sinistral slip on XFS, such as paleomagnetic research in related basins (Yao et al., 2007; Zhu et al., 2008), and tectonic analysis (Wang et al., 1998), support the age as young as 4-5Ma. The tectonic inversion time of the RRF from left- to right-lateral motion (Lacassin et al., 1998; Fyhn and Phach, 2015; Wang et al., 2016) is believed to probably be 5-5.5Ma BP in Late Neogene, which is consistent with the sinistral initiation time of XFS. Isotope and fission-track studies (Roger et al., 1995; Zhang et al., 2004; Wang et al., 2009; Zhang et al., 2017) relating to shearing deformation in the Xianshuihe Fault area demonstrated two phases of thermo-emplacement events, 14-9Ma and 5Ma-present. All this evidence implies that the XFS propagated southwardly and started to tectonically affect the RRF at approximately 5Ma BP. A geological survey on NW-striking Qujiang Fault (Wang et al., 2014) demonstrated that it truncated the west branch of XFS and absorbed the shortening caused by the sinistral slip of the west branch of XFS.
The magnetotelluric imaging involving our study region (Bai et al., 2010) has revealed that two high conductivity channels exist in the southeast Tibetan Plateau, one of which developed along the west side of XFS and the south end of it has at least reached RRF. Shi et al. (2018b) summarized and analyzed all active faulting and GPS observations in the region’s southwest side of the RRF and proposed the geodynamic model for that region, in which (Sippl et al., 2018) onal bookshelf faulting in the upper crust controlled by localized channel flow in deep crust was jointly driven by tongue-like asthenospheric flow with different flow velocities and SW-striking extrusion of Chuandian Block. The trace of the anomalous belt north of the RRF discovered in this study is consistent with the high conductivity revealed by Bai et al. (2010). The geodynamic model research on the north (Bai et al., 2010) and south (Shi et al., 2018b) of the RRF both emphasized the existence of deep channel flow. The shear wave splitting research on the Red River-Ailaoshan area (Huang et al., 2007) concluded that the upper mantle anisotropy to two sides of the Red River-Ailaoshan fault zone is different. Meanwhile, arrival data of the body waves research on the Red River-Ailaoshan area (Xu et al., 2005) showed that the metamorphic belt along the Red river-Ailaoshan fault zone appeared as high velocities from upper to middle crust, and deep dynamic conditions still placed constraints on the motion of the RRF. The receiver function analysis (Xu et al., 2006) on the Red River-Ailaoshan area verified that the RRF cut the whole crust and lower crust with low velocity existing there, meaning the possible existence of channel flow. At the same time, all GPS observation, especially the most updated observation (Figure 1; Gan et al., 2021), reflecting current earth surface deformation, seems to support the finding that the left-lateral shear of the region is not blocked, or at least is obviously absorbed by the and Gan et al. (2021) also proposed that convective removal of some or all of Tibet’s mantle lithosphere probably was the main geodynamic driving force. So, combining all current geological and geophysical recognitions on this region and the geodynamic model proposed previously (Shi et al., 2018b), the following geodynamic model could be proposed here:
The asthenospheric flow is the basic driving force controlling the tectonic deformation in the crust. The comparatively weak channel flow along the west side of the XFS also affects the tectonic deformation in the upper crust of the Chuandian Block directly. Before 5-5.5Ma BP, sinistral slip movement of the XFS and RRF controlled the tectonic deformation in the Chuandian Block (Figure 16A). At approximately 5-5.5Ma BP, due to the joint effect of the extrusion from the EHS and the following asthenospheric flow adjustment, the sinistral slip movement of the XFS was enhanced, and the tectonic inversion from sinistral to dextral slip movement of RRF happened and started to propagate southwardly from the intersection between the east branch and Qujiang Fault (Figure 16B). The XFS in the upper crust probably reached the RRF recently, probably in Late Pleistocene (Guo et al., 2021b) and has been cutting through the RRF in the upper crust since then, which also can explain weak faulting geomorphological appearance of the south segment of the XFS (Figure 16C). In the southwest of the RRF, due to the geodynamic adjustment of this region, some regenerative faults are forming, such as the Longling-Lancang Fault (Guo et al., 1999). Figure 16.
[image: Figure 16]FIGURE 16 | Proposed geodynamic evolution model from 5–5.5Ma BP (A), 5–5.5Ma BP-Late Pleistocene (B) to Late Pleistocene- now (C). The crust model is constructed based on previous geophysical results (Xu et al., 2005; Xu et al., 2006; Huang et al., 2007; Bai et al., 2010).
The other interesting phenomenon revealed here is that the global velocity model (PREM model) fits better than the local model (HN model) (Table 1). Usually, the local velocity model is more suitable with the smallest error than the global model. But when the crust structure is too complicated and the local model cannot be representative, probably the global model is the better choice. The study area of the local HN model (23°-25°N, 101°20′-103°E) chosen in this study is much smaller than the study area in this study. The HN model only involved two first-order tectonic blocks, Chuandian Block and Indochina Block, while our study area involved three, Chuandian Block, Indochina Block, and South China Block (Figure 1A). This probably explains why the global model fits our study area better.
5 CONCLUSION
Based on seismic relocation, b-value analysis, seismic energy, density distribution research, focal mechanism solution inversion, and regional stress field study on the intersection area between the XFS and RRF, the following conclusion could be reached:
1) The XFS intersects with the RRF; earthquake activity and seismic energy are concentrated, and after crossing the RRF, the seismic density and energy distribution only slightly decreased. The statistical results of the focal mechanism solution are similar, both are predominate normal-striking-slip, and their stress field characteristics are consistent. It indicated that the southern section of the XFS has not been affected by the RRF, and it has continued for a length after crossing the RRF.
2) The seismic density distribution on both sides of the Dian Bien Phu fault zone is similar, the stress field features are consistent, and the sliding rate is small, while the seismic activity caused by the fault extension after the XFS passes the RRF is quite different. Therefore, the Dian Bien Phu fault zone is not an extension fault of the XFS. The Dian Bien Phu fault zone and both sides of the zone should be included as a whole in the outer boundary block in the clockwise rotation dynamics model of the southeastern margin of the Tibetan Plateau.
3) Along the NE direction, starting from the middle segment of the XFS to the trans-Qujiang fault, Shiping-Jianshui fault zone, RRF, the Ailaoshan fault zone, the Wuliangshan fault zone, and the southern section of the Zhiyu-Puma fault zone, the seismic density and energy distribution are similar, and the R-value is stable. The profile density distribution shows that there is a structural belt with deep focal depth inside. This should be used as the eastern boundary of the clockwise rotational dynamics model of the Qinghai-Tibetan Plateau in this study area.
4) XFS is cutting across RRF nowadays, probably since the Late Pleistocene, which determines the key base of the geodynamic model in this region.
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