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The Xiaojiang fault zone (XJF), located at the southeastern margin of the Tibetan plateau, has been frequently struck by destructive earthquakes throughout history. Some studies showed that repeating earthquakes may be used to estimate fault slip rates and even to monitor the pre-slip prior to large asperity. This study focuses on the repeating earthquakes recorded by a high-density seismic array in the northern section of the XJF, a segment ruptured by the 1733 Dongchuan M7.8 earthquake. Using the waveform cross-correlation and relocation techniques, we processed the continuous seismic recordings from seismic stations of the array and confirmed 27 clusters of repeating earthquakes. The repeaters are located in three relatively independent sub-areas, areas A, B, and C. Area A is close to the source areas of the 2014 Ludian Ms6.5 and the 2020 Qiaojia Ms5.0 earthquakes; by analyzing the recurrence intervals of repeating clusters, we found that the Ludian earthquake had an insignificant triggering effect on surrounding events, while the triggering effect from the Qiaojia earthquake was obvious. The clusters in area B were located very close to the northernmost tip of the XJF, which should be associated with an asperity preparing for a large earthquake on the northern XJF. Together with a repeating cluster identified in a previous study and the seismicity pattern revealed by our seismic array, we determined the geometry of the asperity and slip rate, which further helps to estimate a potential Mw7.1 earthquake for the asperity, where no M>7 earthquakes have occurred since the 1733 Dongchuan M7.8 earthquake. The clusters in area C are more like human-induced earthquakes because they are concentrated during the daytime when local people are at work, and, thus, they cannot be used for the study of tectonic deformation. This study clearly indicates that the repeating earthquakes can be triggered by a moderate earthquake nearby and also that repeating earthquakes can be used to estimate fault slip rates and outline locked asperities.
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INTRODUCTION
The northward thrusting of the Indian plate has led to the uplift of the Tibetan plateau and lateral extrusion of materials (Molnar and Tapponnier, 1975), and GPS observations indicate that the southeastern plateau is moving eastward and simultaneously rotating clockwise around the Eastern Himalaya Syntaxis (Shen et al., 2005). There are complex tectonics and frequent activity of strong earthquakes in the southeastern boundary of the Tibet Plateau (Wang and Burchfiel, 2000; Xu et al., 2003). The Xiaojiang fault (XJF) zone, one of the segments of the boundary, has played an important role in regulating regional tectonic movement (Wang and Burchfiel, 2000). This active fault is connected to the Zemuhe fault at its northern end and extends more than 400 km to the south (Li, 1993). On the basis of field observations, the fault can be divided into three parts: the northern, central, and southern segments. The northern segment has a strike of approximately 335° and is represented by a single fracture, while in the middle segment, the fault begins to separate into two north–south-striking fault strands from Dongchuan (Li, 1993; Figure 1). In history, XJF has produced a number of middle-to-large earthquakes since 1500 (Shen et al., 2003; Zhang et al., 2003; Wen et al., 2008). For example, the 1733 Dongchuan M7.8 earthquake occurred on the northern XJF, resulting in thousands of casualties (Wang et al., 2017); the 1833 Songming M8 earthquake took place in the middle section of the XJF, which killed more than 6,700 people and injured at least 5,000 people (Li J. et al., 2021). During the nearly 300 years that have transpired since the M7.8 event in 1733, no M>7.0 shock has occurred in the northern XJF zone (Department of Earthquake Disaster Prevention and State Seismological Bureau, 1995).
[image: Figure 1]FIGURE 1 | Broadband seismic array and the seismic events recorded in the northern XJF, which is emphasized with thick brown lines. The black rectangle represents the study area. Red, cyan, and magenta triangles are seismic stations of Qiaojia array, Zhaotong array, and regional network (Fu et al., 2021), respectively; in the hypoDD-relocated process, we used data from all these stations, but only the waveforms recorded from Qiaojia array are used in the waveform correlations. The red rectangle in the inset at the lower-left corner shows the location of the main plot. Gray dots are the hypoDD-relocated events recorded from March 2012 to July 2021. The blue stars represent the epicenters of the 1733 Dongchuan M7.8 earthquake, the 2014 Ludian Ms6.5 earthquake, and the 2020 Qiaojiang Ms5.0 earthquakes, and the main rupture area of the 1733 Dongchuan M7.8 earthquake (Wen et al., 2008) is indicated with green color. The cities Qiaojia and Dongchuan are marked with blue circled dots. Note: the region of the northern XJF zone is defined by the big black box. Abbreviations: XJF, Xiaojiang fault; ZMF, Zemuhe fault; DLF, Daliangshan fault; LFF, Lianfeng fault; ZTLDF, Zaotong–Ludian fault; The information of Huize–Yiliang fault (HZYLF) and Huize–Zhehai fault (HZZHF) is from Zhuang et al. (2019).
Owing to the tectonic significance and the potential seismic hazard, the slip rate of the XJF has been one of the concerns of geo-scientists for recent decades (Chen and Li, 1988; He et al., 2002; Shen et al., 2005; Wang et al., 2008; Fu et al., 2020). For example, He et al. (2002) gave the whole XJF an estimate of 13.0–16.5 mm/a, and Wen et al. (2011) pointed out that the northern, north-middle, south-middle, and southern segments of the XJF had slip rates of 10 mm/a, 8–9 mm/a, 8 mm/a, and 4 mm/a, respectively, and Jin et al. (2019) estimated a slip rate of 9.5 ± 1.2 mm/a for the whole XJF. However, most of these results are from the observation and analysis of the earth’s surface in space, and the results can only reflect the movement of the surface but lack the slip rate from a certain depth underground. So, it is not enough to analyze the information on tectonic strain accumulation activity at different depths of the fault, especially at a certain depth of the seismogenic zone.
The discovery of repeating earthquakes has provided a new technique to detect the deformation, aseismic slip, and stress accumulation in a fault zone (Vidale et al., 1994; Nadeau and McEvilly, 1999; Turner et al., 2013). Repeating earthquakes are a group of earthquakes that occur at the same fault location with nearly identical magnitudes and highly similar waveforms and source mechanisms (Schaff and Beroza, 2004). Repeating earthquakes may optionally occur on fault planes (Nadeau et al., 1995; Igarashi et al., 2003) or off faults (Igarashi, 2020); however, they reflect a common physical process, that is, silent deformation of the fault zone. Nadeau and Johnson (1998) proposed a mechanism for the occurrence of repeating earthquakes as the repeated rupture of small asperities surrounded by creeping regions, and this mechanism has been verified by some numerical simulation and experimental studies (Anooshehpoor and Brune, 2001; Sammis and Rice, 2001); so, the coseismic strain release of these repeaters can be used in estimation of the strain accumulation or fault slip in fault zones (Vidale et al., 1994; Beeler et al., 2001). Therefore, these repeaters have been called virtual creep-meter (Turner et al., 2013).
Additionally, different from conventional surface observation such as GPS, InSAR, and geological investigations, repeating earthquakes are able to facilitate the direct observation of the deep behavior of fault zones (Nadeau and McEvilly, 2004; Waldhauser et al., 2004). Nadeau and McEvilly (1999) successfully estimated the slip rates of faults at different depths to describe the deformation behavior of deep faults by using seismic moments and intervals of repeating earthquakes in the Parkfield area of the SanAndreas fault. Also, the slip rates in the depth of the fault zone revealed by repeating earthquakes were about 2–3 times those from GPS and geological investigations in the Longmenshan fault zone, where the 2008 Wenchuan M7.9 earthquake occurred unexpectedly (Li et al., 2011). More importantly, repeating earthquakes were often found in proximity with the potential large-size asperities surrounded by stable creeping regions (Lay and Kanamori, 1980; Vidale et al., 1994; Kato and Hirasawa, 1997; Sammis and Rice, 2001).
The repeating earthquakes along the XJF were investigated by Li et al. (2013). In their study, the 1999–2011 seismic recordings from the Yunnan Seismic Network (YSN) were processed, and 29 groups of repeaters were selected by the techniques of waveform correlation and precise earthquake location. The estimates of the slip rates at depths of 3–12 km based on the repeating earthquakes ranged from 1.6–10.1 mm/a, indicating a variation with depths. These results were an important reference for us to continue the work on repeating earthquakes of XJF. However, the seismic stations used in this study were quite sparse, which may lead to missing some of the micro-earthquakes, large errors of event locations, or incomplete statistics of repeaters. In addition, due to the lack of seismic stations in the northern XJF, this study has not yet identified repeating earthquakes that can be used to estimate slip rates in the northern XJF (Li et al., 2013).
To understand the present deformation characteristics of the northern XJF, we set up a broadband seismic array (Qiaojia array) with around 15 km spacing between stations in 2012 (Figure 1). Since then, the array has been kept in good operation and has recorded more than 20,000 earthquakes. In this study, we have focused on the seismicity of the repeating earthquakes which have occurred since 2012, after which no research works involved repeating earthquakes following Li et al. (2013), and discussed their possible implications.
DATA AND METHODS
Since March 2012, the Qiaojia array has comprised 26 broadband stations (Figure 1) and has been kept in good operation. The array produced continuous 3-component recordings at a 100 Hz sampling rate. In this study, we processed the continuous recordings from March 2012 to July 2021, during which a total of 26,836 events were recorded, with magnitudes ranging from ML -0.7 to 6.5. Combined with the data recorded from seismic stations of the Zhaotong array and regional network (Figure 1), 22,093 events were successfully relocated using the double-difference location method (Waldhauser and Ellsworth, 2000), with 18,969 events appearing within the black box (Figure 1). The relocation improved the uncertainties of latitude, longitude, and depth to be less than 0.257, 0.241, and 0.424 km, respectively.
The identification and confirmation of repeating earthquakes usually depend on waveform similarity (Uchida, 2019). Therefore, we approximate the time window when candidate phases could appear using the theoretical arrival time of P waves calculated using the TAUP program (Crotwell et al., 1999) and on the local velocity model (Wang et al., 2003). We filtered the vertical component between 1 and 10 Hz as used in previous studies (Li et al., 2011; Schmittbuhl et al., 2016). In order to select high-quality waveforms, we used the recording between 1 and 6 s after the P wave arrival time as the signal and the recording between 1 and 6 s before the P wave arrival time as the noise, calculated the SNR (signal-to-noise ratio), and selected the data with SNR >5 for subsequent processing.
On the basis of the abovementioned works, we selected repeating earthquakes by using the technique of cross-correlation (CC). In this process, we used waveform data recorded from 26 stations of the Qiaojia array. We performed the CC-analysis of all the event signals from the same station, and the event pairs would be identified as repeaters only when the normalized CC value exceeded 0.8. Considering that the P and S phases both are generally included to pass through the CC analysis (Uchida et al., 2003) and that the epicentral distances involved are less than 150 km (Figure 1), we windowed the event signals to be 1s before and 14s after P arrivals and allowed a time shift of no more than 0.5s because of the time errors of P arrivals. After the repeaters were identified, we applied the Hierarchical Clustering algorithm to group the repeaters into clusters and ensured the CC between two repeaters in the same cluster reached a certain threshold (Myhill et al., 2011). In particular, referring to the threshold used in a relevant study (Zhang et al., 2022), we set the thresholds conditionally. The CC values must be either no less than 0.8 at two stations or more than 0.9 at one station. In addition, we guaranteed the time interval between the first and final events in each of the clusters to be more than one year so that the slip rates would be calculated as exactly as possible.
CONFIRMATION OF THE REPEATERS
The repeating clusters obtained according to the abovementioned steps still require further quality control. In order to certify the events in the same cluster are real repeaters, we adopted the simplified technique proposed by Li et al. (2011). According to the technique, two repeaters should meet the condition of [image: image], where [image: image] and [image: image] represent the rupture radius of the two repeaters, and [image: image] is the time difference between P and S arrivals. This means that the rupture areas of the two repeaters should be overlapping. Having noticed that most of the events involved in this study had a magnitude range from M1 to M2, we set a threshold of 0.012 s here based on a rupture radius of 50 m (equivalent to the rupture radius of an M2 earthquake). In order to measure as accurately and precisely as possible the time difference between the P and S arrivals and further the [image: image], we re-sampled the event signals at a rate of 500 Hz, cut the P and S arrivals with a 0.5s-wide window, and then calculated the time difference for two repeater candidates by means of the CC analysis. After all the values of [image: image] were prepared, we compared these values with the threshold and removed those which did not meet the condition. To investigate the triggering effect of the 2014 Ludian M6.5 and the 2020 Qiaojia M5.0 earthquakes on repeating events, we selected repeating clusters spanning at least the Ludian or Qiaojia earthquakes within 45 km of the Ludian earthquake. We did not need to look for the repeating events related to the 2020 Qiaojia Ms5.0 earthquake because the distance between these two main shocks is ∼25 km (Fu et al., 2021), and for an Ms5.0 earthquake, only the clusters within 15 km need to be considered (Chen et al., 2010), which indicates that the clusters related to Qiaojia earthquake have been included. In other areas, we selected repeating clusters in which the intervals between the first and last event in each group are more than one year.
In this way, we confirmed 27 multiplets, including a total of 132 events (Figure 2). We checked the CC values among the repeaters in the same cluster and found that all of them are larger than 0.91, and most of them are larger than 0.93. Figure 3 shows a comparison of the complete P and S arrivals at station J07 from cluster R14, which is composed of seven repeaters. The waveforms of all 27 clusters are shown in Supplementary Figures S1–S3.
[image: Figure 2]FIGURE 2 | Distribution of the repeaters identified from the seismic recordings since 2012. The red dots indicate the clusters of the repeaters, and the numbers in brackets show the depths. The repeaters in area A seem to be related to the 2014 Ludian Ms6.5 earthquake and the 2020 Qiaojiang Ms5.0 earthquake, the repeaters in area B are likely to be associated with the main part of the northern XJF, and the repeaters in area C are related with human activity very probably. The S29 shows the cluster location of the repeaters from Li et al. (2013).
[image: Figure 3]FIGURE 3 | Comparison of the seismic recordings (only vertical components) of cluster R14 recorded at station J07. Each of them was normalized by its maximum amplitude. On the bottom are all the recordings of seven repeating earthquakes overlapped together to show how different they are.
The confirmed repeaters appear to be distributed in three sub-areas, A, B, and C, as shown in Figure 2. The repeaters in area A seem to be related to the 2014 Ludian Ms6.5 earthquake and the 2020 Qiaojia Ms5.0 earthquake, the two clusters in area B could be related to the northern XJF, and those in area C may be associated with the two nearby secondary faults, which, however, are eventually interpreted to be induced by human activity (see Discussion section).
After the confirmation of the repeaters, we estimated the slip rates for repeating earthquakes. The estimation of the slip rate based on repeating earthquakes with magnitudes has been conducted in previous studies (Nadeau and McEvilly, 1999; Igarashi et al., 2003; Li et al., 2011; Li et al., 2013). First, the seismic moment was calculated using the magnitude in accordance with an empirical relationship (Abercrombie, 1996):
[image: image]
where M0 is seismic moment and ML is magnitude. Next, the rupture size r was estimated by seismic moment and static stress drop with the circular model (Eshelby, 1957; Kanamori and Anderson, 1975):
[image: image]
where Δσ is static stress drop. Here, we gave the stress drop as 3 Mpa, same as the previous study used in the XJF zone (Li et al., 2013). The slip value d was calculated on the basis of the standard crack model:
[image: image]
where μ is shear modulus, set at 3×1010N/m2. Finally, the slip rate of the fault was estimated by linearly fitting the cumulative slip amounts of the repeating earthquake sequences. Considering that clusters R01–R13 in the source areas are related to the 2014 Ludian Ms6.5 and 2020 Qiaojia Ms5.0 earthquakes, and our main purpose in area A was to observe the effect of these two mainshocks on the recurrence intervals of repeating clusters; clusters R16–R27 are probably induced by human activity, so we only estimate the slip rates of clusters R14 and R15. Figure 4 presents an example of how to solve the slip rate using the repeating earthquakes, Figure 5 shows the occurrence dates of the repeating earthquakes in various clusters, and Table 1 displays the information of the various clusters. It is of note that the average depth of all the repeaters in the same cluster was adopted because they had overlapped rupture areas but different depths.
[image: Figure 4]FIGURE 4 | An example to illustrate how to estimate the slip rate using repeating earthquakes. The vertical axis shows the cumulative slip amounts calculated using the repeating earthquakes from cluster R15, and the horizontal axis shows the occurrence dates of the repeating earthquakes. Linearly fitting the cumulative slip values produces the red line. Note: the first event is set at the origin point.
[image: Figure 5]FIGURE 5 | Occurrence times of the repeating earthquakes in various clusters. Two discontinuous lines indicate the dates of the 2014 Ludian Ms6.5 earthquake and the 2020 Qiaojia Ms5.0 earthquake.
TABLE 1 | Information on the clusters of repeating earthquakes in areas A and B.
[image: Table 1]DISCUSSION
Relationship with the 2014 Ludian Ms6.5 and 2020 Ms5.0 Qiaojia earthquakes
On 3 August 2014, an Ms6.5 earthquake occurred in Ludian, a county of Yunnan province, China. The distribution of aftershocks and the finite fault inversion (Zhang et al., 2015) both showed that this was event caused by two branches of conjugate faults, with one branch having a nearly east–west orientation, whereas the other having a nearly north–south orientation, and the major slip took place on the north–south branch and concentrated in a 15 km area, while only a minor slip occurred on the west–east branch. After that, on 18 May 2020, an Ms5.0 earthquake occurred in Qiaojia, ∼20 km west of the 2014 Ludian Ms6.5 earthquake, which was located on an unmapped fault, and the aftershocks indicated a rupture length of ∼5 km (Fu et al., 2021). Chen et al. (2010) studied the triggering relationship of M4-5 earthquakes on repeating events nearby, and in this research, we also investigated the triggering effect of these two earthquakes on the surrounding repeaters. Chen et al. (2010) considered five recurrence elements (Supplementary Figure S4) for analyses: 1) dt+, the time difference between a major earthquake and the first subsequent recurrence of a repeating event; 2) dt-, the time difference between a major earthquake and the most recent repeating event; 3) Trcos, the recurrence interval spanning the major event (the sum of dt+ and dt-); 4) Trpost, the duration of the first full recurrence interval following the major event; and 5) Trpre, the last recurrence interval just preceding the potential trigger. These elements are divided by the average recurrence interval of a given repeating cluster to obtain the normalized values of dt+*, dt-*, Tr*cos, Tr*post, and Tr*pre. We selected six repeating clusters within 45 km of the Ludian earthquake and nine repeating clusters within 15 km of the Qiaojia earthquake, as the influence zone caused by the mainshock is about 3–5 times its rupture dimension (Chen et al., 2010). Since the numbers of events in each cluster are generally too small to calculate some values of Tr*post and Tr*pre, we mainly studied the variation of dt+* and dt-*. Tables 2, 3 show the results.
TABLE 2 | Parameters (dt+*, dt-*, Tr*cos, Tr*post, and Tr*pre) of 6 clusters related to the Ludian earthquake.
[image: Table 2]TABLE 3 | Parameters (dt+*, dt-*, Tr*cos, Tr*post, and Tr*pre) of 9 clusters related to the Qiaojia earthquake.
[image: Table 3]Table 2 and Figure 6A show that five of six repeating clusters within 45 km from the Ludian earthquake are at a distance of ∼17 km. The cluster R10 is 11.8 km away from the Ludian earthquake, and the dt+* and dt-* are 0.5 and 2.5, respectively. Chen et al. (2010) believe that a short dt+* along with a high dt-* indicates an obvious triggering effect and also indicates that an event occurred in a late stage of the seismic cycle, so it seems that the triggering effect of the mainshock on the nearest cluster R10 is obvious. But we have to admit that there may be some chance factors here because of the fact that cluster R10 contains four events (Table 1 and Figure 5), and three events occurred in two days (20120614–20120615). For the other five clusters, however, Figure 6B shows that the values of dt+* are greater than the values of dt-*, which indicates that the triggering effect is not obvious.
[image: Figure 6]FIGURE 6 | Relationship of the dt+*, dt-*, Tr*cos and the distances from the main shock. (A) The parameters dt+*, dt-*, Tr*cos of 6 clusters as a function of distance from the Ludian earthquake. (B) Plot of dt+* versus dt-* for the clusters close to the Ludian earthquake, black filled and open stars indicate the cluster R10 closest to the Ludian earthquake and the other five clusters, respectively. (C) The parameters dt+*, dt-*, Tr*cos of six clusters as a function of distance from the Qiaojia earthquake. (D) Plot of dt+* versus dt-* for the clusters close to the Qiaojia earthquake, black filled and open stars indicate the clusters for the distance range of <5 km and 5–15 km, respectively.
The insignificant triggering effect of the Ludian earthquake on the surrounding repeating clusters may be caused by the following reasons: 1) The epicenter of the Ludian earthquake is at the edge of our study area (Figure 1), leading us to count only the clusters in the western side; 2) The number of the clusters is relatively small (only 6) and few events in each cluster, leading to a higher chance factor in the final statistics; and 3) The clusters are relatively far away from the mainshock and are not located in the direction of the rupture caused by the mainshock, which is not conducive to triggering action.
There are nine repeating clusters within 15 km of the 2020 Qiaojia Ms5.0 earthquake. Calculations show that the pre- and post-seismic recurrence periods for these clusters are 0.40s and 0.11 years, respectively. This suggests that the Qiaojia earthquake significantly shortened the recurrence period of clusters nearby and had a triggering effect on these repeating events. Figure 5 shows that the values of dt-of four clusters (R05, R06, R09, and R11) are all greater than 1 year, but the repeating events occurred immediately after the Qiaojia earthquake, which also indicates an obvious triggering effect. Figure 6C shows that the distributions of dt+* of four in five clusters with a distance < 5 km are below 0.2, and three of them are less than 0.05. However, the distributions of dt+* of three in four clusters with a distance > 5 km are above 0.5. This indicates that the triggering effect on repeaters in the near field is generally greater than that in the far field. Figure 6D shows that the values of dt+* are all smaller than the values of dt-*, combined with the fact that the values of Tr*cos are all greater than 1 (Table 3 and Figure 6C), and we can say that only events relatively late in their respective earthquake cycle get triggered, which is similar to the results of Chen et al. (2010).
Implication to the potential seismic risk on the northern XJF
Since the 1733 Dongchuan M7.8 earthquake, no M>7 earthquakes have occurred on the northern XJF, so significant attention has been paid to this section. Based on the recurrence interval and the elapsed time of the historical strong earthquakes, Wen et al. (2008) delineated the northern XJF (Qiaojia–Dongchuan) as a seismic gap. By means of a three-dimensional finite element model, using the constraints of the GPS observations, the seismological crust and upper mantle models, the data of earthquake activities, tectonic stress field and fault slip rates, and the rheological property of the Sichuan–Yunnan lithosphere, and considering the influence of historically strong earthquakes since A.D. 1327, Zhu et al. (2016) solved for the stress distribution along the Anninghe–Zemuhe–Xiaojiang fault zone and pointed out the northern XJF (Qiaojia–Dongchuan) was one of the high-stress cumulated segments. Coincidently, as shown in Figure 7, the newest seismicity monitored by our high-density seismic array exhibited relatively sparse earthquakes on the fault plane of the northern XJF. In contrast, there is significantly more seismicity to the north, including two repeating clusters (R14 and R15). In the south, Li et al. (2013) identified a repeating earthquake swarm (S29, Figure 7). According to previous studies, repeating earthquakes usually concentrate on the fault segments with high seismicity; therefore, few repeating earthquakes were distributed on the fault segments which are locked and relatively aseismic (Peng and Zhao, 2009; Deng et al., 2020; Li L. et al., 2021). Additionally, it has been found that repeating earthquakes often appear on the outer edge of asperities related to large potential earthquakes (Uchida and Bürgmann, 2019; Li L. et al., 2021). These observations are similar to the scenario exhibited in this study. Owing to the excellent monitoring capability of our seismic array, which is capable to detect and locate an event with magnitude down to Mw-0.7, we judged that the majority part of the northern XJF has been locked as an asperity, where no repeaters are identified and the seismic activity is rather weak. It was found that clusters of repeating earthquakes had once taken place in the vicinity of the rupture areas of the 2008 Wenchuan Mw7.9 and the 2013 Lushan M7.0 earthquakes on the Longmenshan fault zone (Li et al., 2011; Li, 2017), so we believe that the next large earthquake may take place between the clusters of repeating earthquakes to the north and south of the asperity.
[image: Figure 7]FIGURE 7 | Seismicity in a 3 km-thick zone along the northern XJF. The red crosses indicate the clusters R14 and R15 of repeating earthquakes, while the black dots show the hypocenters of all the relocated events. The green cross denotes cluster S29 of repeating earthquakes identified by Li et al. (2013). Abbreviation: DLF, Daliangshan fault; nXJF, northern Xiaojiang fault; mXJF, middle Xiaojiang fault. The possible asperity is shown as an irregular shape.
To estimate the magnitude of the potential earthquake on the northern XJF, we defined the locked asperity, as shown in Figure 7, on the basis of the seismic distribution and the seismicity of both the repeaters and others. Based on geodetic observations, Li Y. et al. (2021) have outlined an asperity on northern XJF, which is generally consistent with our asperity. The slip rate north of the asperity in Figure 7, as clusters R14 and R15 revealed, was 7.7 mm/a (an average of 7.8 mm/a and 7.5 mm/a), which basically agrees with the rate of 6.8 mm/a estimated from near-field GPS observation (Fu et al., 2020). According to the formula of seismic moment
[image: image]
where [image: image] is the seismic moment; [image: image] is the rigidity of the medium, generally taking a value of 3*1010Pa; [image: image] is the average dislocation; and [image: image] is the fault area. Considering the shape of asperity, as shown in Figure 7, the dip angle of northern XJF is almost upright (Li Y. et al., 2021), the elapsed time of 289 years since the 1733 Dongchuan M7.8 earthquake, and the slip rate of 7.7 mm/a as estimated as earlier, we speculate that the asperity is possible of producing an earthquake with a magnitude of at least Mw7.1. We have to stress that before the operation of our network, the density of the regional seismic network was not sufficient to reflect the real seismicity of northern XJF, so we did not use the seismicity of a longer time. Considering our relatively short observation time for seismicity and the short duration for clusters R14 and R15, the final results may have a relatively large error.
The repeating clusters in the east secondary structure zone
A total of 12 clusters of repeaters are confirmed across the junction area of secondary faults southeastern to the northern XJF (area C in Figure 2). We present the earthquake waveforms of these repeating clusters (R16–R27) in Supplementary Figures S2, S3. Compared with the waveforms of other clusters (Supplementary Figures S1, S2), the waveforms of clusters R01–R15 clearly show both P and S phase arrivals, while waveforms of clusters R16–R27 do not. Also, the vertical initial motions of P waves from clusters R16–R27 are all upward, and this is the characteristic of manual blasting. Previous studies have shown that natural and artificial earthquakes can be identified by spectral analysis (Ursino et al., 2001; Allmann et al., 2008). We have also performed spectral analysis of seismic waveforms (Supplementary Figures S5–S10). The three selected events in each figure share similar magnitudes and have similar epicentral distances to the selected stations. Supplementary Figure S5 show that the waveforms of the events in the clusters from area C are richer in low frequencies compared to the waveforms of the events in other clusters, and similar characteristics are also found in S10. However, this phenomenon is less obvious in Supplementary Figures S6–S9. Cattaneo et al. (2014) believed that studying the frequency of daytime and nighttime seismic events could provide a good reference for determining whether an earthquake is artificial or not. We also drew on this analytical approach. First, we paid attention to the occurring times of the events across this area and found a large percentage of the events occurred during daytime (UTC 0200–1200 h), as Figure 8 shows. Specifically, a total of 12 clusters of repeaters were confirmed; however, 9 clusters of them all and most of the events in the other two clusters (R09 and R17) occurred during the daytime. Cluster R27 can be taken as an example. The information in Supplementary Table S1 is from the original earthquake catalogue, and it shows the occurring time of the events in cluster R27; it can be seen that cluster R27 includes six repeating events, and five events occurred almost at UTC 09:50, and this is almost impossible for natural repeating earthquakes. Meanwhile, Supplementary Figure S11 is the histogram showing the hourly distribution of the number of events in area C, and the events were concentrated in two time periods (UTC 0300–0500h; 0900–1200 h), which corresponded to the working hours. All these seem more like an artificially set blast time. In addition, from the photos taken in the field, Supplementary Figure S12 shows the location where the cave was blasted near cluster R22, and Supplementary Figure S13 shows a stone quarry near cluster R24 (Longitude: 103.2720°; Latitude: 26.3873°) and R16 (Longitude: 103.2608°; Latitude: 26.3874°). These photos can be used as evidence for artificial earthquakes. Overall, from the waveform features and occurring times of the events in clusters (R16–R27), we believe that these events are probably induced by human activity. Or, at least, we do not think there are sufficient reasons to judge these repeating events as natural earthquakes because natural earthquakes are evenly distributed in 24 h, which is inconsistent with the phenomenon we observed.
[image: Figure 8]FIGURE 8 | Occurrence times of the seismic events since 2012 in area C. The clusters R16–R27 are marked in various colors. Note: the UTC times plus 8 h are the local times.
CONCLUSION
By the methods of waveform cross-correlation analysis and precise seismic location, we systematically identified and confirmed the repeating earthquakes from the seismic data recorded by a high-density array from March 2012 to July 2021 in the northern XJF and reached the following conclusions:
1) A total of 27 clusters of repeaters, including 132 events, were identified and confirmed; 13 of the clusters are close to the 2014 Ludian Ms6.5 and the 2020 Qiaojia Ms5.0 earthquakes, and 2 of the clusters were located very close to the northernmost tip of the northern XJF. Furthermore, 12 of the clusters appeared off the main fault of the northern XJF and were judged to be probably caused by human activities (mining explosions). No repeaters were identified on the central part of the northern XJF.
2) Through the analysis of the relationship between the recurrence intervals of the clusters and two mainshocks, we found that the triggering effect on repeaters from the Ludian earthquake is not obvious, while the triggering effect from the Qiaojia earthquake is significant. Also, the results show that the triggering effect on repeaters in the near field is generally greater than that in the far field, and only events relatively late in their respective earthquake cycle get triggered.
3) No repeaters have occurred on the central part of the northern XJF. However, two clusters of the repeaters, confirmed in this study, together with one cluster of repeaters identified in a previous study, delineate a locked asperity. This asperity is capable of producing an Mw7.1 earthquake, as estimated on a basis of the slip rate contributed by the clusters of repeating earthquakes.
4) It is necessary to remove man-made repeaters when using seismicity for tectonic activity studies.
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