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The June 17, 2019, MS 6.0 Changning earthquake is the largest recorded event in the Sichuan basin, spatiotemporal variations of stress field may shed light on the seismogenic mechanism of the earthquake. We determined the focal mechanism solutions (FMSs) of 124 earthquakes with MS ≥ 3.0 occurring in the Changning area from April 1, 2007, to February 29, 2020, and analyzed changes of FMSs and stress field before and after Changning earthquake. The Changning aftershocks were predominantly thrust fault earthquakes, followed by strike slip. The P-axis azimuths of the aftershock FMSs were oriented predominantly in the NEE direction, notably differing from the NWW-oriented P-axis azimuths of pre-earthquake FMSs; it shows the rotation of local stress field before and after the Changning earthquake, it is speculated that the change of stress field in Changning area may be caused by long-term water injection and salt mining activities. From the southeast to the northwest of the aftershock zone, the azimuths of principal compressive stress (S1) change from NEE to near-EW in both horizontal and vertical planes. Significant changes occurred in the FMS types and stress field of the aftershock zone following the Changning earthquake, the FMSs became diverse, the S1 azimuth of the Changning area changed from NWW to NEE, and then EW, the plunge and stress tensor variances increased, it reflects that the stress field of the Changning area adjusts continually with time.
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INTRODUCTION
The Changning Ms 6.0 earthquake is the largest recorded earthquake in the Sichuan Basin. It occurred at 22:55:43.3 on June 17, 2019 in the Changning County of Yibin City in Sichuan Province according to the China Earthquake Networks Center. The epicenter was located at 28.34°N 104.90°E, with a focal depth of 16 km. The source parameters were computed by scientists worldwide shortly after the earthquake. The FMSs of the main shock show a set of nodal planes with the strike of (102°–135°) which is similar to that of the axis of the Changning anticline. The dip angles are 45°–61°. The azimuth/dip angles of P-axis are 70°–76° and 7°–10°, respectively. The dislocation type of the main shock is thrust and strike-slip, and the focal depths are relatively shallow (only 3 km). The reported moment magnitude is of 5.68–5.79 (Lei et al., 2019; Yi et al., 2019; Liang et al., 2020; Liu & Zahradník, 2020; Hu et al., 2021).
The relocated Changning earthquake sequence showed that the aftershocks followed the NW–SE striking axis of the Changning anticline. The aftershocks started at the Shuanghe anticline (in the middle of the Changning anticline) and ended at the Baixiangyan–Shizitan anticline (in the northernmost part of the Changning anticline). The ruptures unilaterally occurred along the NW direction and the focal depths become deeper progressively to the NW (Lei et al., 2019; Yi et al., 2019; Sun et al., 2021). The seismic location and FMSs of the aftershocks indicate that they were probably related to the Baixiangyan–Shizitan segment and the Shuanghe segment of the Changning anticline and their associated fault activities (Yi et al., 2019). He et al. (2019) determined that the earthquakes of the Changning anticline usually occur on its southern wing. These moderate earthquakes are associated with the activities in the footwall ramp of the basement fault.
To a certain degree, FMSs in different stages reflect variations of stress field in the process of strong earthquake preparation, the FMSs of earthquake sequence can provide important clues about the seismogenic process and stress state (Zheng et al., 2009; Luo et al., 2010; Diao et al., 2011). Previous studies focus on focal mechanism of main shock and several larger aftershocks (Yi et al., 2019; Liang et al., 2020; Hu et al., 2021), owing to data limitations, the varying characteristics of stress field before and after the Changning earthquake have not yet been analyzed. To fill this gap, Base on the FMSs of 124 earthquakes with MS ≥ 3.0 in the Changning area from April 1, 2007, to February 29, 2020, we analyze the spatiotemporal variation of FMSs and stress field before and after the Changning earthquake. Our findings enable a thorough understanding of the seismogenic process and seismogenic mechanism of the Changning earthquake.
DATA AND METHODS
Data
The study area is located at the junction between the Sichuan basin and the Loushan fold belt (Figure 1A: Red box), the tectonic structure is the result of multiple tectonic movements, which include the Caledonian, Haixi, Indosinian, Yanshanian, and Himalayan movements. The structure of its surface comprises an alternating series of gentle anticlines and synclines with a few surface faults (Li and Zeng, 1994; Wang, 2014). The NW–SE striking Changning anticline is the major geological structure in the region where the Changning earthquake occurred. This anticline passes through the Shuanghe town to Gao County in the northwest and extends to Xuyong County in the southeast. The anticline is wider in the southeast and narrower in the northwest, and its outcrops comprise Cambrian rocks at the core, followed by Ordovician, Silurian, Permian, Triassic, and Jurassic rocks toward the periphery. The main faults in the aftershock zone include the NEE-trending Wafangtou and Dadiwan faults and the near-EW-striking Dafenba fault (Figure 1A). The mean stress field of the Sichuan–Yunnan region indicates that the principal compressive stress axis of the Sichuan Basinis oriented in a NWW direction (Cheng et al., 2003; Zhong and Cheng, 2006).
[image: Figure 1]FIGURE 1 | Tectonic map of the Changning earthquake source area and its aftershock sequence. (A) Tectonic map and distribution of aftershocks. The upper right insert map shows the structural background of the study area in the red box. Beach ball is the FMSs of the Changning main shock and four MS ≥ 5.0 aftershocks. The red dots represent aftershocks. The aperture of the seismic array (The purple triangle) is approximately 10 km. (B) M–t graph of ML ≥ 0.0 aftershocks; and (C) M–t graph of MS ≥ 3.0 aftershocks.
Up to February 29, 2020, a total of 9,861 aftershocks with ML ≥ 0.0 have been recorded after the Changning earthquake, including 67 events of MS 3.0–3.9, ten of MS 4.0–4.9, and four of MS 5.0–5.9. The MS ≥ 5.0 aftershocks include the MS 5.1 earthquake in Gong County on June 17, 2019, the MS 5.3 event in Changning on June 18, 2019, the MS 5.4 event in Gong County on June 22, 2019, and the MS 5.6 event in Gong County on July 4, 2019. The aftershock activity follows the axis of the Changning anticline (i.e., in a NW–SE direction), and they cover an area of approximately 25 km × 5 km (Figure 1A). The aftershock swarm is characterized by strong and frequent aftershocks (Figure 1B). Most of the MS ≥ 3.0 aftershocks occurred between June 17, 2019, and July 4, 2019, after which the aftershock sequence decayed rapidly (Figure 1C).
Method to Invert for FMS and Stress Field
Among the various methods to compute FMS, Compared with the P-wave first-motion method (Chen et al., 2001), the inversion of body waves (Fan and Wallace, 1991; Dreger and Helmerger, 1993) and the inversion of surface waves (Patton, 1980; Thio and Kanamori, 1995), the “cut and paste” (CAP) method (Zhao and Helmberger, 1994; Zhu and Helmberger, 1996) can be regarded as a full waveform inversion method. It has the advantages of requiring fewer stations, and the inversion results are relatively independent of the selected velocity model and the lateral variations in the crustal structure (Tan et al., 2006; Zheng et al., 2009; Luo et al., 2015; Zhang et al., 2015a; Zhao et al., 2021). The CAP method can also constrain the focal depth using the surface wave amplitudes in the waveforms, thereby yielding a reliable focal centroid depth (Luo et al., 2015).
Estimating stress field based on FMSs is useful for investigating crustal dynamics and earthquake physics. In most methods, it is assumed that the stress field is spatially uniform (Angelier, 1979; Gephart and Forsyth, 1984; Michael, 1984; Cui and Xie, 1999; Yang et al., 2017; Yang et al., 2018). However, to determine the stress field characteristics of spatially heterogeneous, Michael (1991) proposed the superposition stress inversion (SSI) method. In this method, the distribution of heterogeneous stress fields is approximated by superimposing perturbations onto homogeneous stress fields to obtain the orientations of S1 (most compressive principal stress), S2 (intermediate principal stress), and S3 (tensile principal stress) and inversion variance. The variance is a quantitative metric for the consistency between the focal stress field of an earthquake and the tectonic stress field of the region (Michael, 1987; Michael, 1991). A variance lower than 0.1 implies that the observed FMS can be explained by a single stress tensor and that the stress field of the region is homogeneous. In contrast, a variance greater than 0.2 suggests that the stress field of the region is spatially and temporally heterogeneous or that there are complex focal mechanisms (Lu et al., 1997). The stress field obtained using this approach has been demonstrated experimentally to be reliable, and the method has been employed in many studies worldwide (Michael, 1991; Wiemer et al., 2002).
RESULTS
Based on the one-dimensional velocity model in Changning area (Yi et al., 2019), the FMSs and focal centroid depth of MS≥3.0 events in the Changning earthquake sequence were inverted by selecting high signal-to-noise ratio and broadband waveform records of stations within 250 km from the epicenter (Figure 1). In the calculation, the source function duration of the Changning MS 6.0 earthquake was set as 5 s, and that of the other events were set as 1 s. The length of the body wave and surface wave window was set as 30 and 60 s, respectively, and the corresponding bandpass filter bandwidth was 0.05–0.2 Hz and 0.05–0.1 Hz, respectively. The search step for fault plane parameters (strike, dip angle and slip angle) was 5°, and the depth step was 1 km. The optimal FMS is the solution that minimizes the error function, with a depth corresponding to the centroid depth.
Focal mechanism solutions and waveform fitting for the Changning MS 6.0 main shock and MS 3.9 aftershock are shown in Figure 2. The fitting errors of the FMSs at different focal depths are shown in Figures 2A,C, the fitting errors are minimized at a focal depth of 3 and 8 km, the corresponding FMSs are optimal solutions. Figures 2B,D show the fitting results between the synthetic (red line) and observed (black line) seismic waveforms of the data used for CAP inversion. The figure indicates that the phases and amplitudes of the observed and synthetic waveforms of both the Changning MS 6.0 main shock and MS 3.9 aftershock are in good agreement. The FMS of main shock shows that the strike, dip, and rake angles of the fault are 124°, 60°, and 22°, respectively, which implies that the dislocation is a thrust and strike-slip fault, it was consistent with that of other studies (Lei et al., 2019; Yi et al., 2019; Liang et al., 2020).
[image: Figure 2]FIGURE 2 | FMSs of the Changning MS 6.0 main shock (up) and MS 3.9 aftershock (down). (A) and (C) The fitting error versus depth. (B) and (D) The fitting results between synthetic (red line) and observed (black line) waveforms. The station names are given on the left, the numbers above and below the names are epicentral distance (in km) and azimuth (in degree). Numbers below the traces are the time shifts (in second) of the synthetic relative to the observations and the corresponding cross-correlation coefficients (in percentage).
The Focal Mechanism Characteristics of Changning Aftershocks
The FMSs of 81 aftershocks with MS ≥ 3.0 in Changning sequence from June 17, 2019 to February 29, 2020 were obtained by using CAP method, including 15 earthquakes with MS ≥ 4.0 and 66 earthquakes with 3.0 ≤ MS ≤ 3.9. The FMSs of the Changning aftershocks were classified by comparing the plunge of three principal axes using the classification criteria by Zoback (1992) (Table 1). The FMSs (or stress regime) can be divided into five types, namely normal fault type (NF), normal and strike-slip type (NS), strike-slip type (SS), thrust and strike-slip type (TS) and thrust fault type (TF). Considering the dominant type of an earthquake, this study only divides into three types: normal fault, strike-slip and thrust fault. The NS type dominated by normal fault is classified into normal fault type, and the TS type dominated by thrust fault is classified into thrust fault type for analysis.
TABLE 1 | Classification criteria of focal mechanism solutions and stress regime.
[image: Table 1]Figure 3A shows the spatial distribution of the FMS types and the overall stress field. A summary of the analysis results is presented in Table 2. The MS ≥ 3.0 aftershocks are predominantly thrust fault earthquakes (TF:48), followed by strike-slip earthquakes (SS:24), and then normal fault earthquakes (NF:9). These types of earthquakes account for 59, 30, and 11% of the aftershocks, respectively (Table 2), and they show distinct differences in spatial distribution. The thrust fault earthquakes are mainly located on the southern and northern parts of the aftershock zone, whereas the strike-slip earthquakes mostly occurred in the central-northern part of the aftershock zone. Normal fault earthquakes are scattered across the zone. The stress field of the Changning aftershock zone shows that, the azimuth/plunge of the S1, S2, and S3 axes were 83°/7.4°, 175°/15.7°, and 329°/72.5°, respectively. Therefore, the aftershock zone had a thrust stress regime with low S1 and S2 plunge (Pl ≤ 35°) and a high S3 plunge (Pl ≥ 52°).
[image: Figure 3]FIGURE 3 | (A) FMS distribution of the Changning aftershocks. Beach ball are FMSs, different colors represent different focal mechanism types, among which red beach ball is thrust fault type, black beach ball is strike slip type, blue beach ball is normal fault type. The circular is spherical projection of principal stress axis, the small black squares, red triangles, and blue circles in the ball diagrams represent the projections of S1, S2, and S3, respectively, while the larger square, triangle, and circle represent their mean values. (B) The rose diagram of FMS nodal plane and stress axis parameters, including the strike, dip angle and slip angle of the nodal planes, and the azimuth and dip angle of the P-axis.
TABLE 2 | FMS types of the Changning aftershocks and the stress field of the aftershock zone.
[image: Table 2]To a certain extent, medium and small earthquakes occur randomly. Therefore, to ensure that the conclusions drawn from our data are reasonable and objective, a large number of medium and small earthquakes FMSs were analyzed statistically to obtain the average nodal plane, stress axis, and dislocation types. A rose diagram of the nodal plane and stress axis parameters of the aftershock FMSs are shown in Figure 3B.
The strikes of the nodal planes were relatively scattered, there are not only strikes in NW which are consistent with the direction of Changning anticline, but also strikes nearly in NS direction which deviates from the striking of the anticline. The dip angles of nodal plane ranged from 40° to 90°, and this wide range may be indicative of spatial complexity for fault planes. The slip angle indicated that the aftershocks were dominantly thrust earthquakes. Based on the FMSs of 16 Changning MS ≥ 3.6 aftershocks, Yi et al. (2019) also found that the strikes of nodal planes are scattering. Thus, the Changning earthquake sequence is complicated by the seismicity of with various faults associated with the Changning anticline. The azimuths of P-axis (Paz) of the FMSs are consistently oriented in the NEE direction, and this is similar to the P-axis azimuth of the main shock (75°) and the S1 azimuth of the aftershock zone. However, this direction differs somewhat from the orientation of the Sichuan basin’s stress field (NW–NWW), and the dip angle of the P-axis (Pdip) is close to horizontal (generally within 20°). Therefore, it can be concluded that the Changning aftershocks were controlled by a local near-horizontal NEE-oriented stress field.
The Stress Field Characteristics of Aftershock Zone.
Based on the FMSs of 81 aftershocks with MS ≥ 3.0, the region with a relatively high density of aftershock FMSs was divided into 0.005°× 0.005°grids. Subsequently, we employed the SSI method (Michael, 1991) to obtain the stress tensor of every node, using minimum of eight FMSs at and around each node. ZMAP software (Wiemer, 2001) was adopted to compute the S1 azimuth of each node in the aftershock zone. Based on these results, a consistency parameter of FMSs was computed at each node in the aftershock zone, and using the variance of the stress tensor to show the heterogeneity of the stress field (Figure 4).
[image: Figure 4]FIGURE 4 | The distribution of S1 and stress tensor variance in the Changning aftershock zone. The black dotted lines divide the aftershock zone into A1, A2, and A3 segments, and the black solid lines represent the S1 azimuths. Beach ball are FMSs, the circular is spherical projection of principal stress axis, the details are shown in Figure 3.
To depict the spatial distribution of stress field in the aftershock zone, three segments (A1–A3) were divided along the Changning anticline from the southeast to the northwest. The projection of the principal stress axis in each of these segments from their FMSs, the detailed parameters such as azimuth and plunge of three principal stress axes, variance and stress regime are listed in Table 3. The S1 azimuths of the aftershock zone were found to vary significantly in different sub-zones. In A1 segment (the southern part of the aftershock zone and the initial rupture area of the Changning earthquake), the average S1 was oriented in a NEE direction with an azimuth of 254°, according to classification criteria of stress regime (Zoback, 1992), the plunge of S1 is less than 20°, the plunge of S2 is more than 45°, and the plunge of S3 is less than 40°, it is indicative of a strike-slip stress regime. The A2 segment is located in the middle of the aftershock zone. The S1 azimuth is dominantly oriented in NEE direction with some EW distributed in local area. The average azimuth of S1 in A2 segment is 81°, the plunge of S1 is less than 20°, the plunge of S2 is more than 45°, and the plunge of S3 is less than 40°, the sub-zone is controlled by a strike-slip stress regime. The A3 segment is located in the northern part of the aftershock zone, and a near-EW was noted in this sub-zone. The azimuth of S1 is 88°, the plunge of S1 is less than 35°, the plunge of S3 is more than 52°, indicating a thrust-fault stress regime in this sub-zone.
TABLE 3 | Stress field in the different segments of the Changning aftershock zone.
[image: Table 3]In summary, local variations of stress field were found in the Changning aftershock zone. From the southeast to the northwest, the S1 azimuths change from NEE (254°) to near-EW azimuths (88°), whereas the plunge of S1 gradually increases from 0.2° to 11.6°. Based on changning coseismic slip distribution (Li et al., 2021), the relationship between coseismic slip and stress regime is analyzed. The results show the strike-slip stress regime is in region with a large amount of slip, the thrust stress regime is in a small amount of slip.
Together with the distribution of Changning MS≥5.0 aftershock, this study analyzes the relationship between strong aftershocks and the spatial distribution of stress tensor variance (background color in Figure 4). The results showed that the stress tensor variance of the aftershock zone was relatively small, but they differed between segments. For example, the lowest stress tensor variance (0.11) was found in the A1 segment, this indicated that the stress field of the initial rupture area was relatively homogeneous, and the June 18 MS 5.3 aftershock occurred in this area with a low stress tensor variance. The stress tensor variance in A2 segment was found to be significantly lower on its western side than its eastern side, which indicated that the stress field was more homogeneous on the western side than the eastern side. However, the stress tensor variance of A3 segment was significantly lower at the northern end than at the southern end. The June 17 MS 5.1 and June 22 MS 5.4 Gong county earthquakes both occurred at the northern end of A3 segment. These findings are consistent with studies of the Wenchuan and Lushan earthquakes (Zhang et al., 2015a), where it was also observed that strong aftershocks generally occur at or near areas with low stress tensor variances.
Depth Cross-Sectional Characteristics of FMS and Stress Field
The depth cross-sectional characteristics of FMS and the stress field were analyzed along the long A-A′ and short B-B′ axes of the region (Figure 3A). Figure 5 shows the depth distributions of the FMSs corresponding to MS ≥ 3.0 and MS ≥ 4.0 aftershocks, which were projected onto the A-A′ and B-B′ cross-sections. It is worth noting that the focal depths of earthquakes were obtained by using CAP method, the spatial locations of the earthquakes were determined by double-difference earthquake location algorithm (Waldhauser and Ellsworth, 2000). To probe the stress states, the stress tensors of the A-A′ cross-section were inverted from the FMSs, and the trend of S1 axis was projected onto the cross-section. Owing to the symmetry of the stress axes, the angle between the trend of S1 axis and the cross-section was limited to 0°–180°. The depth distributions of the FMSs for the MS ≥ 3.0 and MS ≥ 4.0 aftershocks along the A-A′ cross-section are shown in Figures 5A,C, respectively. These results show that the compressive stress in each segment of the aftershock zone also exist depthwise-variation. For instance, the depths of earthquakes in the central-southern segment are generally less than 5 km, the angle between the S1 azimuths and the strike of Changning anticline varies between 30° and 60° in the southern segment and 60°–90° in the central segment. In the northern segment, the focal depths become gradually deeper, even exceeding 10 km, and the angle between the S1 azimuth and the strike of the Changning anticline varies from 90° up to 120°. From southeast to northwest, the angles between the S1 azimuths and the strike of the Changning anticline become gradually larger with depth. And the shallow, NE-oriented compressive stress changes to deep, NW-oriented compressive stress (Figure 5A). The angle between the strike of Changning anticline and the P-axis orientations of the MS ≥ 4.0 aftershock FMSs also varies from one segment to another (Figure 5C). The phenomenon differs to those of the Lushan earthquake, where the P-axis orientations of the MS ≥ 4.0 aftershocks were all perpendicular to the trend of the Longmenshan fault (Zhang et al., 2015b). Again, this shows the complexity of the stress field of the Changning aftershock zone.
[image: Figure 5]FIGURE 5 | The focal mechanism projection along the A-A′ and B-B′ cross-sections. (A, B) are the depth distribution of the FMSs of the MS ≥ 3.0 aftershocks along the A-A′ and B-B′ cross-section respectively. (C) and (D) are the depth distribution of the FMSs of the MS ≥ 4.0 aftershocks along the A-A′ and B-B′ cross-section respectively. The different colors represent the angles between S1 azimuths and the cross-sections in (A). The black line is the inferred fault (Fx) in (B).
The depth distribution of the FMSs of the MS ≥ 3.0 and MS ≥ 4.0 aftershocks along the B-B′ cross-section is shown in Figures 5B,D, respectively. The black line (Figure 5B)is the inferred fault (Fx), which were identified by the seismic relocation and focal mechanism solutions. It is speculated that the tendency of fault plane is SW, the dip angle is steep, the inferred fault is consistent with the results of Yi et al. (2019), we think the activation of the basement fault in the depth of ∼10 km in Changning anticline driven by regional stress field.
DISCUSSION
To probe the seismogenic mechanisms of the Changning earthquake, a comparison of the FMSs before and after the Changning earthquake was conducted. The CAP method was used to invert the FMSs of 43MS ≥ 3.0 earthquakes from April 1, 2007 to June 16, 2019. In accordance with the method used previously, the FMS types and the parameters of the nodal planes and stress axes were computed, and the pre-earthquake stress field was also inverted (Figure 6). The results are summarized in Table 4.
[image: Figure 6]FIGURE 6 | (A) FMS distribution of the pre-earthquake and the spherical projection of principal stress axis. The details of FMSs and principal stress axis are shown in Figure 3. (B) The rose diagram of FMSs nodal plane and stress axis parameters, including the strike, dip angle and slip angle of the nodal planes, and the azimuth and dip angle of the P-axis.
TABLE 4 | FMS types and stress field after the Changning earthquake.
[image: Table 4]The spatial distribution of the pre-earthquake FMSs is shown in Figure 6A. Among the 43 earthquakes included in this analysis, there are 37 thrust fault earthquakes, four strike-slip earthquakes, and two normal fault earthquakes, accounting for 86, 9, and 5% of the total, respectively (see Table 4). The pre-earthquake stress field shows that the azimuths/plunge of S1, S2, and S3 were 280°/3.2°, 190°/0.8°, and 86°/86.6°, respectively. The pre-earthquake and post-earthquake stress regimes were all thrust fault, with low S1 and S2 plunge (Pl ≤ 35°) and a high S3 plunge (Pl ≥ 52°). However, the S1 azimuth rotated 17° anticlockwise after the Changning earthquake. Figure 6B shows that the nodal plane strikes of the pre-earthquake FMSs are quite scattered, mostly in the NS direction, deviating from the strike of the Changning anticline. The dip angles of the nodal planes were 40–60°, which were smaller than the post-earthquake dip angles. The P-axis azimuths of the pre-earthquake FMSs were oriented predominantly in the NWW direction, notably differing from the NEE-oriented P-axis azimuths of the aftershock FMSs; but similar to the orientation of the Sichuan basin’s stress field (NW–NWW). The dip angles of P-axis ranged between 0° and 20°, which is consistent with the horizontal stress field of southwestern China (Kan et al., 1977). These results indicate that the seismicity of this region was controlled mainly by the near-horizontal stress field of the Sichuan Basin before the Changning earthquake.
The temporal evolution of the FMSs before and after the Changning earthquake was analyzed by dividing the research period into three time periods. Including the pre-earthquake period (I: April 1, 2007, to June 16, 2019), the active post-earthquake period (II: June 17, 2019, to July 4, 2019), and the decaying post-earthquake period (III: July 5, 2019, to February 29, 2020). The numbers and percentages of earthquake types during these periods were shown in Figure 7. The 43 earthquakes occurred in Period I, of which thrust earthquakes accounted for 86% and strike-slip earthquakes and normal fault earthquakes accounted for only 9 and 5%, respectively. This result showed that the FMS types in this region were highly consistent before the Changning earthquake. According to Diao et al. (2011), stress accumulation prior to an earthquake in a source area with a thrust regime may induce similar transformations in the local stress field. Moreover, after the stress field has transformed into a stress state identical to that of the main shock, the stress near the source area are extremely high. In Period II, the 60 earthquakes were still dominated by thrust earthquakes (64%); the number of thrust earthquakes declined by 22%, whereas the strike-slip earthquakes increased by 24% (up to 33%) compared with those in Period I. Significant change was not detected in the number of normal fault earthquakes. The FMS types of the aftershocks that occurred shortly after the Changning earthquake were similar to those of the main shock with thrust fault type. Afterward, the number of strike slip earthquakes increased significantly, whereas the number of thrust fault earthquakes decreased gradually over time. This finding indicates a significant adjustment of the stress field during the active post-earthquake period. In Period III, 21 earthquakes were detected, and their FMS types were significantly different from those of Period II. Thrust fault and strike slip earthquakes decreased by 16 and 14%, respectively, whereas normal fault earthquakes increased by 30%. The evolution of FMS types in the Changning earthquake resembled that of the MS 7.0 Lushan earthquake (Zhang et al., 2015b). For both events, the FMS types were consistent prior to the earthquake but became more diverse following it. The changes in the FMS types can be interpreted as perturbation of the stress field of the source area induced by the main shock (Diao et al., 2011).
[image: Figure 7]FIGURE 7 | The change characteristic of focal mechanism type with time.
The stress fields of the source area during each period were inverted, as shown in Figure 8. The detailed parameters of stress field are listed in Table 5. It is evident that the parameters of the stress field changed significantly over time. The S1 azimuths/plunges in periods I, II, and III were 280°/3.2°, 81°/8.5°, and 274°/9.1°, respectively. Therefore, the S1 azimuth changed from NWW in Period I to NEE in Period II, and then to EW in Period III, with the plunges gradually increasing over time. The stress tensor variance is a quantitative metric of the stress field homogeneity of the study area (Wan, 2011). The variances were 0.14, 0.12, and 0.24 in periods I, II and III, respectively. The gradual increase in variance over time is the result of the increasing diversity of the FMSs and the increasing heterogeneity of the local stress field. In periods I and II, the plunge of S1 is less than 35°, the plunge of S3 is more than52°. In periods III, the plunge of S1 is less than 20°, the plunge of S2 is more than 45°, and the plunge of S3 is less than 40°, the stress regime of the source area during periods I and II indicated a thrust regime, which changed dramatically into a strike-slip regime in Period III. Previous studies have suggested that industrial production activities associated with salt mining, hydraulic fracturing, or geothermal exploitation can induce pore pressure and stress field changes (Li, et al., 2021). Earlier studies reported that large-scale human activities like wastewater reinjection and salt mining have been ongoing for a long time in the Zigong-Longchang and Changning areas (Ruan et al., 2008; Zhang et al., 2012; Sun et al., 2017; Lei et al., 2019). The stress fields in these two areas have similar characteristics, and the analysis shows that the local stress fields in these areas have been altered by wastewater reinjection and salt mining activities. In other regions around the world, rotations of principal stress axes have also been observed in geothermal reservoirs, correlated with large fluid injections (e.g., Martínez-Garzón et al., 2013; Dreger et al., 2017). For two injection episodes in the Geysers geothermal field in California, Martínez-Garzón et al. (2013) found that the usually vertical S1 axis rotated to a shallower plunge by 15–20°, while the usually horizontal S2 and S3 axes plunged more steeply. They also observed a horizontal rotation of ∼20° during one injection interval. All of these rotations were followed by back rotations to the initial stress state when the injection subsided. During another injection episode at the Geysers, Dreger et al. (2017) observed a ∼15° horizontal rotation, accompanied by a transition from a pure strike slip to a transtensional stress state.
[image: Figure 8]FIGURE 8 | The stress field with time in Changning source area The detail of principal stress axis is shown in Figure 3.
TABLE 5 | The stress field in different periods in the Changning source area.
[image: Table 5]CONCLUSION
Based on the FMSs of 124 earthquakes with MS ≥ 3.0 occurring in the Changning area from April 1, 2007 to February 29, 2020, the spatiotemporal variations of FMSs and stress field before and after the Changning MS 6.0 earthquake were analyzed.
The Changning MS 6.0 earthquake is a thrust and strike-slip dislocation type with a focal depth of 3km, which is controlled by a NEE near-horizontal local stress. The Changning aftershocks were predominantly thrust fault earthquakes, followed by strike slip earthquakes and then normal fault earthquakes. The P-axis azimuths (NEE) of the aftershocks were different from the NWW orientations of the pre-earthquake.
The principal compressive stress (S1) and stress tensor variances of the Changning aftershock zone varied significantly with space. Tracing the aftershock zone from its southeastern end to its northwestern, the S1 azimuths change from NEE to near-EW in the horizontal plane, and plunges had also gradually increased. Furthermore, the stress regime has changed from a strike-slip regime into a thrust regime. The stress tensor variance in the southern segment was significantly lower than the central and northern segment; strong aftershocks generally occur at or near areas with small stress tensor variances.
The principal compressive stress (S1) of the aftershock zone also varied in the depth dimension. The angle between the S1 azimuths and the strike of Changning anticline varies between 30° and 60° in the southern segment, 60°–90° in the central segment and 90°–120° in the northern segment. The angles gradually transformed from the shallow, NEE-oriented to deep, NWW-oriented.
Significant changes occurred in the FMS types and stress field of the aftershock zone following the Changning earthquake. The FMS types were highly consistent before the Changning earthquake, and became increasingly diverse after the earthquake. The S1 azimuth also changed from NWW to NEE, and EW. The plunge and stress tensor variances increased over time. Furthermore, the pre-earthquake stress field of the aftershock zone transformed from a homogeneous stress field into a heterogenous stress field following the Changning earthquake.
The stress field of a large regional block is usually stable and uniform, although it is possible for anomalies to appear in small localized areas (Zhang et al., 2012). According to Seeber and Armbruster (2000), earthquakes can be signs of stress change, and their spatial and temporal distribution is very sensitive to stress changes. Crustal stress states can be affected by a variety of processes, which include natural processes such as fault creep or magma injection, or human activities such as dam impoundment, salt mining and hydraulic fracturing. It is speculated that the change of stress field in Changning area may be caused by long-term water injection and salt mining activities.
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