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1 AIMS AND CONTENT OF THIS RESEARCH TOPIC
In seismically active areas (e.g., Han et al., 2022), the best way for disaster mitigation is to enhance the skills of risk evaluation and prediction (Shao et al., 2023). What happens before an earthquake occurs? Which are the physical processes that take place in the Earth’s crust before the earthquake nucleates? How can we observe, describe, and model them statistically, numerically, and physically in multi-scales from laboratory samples to tectonic earth plates? Those questions are fundamental but have not been completely solved (Geller, 1997; Pritchard, et al., 2020).
Over the last few decades multidisciplinary studies have attempted to answer these fundamental questions (e.g., King, 1978; Ma, 1987; Kanamori and Brodsky, 2001). In the early days, the Institute Physics of the Earth (IPE) model (dry) (Myachkin et al., 1975) and the Dilatance Diffusion (DD) model (wet) (Scholz et al., 1973) were proposed for earthquake processes. Like Schrödinger’s cat, an earthquake is unpredictable—according to the IPE model, yet it can be predictable—according to the DD model (Ma, 1987). Recently, with advanced techniques, some scientists have discovered the meta-instable stage before failure to slip (Ma et al., 2012) and assuredly claimed that there are precursors to be used for earthquake forecasting (Ma, 2016), which envisages new opportunities to study earthquake precursors (Pritchard, et al., 2020).
An understanding of the governing laws (e.g., King, 1978; Zöller et al., 2010; Shi et al., 2020; Chen et al., 2022), from long-term tectonic loading (Zhang et al., 2022) and nucleation to rapid rupture propagation (Yang et al., 2022), is significant to earthquake forecasting and demands a comprehension of the stress state and evolution during the time of geophysical observations around seismically active areas (Zhao et al., 2020; Zhao et al., 2022). The evidence from multiscale experiments (Ma and Guo, 2014; Huang et al., 2019; Huang et al., 2020; Martinelli et al., 2020), multidisciplinary monitoring system networks (Huang FQ. et al., 2017; Martinelli et al., 2021), numerical modeling (Barbot et al., 2012; Huang FQ. et al., 2017; Ben-Zion, 2017), and field investigations (e.g., King, 1978), are the keys to advance our understanding of earthquake mechanics.
Earthquakes do not occur everywhere. Fault geometry and the physical properties of fault zones (namely, seismogenic structure), geological and tectonic settings (Wang et al., 2014; Dascher-Cousineau et al., 2020; Gong et al., 2020), as well as crustal movement and the geodynamic environment, play pivotal roles in the seismic patterns (e.g., King, 1978; Ikeda, 2009; Luo et al., 2023). A variety of geophysical and geochemical observations, ranging from ground-related deformation patterns (GPS, SAR, etc.) (Bürgmann et al., 2000; Zhao et al., 2020) to pre-earthquake changes (geochemical, electromagnetic, hydro-geological, geodetic, or thermodynamic) (Huang F. Q. et al., 2017; Zhou et al., 2020; Chen et al., 2021; Martinelli et al., 2021; Zhou et al., 2021), recorded by ground-based (Li et al., 2022) or satellite-based techniques (Li et al., 2020) may be related to stress variations in the lithosphere (Luo et al., 2023) prior to an eventual large earthquake (Zhao et al., 2022). Even though much effort has been invested, the earthquake “elephant in the room” is still in the process of being understood.
This Research Topic aims to provide state-of-the-art studies on earthquake processes via multidisciplinary approaches from geophysical, geochemical, geodetical, and geological routines which are mostly exchanged at the annual conference of the China Earthquake Prediction Forum (Huang et al., 2023). Pre-earthquake observations, methods, and perspectives, can provide a current view in the knowledge of processes preceding earthquake occurrence in China, which can be possibly employed to set up earthquake forecasting experiments, aimed at their verification Test Site areas, whether large or small.
2 OVERVIEW ON PUBLISHED CONTRIBUTIONS
There are eleven articles collected for this Research Topic, involving precursors of monitoring networks and earthquake prediction methods (four articles), stress state of the geodynamic environment inferred from recent earthquakes (two articles), seismogenic structure and fault geometry from deep to surface (four articles) and models for earthquake risk assessment of the National Test site (one article).
2.1 Precursors of monitoring networks and earthquake prediction method
Extracting anomalous changes relevant to earthquake processes from observation systems is the key step to routine earthquake prediction. Here we have collected one article based on laboratory work that involves judging rock instability by enhanced LURR (short-term to imminent before “earthquakes,” by Zhang et al., The evolution characteristics of rock fracture instability under cyclic loading on the basis of the enhanced LURR), and three articles involving the extraction of anomalous changes before strong earthquakes on the China Mainland from seismograph observation systems from the long-term to the short-term stage. Frequency field (Luo et al., Pre-quake frequency characteristics of Ms ≥7.0 earthquakes in mainland China), b-value (Bi et al., Strong aftershocks traffic light system: A case study of the 8 January 2022 MS6.9 Menyuan earthquake, Qinghai Province, China) and anomalous quiet or enhanced processes of small to moderate earthquakes before the strong earthquakes (Gao et al., Low-intensity anomaly involving ML≥4 events preceding strong earthquakes in Tibet) are the main items to be discussed.
2.2 Stress state of the geodynamic environment inferred from recent earthquakes
Stress state is significant for the geodynamic environment of seismic source. The measurement of in situ stress state is quite difficult. Inference from existing earthquake sequences is an effective way. The article entitled Seismogenic structures and spatiotemporal seismicity patterns of the 2022 Ms6.0 Maerkang earthquake sequence, Sichuan, China (Feng et al.) investigates the seismogenic structures and mechanics of this sequence by relocating the earthquake sequence, inverting for the focal mechanisms, and calculating the rupture directivity of the Maerkang earthquake sequence. The paper of Eastward expansion of the Tibetan plateau: Insights from stress drops of the 2021 Ms 6.4 Yangbi, Yunnan and Ms7.4 Maduo, Qinghai earthquake sequences in China (He et al.) estimates the stress drops of the Yangbi and Maduo earthquake sequences for all M ≥ 3.0 events from the Lg-wave spectra. The results of the stress drops of two sequences are very likely linked with patterns of crustal motion and deformation in the eastern Tibetan Plateau.
2.3 Deep to surface seismogenic structure and fault geometry
Geometry and movement are the main objectives, which can be used in prediction models. We collected four articles investigating the deep to surface seismogenic structure and fault geometry, which deal with inference from seismic waves of natural earthquakes, active seismic sources or ambient noise (Li et al., High resolution upper crustal velocity and seismogenic structure of the Huoshan “seismic window” in the Dabie orogenic belt), and from electric resistivity of the mass beneath the earth surface (Yan et al., Deep electrical structure of the hinterland of Yunkai magmatic arc in South China and the seismogenic environment of the 2019 Beiliu earthquake), from relocations of earthquake sequences observed in a permanent station and portable dense array (Zeng et al., Investigation of the 2015 Ms5.8 Alxa Left Banner earthquake sequence: Aftershock evolution and seismogenic structure by here), as well as from field investigations of surface fault trace in detail (Ma et al., Active faulting of the Nanhe fault and relation to the Anninghe Fault Zone in late Quaternary, eastern Tibetan plateau).
2.4 Models for earthquake risk assessment of national test site
The straightforward dedicated models are significant for earthquake risk assessment (Zhang et al. Statistical evaluation of earthquake forecast efficiency using earthquake-catalog and fault slip rate in the Sichuan-Yunnan region, China). The works indicate that the model-driven and hyper-parameter controlled mode is a promising approach to implement operational earthquake forecasting at the National Test site of China.
All the above progress is based on advanced observation techniques and monitoring systems from ground to space currently operated in China.
3 DISCUSSION AND PERSPECTIVES
3.1 The physical nature of the empirical operation routine for earthquake prediction
Since the 1966 Xingtai earthquake, routine prediction operations have been practiced continuously in China. The progress was named as a step-by-step strategy from long-term, medium-term, short-term to imminent relevant to ≤10 years, 1–3 years, 3 months to 1 year and days to 3 months respectively, which were summed from an operational process of empirical earthquake prediction activities (Ma et al., 1989) and tested a posteriori by experiments of tectonophysics (Ma, 2016). Here in this volume, the works of Luo et al., Gao et al., Bi et al. provide practical evidence to support the results from tectonophysics experiments, the works of Zhang et al. provided new kind of criteria to judge the meta-instable stage. How to transfer the empirical operation routine into a physical operation process may be a prospective road guiding to physical earthquake predictions in numerical modelling.
3.2 How to use engineering disaster events to understand the physics of natural earthquakes calls for further investigation
Stress state and focal mechanisms supply a wide view with which to understand the nature of the earthquake process. In practice, events with a depth of within 5 km are generally considered as events induced by human activities, e.g., mining exploration and reservoir pounding, and so on. Thus, the significance of shallow earthquakes, namely, “engineering disaster events,” is overlooked. No matter how deep the event occurs, the stress state is the main factor to understand the physics of rock failure and fault slip in nature (Chen et al., 2022). Research into the stress state and the geodynamic environment from shallow to deep is welcome in the future, being useful to understand the unified nature of earthquakes.
3.3 What controls the precursor patterns for different earthquake relevant to earthquake modeling aimed at earthquake prediction?
From a general view, seismogenic structure and stress state control the earthquake process. Fault geometry and movement are the main objectives, which can be used in prediction models. In fact, in the short-term to imminent stage before earthquake occurrence, the correlation between precursors and the targeted earthquake is not unique (Ma et al., 1989). What controls the precursor patterns for different events relevant to earthquake modeling aimed at earthquake prediction? At the very start of this Research Topic, the difference between IPE (dry model) and DD (wet model) models is the fluid involved. Do rock fluids control the precursor pattern for different earthquakes? More articles related to this Research Topic are welcome in the future.
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Strong aftershocks, especially the disaster-causing M≥5.0 kind, are a key concern for mitigation of seismic risks because they often lead to superimposed earthquake damage. However, the real-time forecasting results of the traditional probability prediction models based on statistics are usually far from accurate and therefore unsatisfactory. Borrowing an idea from the foreshock traffic light system (FTLS), which is based on observations of decreasing b-values or increasing differential stress just before a strong aftershock, we constructed a strong aftershock traffic light system (SATLS) that uses data-driven technology to improve the reliability of time sequence b-value calculations, and analyzed the b-value variations of strong aftershocks in the China continent. We applied this system to the MS6.9 Menyuan earthquake occurred on 8 January 2022. The earthquake occurrence rates before the largest aftershock (MS5.2) forecast by the Omi-R-J model were too low, although the model could accurately forecast aftershock rates for each magnitude interval in most time-periods. However, reliable b-values can be calculated using the time-sequence b-value data-driven (TbDD) method, and the results showed that the b-values continued declining from 1.3 days before the MS5.2 aftershock and gradually recovered afterward. This would suggest that the stress evolution in the focal area can provide data for deciding when to post risk alerts of strong aftershocks. In the process of building the SATLS, we studied thirty-four M≥6.0 intraplate earthquake sequences in the China continent and concluded that the differences between the b-values of the aftershock sequences and of the background events, △b = bafter - bbg = ±0.1, could be used as thresholds to determine whether M≥5.0 aftershocks would occur. The △b value obtained using the events before the MS5.2 aftershock of the MS6.9 Menyuan sequence was about -0.04, which would have caused the SATLS to declare a yellow alert, but there would have been some gap expected before a red alert was triggered by the b-value difference derived from the events associated with this strong aftershock. To accurately forecast a strong aftershock of M≥5.0, a deeper understanding of the true b-value and a detailed description of the stress evolution state in the source area is necessary.
Keywords: Ogata–Katsura 1993 model, Omi–Reasenberg–Jones model, time-sequence b-value data-driven (TbDD) method, aftershock forecasting, traffic light system
INTRODUCTION
The disastrous effects of superimposed strong aftershocks on buildings and structures have aggravated casualties and property losses, such as occurred in the M7.1 Luanxian strong aftershock and the M6.9 Ninghe strong aftershock after the 1976 M7.8 Tangshan earthquake (Lv et al., 2007) and the strong M6.3 aftershock after the 2010 M7.1 earthquake in New Zealand (Zhang et al., 2011). Accurate and reliable forecasting of strong aftershocks is of great importance to post-earthquake emergency evacuation, secondary disaster disposal, and decision-making for restoration and reconstruction (Woessner et al., 2011; Nanjo et al., 2012; Ogata et al., 2013). Traditional strong aftershock forecasting, which is realized mainly by short-term probability forecasting models (Jiang et al., 2018; Bi et al., 2020; Bi and Jiang, 2020) such as the Reasenberg–Jones (R-J) model (Reasenberg and Jones, 1989), the epidemic-type aftershock sequence (ETAS) model (Ogata, 1989), and the Omi-R-J model (Omi et al., 2013, 2015, 2016), still faces great challenges in real-time functionality and accuracy (Lippiello et al., 2017). For example, the Japan Meteorological Agency (JMA) announced a low-probability forecast of M≥5.5 aftershocks for the 2005 M7.0 earthquake off the coast of western Fukuoka Prefecture, Kyushu District, Japan; but, in fact, the earthquake was followed by the largest aftershock of M5.8 (Ogata, 2006). In addition, using only the ETAS model to predict the frequency of strong aftershocks in Japan and Southern California (Grimm et al., 2021) and the largest expected aftershock of the 2019 Ridgecrest earthquake sequence in the United States (Shcherbakov, 2021) revealed the model’s obvious shortcomings.
In recent years, a new route for the development of strong aftershock forecasting technology has employed the concept of graded risk assessment to improve the operability of forecasting based on abnormal aftershock activity (Matsu’ura, 1986; Ogata, 2001). Gulia and Wiemer (2019) proposed the foreshock traffic light system (FTLS), which uses b-values that are sensitive to stress changes, and achieved good results in earthquake cases studies. The theoretical basis of FTLS posits that the b-value in relation to G-R can be used as an indirect description of underground differential stress (Gutenberg and Richter, 1944; Scholz, 1968; Scholz, 2015), and that the change in b-value is related to the state of underground stress load (Chan and Chandler, 2001; Nandan et al., 2017; Si and Jiang, 2019); some earthquake cases studies showed that the b-value can increase by 20% after the main shock and decrease by 10% or more before the strong aftershock (Gulia et al., 2018; Gulia and Wiemer, 2019). Nanjo et al. (2022) further improved FTLS by combining local aseismic slips with stress changes. In addition, the idea of a risk classification traffic light system was also widely applied in research of induced earthquake risk control (Jiang et al., 2021b), aftershock hazard analysis (Gulia et al., 2020), and risk assessment of cumulative structural damage caused by aftershocks (Trevlopoulos et al., 2020). However, there is still room for further development in the technical route of strong aftershock forecasting. This can be accomplished through improvements in the risk classification method by an empirical understanding that the b-value change of aftershocks compared to that before the earthquake is universal in different tectonic regions and an increased awareness of the influence of subjectivity in the calculation of time series b-values (Jiang et al., 2021a; Jiang et al., 2021).
On 8 January 2022, an MS6.9 earthquake struck Menyuan County, Qinghai Province, northwestern China, and ruptured the Tuolaishan fault (TLSF) and the Lenglongling fault (LLLF) for about 415 km. It affected nearly 6,000 people, damaged more than 4,000 homes and buildings, and caused a large number of secondary disasters such as local slope collapse, rolling stones, cracking of frozen soil, and arch deformation of ice surfaces (https://m.gmw.cn/baijia/2022-01/20/35460649.html). Two strong aftershocks of MS5.1 and MS5.2 occurred on January 8 and January 12, respectively, and the latter caused the aftershock area to extend more than 10 km toward the southeast, which was close to the aftershock area of the 2016 MS6.4 Menyuan earthquake. This phenomenon brought widespread concerns about the strong aftershock risk of the 2022 MS6.9 Menyuan earthquake. To investigate this risk, we first carried out quantitative aftershock probability forecasting and analyzed the forecasting effectiveness. Second, based on cases studies of the time evolution of b-values of intraplate earthquake sequences in the China continent and the occurrence regularity of strong aftershocks, we constructed a strong aftershock traffic light system (SATLS), which is more universal than the FTLS, to qualitatively evaluate the risk of strong aftershocks after the 2022 MS6.9 Menyuan earthquake. This study provides a scientific basis for improving the forecasting of strong aftershocks following similar complex earthquake sequences.
QUANTITATIVE FORECASTING USING THE OMI-R-J MODEL
We used the Omi-R-J model (Omi et al., 2013) to conduct aftershock probability forecasting for the MS6.9 Menyuan earthquake sequence and evaluated the performance of this forecasting method. The Omi-R-J model, which combines the traditional R-J model (Reasenberg and Jones, 1989) with the OK1993 model (Ogata and Katsura, 1993) describing the magnitude–frequency relationship in the form of a continuous function, can make full use of a large number of small earthquakes below the completeness magnitude in the early stages of an earthquake sequence and produce relatively reliable and stable results in terms of parameter fitting to the model and forecasting of the aftershock occurrence rate. Under the conditions of a non-cumulative magnitude–frequency distribution, the OK1993 model is expressed as:
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where M is magnitude and [image: image]. [image: image] is a probability function, which describes the detection-rate of earthquakes and ranges [0, 1]. It is expressed in the form of a cumulative normal distribution:
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where the parameter [image: image] indicates the magnitude where earthquakes are detected at a rate of 50% and [image: image] represents the range of magnitudes where earthquakes are more or less partially detected (Ogata and Katsura, 1993). The two parameters can generally be combined to describe the completeness of earthquake catalogs. Specifically, the minimum magnitude of completeness, MC, can be approximately expressed using µ + 2σ or µ + 3σ, which represents the complete record of magnitude at the 95.44% or 99.74% confidence level, respectively (Mignan and Woessner, 2012; Iwata, 2013).
Given a set of magnitudes [image: image], the seismic probability density function and the log-likelihood function can be written as:
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Furthermore, we can obtain the parameters β, σ, and the dynamic [image: image] by the ‘state-space’ model, as well as p, c, k, and their standard deviations (Omi et al., 2013) by the Omori–Utsu formula (Omori, 1894; Utsu, 1961). Finally, we forecast the number of aftershocks with magnitudes M>Mp (here Mp represents the minimum forecasting magnitude), which would take place during an arbitrary time interval [t2, te]:
[image: image]
In the study of the 2022 MS6.9 Menyuan earthquake sequence, we used the catalog provided by the China Earthquake Networks Center (37.6–37.9°N, 100.9–101.6°E) between 2022/01/08 and 2022/01/13. Statistically, the aftershock sequence of the M6.9 Menyuan earthquake included two M≥5.0 aftershocks, nine M4.0∼4.9 earthquakes, and forty-one M3.0∼3.9 earthquakes (Figure 1). Parameter fitting and aftershock forecasting were performed using the Omi-R-J model, from 0.05 days after the main shock until 5.15 days, with steps of 0.05 days, totaling 103 time periods. It can be seen from Figure 2 that the expected parameters of the early post-earthquake sequence (t2 = 1.00 days) are β =1.927 ± 0.083, k = 0.004 ± 0.002, p = 0.900 ± 0.051, and c = 0.004 ± 0.002, where the parameter β was calculated from β = ln(10)×b. In order to illustrate the evaluation results, Figures 2B,D depict the forecasted occurrence rates of M>2.95 for two periods of 1.00∼2.00 days and 1.00∼4.00 days after the main shock. The observed earthquake numbers for the two time periods were both within the 95% confidence intervals of the forecasted numbers, and the score values were [0.4238, 0.7283] and [0.4009, 0.7067] by the N-test (Kagan and Jackson, 1995; Schorlemmer et al., 2007; Zechar, 2010), respectively.
[image: Figure 1]FIGURE 1 | Spatial distribution of epicenters. The black dots represent background events before the Menyuan MS6.9 since 1970. The gray dot represents the 2016 MS6.4 Menyuan earthquake sequence, and the green dots represent the 2022 MS6.9 Menyuan earthquake sequence. LLLF stands for Lenglongling fault, NTLSF is the north Lenglongling fault, and TLSF is the Tuolaishan fault.
[image: Figure 2]FIGURE 2 | Future 1-day and 3-day aftershock forecasting for the Menyuan MS6.9 earthquake sequence using the Omi-R-J model. (A,B) Time period of 1.00–2.00 days and (C,D) time period of 1.00–4.00 days after the main shock. (A,C) Comparison of magnitude–cumulative frequency between forecasting (red lines) and actual observed aftershocks (black dots) and their 95% confidence intervals (pink areas). (B,D) Comparison of magnitude–cumulative frequency between forecasting (red curves) and actual observed aftershocks (black curves) of M>2.95 and their 95% confidence intervals (red dashed lines), and the forecasting starting and ending times (black vertical dashed lines) are delineated.
The N-test was intended to measure how well the total number of forecasted earthquakes matched the number of events observed. We used a one-sided test with an effective significance value, αeff, which is half of the intended significance value, α. In other words, we intended to maintain an error rate of α= 5% and to compare both δ1 and δ2 with a critical value of αeff = 0.025. If δ1 is less than αeff, the forecast rate is too low (under-prediction) and if δ2 is less than αeff, the forecast rate is too high (over-prediction). To quantitatively investigate the accuracy of the forecasted occurrence rates of strong aftershocks for different target magnitudes, MT = [3.0, 3.5, 4.0] of the MS6.9 Menyuan earthquake sequence, the N-test method was used to evaluate the performance results (Figure 3). The gray vertical line denotes the connection between the δ1 score and the δ2 score. Black diamonds and blue squares represent the results of δ1<0.025 and δ2<0.025, respectively. There is no blue square (δ2 <0.025) in Figure 3, which indicates that there was no over-prediction in the forecasting period. The Omi-R-J method shows good forecasting ability for early strong aftershocks, and the blank space indicates that the actual number of earthquakes was zero. Ignoring the influence of ‘no earthquakes’, there was no over-prediction forecasting. The Omi-R-J model had 9, 8, and 7 forecasting failures before and after the strong aftershocks of MS5.2 with respect to MT = [3.0, 3.5, 4.0]; thus, for complex earthquake sequences, the Omi-R-J model with good fitting performance has some limitations. Further analysis of the period of forecasting failure shows that before and after the MS5.2 strong aftershock of January 12, there was obvious under-prediction forecasting, which coincides with the main period of forecasting failure.
[image: Figure 3]FIGURE 3 | N-test results for future 1-day aftershock forecasting of the Menyuan MS6.9 earthquake sequence. (A–C) Forecasting performance evaluation of the Omi-R-J model for the three target magnitudes, 3.0, 3.5, 4.0, respectively. The vertical gray dashed lines connect the δ1 and δ2 values, while the black diamonds and blue squares show the results with δ1<0.025 and δ2<0.025, respectively. The blank area indicates that no event of corresponding magnitudes have occurred in the forecasting period.
TIME-SERIES B-VALUE CALCULATIONS BASED ON A DATA-DRIVEN METHOD
Data-driven technology provides a new solution to the problem of subjectivity of model selection in the calculation of seismicity parameters. In this paper, we utilized the time-sequence b-value data-driven (TbDD) method proposed by Jiang et al. (2021a) to analyze the MS6.9 Menyuan earthquake sequence. The TbDD method consists of three major steps:
1) Selection of the magnitude–frequency distribution function. TbDD adopts the OK1993 model of a continuous distribution function given by Ogata and Katsura (1993) in a magnitude–frequency distribution relationship, which makes it superior by simultaneously determining the minimum magnitude of completeness and obtaining b-values.
2) Random partitioning in the time axis. In the model construction, it is necessary to randomly partition the given research time period [t0, t1] between the start time, t0, and the end time, t1.① A random number generator was used to generate random time nodes, T = {T1, T2, … , Tk}, where k is the number of time nodes. Correspondingly, the time period [t0, t1] was divided into time segments S = {S1, S2, … , Sk+1}, which constitute a model. ② We repeated step ① w times to obtain the w group partitioning schemes {Pi, i = 1, 2, … , w} on the time axis, that is, w models. ③ We repeated the aforementioned partitioning steps ① and ② with increasing k from 1 to n, where n is the maximum number of time nodes. For the time segments S = {S1, S2, … , Sk+1} of each model (or each partitioning scheme), the parameters of the OK1993 model [β, μ, σ] can be calculated using the events included in each time segment, and the total number of calculations was w×(n+1) times.
For any moment ti in the time interval (t0, t1), the b-value is derived from the events both before and after ti. For the moment t0, the b-value is calculated by using only the events after t0, and for the moment t1, the b-value is obtained by using only the events before t1. Therefore, only at the moment of t1, the TbDD method has the characteristic of forward-forecasting. As time continues to move forward, the b-value at the original t1 will be changed and updated.
3) Selection of the optimal models and calculation of ensemble median b-values. In order to select the optimal models most likely to reflect the final calculation results among a large number of models, the TbDD method adopted Bayesian information criteria (BIC) (Schwarz, 1978):
[image: image]
where [image: image] is the log-likelihood value of the OK1993 model given by formula (5), k is the degrees of freedom of the model, and N is the number of events for calculation. Because BIC is a penalized log-likelihood function, the smaller that BIC is, the closer to the true value the estimated parameters are. We ranked the BIC values of all the models obtained using Eq. 7 and selected the 5% models with minimum BIC values as the optimal ones. We used these optimal models to form an ensemble model and obtained the ensemble median b-value of the time-sequence as the final result. The median absolute deviation (MAD) was used as the uncertainty of the b-value.
We implemented TbDD to calculate the b-values of the MS6.9 Menyuan earthquake sequence, attempting to use different maximum time segments (n+1) and different partitioning times (w). The models with the 5% lowest BIC values were taken as the optimal models, and the ensemble median values of the b-values were calculated as the final result. The BIC value distribution and the b-values of time sequences with the number of time segments n + 1 = {2,3,...11} and w = 100 are shown in Figures 4A,B, separately. For the partitioning with n + 1 = {2,3,...21} and w = 300, the results are shown in Figures 4C,D and for the partitioning with n + 1 = {2,3,...21} and w = 1000, the results are shown in Figures 4E,F. From the aforementioned calculation results, it can be seen that the b-values obtained under different combinations of maximum time segments (n + 1) and various partitioning times w are relatively close, which confirms the stability of the TbDD method. It is worth noting that, from 1.3 days before the January 12 MS5.2 strong aftershock, the b-value dropped significantly, from b = 0.93 to b = 0.63, with a drop as high as △b = 0.30, which is the only time that the b-value of aftershocks dropped significantly over the study period. This phenomenon makes it possible to give an alarm before this strong aftershock.
[image: Figure 4]FIGURE 4 | TbDD method calculation results for the 8 January 2022 Menyuan MS6.9 earthquake sequence. (A,C,E) BIC value distribution under different partition periods. The gray dots denote the calculation results of BIC values, and the pink dots and vertical lines denote the corresponding means and standard deviations of the BIC values, respectively. (B,D,F) Time-sequence changes of b-values calculated by TbDD. The black curves indicate the ensemble medians of b-values, the gray areas indicate the MAD of corresponding b-values, and the gray vertical dotted lines show the time of occurrence of strong aftershocks of the Menyuan MS5.2 aftershock on 12 January 2022.
SATLS FOR DETERMINING THE RISK LEVEL OF STRONG AFTERSHOCKS
To obtain a general threshold standard for the b-value changes of time series of strong aftershock risk alerts, which we used as a reference to conduct the strong aftershock forecasting of the MS6.9 Menyuan earthquake sequence, we studied the b-value changes of time series before strong aftershocks of M≥5.0 based on 86 intraplate earthquake sequences in the China continent whose main shock had a magnitude of MS≥6.0, as screened by Bi et al. (2022).We used the National Unified Official Catalogue produced by the China Earthquake Networks Center (CENC). Since 1 January 1970, the catalog has provided earthquake locations, occurrence times, and local magnitudes, ML, obtained using the same formula (Mignan et al., 2013). Thus the homogeneity of the reported magnitude was ensured for the whole period. Since the National Unified Official Catalogue starts from 1970, earthquakes were selected from the period between 1970/01/01 and the time immediately before each of 86 main shocks, as well as spatial restrictions on the distribution of aftershocks. Then we used the Gardner–Knopoff method (Gardner and Knopoff, 1974) to decluster catalogs to obtain the background seismicity of the corresponding earthquake sequence. Because of the absence of a large number of aftershock events in the early post-earthquake period, which seriously affected the stability of model parameters, only the events from 0.50 days after the main shock to the occurrence of the strongest aftershock were used to ensure the stability and quality of parameter fitting. Additionally, both the number of background events and aftershocks of the selected earthquake sequence amounted to no fewer than 30 results in a total of 34 earthquake sequences. The parameters of 34 main shocks are shown in Table 1, and the spatial distribution of the epicenters of the main shocks is mapped in Figure 5A.
TABLE 1 | Sequence parameters of intraplate earthquakes built for the SATLS in the China continent.
[image: Table 1][image: Figure 5]FIGURE 5 | Distribution characteristics of 34 MS≥6.0 earthquake sequences in the China continent. (A) Distribution of the epicenters of the main shocks. They are classified according to the presence or absence of strong aftershocks of M≥5.0 and the relative size relationship between b-values of background events (bbg) and that of aftershocks (bafter), and indicated by different colors. The brown represents the boundary line of the primary plate, and the gray represents the boundary line of the secondary plate. (B) Statistical distribution of differences between background events bbg and aftershock bafter, △b. (C) Statistical relationship of △b/bbg. In (B,C), light red represents the earthquake sequences having strong aftershocks of M≥5.0, and light green represents the earthquake sequences having no strong aftershocks of M≥5.0.
The parameters of 34 earthquake sequences were fitted using the OK1993 model, and the b-values of both background events (bbg) and aftershocks (bafter) are shown in Table 1. Statistical analyses indicated 13 earthquake sequences with M≥5.0 aftershocks. The average was bbg = 0.87 ± 0.11 and bafter = 0.81 ± 0.19, and bbg>bafter accounted for 84.62% (11/13) and bbg<bafter accounted for 15.38% (2/13); there were 21 earthquake sequences without strong M≥5.0 aftershocks in the fitting period, with average bbg = 0.83 ± 0.13 and bafter = 0.95 ± 0.15, of which bbg>bafter accounted for 19.05% (4/21) and bbg<bafter accounted for 80.95% (17/21). The statistical distribution of the differences in b-values between the background events bbg and the aftershocks bafter, (△b = bafter - bbg), and the ratio △b/bbg are given in Figures 5B,C. The results show that the mean △b value and the median △b value of the sequences having strong aftershocks of M≥5.0 were −0.13 and −0.16, separately, and that the mean and the median of △b/bbg were −0.06 and −0.08, separately. However, the △b of the sequences without strong aftershocks of M≥5.0 had a mean value of 0.27 and a median value of 0.15, and the mean value of △b/bbg was 0.16 and the median value was 0.08.
The aforementioned analysis shows that bafter<bbg for the sequences with M≥5.0 aftershocks and bafter>bbg for the sequences without M≥5.0 aftershocks are statistically significant. If we conduct the risk assessment of M≥5.0 aftershocks according to the aforementioned relationship, it can be seen that when △b>0, two earthquake sequences have M≥5.0 aftershocks, and 17 earthquake sequences have no aftershocks with M≥5.0; when △b<0, eleven earthquake sequences have M≥5.0 aftershocks, and four earthquake sequences have no aftershocks with M≥5.0. Furthermore, when △b>0.1, only one earthquake event had aftershocks of M≥5.0, while when △b<-0.1, all earthquake sequences had aftershocks of M≥5.0. The statistical results are illustrated in Figure 6A. This shows that the possibility of strong aftershocks with M≥5.0 can be reliably determined by defining △b=±0.1. Moreover, from Figure 6A, when △b<0, especially △b<-0.1, the magnitude difference between a main shock and its largest aftershock mainly ranged from 0 to 1.5. While, when △b>0, the magnitude difference ranged from 1.5 to 3.0.
[image: Figure 6]FIGURE 6 | Relationship between magnitude difference and sequence parameters. (A) Relationship between △M and △b (△b = bafter - bbg) (1970.01.01–2020.07.30); (B) relationship between △M and △b/bbg (1970.01.01–2020.07.30); (C) relationship between △M and △b of the sequences after 12 May 2008; (D) relationship between △M and △b/bbg of the sequences after 12 May 2008. The circle represents the earthquake sequence having strong aftershocks with M≥5.0, and the diamond represents the earthquake sequence having no strong aftershocks with M≥5.0 in the fitting period. The red, yellow, and green lines indicate △b = 0.1, △b = 0 and △b = -0.1, respectively. The green area represents △M>1.5 and △b>0, while the red area represents △M<1.5 and △b<0.
The earthquake monitoring capability of the China Earthquake Networks Center was significantly improved after the 2008 MS8.0 Wenchuan earthquake (Huang et al., 2017). To eliminate the influence of the change in earthquake monitoring capability, we excluded the earthquake sequences before the 2008 MS8.0 Wenchuan earthquake and investigated the relationship between △b and the occurrence of strong aftershocks of M≥5.0. The results demonstrate that all earthquake sequences have no strong aftershocks with M≥5.0 when △b>0.1, while when △b<-0.1, all earthquake sequences have strong aftershocks with M≥5.0 (Figure 6C). In addition, we also used △b/bbg for similar analyses, and found the same risk classification effectiveness using △b/bbg = ±0.1 as using △b = ±0.1, as shown in Figures 6B,D.
Based on the aforementioned calculations, we defined △b = 0.1 as the green threshold with low risk of M≥5.0 strong aftershocks, that is, when △b≥0.1, the possibility of M≥5.0 strong aftershocks is low; △b = -0.1 is a high-risk red threshold for strong aftershocks with M≥5.0. When △b is lower than this threshold, that is △b≤-0.1, the possibility of strong aftershocks with M≥5.0 is high; △b = 0 represents a distinct yellow threshold. When -0.1<△b<0.1, we should pay attention to the occurrence of strong M≥5.0 aftershocks. By combination with the TbDD method based on data-driven technology to calculate bbg, bafter, and △b, a strong aftershock traffic light system (SATLS) was constructed to accurately determine the risk of strong M≥5.0 aftershocks in real time, which makes it feasible to make targeted disaster mitigation decisions.
We performed SATLS classification of the occurrence of strong aftershocks with M≥5.0 for the 2022 MS6.9 Menyuan earthquake sequence followed by only two aftershocks of M≥5.0. The MS5.1 aftershock occurred within just a few hours after the main shock, and the poor data availability before this event may result in large uncertainties in the b-values. Therefore, only the January 12 MS5.2 aftershock was discussed here. The data for calculation were obtained from the National Unified Official Catalogue, and the spatial range covered was the same as the distribution of aftershocks. The events from 1970 to the time before the main shock were taken as background events, and those between the main shock and the MS5.2 aftershock were taken as aftershock sequences.
The results showed that bbg = 0.83 and bafter = 0.81, and the corresponding fitting curves of the OK1993 model are shown in Figures 7A,B. Because bafter<bbg, it can be determined that the yellow threshold of SATLS has been reached. The b-values of the time series were calculated by TbDD as shown in Figure 7C. Before the MS5.2 aftershock, the b-value had dropped to about 0.79, that is, △b≈-0.04, according to which a yellow alert for the possibility of a strong aftershock with M≥5 would be declared.
[image: Figure 7]FIGURE 7 | Characteristics of the b-value evolution for the 8 January 2022 Menyuan MS6.9 earthquake sequence and SATLS settings. (A,B) Magnitude–frequency distribution (FMD) and the fitting results of the OK1993 model. They correspond to the background earthquake sequence (1970.01.01∼2022.01.08) and aftershock sequence (2022.01.08∼2022.01.12), respectively. The diamonds denote the FMD of the events. The solid curve indicates the fitting results of the OK1993 model, and the actual parameters are marked in each subgraph in the order of β, μ, and σ. (C) b-value of time series obtained using the events immediately before the strong aftershock (2022.01.08∼2022.01.12). (D) b-value of time series calculated using the events between the main shock and the time after the strong aftershock (2022.01.08∼2022.01.13). The yellow dotted line indicates background value bbg (yellow threshold), the red dotted line denotes the red threshold (0.1 lower than the background value), the green dotted line represents the green threshold (0.1 higher than the background value), and the magnitude–time distribution (M-t) of the earthquake sequence is displayed.
We further investigated the b-values of the time-series between the main shock and the time after the MS5.2 aftershock as shown in Figure 7D. The results indicated that before the MS5.2 strong aftershock, the b-value decreased to about 0.63, △b≈-0.2, the magnitude of which is larger than that of △b≈-0.04, as obtained using events between the main shock and the MS5.2 aftershock. After the MS5.2 strong aftershock, the stress around the focal area changed and the b-value continued to decrease. Yang et al. (2022) obtained the background b-value of 0.84 using the maximum-likelihood method and the whole aftershock b-value of 0.67 using the least-squares method for the Menyuan earthquake, and our results were similar to theirs. The h-value is a constant in the revised Omori’s law which describes the number of aftershocks after the main shock. It can be used to determine whether there might be future events with larger magnitudes during an ongoing sequence (Liu et al., 1979). If h≫1, it indicates that the largest magnitude earthquake already occurred as the main shock. If h≪1, then it was considered a foreshock sequence. The 2022 Menyuan sequence showed that the overall h-value was significantly larger than 1. (Yang et al., 2022).
DISCUSSION
The SATLS proposed in this paper is, in a more general sense, an extension of the FTLS which determined whether an event was a main shock or a foreshock to an even stronger event yet to come. However, there are several limitations to the SATLS. First, the threshold settings of the SATLS are only based on a limited number of earthquake cases, and it is only suitable for the intraplate earthquake sequences of the M≥6.0 main shock in the China continent followed by M≥5.0 aftershocks. Moreover, there is a lack of systematic and comprehensive understanding of the relative relationship between the values of bafter and bbg in different tectonic regions, which limits the general applicability of the SATLS. In addition, some researchers argue that the spatial distribution of b-values is highly variable. For example, the ductile shear zone has a higher b-value than the brittle-ductile shear zone (Villiger et al., 2020). Also, it is easy for a high b-value to be produced in rocks with low Young’s modulus (Zorn et al., 2019) or high organic content, which causes difficulties in the application of SATLS for earthquake sequences with large-scale spatial distribution in aftershock zones, and it may be necessary to develop a set of two-dimensional time-space △b risk classification thresholds. There are also some shortfalls in this research. Thirty-four events may not be enough to derive exact thresholds. With respect to the whole b-value calculated by the OK1993 model, the uncertainty and the confidence interval of the whole b-value has not been resolved, which needs to be addressed in subsequent research.
During revision of this paper, there occurred in China on 5 September 2022, the MS6.8 Luding earthquake with an MS5.0 aftershock, which provided a new opportunity to verify the effectiveness of the SATLS. Therefore, along with the Menyuan earthquake, we also applied SATLS to the MS6.8 2022 Luding earthquake sequence. We obtained bbg = 0.9672 from the OK1993 model and b-values of time series by TbDD. The results showed that three days before the MS5.0 earthquake, the b-value started to decrease. As of 13:17 on October 23 when the MS5.0 aftershock occurred, the b-value had decreased to about 0.86, for a △b ≈ -0.1, which suggests that a red alert could have been declared for a strong aftershock of M≥5.0. To some extent, this event demonstrates the effectiveness of SATLS.
Although the N-test results showed that the Omi-R-J model failed in forecasting the strong MS5.2 aftershock, the failure reason could not rule out the possibility that the Omi-R-J method is based on the Omori–Utsu formula with a relatively simple aftershock attenuation law, and it only demonstrates obvious forecasting effectiveness for aftershock sequences with underdeveloped secondary aftershocks. For more complex earthquake sequences, the analysis may need to be combined with the ETAS model. In fact, CSEP also focuses on the predictability of some huge earthquake cases (Schorlemmer et al., 2018). For example, after the 2011 M9.0 earthquake in East Japan, Nanjo et al. (2012) and Ogata et al. (2013) systematically tested the forecasting effectiveness of various versions of the ETAS model and confirmed that it showed good forecasting performance on complex aftershock sequences. In the future, a combination of the semi-quantitative and semi-qualitative SATLS and the quantitative statistical probability forecasting models is still a realistic and feasible choice.
CONCLUSION
It is difficult to accurately forecast a disaster-causing aftershock using only traditional statistical forecasting models. We first used the TbDD method based on data-driven technology to obtain reliable b-values of time series. Second, based on the empirical relationship, △b = bafter - bbg, from 34 M≥6.0 intraplate earthquake sequences in the China continent and their strongest aftershocks of M≥5.0, a strong aftershock traffic light system (SATLS) was constructed. Taking the 8 January 2022 MS6.9 Menyuan earthquake in Qinghai Province as an example, a yellow alert attempt was made by using SATLS for the MS5.2 strong aftershocks that occurred several days after the main shock. The main results are summarized as follows:
1) The Omi-R-J model for aftershock probability forecasting was employed to conduct 83 consecutive sliding forecasts of strong aftershocks of the MS6.9 Menyuan earthquake sequence, and the forecasting performance was assessed by the N-test method. The results showed that the earthquake occurrence rates forecast by the Omi-R-J model before the largest aftershock (MS5.2) were too low; however, the model can accurately forecast aftershock rates for each magnitude interval in most time-periods, which makes it difficult to accurately forecast this strong aftershock.
2) The data from our research on the 34 M≥6.0 intraplate earthquake sequences in the China continent showed that △b = bafter - bbg =±0.1 can act as a discriminator to determine whether strong aftershocks of magnitude 5.0 or higher will occur. If the difference (△b = bafter - bbg) exceeded +0.1 (△b = 0.1) or was -0.1 (△b = -0.1), we assigned a traffic light color of green or red, respectively, otherwise yellow. We can further infer the possible magnitude of an aftershock based on the relationship between △M and △b.
3) The b-value calculation of the MS6.9 Menyuan earthquake sequence using TbDD showed that, for different time partitioning schemes, random partitioning times, and other technical rules, the perturbation of determined time series b-values was negligible. The b-value obtained using the events between the main shock and the MS5.2 event decreased 0.04 (△b ≈ -0.04) from 1.3 days before the MS5.2 strong aftershock, while the b-value calculated using the events between the main shock and the time after the MS5.2 earthquake decreased 0.2 and gradually recovered after this strong aftershock. From the time-series of b-values of the 2022 MS6.9 Menyuan earthquake sequence, before the MS5.2 event, only a yellow alert could be declared, which shows a gap from the expected determined red alert. One reason may be that it is questionable if the seismicity before an M≥5.0 strong aftershock could reveal the stress status of that moment. The fact that a strong aftershock of M≥5.0 abruptly changes the stress status in the focal area may be another factor. To improve the accuracy of forecast making, a deeper understanding of the true b-value and the detailed description of the stress evolution state in the source area is needed.(Gutenberg and Richter, 1944; Nandan et al., 2017; Si and Jiang, 2019; Jiang et al., 2021).
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Seismic quiescence or enhanced phenomena are anomalous changes against the background of normal seismic activity. Preliminary studies have found that earthquakes with a magnitude of ML≥4 often occur at a low occurrence frequency before giant earthquakes in Tibet. This study analyzed the catalog of ML≥4 earthquakes from 2008 to 2022 and examined the anomalous occurrence of ML≥4 earthquakes preceding most ML≥6 earthquakes. When the monthly occurrence frequency of ML≥4 earthquakes was lower than 4 times over six consecutive months, the subsequent occurrence of ML≥6 earthquakes was highly likely as evidenced by observations. The anomalous characteristics of low-intensity activities were analyzed as a medium- and short-term forecasting index for large earthquakes in the Tibetan area.
Keywords: Tibet, seismic quiescence, low-frequency, anomaly, earthquake forecasting
1 INTRODUCTION
Statistical analysis of quiescent seismic activity anomalies constitutes one of the methods used in seismological forecasting (e.g., Mogi, 1969; Huang et al., 2001; Wyss et al., 2004; Gentili et al., 2017; Gentili et al., 2019; Shi, 2020; Liu, 2021). The seismic quiescence area reflects the accumulation of regional strain during a certain period and thus is meaningful (Sobolev et al., 2002; Zöller et al., 2002; Chen et al., 2005; Wu and Chiao, 2006; Huang, 2008; Qin et al., 2015; Wen et al., 2016). Obvious moderate earthquake quiescence before many large earthquakes has been suggested and considered a precursor of strong earthquakes with physical significance as an important basis for earthquake forecasting (e.g., Huang et al., 2001; Zhang, 2001; Di Giovambattista and Tyupkin, 2004; Wyss et al., 2004; Zhu et al., 2012; Wang et al., 2014; Gentili et al., 2017; Wang et al., 2017; Chen, 2018; Zhang et al., 2018; Gentili et al., 2019; Katsumata and Nakatani, 2021). The seismic activity in mainland China indicates the alternation of strong and weak segments and associated fluctuations (e.g., Su, 1996), and the accumulated seismic data for northern China and southwestern China (Yunnan) suggest an appropriate minimum limit of the magnitude and quiescence period for seismic forecasting using the optimal parameter combination (e.g., Han, 1998; Han et al., 2006a; 2006b).
Although the Tibetan Plateau is vast and sparsely populated, earthquakes of magnitude six and above are highly destructive and can easily result in casualties and property losses (Tillotson, 1951; Liu et al., 2014; Liu et al., 2015). The destructive earthquakes caused direct economic losses of approximately 1,280 billion Yuan from 1993 to 2016, nearly equal to 80% of China’s fiscal revenue in 2016 (e.g., Li et al., 2018). For instance, the 2020 Yutian earthquakes affected an area of approximately 128,310 km2 with 455,000 inhabitants, causing direct economic losses of 1,080 million Yuan, and 2,970,054 m2 of houses in rural residential areas were completely destroyed or seriously damaged (e.g., Ni and Hong, 2014). From the perspective of reducing earthquake disasters, it is of great significance to explore and study forecasting methods for large earthquakes. Previous studies have also suggested that before the occurrence of M>6 earthquakes in Tibet (e.g., Chen, 2007; Liu et al., 2008; Yu et al., 2013; Tian et al., 2021), the epicenter and surrounding regions of earthquakes with a magnitude of ML≥4 were characterized by a large quiescent area (Chen et al., 2014). To further explore the relationship between low-intensity activity anomalies of ML≥4 earthquakes and large earthquakes, we conducted spatiotemporal scans of ML≥4 earthquakes in the Tibet Autonomous Region and adjacent areas (hereafter referred to as Tibet), performed statistical analysis of low-intensity anomalies to predict their significance and criteria, and determined medium- and short-term predictors of ML≥6 earthquakes with satisfactory regularity and reliability.
2 DATA AND METHODS
Regarding the sparse earthquake monitoring network in Tibet and because the magnitude of completeness is the ML≥3 level, the lower limit of the magnitude in this study was selected as ML=4.0. The catalog of M<5 earthquakes used in this study was a catalog of monthly earthquake reports obtained from the Tibet Regional Seismological Network from 1987 to 2022 (Seismological Bureau of the Tibet Autonomous Region), and the catalog of earthquakes of ML≥5 was compiled by the China Earthquake Network Center (China Earthquake Administration). The magnitude completeness for the regional catalog over running time windows has been checked to be ML≥3.0 and confirmed not to influence the ML≥4 earthquake occurrence frequency change. During daily earthquake forecasting, we adopted a very convenient statistical method to track this anomaly. We defined the occurrence frequency of fewer than 24 ML≥4 earthquakes over half a year in Tibet as a low-intensity anomaly and conducted time scans for the ML≥4 earthquake low-intensity occurrence within a 6-month window and 1-month steps. In this study, we focus on the Tibetan region because a great number of multidisciplinary studies have been conducted on forecasting methods for larger earthquakes, and the Tibetan Plateau has one of the highest seismic hazards in the world, such as the 1950 Assam M8.6 earthquake (e.g., Tillotson, 1951).
The study area was selected in the Tibet Autonomous Region and adjacent areas within 50 km around the Tibet Autonomous Region, covering the majority of the Tibetan Plateau (Figure 1). Considering the occurrence frequency of ML≥4 earthquakes in Tibet and adjacent areas, there is a notable difference before and after 2008 (Figure 2). From 1987 to 2007, the average annual recurrence frequency was 19 times, but from 2008 to 2022, the average annual recurrence frequency increased to >50 times. This could be explained by the rapid construction of the seismic monitoring network in 2008, namely, the 10th Five-Year Plan project. Before 2007, there were only five seismic stations in Tibet, and the recorded ML≥4 earthquake catalog was incomplete (Gao et al., 2015). However, after 2008, the number of seismic stations in the Tibetan region significantly increased, and the monitoring capacity was greatly improved (e.g., Gao et al., 2015).
[image: Figure 1]FIGURE 1 | Epicenter distribution of ML≥6 earthquakes in Tibet since 2008. The background color indicates the height. The colored circles indicate the epicenters of the ML≥6 earthquakes recorded by the China Earthquake Network Center. The red triangles indicate the seismic stations in Tibet in 2018.
[image: Figure 2]FIGURE 2 | Magnitude (MAG)-time (TM) and occurrence frequency (FREQ)-time diagrams of the ML≥4 earthquake occurrences from 1987 to 2022. The unit of time is years (YRS) (A) The earthquake magnitude adopts the ML scale according to the local network (B) The occurrence frequency uses the number (N) of times per year as a unit.
The minimum magnitude of completeness (Mc) in earthquake catalogs plays an important role in studying seismicity and assessing seismic hazards (e.g., Feng et al., 2010; Jiang and Wu, 2011; Yu et al., 2020). The specific calculation methods for Mc are the maximum curvature method (MAXC; Woessner et al., 2004) and the goodness-of-fit method (GFT; Wiemer and Wyss, 2000), or the entire magnitude range method (EMR; Woessner and Wiemer, 2005). Another method for calculating Mc is based on non-G-R relationships, such as the magnitude sequence (Schorlemmer and Woessner, 2008). In this study, we use the combination of MAXC, GFT and magnitude-sequence methods based on the software package ZMAP (Stefan Wiemer, ETH) according to the G-R law and the maximum curvature of logN-M correlation analysis (Figure 3; Supplementary Table S1). The advantage of complementing the earthquake-sequence method is that it can avoid the significant reduction in seismic monitoring capability in the aftershock area or even in a larger area after a strong earthquake (Aki, 1965). The observed earthquakes were randomly sampled, and the statistics were calculated after each sampling. The standard variance of each statistic was estimated as ΔMc (Yu et al., 2020). For these reasons, this study considered the period from 2008 to 2022, during which the minimum magnitude of the Tibetan network could reach 2.5–3.5 and an average of <3.5 (Figure 3; Table 1 and Supplementary Table S1). By scanning the activity of ML≥4 earthquakes from 2008 to 2022, we found that the monthly occurrence frequency of M≥4 earthquake activity was than a certain value (e.g., 4–8 times per month), concordant with the subsequently occurring M>6 earthquakes. This type of forecasting index can hardly be applied in forecasting because the time length of each seismic quiescence period differs. For instance, the earthquake quiescence phenomena before a strong earthquake and the quiescence interval between two strong earthquakes notably differ, which must be solved before using the seismic quiescence period as an effective earthquake forecasting index (e.g., Ping et al., 2001; Zhuang et al., 2002; Console et al., 2010; Zhu et al., 2014). The identification of spontaneous and triggered earthquakes is performed statistically. We applied the method to the seismicity of Tibet, analyzed the sensitivity of the results and mapped the background seismicity in Tibetan seismic areas (Figure 2). In addition, the aftershock elimination method was not incorporated to this study because the removal of aftershocks reduces the event number and thus enhances the observed seismic quiescence, which remains within the range of low-intensity anomalies and follows our estimates.
[image: Figure 3]FIGURE 3 | Variation in the minimum magnitude of completeness (Mc, blue curve) over 14 years in this study based on the MAXC and GFT methods using the software package of ZMAP (Stefan Wiemer, ETH).
TABLE 1 | Parameters of the ML≥6 earthquakes in Tibet from 2008 to 2022.
[image: Table 1]3 RESULTS
3.1 Statistics of the low-intensity occurrence of ML≥4 earthquakes immediately before strong earthquakes
The formation of the Tibetan Plateau had a profound effect on geological and geophysical evolution (e.g., Lei and Zhao, 2016). The eastern Tibetan region is composed of several tectonic blocks and separated by several very long active faults, such as the Kunlun fault, the Longmenshan (LMS) fault, the Xianshuihe fault, the Xiaojiang fault, and the Red River fault (Lei and Zhao, 2016). Along these faults, numerous large earthquakes have occurred frequently. Tibet upper crustal faulting is currently active throughout the orogen, with exceptions along a few north-trending rifts in southern Tibet, where earthquakes may have occurred within the lower crust or upper mantle lithosphere (e.g., Taylor and Yin, 2009).
From 2008 to 2022, a total of nearly twenty earthquakes of magnitude ML≥6 occurred in the study areas (Figure 1; Table 1), of which three earthquakes exhibited magnitude ML≥7, including two earthquakes of magnitude 7.3 in Yutian and Xinjiang and one earthquake of magnitude 8.1 in Nepal (within 50 km from the border). The minimum magnitude of completeness (Mc) in the study area has been decreasing since 2008 (Figure 3), with the highest Mc close to 3.5 from 2008 to 2011 and between 3.5 and 2.8 from 2011 to 2015, and the overall decrease in Mc from 2015 to 2021, with a minimum value of roughly 2.3 (Figure 3). The decrease in Mc value with time reflects the increase in seismic monitoring capability in the study area with time (e.g., Long et al., 2009). Then, the monthly occurrence frequency characteristics of ML≥4 earthquakes before ML≥6 earthquakes and the temporal correlation between fore- and mainshocks were analyzed (e.g., Guo, 2019). We calculate the expectation values of ML≥4 events times per month preceding the ML≥6 earthquakes in the study period (Supplementary Table S2) and further analyze the variation in the Poisson possibility distribution of the ML≥4 foreshock occurrence over the entire 14 years. The ML≥4 foreshocks exhibited Poisson probability of >10% in the consecutive months preceding the ML≥6 events (Fig. S1).
During data analysis, we found that the monthly occurrence frequency of ML≥4 earthquakes was greatly affected by the aftershocks of M≥5 earthquakes. In January 2008, two consecutive earthquakes of magnitude ML≥6 occurred in Gaize, and the activity characteristics of ML≥4 earthquakes from June 2007 to January 2008 were used for analysis. Figures 4, 5 show the time series and monthly occurrence frequency of earthquakes of magnitude ML≥4 from 2008 to 2022. Among the listed groups of M≥6 earthquakes and their foreshocks, we found no anomaly before the subsequent M6.0 earthquake (the 2009 Nima earthquake), which likely contained undetected events. The remaining earthquakes corresponded well to the quiescence phenomenon of ML≥4 earthquakes with a monthly occurrence frequency of ≤4 times over six consecutive months. Before the M6.6 earthquake in Dangxiong on 6 October 2008, affected by the M6.8 earthquake in Zhongba on 25 August 2008, and the M6.0 earthquake in Zhongba on 25 September 2008, the monthly occurrence frequency of ML≥4 earthquakes was high, and this could be regarded as an anomaly corresponding to strong earthquakes. Based on the above analysis, the monthly occurrence frequency of ML≥4 earthquakes was generally low before the occurrence of ML≥6 earthquakes in Tibet, e.g., at most 4 ML≥4 earthquakes over six consecutive months. The potential correspondence between the monthly occurrence frequency of the time series of ML≥4 events and distributed ML≥6 events was visualized (Figures 4, 5).
[image: Figure 4]FIGURE 4 | Magnitude–time and occurrence frequency–time diagrams of the ML≥4 earthquakes during the different periods (A) from June 2007 to March 2008 (B) from February 2008 to October 2008 (C) from November 2008 to July 2009 (D) from July 2009 to March 2010 (E) from August 2010 to September 2011 (F) from October 2011 to August 2012.
[image: Figure 5]FIGURE 5 | Magnitude-time and occurrence frequency-time diagrams of the ML≥4 earthquakes occurring during the different periods (A) from September 2012 to August 2013 (B) from April 2014 to April 2015 (C) from November 2016 to November 2017 (D) from September 2019 to July 2020 (E) from September 2020 to April 2021 (F) from November 2021 to June 2022.
Accordingly, in recent decades, the average monthly occurrence frequency of ML≥4 earthquakes in Tibet has remained above 4.2, and the meaningful low-intensity seismic activity for ML≥6 event forecasting indicates that the monthly occurrence frequency should decrease to <4 over >4 consecutive months (e.g., Li and Li, 1999; Ma et al., 2017). In detail, we noted that low-intensity earthquake activities corresponded to the subsequent occurrence of 15 ML≥6 events (>83% in total), as shown in the subfigures. For example, the low-intensity events between June 2007 and July 2008 exhibited a suitable agreement with the Gaize M6.9 (2008-01-09, Figure 4A), Yutian M7.3 (2008-03-21, Figure 4B), Zhongba M6.8 (2008-08-25, Figure 4B), Zhongba M6.0 (2008-09-25, Figure 4B), and Dangxiong M6.6 (2008-10-06, Figure 4B) earthquakes; the low-intensity events between November 2008 and May 2009 corresponded with the Nima M6.0 earthquake (2009-07-24) (Figures 4C, D). A similar correspondence is shown in Figures 4C–F, Figures 5A–F until 2022. However, there were still 3 ML≥6 earthquakes without the aforementioned low-intensity precursor of ML≥4 events before strong earthquakes, i.e., the Yutian M7.3 (2014-02-12), Zaduo M6.2 (2016-10-17), and Medog M6.3 (2019-04-24) earthquakes, which could be attributable to unclear mechanisms.
The statistical results revealed that 15 of the 18 ML≥6 earthquakes exhibited low-intensity activity of ML≥4 earthquakes lasting for more than 6 months before earthquake occurrence, accounting for >83% of the total number, and these strong earthquakes occurred within 4 months after the end of the low-intensity events. Among them, 8 ML≥6 earthquakes occurred during the continuous low-intensity activity period, 4 ML≥6 earthquakes occurred within 1–2 months after the low-intensity activity ended, and 3 ML≥6 earthquakes occurred within 3–4 months. Before the occurrence of large earthquakes, the monthly occurrence frequency of ML≥4 earthquakes was low on average, but the low-intensity period was not proportional to the magnitude of large earthquakes, and the low occurrence frequency did not significantly increase before large earthquakes, similar to short-term enhancement, which may be one of the characteristics of local seismicity in Tibet (Chen and Sun, 2004).
3.2 Spatial location analysis of large earthquakes
Seismic quiescence before large earthquakes has been found and demonstrated in several regions of the world, such as the 1995 M7.2 Kobe (Japan) earthquake (Huang et al., 2001), 2000 Mw 6.8 Uglegorskoe (Russia) earthquake (Wyss et al., 2004), 2016 Mw 6.0 Amatrice (Italy) earthquake (Gentili et al., 2017), 2017 Mw 7.3 Sarpol Zahab (Iran) earthquake (Gentili et al., 2019). Wyss and Habermann (1988) defined the above precursory seismicity quiescence as a statistically significant reduction in the activity rate before mainshock occurrence compared to the background rate within the same study area. Chen et al. (Chen et al., 2014) studied the moderate seismic activity in the surrounding areas of M>6.5 mainshocks in western China since 1970 and found that precursor large-scale seismicity quiescence occurred at the epicenter and surrounding areas of the mainshock. Spatially, a rate decrease occurred in the main shock source region and its vicinity. Currently, the detection of seismic quiescence before a major earthquake remains an exciting new possibility in earthquake physics (Chen et al., 2005) and represents a new and promising method to realize earthquake forecasting (Kisslinger, 1988; Wyss et al., 1997; Hainzl et al., 2000; Rundle et al., 2000; Keilis-Borok, 2002; Zöller et al., 2002; Turcotte et al., 2003; Takahashi and Kasahara, 2004).
We analyzed the spatial distribution of the abovementioned 15 ML≥6 large earthquakes corresponding to low-intensity precursory anomalies and found that most of these large earthquakes occurred in the quiescence area of ML≥4 earthquakes. Among them, 13 earthquakes (86%) occurred within the quiescence area, and two earthquakes did not occur in the quiescence area (Table 2). Here, we compare the location of the epicenters of the fore- and mainshocks (Figure 6). Since November 2021, low-intensity anomalies of ML≥4 earthquakes have again occurred, and ML≥4 earthquake quiescence areas have been formed in western, central and southeastern Tibet. These areas are high-risk areas for future ML≥6 earthquakes after July 2022.
TABLE 2 | Correspondence of the low-intensity ML≥4 earthquakes to the ML≥6 mainshocks.
[image: Table 2][image: Figure 6]FIGURE 6 | Distribution of the ML≥4 earthquakes and subsequent ML≥6 earthquakes. The blue solid circles indicate the ML≥4 foreshocks. The red stars represent the ML≥6 mainshocks (A) Gaize M6.9 (2009-01-09) and Gaize M6.0 earthquakes (2008-01-16) (B) Zhongba M6.8 (2008-08-25), Zhongba M6.0 (2008-09-25), and Dangxiong M6.6 earthquakes (2008-10-06) (C) Nie Rong M6.1 earthquake (2010-03-24) (D) Sikkim M6.8 earthquake (2011-09-18) (E) Zuogong M6.1 earthquake (2013-08-12) (F) Yutian M6.4 earthquake (2020-06-26) (G) Schematic illustration of estimating the loci of impending ML≥6 earthquakes based on ML≥4 foreshocks from November 2021 to July 2022.
4 DISCUSSION
Earthquake quiescence or enhancement represents an anomalous change against the background of normal activity, and this anomaly could provide a certain predictive significance for the time and location of strong earthquakes (e.g., Ping et al., 2000; Ma and Chen, 2011; Chen et al., 2013). From the perspective of reducing earthquake disasters, it is important to improve the forecasting methods for M>6 earthquakes. In Tibet, there is no systematic study of the forecasting performance of the earthquake quiescence anomaly due to technical and instrumental limits, but based on a recently greatly improved seismic network, we found that the ML≥4 seismic activity in Tibet was consistently associated with a low monthly occurrence frequency and moderate intensity in this region.
Earthquake occurrence imposes a certain effect on forecasting (Zhang et al., 2019). Subsequently, it is necessary to determine the anomalous characteristics of ML≥4 seismic activities to further explore the relationship between low-intensity ML≥4 seismic activity anomalies and strong earthquakes and to determine additional short-term forecasting indicators for strong earthquakes. The period of low-intensity seismicity is related to the magnitude of earthquakes above M6. However, there exists no direct proportional relationship between the period of low-intensity seismicity and subsequent strong earthquake magnitude according to our current study (Figures 4, 5), and more comprehensive evaluation research should be performed for hazardous earthquake forecasting.
Through analysis, we found that there occurred a suitable correspondence between strong earthquakes and the low-intensity activities of ML≥4 earthquakes, lasting for more than 6 months (e.g., Yan et al., 2012). The average monthly frequency of ML≥4 earthquakes in Tibet and neighboring areas since 2007 is 4.71 times, and the monthly frequency is generally considered low when it is less than 4 (Supplementary Table S2). In this study, the cumulative semiannual frequency of ML≥4 earthquakes in Tibet and neighboring areas is defined as low-frequency anomalies when the semiannual frequency is less than 24. However, sometimes influenced by aftershocks of large earthquakes or ML4 clusters, there are individual months with more than four earthquakes of ML≥4 during the duration of low frequency. The statistics of this study find that better correspondence with earthquakes of M≥ 6 is a period of sustained weak ML ≥ 4 seismic activity, and these occasional slightly higher frequencies have less impact. We compared different time windows to assess the low-intensity activity of events and found that the time window of the month range is one of the most effective and convenient windows for analyzing the event occurrence frequency, possibly due to the triggering effect of short-period Earth tides, including semidiurnal and diurnal tides (e.g., Klein, 1976). In this study, we counted the low-intensity anomalies from January 2007 to July 2022, with a window length of 6 months, in sequence, as shown in Supplementary Table S3. Since 2007, a total of 12 low-intensity anomalies have occurred, and except for the ongoing anomalies indicating subsequent corresponding earthquakes, nine of the previous 11 anomalies corresponded to ML≥6 earthquakes, with a corresponding rate of 82%. After eight low-intensity anomalies ended, ML≥6 earthquakes occurred within 2 months, accounting for 73% of the total number (Figure 7). To scientifically and objectively evaluate the effectiveness of this method for forecasting earthquakes, this study uses the R-value calculation method proposed by Xu (1993) in the evaluation of forecast effectiveness: [image: image], [image: image], [image: image], where [image: image] denotes the number of correctly forecasted earthquakes, [image: image] denotes the total number of earthquakes that should be forecasted, [image: image] denotes the forecast occupation time, and [image: image] denotes the total forecast study time. In this study, the total forecast study time is from January 2007 to March 2022, for a total of 182 months. During this period, 18 earthquakes of magnitude six or higher occurred. The forecast occupation time is 6 months from the beginning to the end of the anomaly, and the forecast occupation time for 11 anomalies is 143 months. The earthquakes that occurred during this period, called correctly forecasted earthquakes, are 16 in total. It is calculated that R = .1 > 0, indicating that the method is more effective than random forecasting and has predictive significance. Therefore, we suggest using this low-intensity anomaly as a short-term forecasting index for earthquakes of magnitude six or above. The forecasting threshold of the low-intensity anomaly is half a year, the predicted occurrence time of impending ML≥6 earthquakes is less than 2 months, and the earthquake location is within the quiescence zone of the ML≥4 foreshocks. The catalog and monthly count of the ML≥4 events used in this study are shown in Supplementary Table S4 and the supplemental dataset.
[image: Figure 7]FIGURE 7 | Occurrence frequency–time diagram of the ML≥4 earthquakes in Tibet from 2008 to 2022. The black curve indicates the cumulative events in the past 6 months. The red threshold line indicates the occurrence frequency of fewer than 24 ML≥4 earthquakes over half a year in Tibet, and the green arrows indicate ML≥6 earthquakes.
5 CONCLUSION
In this study, spatial and temporal scanning analysis of ML≥4 earthquakes and subsequent ML≥6 earthquakes in Tibet and adjacent areas was conducted via statistical test methods, and the following conclusions could be drawn: (Katsumata, 2011; Traitangwong and Pailoplee, 2017).
1) The low-intensity occurrence (≤24 times every 6 months) of ML≥4 earthquakes lasting for more than 6 months from 2008 to 2022 corresponded well to the subsequent occurrence of ML≥6 earthquakes in Tibet.
2) ML≥6 mainshocks preferentially occurred in the quiescent area of the epicenters of ML≥4 foreshocks. This anomalous feature could be used to predict the location of strong earthquakes in Tibet.
3) The period of low-intensity ML≥4 earthquakes was not proportional to the magnitude of subsequent strong earthquakes.
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The 2022 Ms6.0 Maerkang earthquake sequence, Sichuan, China, occurred in an unexpected area with historically rare seismicity in the Bayan Har block. Here we relocated the earthquake sequence, inverted for the focal mechanisms of the larger events, and calculated the rupture directivity of the earthquake sequence to reveal the seismogenic structures and mechanisms of this sequence. The high-precision relocations indicate that the seismogenic structures consist of several clusters that are generally parallel to the nearby NW-trending Songgang fault, and relatively small-scale conjugate faults are also identified. The seismicity migrated from cluster one in the south to cluster two in the north during the sequence. Furthermore, the hypocenters were largely located at 5–10 km depth, thereby highlighting that the seismogenic structures are buried. The vertical fault planes of the seismogenic structures are consistent with the high-dip focal mechanism solutions from seven events. A stress field inversion based on the focal mechanisms indicates that the sequence occurred in a strike-slip environment that was controlled by a NNW–SSE-striking principal compressive stress. The different rupture directivities of the Ms5.8 (southwestward) and Ms6.0 (southeastward) events prove the existence of conjugate faults. The Ms5.8 event induced a coseismic Coulomb stress change of 1.6 MPa where the Ms6.0 event subsequently occurred, thereby highlighting that the Ms5.8 event triggered the Ms6.0 event and produced the spatiotemporal seismicity pattern of the sequence. We therefore conclude that the seismogenic structures of the 2022 Ms6.0 Maerkang earthquake sequence are previously unknown concealed conjugate structures associated with the main Songgang fault. The complex seismogenic structures and their potential to generate large earthquakes warrant the need to better understand the seismogenesis of this area and the seismic risks that may be present.
Keywords: Maerkang earthquake sequence, seismogenic structure, spatiotemporal pattern, focal mechanism, Coulomb stress change
INTRODUCTION
An earthquake sequence that contained three Ms > 5.0 earthquakes (the largest of which was a Ms6.0 event) occurred in Maerkang City, Aba Tibetan and Qiang Autonomous Prefecture, Sichuan Province, southwestern China, beginning in the early morning of June 10, 2022 [China Standard Time (CST)]. A NW-trending seismicity belt with a maximum intensity of VIII was identified during the post-earthquake investigation. The initial earthquake locations were scattered in the inner Bayan Har block in an area adjacent to the northern segment of the NW-trending Songgang fault. Previous studies have revealed that most of the Ms ≥ 6 events that had occurred in the Bayan Har block since 2007, including the 2008 Ms7.3 Yutian (Wang et al., 2009; Ji et al., 2014), 2008 Mw7.9 Wenchuan (Wei et al., 2008; Shen et al., 2009; Yu et al., 2010; Hartzell et al., 2013), 2010 Ms7.1 Yushu (Chen et al., 2010; Wang et al., 2012), 2013 Ms7.0 Lushan (Xu et al., 2013; Long et al., 2015), 2013 Ms6.3 Knagding (Fang et al., 2015; Yi et al., 2015), and 2017 Ms7.0 Jiuzhaigou (Yi et al., 2017; Long et al., 2019; Wu et al., 2020; Hu et al., 2022) earthquakes, were located along boundaries of the block, whereas the 2021 Ms7.4 Maduo earthquake (Wang et al., 2021; Yue et al., 2022) and the Ms6.0 event in this sequence occurred in the block’s interior. Furthermore, the evolution of this sequence followed a foreshock–mainshock–aftershock pattern that was similar to the 2021 Ms6.4 Yangbi sequence in Yunnan Province (Long et al., 2021), thereby providing an additional reason to study this earthquake sequence.
It is well known that the precise location and focal mechanism solutions of an earthquake sequence play significant roles in determining its seismogenic structures and tectonic stress features (Michael, 1988; Shearer, 1997; Presti et al., 2008). We therefore relocated the sequence using a hybrid multi-stage method (Long et al., 2015) and inverted the focal mechanism solutions using the CAP (Zhao and Helmberger, 1994; Zhu and Helmberger, 1996) and HASH (Hardebeck and Shearer, 2002, 2003) methods. We then determined the rupture directivity of the two largest events to determine the fault planes and extracted the local stress map from the focal mechanisms to constrain the geodynamic source of these earthquakes. We also delineated the rupture processes of three M ≥ 5.0 events to deduce the causation of the seismicity transmission revealed by the Coulomb failure stress change. Our study may provide a reference for both investigating the geodynamic environment and earthquake nucleation process in this region and evaluating the potential risk of subsequent strong earthquakes.
GEOLOGICAL SETTING AND HISTORICAL EARTHQUAKES
The Bayan Har block, which is one of the main tectonic units that formed during the eastward movement of the Qinghai–Tibet Plateau. Its movement mode is controlled by the East Kunlun and Ganzi Yushu-Xianshuihe fault belts, two significant strike-slip faults on the northern and southern boundaries of the block, respectively (Xu et al., 2008). This area is also one of the most tectonically complex and active regions for strong earthquakes in Mainland China. The five Ms ≥ 7.0 earthquakes that have occurred in Mainland China since 2007 were all located in the boundary and internal areas of the block (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Geological setting of the Qinghai–Tibet plateau and the surrounding region. Solid yellow and blue lines indicate the block and sub-block boundaries, respectively, and the blue polygon B5 defines the bayan har block (Zhang et al., 2003). Numbered circles denote the Ms ≥ 6 earthquakes that have occurred in the region since 2007, which are described in the introduction orderly. The solid black arrows represent the movement directions of the blocks. The black box indicates the study region, which is shown in (B). B1: Lhasa block. B2: Qiangtang block. B3: Sichuan–Yunnan block. B4: South China block. B5: Bayan Har block. B6: Qaidam block. B7: Qilian block. B8: Ordos block. B9: Alashan block. B10: Tarim block. (B) Active faults and seismicity associated with the 2022 Ms6.0 Maerkang earthquake sequence in the study region. Black circles denote earthquakes that occurred during the Maerkang Ms6.0 earthquake sequence. Blue and red triangles represent the permanent and temporary (portable) seismometer locations. F1: Songgang fault. F2: Fubianhe fault. F3: Longriba fault. F4: Dari fault. F5: Aba fault. F6: Xianshuihe fault. F7: Longmenshan fault. F8: eastern Kunlun fault.
The nearest known tectonic structure to the Maerkang earthquake sequence is the Songgang fault (F1 in Figure 1B), an ∼103-km-long, NW-striking fault that dips 50°–70° toward the NE (Sun et al., 2010). Its slickensides and geomorphic features indicate mainly left-lateral movement along the fault. The Longriba fault intersects the Songgang fault, dividing it into northern and southern segments. In particular, the southern segment may have experienced a period of strong activity during the middle Pleistocene, followed by another episode in the late Pleistocene, whereas the northern segment records no apparent signs of activity at the surface since the late Pleistocene. Sun et al. (2010) suggested that only two Ms ≥ 5 earthquakes have occurred along the Songgang fault over the past 100 years, the 1932 Ms5.0 Maerkang and 1941 Ms6.0 Heishui earthquakes, both of which ruptured the southern segment.
The NW-trending Fubianhe fault (F2 in Figure 1B) forms the southeastern extension of the Songgang fault, and the two faults are en-echelon structures. Geological surveying has indicated that the Fubianhe fault became active during the late Pleistocene and has been dominated by sinistral strike-slip movement with a specific dip-slip component and an average horizontal slip rate of ∼1.3 ± 0.1 mm/a since the late Quaternary (Zhou et al., 1999). Several strong historical events such as the 1928 Ms5¾, 1989 Ms5.0, 1989 Ms6.0, and 1991 Ms5.0 Xiaojin earthquakes have indicated that the Fubianhe fault has been more seismically active than the Songgang fault over the past 100 years (Zhou et al., 1999).
The NE-trending Longriba fault is a boundary structure that divides the two secondary Aba and Longmenshan blocks within the Bayan Har block (F3 in Figure 1B) (Xu et al., 2008; Ren et al., 2013). This 300-km-long fault is strongly segmented, with thrust and strike-slip faulting along different fault segments. Although a Ms ≥ 5 event has not been recorded along the Longriba fault, Xu et al. (2008) proposed that this fault may be a highly active thrust–strike-slip fault zone that formed during the late Quaternary, based on field investigations, geomorphologic fault measurements. Global positioning system (GPS) measurements have determined a fracture deformation rate of ∼5 mm/a (Shen et al., 2005; Wang et al., 2008), which indicates that a Ms ≥ 7 earthquake risk exists along this fault zone.
The Dari fault (F4 in Figure 1B) is one of several large NW-trending, left-lateral strike-slip faults within the Bayan Har block and has been tectonically active during the Holocene. Liang et al. (2022) estimated an average horizontal slip rate of 20 ± 0.3 mm/a since the late Quaternary based on a joint interpretation of high-resolution seismic images, field investigations, and trench excavations.
The Aba fault (F5 in Figure 1B) is the main structural control on the Aba basin. It generally presents a sinistral strike-slip dislocation, as observed along other NW-trending faults in the region. The Abe fault is also strongly segmented. Geological surveying has indicated weak fault activity along its southern segment, with no dislocation of the Quaternary overburden visible at the surface, whereas intense activity has occurred along the middle segment during the Quaternary, with prominent normal fault movement. The fault plane for this middle segment is inclined to the south at 56°, and many graben structures have formed owing to extension along this segment (Cui, 2020). Fault activity in the northern segment is dominated by low-angle thrust faulting, which initiated during the late Pleistocene (Cui, 2020).
EARTHQUAKE SEQUENCE RELOCATION AND SPATIOTEMPORAL DISTRIBUTION CHARACTERISTICS
We detected 4,200 events that were associated with the Maerkang earthquake sequence during the June 9–23, 2022, period using a seismometer array that consisted of 57 permanent and three portable stations. Table 1 lists the locations and deployment times of the three portable stations; their locations are also marked as red triangles in Figure 1B. We double-checked the phase arrival information and relocated the earthquakes in the sequence that were detected during this time period. There was excellent station coverage for this earthquake sequence (Figure 1B), with almost all seismometers being within an epicentral distance of 150 km, such that clear upper-crustal compressional (Pg) and shear (Sg) phases were recorded. The magnitude–time (M–t) diagram (Figure 2A) indicates that this sequence consisted of many events, with four foreshocks recorded during the 4-h period before the Ms5.8 event at 00:03 CST on June 10. No events were recorded before June 9 in this region. We estimated the magnitude of completeness (Mc) of the sequence using the entire magnitude range algorithm (Woessner and Wiemer, 2005), and Mc was estimated to 1.4 for our dataset. We also fitted the Gutenberg–Richter (G–R) relationship, log10 N = a − bM (Gutenberg and Richter, 1944), using the maximum-likelihood method (Aki, 1965), where M is the magnitude, N is the cumulative number of earthquakes that are larger than or equal to M, and a and b are constants. The regression parameters were 4.44 and 0.83 for a and b, respectively. The sequence exhibited a significant trend for the higher-magnitude events: the observed frequency of the ML ≥ 4.0 events was higher than the synthetic value (Figure 2B).
TABLE 1 | Locations and deployment times for the three portable stations.
[image: Table 1][image: Figure 2]FIGURE 2 | (A) M–t diagram of the Maerkang earthquake sequence during June 9–23, 2022. The dashed box highlights the early stage of the sequence, with its M–t diagram enlarged in the upper-right corner. (B) Frequency–magnitude distribution of the 2022 Ms6.0 Maerkang earthquake sequence. Each square indicates the cumulative earthquake frequency at a given magnitude, and the red line is the best-fit line to the G–R relationship (Gutenberg and Richter, 1944).
We used a hybrid multi-stage method (Long et al., 2015) to relocate the earthquake sequence. The sequence was first located using HYPOINVERSE (Klein, 2014) based on a prior seismic velocity model estimated from local phase travel times in the eastern Qinghai–Tibet Plateau (Zhao and Zhang, 1987), wheras the Moho depth and compressional-to-shear seismic velocity ratio (Vp/Vs.) were fiexed at 61 km and 1.71, respectively, based on the H–κ stacking (Zhu and Kanamori, 2000) results from a regional receiver function analysis (Yang, 2014). We then selected the events that were recorded by more than eight stations and possessed a maximum azimuthal gap of <120° for a one-dimensional (1-D) velocity model inversion (Kissling, 1988; Kissling et al., 1994, 1995). The process was conducted 200 times by randomly resampling 80% of the selected events to obtain the best-fit local 1-D velocity model (Table 2) and station corrections. Lastly, we applied the hypoDD double-difference algorithm (Waldhauser and Ellsworth, 2000; Waldhauser, 2001), with a 5-km search radius applied to the travel-time-corrected earthquake sequence using the newly inverted velocity model. We relocated 3,800 events, as some events were eliminated owing to either weak links or air quakes. We applied a bootstrap procedure to estimate the location errors by repeating hypoDD 200 times using phase arrival times with Guassian noise. The standard errors were set to 0.15 and 0.25 s for the p and S phases, respectively, following Long et al. (2018). The average errors estimated from the 90% confidence interval contours were 520, 530, and 960 m in the E–W, N–S, and vertical directions, respectively, and the root mean square (RMS) error was 0.12 s.
TABLE 2 | Local 1-D velocity model for the study region.
[image: Table 2]The relocated epicentral map (Figure 3) shows that the entire sequence is located on the eastern border of a NW–SE-trending valley between Caodeng and Mori towns. The nearest active tectonic structure consists of three branches of the NW-trending Songgang fault, which are located to the west of the sequence. The sequence exhibits strong segmentation characteristics, and three distinguishable earthquake clusters are identified. The two more significant clusters (clusters 1 and 2 in Figure 3B) are parallel, NW-trending features, which are consistent with the main characteristics of the Songgang fault. Cluster 1 is positioned in the southwestern portion of the study region, whereas cluster 2 is much larger and located in the northeast. Clusters 1 and 2 are separated by ∼2 km, which is greater than the location errors. The Ms5.8 event occurred between these two clusters. The Ms6.0 event occurred in the central to northern part of cluster 2, whereas the Ms5.2 event occurred within cluster 3 (Figure 3B), a small NE-trending branch in the south. Furthermore, there appears to be a N–S trend in the depth distribution of the sequence, with the events along the northern segments of clusters 1 and 2 being much deeper than those along the other segments (Figure 3A), as well as a spatiotemporal seismicity pattern, with the seismicity migrating from cluster 1 to cluster 2 during the sequence (Figure 3B). We created a series of vertical profiles through the study region to characterize the seismogenic structures that were activated by the sequence (Figure 3A).
[image: Figure 3]FIGURE 3 | Relocated epicenters of the Ms6.0 Maerkang earthquake sequence. (A) Color-coded by depth. Dashed lines indicate the positions of the profiles, which are shown in Figures 4, 8. (B) Color-coded by occurrence time. Black polygons denote the three earthquake clusters discussed in the text. F1–F3: branches of the Songgang fault.
The AA′ profile (Figure 4A) was along the long axis of the southwestern cluster of the sequence (Cluster 1 in Figure 3B), with a 1.5-km projection width on each side to ensure that only the events within this cluster were plotted. The same projection width was set to create the other profiles. The area with a high aftershock density highlights a 6-km-long, NW-dipping rupture plane. Stratified seismicity along three semi-parallel planes is also observed along the southeastern end of the rupture area, illustrating a stress trigger effect. The BB′ profile (Figure 4B) was positioned along the long axis of the northeastern cluster of the sequence (Cluster 2 in Figure 3B), and a 12-km-long, NW-dipping rupture and stratified seismicity were observed along the southeastern end of the rupture area. The structural characteristics of profile BB′ are similar to those of profile AA′. The Ms6.0 event was positioned at ∼12 km depth in profile BB′, slightly below the lower boundary of the dense aftershock area.
[image: Figure 4]FIGURE 4 | Focal depth projections along profiles (A) AA′ and (B) BB′. Solid lines indicate seismicity stratification along distinct rupture planes. Profile locations are shown in Figure 3A.
The relocated Ms5.8 event was at ∼5 km depth in the AA′ and BB′ profiles, along the upper boundary of the dense aftershock area, which is contrary to our understanding of large earthquakes often occurring along the lower boundary of an earthquake sequence. The earthquake depths are heavily scattered during the early stage of the sequence (red circles in Figure 4A, which span the first 46 h of the sequence, or up to ∼1.65 on the logarithm scale) compared with the later earthquakes, which may indicate that the near-field portable station deployment significantly improved the precision of the focal depths. We compared the HYPOINVERSE inversion RMS error (Figure 5A), horizontal error (Figure 5B), and vertical error (Figure 5C) before and after the portable station deployment and found that the portable stations significantly reduced the location errors. The events in the early stage of the sequence, including the Ms5.8 event, may therefore have significant focal depth uncertainties. The focal depths from the early part of the sequence are expected to converge along more defined rupture planes if additional constraints are supplied.
[image: Figure 5]FIGURE 5 | Histograms of the earthquake location (A) RMS error, (B) horizontal error, and (C) vertical error before (red) and after (green) deployment of three portable stations.
The subsurface lengths of clusters 1 and 2 are 6 and 12 km, which correspond to predicted magnitudes of 5.4 and 5.9, respectively, based on the Wells and Coppersmith, (1994) relationship. The down-dip rupture widths were also measured from the dense aftershock areas of clusters 1 and 2, with widths of 4 and 6 km corresponding to predicted magnitudes of 5.4 and 5.8, respectively. The predicted magnitudes for cluster 2 are very similar to the observed Ms6.0 (or Mw5.87 from the focal mechanism analysis below) event that occurred within cluster 2, whereas no M > 5 event occurred within cluster 1.
The near-field observations also significantly improved the seismic monitoring limitation. The Mc decreased from 1.8 to 1.3 after the portable station deployment, and the b-value from the G–R relationship increased from 0.72 to 0.97 (Figure 6). We selected the ML ≥ 1.8 events (upper Mc bound for the two stages) to fit the modified Omori law (Utsu, 1961):
[image: image]
where N is the aftershock frequency, t is the time since the triggering event, k is the productivity of the aftershock sequence, p is the power law exponent, and c is the time delay before the onset of the power-law aftershock decay rate. The p-values were 0.41 and 0.66 before and after the portable station deployment, respectively, which indicates that the sequence decayed slowly. However, the near-field observations yielded a faster decay rate (Figure 7).
[image: Figure 6]FIGURE 6 | Frequency–magnitude distributions (A) before and (B) after the deployment of three portable stations.
[image: Figure 7]FIGURE 7 | Fit of the modified Omori’s law to the earthquake sequence (A) before and (B) after the deployment of three portable stations.
Profiles CC′ to GG′ intersected clusters 1 and 2 from north to south. Profile CC′ (Figure 8A) highlights that the earthquakes in the northwestern part of cluster 2 lie along a listric fault surface that is vertical above 9 km depth and dips toward the southwest below 9 km depth. Profiles DD′–GG′ (Figures 8B–E) indicate that clusters 1 and 2 lie along almost vertical faults above 8 km depth that then start to slope toward each other, intersecting at 10 km depth. The parallel branches of seismogenic structures often show independence on shallow part, while they are connected at deep part, such as the Longquan shan fault (Zhao et al., 2021). The same distribution pattern showed by the cluster 1 and 2 of the Maerkang earthquake sequence highlighted they come from a unified seismogenic structure. Profile HH′ (Figure 8F) indicates that cluster 3 lies along an almost vertical fault plane.
[image: Figure 8]FIGURE 8 | Focal depth projection along profiles CC′–HH′. Dashed lines indicate inferred seismogenic structures. (A): profile AA′, (B): profile DD′, (C): profile EE′, (D): profile FF′, (E): profile GG′, (F): profile HH′.
FOCAL MECHANISMS
The focal mechanism solutions for most of the Mw ≥ 4.0 events in this sequence that possessed high signal-to-noise ratios were determined via the CAP method (Zhao and Helmberger, 1994; Zhu and Helmberger, 1996). The method has been proven to yield robust and well-constrained results (Tan et al., 2006; Zheng et al., 2009). We divided the waveform into two parts, extended p waves (Pnl), which are long-period body waves after the P-wave onset (first two columns of Figures 10A,B) and surface waves, and time-shifted the synthetic waveforms along the observed waveforms until the maximum cross-correlation coefficient (CC) was obtained. A grid-search algorithm was applied to calculate the best-fit focal mechanism parameters in five dimensions: strike, dip, rake, moment magnitude, and centroid depth.
The waveforms from the broadband stations within an epicentral distance of 350 km were used to invert for the focal mechanisms, and the Green functions were calculated using the frequency–wavenumber method (Zhu and Rivera, 2002) based on the newly inverted local velocity model in Table 2. We specified window lengths of 30 and 60 s for Pnl and surface waves, respectively, and filtered them using 0.05–0.2 and 0.05–0.1 Hz bandpass filters, respectively. The source time duration was set to 5 s when the magnitude was ∼6, and 1 s when the magnitude was less than 5.0.
The RMS error–focal depth diagrams indicate that the respective best-fit depths of the Ms5.8 and Ms6.0 events are 8.0 km (Figure 9A) and 8.5 km (Figure 9B), respectively, which are about ∼4 km from the relocated depths in Figure 4. We believe that the CAP results may therefore be more reliable for constraining the focal depths of these events due to the lack of near-field constraints during the early stage of the sequence. The fits between the observed and synthetic waveforms yielded CC > 0.8 for >70% of the Pnl and surface-wave components (Figure 10), which indicate that the new 1-D model is accurate for the study region. We computed the focal mechanisms for six events in the earthquake sequence via the CAP method and found that they were all strike-slip events with centroid depths between 4.5 and 8.5 km (Table 3).
[image: Figure 9]FIGURE 9 | Variations in RMS error with focal depth during the focal mechanism inversion for the (A) Ms5.8 and (B) Ms6.0 Maerkang earthquakes.
[image: Figure 10]FIGURE 10 | (Continued).
TABLE 3 | Focal mechanism solutions for the maerkang earthquake sequence.
[image: Table 3]The focal mechanism solution for the Ms5.2 event at 03:27 CST on June 10, 2022, could not be determined via the CAP method owing to waveform superposition from a smaller event (Figure 11). We therefore applied the HASH method (Hardebeck and Shearer, 2002, 2003) to obtain the focal mechanism for this event. We only used the P-wave onset polarities from the vertical component within an epicentral distance of 300 km and estimated the take-off angles using a simplified two-layer crust velocity model (Zhu, 1988). The results yielded a nearly pure strike-slip-type focal mechanism, which is very similar to the other focal mechanisms determined via the CAP method (Table 3; Figure 12).
[image: Figure 11]FIGURE 11 | (A) Original waveform and (B) spectrogram of the Ms5.2 event, recorded at station GZA, with the high-frequency energy signal detected before the S phase indicating an overlapping small event.
[image: Figure 12]FIGURE 12 | Focal mechanism beach ball solution for the Ms5.2 event. Solid and hollow circles indicate downward and upward polarities, respectively.
The stress field was obtained via the SSI method (Michael, 1985; Michael, 1991) using the focal mechanisms of seven Ms > 4 events in the sequence (Table 3; Figure 13A), yielding strike-slip faulting along the seismogenic structures (Figure 13B). The NWW-trending principal stress is consistent with the local stress map (Wang et al., 2015) and GPS-derived block movement (Wang and Shen, 2020). Therefore, we suggest that the regional tectonic stress field may have controlled this earthquake sequence.
[image: Figure 13]FIGURE 13 | (A) Focal mechanisms for the events that were analyzed in this study. (B) Stress field that was inverted via the SSI method using the focal mechanisms in (A). The other symbols in (A) are the same as those in Figure 3. S1, S2, and S3 are the principal stresses, ordered from most compressional to most dilatational, and contours indicate the uncertainty range of each axis at the 95% confidence interval and the variance and φ representing the solution misfit and relative stress size, respectively [see Michael (1991) for further details of the SSI method].
RUPTURE DIRECTIVITY OF THE TWO MAINSHOCKS
The different trends of the relocated clusters (Figure 2) indicate varying rupture patterns during this sequence. Although the focal mechanisms can provide nodal plane information, it is difficult to determine the true ruptured fault plane due to ambiguities in the focal mechanism solutions (Shearer, 2009). We further explored the complexity of the source process of this sequence using the relative centroid location approach (He et al., 2015; He et al., 2018) to determine the rupture directivities of the Ms5.8 and Ms6.0 events (det1 and det2, respectively, in Table 4). The relative location between the centroid and hypocenter indicates the rupture direction and half of the rupture length when a unilateral rupture is assumed, where the hypocenter is usually determined using P-wave arrival times and the centroid can be resolved using a long-period waveform cross-correlation approach. This method allows a smaller event near the master event (the reference event) to be applied to suppress the path effect.
TABLE 4 | Rupture directivity of the Ms5.8 (det1) and Ms6.0 (det2) events.
[image: Table 4]We selected two small events with high signal-to-noise ratios near the Ms5.8 and Ms6.0 events as reference events (ref1 and ref2, respectively, in Table 4) and used the hypocenter locations and focal mechanisms for both the Ms5.8 and Ms6.0 events and the reference events to determine the rupture directivity. The synthetic waveforms in the CAP method are calculated for a given reference velocity model, with the event located at the hypocenter. The time shifts for the Pnl and surface waves that are output in the CAP inversion are mainly attributed to two parameters: the location difference between the centroid and hypocenter and the difference between the real crustal structure and reference velocity model. We assume that the hypocenter and reference event are located close to each other, such that the time shifts of the reference event can be applied as the path calibration factor and the time shifts of the master event can be corrected by subtracting the path calibration factor. The differential time shifts can then be fit using a cosine function (Eq. 2) by assuming that the master event ruptures either parallel or perpendicular to the strike of either nodal plane:
[image: image]
where dt is the differential time shift, t0 is the source time duration difference between the master event and the reference event, v is the apparent velocity of the selected seismic phase (generally assumed to be 6.0 km/s for Pnl waves, 3.1 km/s for Rayleigh waves, and 3.5 km/s for Love waves), L is the rupture length, and az and stk are the azimuth and strike of the rupture plane. t0 and L can be resolved via a least-squares approach, with the sign of L representing rupture perpendicular (positive) or parallel (negative) to the strike of the rupture plane. We used the time shift differences that were measured from the Love waves with CC > 0.9 for the Ms5.8 and Ms6.0 events and then fit the time shifts using Eq. 2, and the rupture directivity and length estimates are listed in Table 4. The Ms5.8 event (det1) ruptured toward the southwest for 3 km (Figure 14), and the Ms6.0 event (det2) ruptured toward the southeast for 3-4 km (Figure 15). The rupture lengths of both events were much shorter than the 9-km rupture length that was determined via the empirical scale law (Wells and Coppersmith, 1994), thereby suggesting the potential of bilateral rupture.
[image: Figure 14]FIGURE 14 | Rupture directivity fitting of the Ms5.8 event (det1). Two reference events are used (left: ref1; and right: ref2). Dots denote the time shift differences at each station (CC ≥ 0.9), and the lines denote the predicted time shifts of nodal planes 1 (solid) and 2 (dashed) listed in Table 3. The results indicate ∼3 km of rupture to the southwest.
[image: Figure 15]FIGURE 15 | Rupture directivity fitting of the Ms6.0 event (det2). Two reference events are used (left: ref1; right: ref2). Dots denote the time shift differences at each station (CC ≥ 0.9), and lines denote the predicted time shifts of nodal planes 1 (dashed) and 2 (solid) listed in Table 3. The results indicate 3–4 km of rupture to the southeast.
DISCUSSION
Seismogenic structures of the 2022 Ms6.0 maerkang earthquake sequence
Although the focal mechanisms indicate that the 2022 Ms6.0 Maerkang earthquake sequence was controlled by a consistent tectonic movement that was induced by a horizontal, approximately E–W-oriented principal compressive stress, both the relocated sequence and the rupture directivity illustrate that more complex seismogenic structures may be associated with this sequence. The different trends of the three clusters, stratified seismicity, and various rupture directions all indicate that at least four different-scale faults ruptured during the sequence (Figure 16). The rupture directivity of the Ms5.8 event suggests that there may be another SW-trending fault where the Ms5.8 event occurred that is perpendicular to clusters 1 and 2. However, there is no sign of a corresponding relocated earthquake distribution.
[image: Figure 16]FIGURE 16 | Rupture pattern of the 2022 Ms6.0 Maerkang earthquake sequence. F1–F3 are branches of the Songgang fault. Clusters 1–3 are the same earthquake clusters in Figure 2B if1–if4 are the inferred faults that were activated by the sequence, and arrows indicatie the relative movement directions. The other symbols are the same as those in Figure 3.
Although the inferred fault planes of this sequence do not align with the local branches of the Songgang fault, their vertical orientations and proximity to each other suggest that these seismogenic structures may be associated with the Songgang fault. The fact that these structures are buried and only active at 5–10 km depth, as indicated by the relocated sequence (Figure 3), is a key reason why they have not been identified during previous geological surveys (Sun et al., 2010).
Similar to the 2021 Ms6.4 Yangbi earthquake sequence in Yunnan Province, China (Long et al., 2021), clusters one and two, or inferred faults one and two (if1 and if2 in Figure 16), may have been generated by the dragging effect of large-scale strike-slip faults, as these structures are approximately parallel to the Songgang fault, which is the main fault in the area. This interpretation would mean that cluster three (or if3 in Figure 16) and inferred fault four (if4 in Figure 16) are likely conjugate faults (Figure 13B). Under the control of the unified tectonic stress field, conjugate faults are usually perpendicular to the main fault, and they form an angle of 45° with the principal stress axis (Bretan et al., 1996).
Coseismic stress triggering of the earthquake sequence
The coseismic stress transfer produced by large earthquakes has a profound impact on the occurrence of successive earthquakes (Stein, 2003). A number of prior studies have successfully applied the Coulomb failure stress model to explain aftershock distributions (Deng and Sykes, 1997a, b; King et al., 1994; Stein, 1999, 2003; Yadav et al., 2011), earthquake sequences (Stein et al., 1994; Nalbant et al., 1998; Xiong et al., 2010), and the triggering of moderate-to-strong earthquakes (Harris et al., 1995; Deng and Sykes, 1996; Jaume and Sykes, 1996). We calculated the coseismic Coulomb failure stress changes (ΔCFS) of the Ms5.8 event using the PSGRN and PSCMP tools (Wang, 2003; Wang et al., 2006) to determine if there was a stress transfer effect on the spatiotemporal evolution of this sequence. The positions of the main faults were defined by the relocated earthquake locations and their associated rupture directivities, and the fault lengths were estimated from the empirical relationship of Wells and Coppersmith (1994). The slip amount on the fault planes, D, was then evaluated using the M0 = μDA formula (Aki, 1966), where M0 is the seismic moment (determined via the CAP method), μ is the shear modulus (reasonable estimation of 3 × 1011 dyn/cm2 applied), and A is the fault area (measured from the relocated cross sections). We defined if2 as the receiver fault, as the Ms6.0 event occurred along this fault, and we specified the fault occurrence based on the focal mechanism of the Ms6.0 event in Table 3. Our analysis indicates that the Ms6.0 event occurred in a highly stressed area that possessed a ΔCFS value of 1.6 MPa (Figure 17), which is well above the trigger threshold of 0.01 MPa (Toda et al., 1998; Stein, 1999). It could therefore be inferred that the Ms5.8 event along fault if4 triggered the Ms6.0 event along fault if2, which constituted the spatiotemporal pattern of the earthquake sequence.
[image: Figure 17]FIGURE 17 | Coulomb failure stress changes (ΔCFS) due to the Ms5.8 event.
Characteristics of the complex faults of the seismogenic structures
The interconnectivity of the earthquake clusters and inferred faults highlights that the 2022 Ms6.0 Maerkang earthquake sequence occurred along complex seismogenic faults, which are a rare tectonic phenomenon. This is due to the problem of linking the complex seismogenic structures of multiple faults at depth through geometric and mechanical relationships. Parallel clusters 1 and 2 in the Maerkang sequence appear to be connected at 10 km depth (Figure 8), which illustrates that they are the branches of another main fault. Chamberlain et al. (2021) carefully studied the 2016 Kaikōura earthquake on the South Island of New Zealand, which generated the significant rupture of at least 21 crustal faults, and they found that the offshore faults provided a link between the southern faults where the earthquake initiated and the northern faults where the largest amount of slip occurred. Ross et al. (2019) pointed out that these types of earthquakes, which present complex seismogenic structures, often occur in immature fault zones and activate many orthogonal structures during their analysis of the 2019 Ridgecrest sequence. The migration of seismicity early in the earthquake sequence is a significant characteristic. The Maerkang earthquake sequence migrated from cluster 1 to 2 during the early stage of the sequence, similar to the migration of seismicity during the 2012 Emilia seismic sequence, Italy, which Sugan et al. (2019) interpreted as a fingerprint of an early afterslip that was triggered by the first mainshock.
CONCLUSION
We revealed the seismogenic structures and mechanism of the 2022 Ms6.0 Maerkang earthquake sequence, Sichuan Province, southwestern China, by relocating the earthquake sequence, inverting for the focal mechanisms, and calculating the rupture directivity of the earthquake sequence to better understand the seismogenesis of this earthquake sequence and the potential seismic risks it may pose. We conclude that:
1. The seismogenic structures of the Maerkang earthquake sequence are buried faults that may be linked to the nearby Songgang fault, as opposed to the Songgang fault itself. There was a strong spatiotemporal segmentation of the sequence that could be separated into several clusters that were generally parallel to the NW-trending Songgang fault, and a conjugate structure was also identified. The fault planes were vertical at shallow depths but appeared to be connected at ∼10 km depth. The fault planes associated with the two major clusters also dip toward the NW.
2. The focal mechanisms for seven M > 4.0 events (Table 3) in the sequence were similar and indicated a stress field with strike-slip faulting, which is consistent with the local stress map (Wang et al., 2015). We determined the rupture plane using the directivity effect to avoid the ambiguity of the two nodal planes of the focal mechanisms. We confirmed that the Ms6.0 event ruptured to the southeast, which is consistent with the dominant distribution of the sequence, whereas the Ms5.8 ruptured to the southwest. This latter rupture direction suggests that additional conjugate faults may be present in the area.
3. Four inferred seismogenic faults were identified. Furthermore, the spatiotemporal pattern of the sequence was due to coseismic stress transfer, with the seismicity migrating from cluster 1 to cluster two.
4. Similar to the Ms6.4 Yangbi (Long et al., 2021) and Ms6.0 Changning (Yi et al., 2019) earthquakes, the associated structures of the active faults may generate strong earthquakes, such that the potential seismic risks in these areas need to be seriously considered.
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The eastward expansion of the Tibetan Plateau has resulted in extensive seismic activities in the eastern Tibetan Plateau, along with various types of faulting processes across this region. However, the crustal stress status related to these phenomena remains unclear. On 21 May 2021, the Ms 6.4 Yangbi and Ms 7.4 Maduo earthquakes with diverse focal mechanisms occurred consecutively in the Chuandian and Bayan Har blocks in the southern and northern parts of the eastern Tibetan Plateau, providing a distinct opportunity to directly compare the stresses in both flanks of the laterally expanding plateau. In this study, we estimate the stress drops of the Yangbi and Maduo earthquake sequences for all [image: image] events from the Lg-wave spectra. Both the path attenuation and site effect are properly removed based on an established broadband Lg-wave attenuation model. Then, the distribution of the stress drops is refined through high-precision earthquake relocation. Quick decays in stress drops were observed after both mainshocks. The Yangbi sequence has a relatively high median stress drop value, with significantly high stress drops for some foreshocks that possibly indicate a cascade triggering mechanism for the nucleation of the mainshock. In comparison, the Maduo sequence is characterized by a higher stress drop for the mainshock and sustained large fluctuation in stress drops for aftershocks. The Maduo aftershocks extend both the eastern and western directions from the mainshock, with relatively low stress drops in the east, suggesting a large amount of energy has been spent to drive the supershear rupture during the mainshock. We also find that the stress drops are associated with fault junctions for the Yangbi sequence, and are associated with variations in strength along the fault for the Maduo sequence, which are very likely linked with patterns of crustal motion and deformation in the eastern Tibetan Plateau.
Keywords: stress drop, Lg source spectra, Yangbi earthquake sequence, Maduo earthquake sequence, eastern Tibetan plateau
1 INTRODUCTION
The geological evolution of the Tibetan Plateau during the Cenozoic is accompanied by well-developed fault systems and seismic activities (Figure 1); therefore, explorations into present-day seismicity and source parameters can shed light on structures and properties of the seismogenic layers, advancing our understanding of the growing process of the plateau (Molnar and Lyoncaen, 1989). In the southern and northern Tibetan Plateau, significant thrusting indicates the uplift of the Tibetan Plateau in response to the continued north-south convergence between the Indian and Eurasian plates (Yin and Harrison, 2000). Since the middle Miocene, north–south-trending normal faulting began to develop in the central Tibetan Plateau, signifying the east-west expansion of the high-rising plateau crust (e.g., Yin and Harrison, 2000; Blisniuk et al., 2001). The resulting eastward movements of crustal blocks, including the Bayan Har and Chuandian, led to reverse faulting on the Longmanshan faults that mark the eastern boundary of the Tibetan Plateau (e.g., Zheng et al., 2017) and devastating earthquakes, including the Wenchuan earthquake in 2008 and the Lushan earthquake in 2013 (Wang et al., 2015). In addition, significant strike-slip motions were also produced on the boundaries of the extruding blocks. In particular, on 21 May 2021, within ∼4.3 h, the Yangbi Ms 6.4 earthquake occurred in the Chuandian block, and the Maduo Ms 7.4 earthquake occurred in the Bayan Har block, both with primarily strike-slip faulting. However, the faulting behaviors vary across the southern boundaries of the Chuandian block and the northern boundaries of the Bayan Har block. Right-lateral strike-slip plus normal faulting and left-lateral strike-slip plus reverse faulting were obtained for the mechanism solutions of the Yangbi and Maduo earthquakes, respectively (Long et al., 2021; Zhang J. Y. et al., 2022). The various focal mechanisms may reflect intricate fault morphology and probably a complicated regional stress setting, yet the stress distributions within the fault system and related tectonic attributions remain unclear. Exploring the stress release of these earthquakes can shed light on the localized stress variability within seismogenic faults and improve our understanding of the nature of plateau expansion (Holt et al., 1991; Zhang et al., 2010; Sun et al., 2018).
[image: Figure 1]FIGURE 1 | Map showing active faults (lines) and moderate to large earthquakes (beach balls) on the Tibetan Plateau, with their kinematic types coded by colors. Geological blocks filled with blue and yellow are the Bayan Har and Chuandian blocks, respectively. Locations and focal mechanisms of the 2021 May Yangbi and Maduo earthquakes are indicated by red beach balls.
The stress drop is defined as the difference between the average stresses on a fault before and after an earthquake (e.g., Shearer et al., 2006). It is one of the fundamental source-scaling parameters, providing information on the rupture processes and underlying tectonics controlling them (e.g., Allmann and Shearer, 2009; Abercrombie, 2014). The stress drop of earthquakes can be an indicator of the localized stress variability of the seismogenic fault (e.g., Allmann and Shearer, 2007; Yamada et al., 2010), whereas it is not equivalent to the overall stress levels of faults. Rupture simulations demonstrated that keeping the same stress drop at different stress levels can produce identical synthetic waveforms, even in near field (Weng and Yang, 2018; Yao and Yang, 2020). Since both Yangbi and Maduo earthquake sequences were primarily strike-slip faulting, it is not necessary to attribute the difference in stress drop to focal mechanisms and we can explore the localized stress variability in the eastern Tibetan Plateau by straightforward comparison of the stress drops between the two earthquake sequences. However, the stress drop is calculated based on reliable restoration of the earthquake source spectrum, which can be easily distorted by seismic attenuation and shallow structures beneath stations. Several methods have been developed to solve this, including the empirical Green’s function method (Shearer et al., 2006) and the generalized joint inversion method to solve for both the source and path attenuation (Oth et al., 2011). However, the rapid development in attenuation tomography over recent years has inspired us with a novel approach to directly remove the attenuation and site effects from the observed spectra based on the established attenuation model (He et al., 2020). Zhao et al. (2010) developed a broadband Lg-wave attenuation tomography scheme that utilized both source-station amplitudes and interstation amplitude ratios to obtain the high-resolution broadband Lg-wave Q model. This method was then improved to incorporate the interevent amplitude ratios thus the site response for each station could also be inverted (Zhao and Xie, 2016). By using the this method, a high-resolution broadband Lg-wave Q model was obtained for China, which is consistent with geological features (Zhao et al., 2010; 2013b; Zhao et al., 2013a; He X. et al., 2021). The site responses were also obtained for relevant stations. Taking advantage of attenuation and site response dataset, the accurate of the stress drop estimates for the 21 May 2021 Yangbi and Maduo earthquake sequences can be achieved.
In this study, we retrieve Lg-wave source spectra for earthquakes with magnitudes [image: image] for both Yangbi and Maduo earthquake sequences. The effects of attenuation along the propagation path and site response are removed using the established broadband regional Lg-wave attenuation model and regional site response data. Based on the reliable source spectra and assuming a generalized source model (Boatwright, 1980), the seismic moment, corner frequency and high-frequency falloff rate are estimated for each event. The stress drop is then calculated for both the Yangbi and Maduo earthquake sequences. To investigate the temporal and spatial evolutions of these stress drops, we relocated earthquakes to refine their source locations. Finally, we discuss the tectonic implications of these stress drops and their relations with the eastward expansion of the Tibetan Plateau.
2 DATA AND METHOD
2.1 Regional dataset
In this study, 105 earthquakes were selected from the catalog of the China Earthquake Network Center (CENC), including the 21 May 2021 Yangbi mainshock, with 11 foreshocks after 13 May and 39 aftershocks before 1 June, and the Maduo mainshock, with 53 aftershocks before 1 June. These earthquakes were selected according to magnitudes [image: image] to improve the quality of Lg recordings, and their locations and origin times were obtained from the catalog. We collected more than 42 thousand vertical-component seismograms recorded by 376 permanent seismic stations to investigate the source properties of the 2021 Yangbi and Maduo earthquake sequences. These stations have good azimuthal coverage and were within epicentral distances between 200–3,000 km to ensure well developed Lg waves (Figure 2).
[image: Figure 2]FIGURE 2 | Map of the distribution of stations used in this study (A) and illustrations of seismograms (B,C). (A) Stations are represented by filled squares. Locations and focal mechanisms of the 2021 May Yangbi and Maduo earthquakes are indicated by orange and blue beach balls, respectively. Orange and blue squares represent stations selected to show their recordings for the Yangbi and Maduo mainshocks, respectively. (B,C) Waveforms are filtered between 0.5 and 1.0 Hz to improve the Lg demonstrations and are aligned with a reduced velocity of 8.4 km/s. Typical group velocities of the Lg phase, 3.6–3.0 km/s, are highlighted. The Lg-wave group velocity window can be slightly adjusted for each trace to capture the maximum energy arrival.
2.2 Lg-wave preprocessing
The seismic Lg-wave, developed from a reverberated S-wave in the continental crust, is one of the prominent seismic phases in regional seismograms and often used in amplitude analysis (Furumura and Kennett, 1997; Fisk, 2006; Pasyanos et al., 2009). To analyze the arrival times and frequency contents of different regional phases, illustrated in Figure 3A is a regional waveform, and in Figure 3B is the corresponding spectrogram. The spectrogram was obtained using the short-time Fourier transform, where the window was determined to be consistent with the regular Lg-extraction length, according to the velocity window with a length of 0.6 km/s. Due to the changing length of the window, we regularized the spectrogram at 58 frequencies within 0.05–10.0 Hz, and then normalized the spectrogram at each frequency. The first arrival in the spectrogram was Pn at ∼2–5 Hz, followed by Pg over ∼0.3–4 Hz. The Sn was very weak compared with other regional phases. Lg could be recognized as a prominent patch with a longer duration and dominating energy within ∼0.2–2.0 Hz. Based on the spectrogram, the velocity window is 3.6–3.0 km/s. We followed the procedure of Zhao et al. (2010) to process the Lg amplitudes. First, instrument responses were removed, and Lg waveforms were cut using the velocity window of 3.6–3.0 km/s (Figure 3B). The window can be slightly adjusted to capture the maximum Lg energy. The waveforms immediately before the first p arrivals were defined as noise (Figure 3B). Then, the spectra of Lg and corresponding noise were calculated by applying a cosine taper and fast Fourier transformation and were sampled at 58 frequency points between 0.05 and 10.0 Hz to obtain the spectral amplitudes [image: image] and [image: image] of Lg and noise, respectively (Figure 3C). Next, the signal-to-noise ratio (SNR) was calculated by [image: image] at each frequency point [image: image]. We set the SNR threshold of 2.0, in consideration of the trade-off between the quality and amount of available data, to select the data to be used (Figure 3D). The quality control resulted in, for example, 18,039, 18,070 and 10,179 valid Lg spectral measurements at 0.5, 1.0 and 2.0 Hz, respectively. Finally, by assuming that the noise is not correlated with the Lg wave, the true Lg spectral amplitudes were obtained by [image: image].
[image: Figure 3]FIGURE 3 | (A) Sample seismogram of the Yangbi aftershock recorded at station XZ. CHY. The Lg waveform and pre-event noise are highlighted in red and blue, respectively. (B) Time-frequency spectrogram of the sample seismograms. (C) Spectra of Lg and pre-event noise. (D) Signal-to-noise ratio. The SNR threshold of 2.0 is adopted and illustrated by a dashed line. Data points with SNRs lower than 2.0 are discarded and represented by gray crosses.
2.3 Lg spectra modeling and source spectra retrieval
According to Aki (1967), we modeled the Lg spectral amplitude [image: image] as
[image: image]
where [image: image] is the epicentral distance, [image: image] is the source spectrum, [image: image] is the geometrical spreading term, [image: image] is the attenuation term, [image: image] is the site response and [image: image] is the term containing modeling errors. The geometrical spreading term can be written as [image: image], where [image: image] is the reference distance to be fixed at 100 km (Street et al., 1975). The attenuation term has the form
[image: image]
where the symbol ∫ denotes the integral along the source-station ray path and Q can be obtained from the established high-resolution broadband Lg-wave Q models (Zhao et al., 2013a; Zhao et al., 2013b; He X. et al., 2021). To compute the attenuation term, we mapped the ray path onto the Q model and split it into [image: image] segments with a length of [image: image]; then, Eq. 2 can be discretized and rewritten as summation
[image: image]
where [image: image] denotes the [image: image] th segment of the ray, and [image: image] is the average Q within this segment. It is frequency-dependent and can be obtained from the broadband Lg-wave attenuation model. In previous studies, the relative site response has been determined in conjunction with attenuation (He X. et al., 2021) and is available for 375 stations in this study. For the only station without an available site term, we assigned it with a unit amplification. The Q model and site response dataset used are illustrated in Supplementary Figures S1, S2.
With known geometrical spreading, attenuation, and site response, we linearized Eq. 1 to relate source perturbations with the residuals between the observed and predicted Lg spectra (Zhao et al. (2010). The least squares QR (LSQR) factorization algorithm (Paige and Saunders, 1982) was used to obtain the source perturbations by minimizing the L2 norm of the residual. The source terms, starting with the unit source function, were iteratively updated until convergence. Based on the attenuation, site response and restored source terms, the synthetic Lg spectral amplitudes fit well to the observations. For example, the mean absolute error between synthetic and observed Lg amplitudes at 1 Hz decreased from 1.78 to 0.81 and the deviation from 1.27 to 0.84 (red and blue histograms in Figure 4). We also tested a constant Q to restore the source terms (yellow and green histograms in Figure 4), and found that Lg spectra can also be fitted to a certain degree, but not as good as that based on both laterally-varying Q model and site response.
[image: Figure 4]FIGURE 4 | Histogram comparing the amplitude residuals. Red and blue histograms represent the distributions of residuals between the observed and predicted Lg spectra before and after inversion based on both attenuation and site corrections. Yellow and green histograms represent the distributions of residuals between the observed and predicted Lg spectra before and after inversion based on constant attenuation. The initial and final rms residual and deviation are labeled for both inversion schemes.
2.4 Source parameter estimation
After retrieving the source spectra [image: image] for each earthquake at 58 individual frequencies, we estimate the scalar seismic moment [image: image] and the corner frequency [image: image] based on the source model
[image: image]
where [image: image] is the high-frequency falloff rate, [image: image] controls the sharpness of the spectral corner, and [image: image] and [image: image] are the density and shear wave velocity in the source region, respectively. Typical values of [image: image] and [image: image] were used. Generally, [image: image] can be set to 1, although a larger value of [image: image] was also used for some studies (Boatwright, 1980). Letting [image: image] and [image: image] yields the commonly used Brune (1970) model. However, in this study, the high-frequency spectra often fall faster than 2. Therefore, we treated [image: image] as a variable to be estimated as well. By fitting the theoretical source model to the retrieved source spectrum using the annealing simulation algorithm (Kirkpatrick et al., 1983), [image: image], [image: image] and [image: image] can be determined for each earthquake. The above results were also compared to those using other source models, including the Brune model ([image: image]; [image: image]), the [image: image] model ([image: image]; [image: image]) and the Boatwright model ([image: image]; [image: image] as variable) (refer to Supplementary Figure S3)
The ideal scenario is that the source spectrum has a flat low-frequency asymptote and a high-frequency descending portion, permitting to accurately estimate [image: image] and [image: image]. In practice, our analysis showed that for small earthquakes, the Lg source spectra at frequencies lower than ∼0.2 Hz were sometimes raised, possibly by ambient noise or surface waves generated by preceding earthquakes. Although not apparent for larger earthquakes because their source spectra were significantly higher than the noise level, the contaminated step-like spectrum would possibly result in an underestimated corner frequency and overestimated seismic moment for small earthquakes, introducing large errors into the following analysis. To suppress these effects and improve the reliability of parameter estimation, we set the fitting band truncations for small earthquakes and then screened problematic estimations based on comparisons of magnitude measurements. First, for [image: image] earthquakes, we fitted the retrieved source spectra within only 0.3–10.0 Hz because the observed noise level is high at approximately 0.2 Hz and the corner frequencies for earthquakes with magnitudes between 3.0 and 3.5 are generally higher than 0.3 Hz (e.g., Madariaga, 1976). The fitting band of 0.3–10.0 Hz could generally exclude the noise spectrum and retain the high-frequency portion of source spectra as much as possible to estimate the corner frequencies. Such a magnitude-dependent fitting band strategy was also used in previous source analysis studies (Abercrombie, 1995; Allmann and Shearer, 2007; Allmann and Shearer, 2009). Although effective in finding [image: image] and [image: image] for small earthquakes, such rough truncation would sometimes omit all of the flat portion, leading to a problematic estimation. Therefore, next, we screened these problematic results based on the obtained seismic moment [image: image]. The moment magnitude [image: image] can be calculated from [image: image] using the China Earthquake Administration scaling relationship [image: image] ([image: image] is in the unit of N m). Magnitude scaling analysis based on earthquakes in Switzerland demonstrated that the difference between [image: image] and the local magnitude [image: image], [image: image] generally ranged from −1.0 to 0.5 (Goertz-Allmann et al., 2011). Considering the geological settings and algorithm used to calculate [image: image], we set a broader threshold and discard earthquakes with [image: image] (Figure 5). In total, 17 earthquakes were discarded due to abnormally high [image: image] values. The remaining earthquakes yielded a linear relationship [image: image]. The slope was in agreement with previous studies (e.g., Bethmann et al., 2011), whereas slight differences could result from geological settings, algorithms to calculate the [image: image] or the uncertainty in the catalog magnitude.
[image: Figure 5]FIGURE 5 | Comparison between the retrieved moment magnitude and catalog magnitude. Two gray dashed lines represent [image: image], which are used to screen the retrieved source spectra with unusually large uncertainties (Goertz-Allmann et al., 2011).
Based on a circular fault model (Eshelby, 1957), the stress drop can be calculated using
[image: image]
where the constant [image: image] is 0.21 by assuming a rupture velocity of 0.9 shear wave velocity (Madariaga, 1976). The constant k was also suggested to be 0.29 and 0.37, depending on specific source model used (Brune, 1970; Sato and Hirasawa, 1973). We also tested the effects of using different k values, and found that the absolute stress drop values may vary with k, but their relative relationships are kept unchanged among events (Supplementary Figure S4). For simplicity, stress drops for all events were calculated based on same assumptions, including using the circular fault model, although it may be improper for large earthquakes with excessive long ruptures. Therefore, the mainshock stress drops will not be compared with aftershock stress drops.
2.5 Earthquake relocation
To refine the spatial distribution of the stress drop, we relocated the 2021 Yangbi and Maduo earthquake sequences for all earthquakes with local magnitudes greater than 3.0 using the HypoDD program, which allows for simultaneous accurate relocation of clusters of earthquakes based on double-difference travel times (Waldhauser and Ellsworth, 2000). Earthquake relocation and stress drop calculation based on consistent catalog avoid possible errors of assigning the calculated stress drops to incorrect events. We first visually inspected first P-wave arrivals automatically picked by the deep-learning-based PickNet program (Left panels in Figure 6) (Wang et al., 2019). This program can offer better picks at regional distances and was previously trained by the travel-time dataset from earthquakes in the Myanmar region (Wang et al., 2019). Then, we further processed the picked arrival times to calculate the double-difference first-P travel times of earthquake pairs at their common stations and only those pairs observed by more than eight stations were used. For the Yangbi earthquake sequence, a total of 1,493 first arrival P-wave travel times with epicentral distances less than 5° generated 20,124 P-phase pairs. The earthquake pairs had a separation of less than 10 km. For the Maduo earthquake sequence, a total of 2,594 first arrival P-wave travel times at 214 stations were used to generate 3,872 P-phase pairs. When processing the Maduo earthquake sequence, the performance of PickNet significantly reduced the amount of available data, and therefore, we allowed larger observation distances of 10°. Due to its ∼150-km-long aftershock zone, we also allowed a larger spatial separation of 20 km within each earthquake pair so to include as many earthquakes as possible into the relocation clusters. The station distributions have relatively good azimuthal coverage for both earthquake sequences (Supplementary Figure S5). Proper parameters were chosen through several trials to control the initial conditions, clustering of earthquakes and data weighting in the HypoDD program. During relocation, local 1D crustal structures for the source regions of Yangbi and Maduo sequences were extracted from the USTClitho1.0 model (Right panels in Figure 6) (Xin et al., 2018). The relocation results were obtained using the LSQR factorization algorithm (LSQR, Paige and Saunders, 1982) with eight iterations. For convergence purpose, in each iteration, the data outside of 3 times the standard deviation of the RMS residual were treated as outliers and dropped. The iterations updated epicenter locations. Meanwhile, the rms travel time residuals were reduced from 0.49 s to 0.28 s and from 0.67 s to 0.25 s for Yangbi and Maduo sequences, respectively (Supplementary Figure S6). To assess relocation errors, we relocated the events for 100 times, in each time, with only 80% randomly-selected double-different travel times being used. For the Yangbi sequence, the mean errors were 245, 200 and 558 m in the east-west, north-south and vertical directions, respectively (Supplementary Figure S7). For the Maduo sequence, the mean errors were 812, 667 and 1,053 m in the east-west, north-south and vertical directions, respectively (Supplementary Figure S8). The errors were comparable to those of previous studies (Long et al., 2021; Xu et al., 2021; Zhang J. Y. et al., 2022; Zhu et al., 2022). The accuracy and reliability of earthquake relocation could be further improved by incorporating the cross-correlation double-different travel times, which is, however, out of the scope of this study.
[image: Figure 6]FIGURE 6 | Left, travel times picked using the PickNet, and right, the USTClitho1.0 1D velocity models used in relocation calculations. The upper and lower panels are for Yangbi and Maduo sequences, respectively.
3 RESULTS
In this study, we retrieved the source spectra for earthquakes with local magnitudes greater than 3.0 for both the Yangbi and Maduo earthquake sequences and estimated the seismic moment, corner frequency and high-frequency falloff rate for the 81 earthquakes with reliable Lg-wave source spectra (Figure 7; Supplementary Table S1). The obtained seismic moment ranged from [image: image] to [image: image] [image: image], corresponding to the moment magnitude [image: image] between 3.4 and 7.1. The corner frequency ranged from 0.08 to 1.61 Hz, within the band limitation of 0.05–10.0 Hz in this study. The corner frequencies obtained in this study from Lg waves are generally consistent with previous studies using body waves, although there appears slight systematic difference (Supplementary Figure S9). The high-frequency falloff rate was between 2.1 and 3.6, with a mean value of 2.8, which was a value higher than 2.0 for the [image: image] model (Brune, 1970), demonstrating the necessity of setting this parameter as a variable. The stress drop was calculated for each earthquake through the seismic moment and corner frequency. Large variability in the stress drop is observed, with the value ranging from 0.08 to 22.59 MPa and a logarithmic standard deviation of 0.48 for Yangbi sequence, and with the value ranging from 0.05 to 28.31 MPa and a logarithmic standard deviation of 0.54 for Maduo sequence. The logarithmic standard deviation was used to quantify the variability of the stress drop, and recent studies found values generally between ∼0.35 and 0.45 (e.g., Trugman, 2020). The notably higher values obtained in this study indicate large variations in stress that may happen over short distances and thus could be related to the very complicated tectonics in both areas. To estimate the reliability of the result, the bootstrap method was used to assess the obtained Lg source spectra parameters (Efron, 1983). We repeat the Lg source calculation for 50 times, with each time involving randomly-sampled 80% of the observed displacement spectra (Figure 7). The seismic moment, corner frequency, high-frequency falloff rate and stress drop are calculated for each time, and we estimate errors in these parameters based on their standard deviations. The stress drop calculation is sensitive to the methods and source models (e.g., Shearer et al., 2006), and therefore, we mainly focus on relative variations within the May 2021 Yangbi and Maduo earthquake sequences. The logarithmic scale was used for the time axes to better demonstrate the temporal variations in stress drops for the early aftershocks. We also plotted trendlines to show the general temporal variations in stress drops (Figure 8). The trendlines were obtained by first resampling the time series of the stress drop with nearest point interpolation and an increment of 0.1 log(T) and then filtering using a low-pass Gaussian filter with a width of 0.5 log(T), where T denotes the time in days before or after the mainshock. The spatial distributions of the stress drop were investigated for both the Yangbi and Maduo earthquake sequences based on the epicenters relocated using the HypoDD program (Figures 9, 10). We also investigated the relationship between the stress drop and focal depth, and found no significant correlation, with correlation coefficients of 0.08 and 0.33 for Yangbi and Maduo sequences, respectively (Supplementary Figure S10).
[image: Figure 7]FIGURE 7 | Illustrations of retrieved source spectra (black circles) and estimated source models (red lines). For earthquakes with magnitudes less than 3.5, the source models fit only the spectra above 0.3 Hz. Gray and pink lines represent the source spectra obtained using 80% randomly sampled data and corresponding source models, respectively. In each panel, the earthquake information, scalar seismic moment, corner frequency, and high-frequency falloff rate are labeled.
[image: Figure 8]FIGURE 8 | Temporal variations in the stress drop for the (A) Yangbi foreshock sequence, (B) Yangbi aftershock sequence and (C) Maduo aftershock sequence. The stress drop estimates are represented by open circles. Solid trendlines are obtained by applying a low-pass Gaussian filter. The seismicity of earthquakes with magnitudes greater than 3.0 is shown by vertical gray lines, with their heights corresponding to magnitudes. Error bars indicate the standard deviations of stress drops measurements, with their stress drop values indicated by dashed lines. Aftershocks in Maduo sequence are grouped according to their locations east (light blue) or west (blue) to the mainshock.
[image: Figure 9]FIGURE 9 | (A) Map view and (B) depth cross-section of stress drops for the 21 May 2021 Yangbi earthquake sequence. The filled symbols illustrate the relocated sources, with their stress drops coded by colors. The squares represent the foreshocks, and the circles represent the mainshock and aftershocks. The Weixi–Qiaohou fault (WQF) is represented by a black lines. The mainshock is located at distance=0 in the depth cross-section. Gray dashed line shows the location of the cross-section.
[image: Figure 10]FIGURE 10 | (A) Map view and (B) depth cross-section of the stress drops for the 21 May 2021 Maduo earthquake sequence. The filled circles illustrate the relocated epicenters, with their stress drops coded by colors. The active faults are indicated by black lines, with their names labeled in abbreviations: DRF, Dari fault; KJF, Kunlunshankou–Jiangcuo fault; MGF, Maduo–Gande fault; and KLF, Eastern Kunlun fault. The mainshock is located at distance=0 in the depth cross-section. Gray dashed line shows the location of the cross-section. Three aftershock gaps are marked in the depth profile with red dashed rectangles.
3.1 Stress drops for the Yangbi and Maduo earthquake sequences
The stress drop of the Yangbi mainshock is 22.59 ± 4.85 MPa. For the foreshocks, the stress drops range from 0.44 to 11.56 MPa, with a median value of 0.59 MPa, and for aftershocks ranged from 0.08 to 5.55 MPa, with a median value of 0.75 MPa (Figures 8A,B). The foreshocks emerged on 18 May, with their stress drops exhibiting a general decrease from the initial value, until foreshocks became active again on 19 May. After that, a gradual increase in stress drop was visible, followed by two earthquakes, including the largest Ms 5.6 one, characterized by a significantly higher stress drops of ∼10 MPa occurring ∼25–27 min before the mainshock. In the aftershock sequence, the stress drops were relatively fluctuated and decreased gradually along with the decrease of seismicity. The minimum stress drop appeared ∼26 min after the mainshock, indicating of a great amount of stress was released by the mainshock. The stress drop was again increased along with several strong aftershocks, including the largest Ms 5.2 aftershock occurring ∼43 min after the mainshock, with the highest stress drop among all aftershocks. After strong fluctuation lasting for approximately 1 day, the stress drop values remained around the median value, which could indicate the stress adjustment following the mainshock.
For the Maduo earthquake sequence, the stress drop of the mainshock is 28.31 ± 3.92 MPa, and the stress drops of aftershocks range from 0.05 to 3.21 MPa, with a median value of 0.51 MPa (Figure 8C). The values of the stress drop for the Maduo aftershock sequence are generally lower than those for the Yangbi sequence in terms of their maximum, minimum and median values, suggesting a possibly lower stress level on the Maduo seismogenic fault after the mainshock. The Maduo aftershock sequence is characterized by more scattered stress drop values undulated for ∼9 days after the mainshock. For example, several large aftershocks occurred ∼8 h and ∼8 days after the mainshock, with their stress drops greater than 1.5 MPa. Compared with the Yangbi sequence, the prolonged undulation in the stress drop and late occurrence of the minimum value nearly 3 days after the mainshock probably indicate a relatively long stress repartition process, which could be related to the longer seismogenic fault involved in the Maduo sequence.
3.2 Relocations of the Yangbi and Maduo earthquake sequences with stress drop estimated
Based on the first P arrivals picked by the PickNet program, we used the double-difference earthquake relocation program HypoDD to refine the locations of the calculated stress drop. The results were generally consistent to previous studies (e.g., Long et al., 2021; Xu et al., 2021; Zhang et al., 2021; Zhang J. Y. et al., 2022). For the May 2021 Yangbi earthquake sequence, we relocated 51 epicenters (Figure 9; Supplementary Table S1). The Yangbi earthquake sequence was generally distributed along a northwest‒southeast trend and extended for approximately 21 km. Although roughly parallel to regional tectonics, e.g., the northwest‒southeast-trending Red River fault and Jinshajiang fault, the distribution of the Yangbi earthquake sequence appeared not directly linked to any known faults, including the Weishan–Qiaohou fault ∼10 km to the northeast. The foreshock activities migrated back and forth within the epicentral area, including the largest M5.6 foreshock near the center and the M4.5 foreshock near the southeastern end occurring ∼2 min later. The Yangbi mainshock was located at [image: image] and [image: image], with a depth of 9.090 km at the northwestern end of the epicentral area, suggesting a unilateral rupture toward the southeast. For the aftershocks, their epicenters extended further southeast and gradually scattered to a wider area, possibly indicating secondary structures with variable orientations. An M4.1 event was located notably off the primary aftershock trend to the northeast, which may indicate a cluster of earthquakes on an activated secondary fault (Zhang et al., 2021). The sources of the Yangbi earthquake sequence were mostly located in the upper crust at approximately 10 km depths.
By relocation, we obtained the fine distribution of the stress drop. The highest stress drop in the foreshock sequence was observed for a M5.6 event located near the center of the foreshock zone, where foreshock activities had been initiated since 18 May. Another significantly high stress drop was linked to the M4.5 foreshock, occurred at the southeast end of the foreshock area. The mainshock and the largest aftershock were located at the northwestern and southeastern ends of the epicentral zone, respectively, both with notably high stress drops.
We relocated 54 earthquakes in the Maduo sequence (Figure 10; Supplementary Table S1). The results demonstrate that the mainshock was located at [image: image] and [image: image], with a depth of 21.909 km. The epicenter of the mainshock was ∼5 km northeast to the mapped trace of the Kunlunshankou–Jiangcuo fault (KJF). The aftershocks were nearly linearly distributed on both sides of the mainshock, extending approximately 170 km along a northwest–west trends and generally consisting with the KJF. Gaps with absent or sparse aftershocks are visible, for example, at sections ∼40–60 km (gap 1), ∼15–20 km northwest (gap 2), and ∼30–50 km southeast (gap 3) of the mainshock (Figure 10B). The aftershock zone intersected with the Maduo–Gande fault (MGF) near its southeast end, with the strike turning from northwest–west to west–east. The relocated focal depths in the Maduo sequence mainly ranged between ∼5–15 km, which were generally deeper than those in the Yangbi sequence and appeared more scattered. Except for the mainshock, which has the highest stress drop, other events with significantly high stress drops (e.g., >10^3.5 kPa) in the Maduo sequence can be generally associated with the aftershock gaps, especially the cluster ∼30 km northwest of the mainshock (gap 1). The cluster of high stress drops ∼60 km southeast of the mainshock may also be related to the intersection with the MGF.
4 DISCUSSION
4.1 Earthquake stress drop and stress distributions on faults
The earthquake stress drop can be related to the localized stress variability on a seismogenic fault. Larger stress drop variations could result from fault plane heterogeneities (Kirkpatrick et al., 2020), e.g., a rougher fault plane may cause higher stress drops due to its additional resistance to slip (Fang and Dunham, 2013). Allmann and Shearer (2009) observed higher overall stress drops for strike-slip earthquakes at a global scale, which is consistent with previous findings of increased apparent stress for strike-slip events. However, at local scales, the dependence on the focal mechanism is less significant, and stress drops appear more dominated by the local tectonics (Shearer et al., 2006; Goebel et al., 2015; Boyd et al., 2017). Therefore, investigating stress drops in the Yangbi and Maduo earthquake sequences may reveal stress variations in the related seismogenic zones.
In the Yangbi sequence, the stress drops of foreshocks may suggest the accumulation of stress and hint the stress variation that led to the nucleation of the mainshock. The pre-slip mechanism is one of the popular explanations for how an earthquake initiates, in which concentrated and repeated seismicity is expected (Zhu et al., 2022). However, the relocated foreshock sequence revealed a back-and-forth migration pattern. In addition, high-stress-drop foreshocks, including the first and the largest ones, have their stress drops significantly higher than the median value of the entire sequence, implying the potential to trigger earthquake. By modeling the cumulative static stress change from large foreshocks, Zhu et al. (2022) found that the local shear stress at the Yangbi mainshock epicenter was increased by major foreshocks. Therefore, our results of foreshock relocation and stress drops were consistent with the cascade triggering process during the nucleation of the Yangbi mainshock (Long et al., 2021; Zhang et al., 2021; Zhu et al., 2022). For the aftershock sequence, fluctuations of stress drops including many significantly high and low stress drop events may be related to the stress adjustment and continually release of the local stress field disturbed by the mainshock. Similar stress development pattern were also suggested by the observed b-values, which demonstrated long-term low values before 20 May 2021, showed abrupt reductions before the Ms 5.6 foreshock and the Ms 6.4 mainshock, then demonstrated large fluctuations around their mean value after the mainshock (Duan et al., 2021; Jiang et al., 2021). The b-value measures the distribution of earthquakes with different sizes in the recurrence relation of Gutenberg and Richter (1941) and is found to be reversely related to the differential stress within the crust (Schorlemmer et al., 2005). A low b-value and high stress were also observed preceding the M6.4 and M7.1 Ridgecrest, California earthquakes in 2019 (Nanjo, 2020).
In the Maduo sequence, the aftershocks were distributed on both the northwest and southeast sides of the mainshock along the Kunlunshankou–Jiangcuo fault. For aftershocks to the east and west of the mainshock, our results showed their median stress drops were 0.49 MPa and 0.62 MPa, respectively. The difference probably suggested differentiated rupture processes between the east- and west-sections. Previous studies have suggested that the eastward rupture of the Maduo mainshock propagated at a speed exceeding 3.5 km/s S-wave velocity, i.e., supershear rupture (Zhang X. et al., 2022; Li et al., 2022; Lyu et al., 2022; Yue et al., 2022). The back-projection imaging technique is commonly used to obtain large earthquake rupture kinematics. With this method, the Maduo mainshock was found ruptured toward the east and west, with velocities of 3–5 km/s and 2–3 km/s, respectively (Zhang X. et al., 2022; Li et al., 2022; Yue et al., 2022). Zhang X. et al. (2022) further confirmed the eastward supershear rupture by recognizing far-field Love Mach waves. Joint analysis using Global Positioning System, Interferometric Synthetic Aperture Radar, and teleseismic data determined the westward and eastward rupture velocities to be 2.0 and 4.6 km/s, respectively (Yue et al., 2022). Near-field Global Navigation Satellite Systems recordings demonstrated significant sensitivity to determine rupture velocities and confirmed sub- and supershear ruptures on the west and east sections of the mainshock fracture, respectively (Lyu et al., 2022). We suggest that the lower aftershock stress drops on the east section can be related to the larger stress release due to the supershear rupture. Yue et al. (2022) pointed out that the coseismic slip east of the mainshock was concentrated in seismogenic layers, in which rate-weakening friction law might support instability failure to facilitate the supershear rupture. Since a large amount of energy was consumed to feed the supershear rupture, the remaining stress was low, resulting in low stress drops for the aftershocks to the east of the mainshock. The relatively high aftershock stress drops observed on the west section of the mainshock fracture suggest there were more strain stored within this part of the crust. This energy can be further released by later aftershocks or interseismic creeping.
4.2 Earthquake stress drop and fault complexity
In this study, stress drops from the relocated earthquake sequences demonstrated that high stress drops were often related to fault junctions or earthquake gaps, suggesting stress concentrations at these locations.
The relocated sources of the Yangbi sequence suggested a complicated fault system with a northwest‒southeast-trending major fault, which may split into multiple branches in the southeast section. This is consistent with previous earthquake relocations; however, a detailed fault structure can be suggested by relocation for a larger number of small earthquakes. Long et al. (2021) relocated more than 1,000 Yangbi events with local magnitudes greater than 1.0 based on the seismic phase bulletin, suggesting a northwest‒southeast-trending primary fault, with northeast‒southwest-trending conjugate faults in its northwestern segment, and multiple secondary faults along the primary fault and gradual turning toward the south in the southeast. The multiscale en echelon structures were further revealed by high-resolution catalogs built using a deep-learning phase picker (Su et al., 2021; Liu et al., 2022). Combining the fault structures with our relocation results, high-stress-drop events in the Yangbi sequence were generally related to fault junctions and tips. For example, the M4.5 and M5.6 foreshocks with significantly high stress drops were located around the middle of the epicentral zone, where the south-trending en echelon faults intersect with the primary fault; several aftershocks with high stress drops could be found near fault junctions and tips, including the M5.2 and M4.1 aftershocks. Simulations suggested significantly increased stress localized at the junctions of branching faults (e.g., Ando et al., 2018). Therefore, the high stress drops in the Yangbi sequence may result from the stress concentrations near the fault junctions and tips and may in turn indicate the precise locations of sophisticated fault branches.
In the Maduo sequence, the stress drops demonstrated a more fluctuating pattern than in the Yangbi sequence. The prolonged stress drop variations could be related to the fault properties. The cross-section view reveals that the clusters of earthquakes with significantly high-stress-drop values were generally associated with the earthquake gaps along the fault. These gaps should be robust features despite a magnitude threshold 3.0 was used for earthquake relocation in this study. In previous studies that relocated more than 1,300 earthquakes with magnitudes greater than 0, reduced seismicity was still pronounced at these locations, and in particular, few aftershocks occurred ∼50 km northwest and ∼30 km southeast of the mainshock (Wang W. L. et al., 2021; Xu et al., 2021) (corresponding to the gaps 1 and 3 in Figure 10B). The correspondence between high stress drops and aftershock gaps probably indicated redistributed stress following the mainshock. Geodetic observations revealed coseismic slip on the seismogenic fault following the mainshock. They varied significantly along the fault strike and concentrated at several localized segments with maximum slips of ∼3–4 m (He K. et al., 2021). These high-slip patches may represent the asperities where stresses were released by significant rupture during the mainshock, resulting in localized reduced or lack of aftershock activities. Since the asperities are generally related to variations in strength or friction properties due to the changes of fault geometry, and result in stress concentration (Mildon et al., 2019), we propose that the stress remaining on the fault was redistributed and concentrated near the edges of fault asperities, thus leading to the occurrence of larger aftershocks with high stress drops. A similar complementary correspondence between the stress drop and mainshock slip was also suggested for the 1992 Landers earthquake in southern California (Shearer et al., 2006).
4.3 Implications for the eastward expansion of the Tibetan plateau
The stress drops of the Yangbi, Yunnan and Maduo, Qinghai earthquake sequences in May 2021 demonstrated different temporal and spatial patterns, which reflected varying localized crustal stress variability and deformations across the eastern Tibetan Plateau. A deformation field recently constructed from GPS data revealed predominantly continuous strains inside the eastern Tibetan Plateau, with significant shear associated with large strike-slip faults to accommodate the eastward extrusion of geological blocks (Wang and Shen, 2020). On the southern flank of the extrusion, the Chuandian block represents the majority of the escaping crustal material from the interior plateau. Wang and Shen (2020) found that the translation of the Chuandian block was accompanied by notable clockwise rotation at a rate of ∼2.9°/Myr around the Eastern Himalayan syntax and widespread dilatation at 10–20 nanostrain/yr. The dilatation should be responsible for the normal component obtained in the focal mechanism solutions of the Yangbi earthquake sequence. The complicated combination of southeastward translation, clockwise rotation and interior deformations requires a large number of active faults to accommodate, possibly resulting in the multiscale en echelon faults and conjugate faults that inherited motions of the associated large strike-slip faults. Therefore, these small faults could also generate large earthquakes, including the 2021 Yangbi Ms 6.4 earthquake, with the repartitioned stress concentration subject to the geometric complexity of the fault systems, for example, the fault junctions and tips, giving rise to several high stress drops in the Yangbi earthquake sequence. The local stress field inverted from focal mechanisms suggested a change in the orientation of the horizontal maximum principal stress from near north–south to nearly east‒west in the southernmost epicentral zone, coincident with the regional stress and possibly reflecting the tectonic rotation of the Chuandian block (Wang Y. et al., 2021).
In contrast, the focal mechanism of the Maduo earthquake sequence demonstrated a consistent northwest‒southeast orientation of maximum principal stress, corresponding to the movement of the Bayan Har block (Xu et al., 2021). The Bayan Har block is bounded in the north by the Kunlun fault, with significant left-lateral strike-slip, to accommodate the northeastward expansion of the eastern Tibetan Plateau. The slip rate on the Kunlun fault shows a west–east decrease from ∼12.5 mm/yr to less than 3 mm/yr, which was suggested to be decomposed to slips on several secondary faults subparallel to and south of the Kunlun fault (Kirby et al., 2007), including the Kunlunshankou–Jiangcuo fault, which was the seismogenic fault of the 2021 Maduo earthquake sequence. The slip around the middle segment of the Kunlun fault, which is faster than that near the northern segment of the Red River fault, is more likely to result in a concentration of shear strain (Zheng et al., 2017; Wang and Shen, 2020). Localized variations in crustal strength could occur due to shear heating and increased crustal temperature (Leloup et al., 1999; Bao et al., 2012). As a consequence, large earthquakes would rupture the high-strength asperities, and the perturbed stresses were likely to be repartitioned around the asperities and lead to larger variability in the stress drops of aftershocks. Therefore, the stress drops of the Yangbi and Maduo earthquake sequences were controlled by the eastward expansion of the Tibetan Plateau, and the differences in their patterns showed varying impacts on the seismogenic environment.
CONCLUSION
In this study, the temporal and spatial variations in stress drop were investigated for Yangbi and Maduo earthquake sequences in May 2021, including all foreshocks, mainshocks and aftershocks with magnitudes greater than 3.0. The results reveal that the stress drop for Yangbi mainshock was relatively low than Maduo mainshock. Comparing with the Yangbi sequence, the Maduo sequence was characterized by stress drops of relatively low median value and rather scattered values for individual events. For stress drops in both sequences, no apparent depth dependency was found. The temporal-spatial pattern in stress drop for Yangbi sequence can be related to geometric complexity of the fault systems, which were resulted from the tectonic movement of the Chuandian block incorporating translation, rotation, and interior deformation. The Bayan Har block is regarded as another component in the eastward expansion of the Tibetan Plateau. Fast slip and high shear strain rate around its northern boundary may cause localized variations in fault strength, which controls the temporal-spatial pattern in the stress drop of Maduo sequence.
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The Yunkai Magmatic Arc (YKMA) is located southwest of the South China Block. It has experienced the amalgamation, splitting, and intracontinental orogeny caused by multistage tectonic thermal events. It is also a concentrated area of strong earthquakes in South China. On 12 October 2019, the Beiliu M5.2 earthquake occurred in the hinterland of the YKMA. To reveal the deep electrical structure of the YKMA and the seismogenic environment of the Beiliu earthquake, 101 high-quality data from the magnetotelluric (MT) survey points were acquired. The deep electrical structure images were obtained by three-dimensional electromagnetic inversion imaging. The results indicated that the deep part of the hinterland of the YKMA is characterized by a mushroom-shaped electrical structure composed of ultra-high resistance (R1, with a resistivity value exceeding 10,000 Ωm) and sub-high resistance (R2, with a resistivity value of about 1,000–10,000 Ωm) bodies. The epicenter of the Beiliu M5.2 earthquake was located in R1, close to the contact region between R1 and R2. There are broad low resistivity zones on the southeast and northwest sides of the YKMA. The low resistivity zones is considered to be correspond to the deep extension of the Wuchuan-Sihui and Hepu-Beiliu brittle-ductile shear zones, respectively. The brittle-ductile shearing of the boundary zones and the oblique upwelling of deep mantle-derived magma from the Leiqiong region are the main reasons for the activation of faults and the activity of moderate and strong earthquakes in the YKMA. In this geodynamic environment, local stress and strain accumulation easily occur in the brittle high resistivity body (R1). When the strain energy accumulation exceeded the threshold value that the rock could withstand, new fracture dislocations occurred in the weak region where R1 and R2 contact, which finally resulted in the 2019 Beiliu M5.2 earthquake.
Keywords: Yunkai magmatic arc in South China, three-dimensional magnetotelluric imaging, resistivity structure, 2019 Beiliu earthquake, deep seismogenic environment
1 INTRODUCTION
Magmatic arc is where magma upwelling, emplacement and eruption occur when the oceanic crust subducts under the continental crust. Now the major island arcs around the Pacific are magmatic arcs, which are prone to volcanoes and strong earthquakes (Hall, 2002). After a long history of geological evolution, most of the ancient magmatic arcs have not been the scene of the past intense volcanic eruption and seismic activity. However, if the ancient magmatic arcs are affected by the current regional dynamic thermal events to activate the crustal tectonic, they will certainly become a zone of strong earthquake activity. The region of Yunkai Great Mountain in the South China block may be a window to explore the activation of ancient magmatic arcs. Yunkai Great Mountain starts from the South bank of the Xijiang River at the junction of Guangxi and Guangdong provinces in the North and reaches Lianjiang City in Guangdong Province in the South. It stretches for more than 200 km from northeast to southwest. Structurally, Yunkai Great Mountain is located in the South China Block at the southeast edge of the Eurasian continental plate, close to the southern end of the tectonic junction zone of the Yangtze and Cathaysia blocks (Qin-Hang tectonic junction zone, QHTJZ; Qin et al., 2017; Yan et al., 2019). It was called the Yunkai Magmatic Arc (YKMA; Figures 1A, B) by Pan et al. (2009). YKMA was formed during the Late Proterozoic to Caledonian. It belongs to the multi-island arc basin system in the southeast margin of the Pan-Cathaysian continent and has experienced the amalgamation, fragmentation, and two significant intracontinental orogenic events which originated from multiple tectonic-thermal events during the Early Paleozoic to Mesozoic (Qiu and Liang, 2006; Shu, 2006; Yu et al., 2006; Zhang et al., 2013; Qin et al., 2017; Wang et al., 2020). Since the Late Cenozoic, the Leiqiong area in the South of YKMA has experienced multi-cycle volcanic eruption (Zhou and Armstrong, 1982; Flower et al., 1992; Zou and Fan., 2010). The geothermal flow, seismological, and geochemical multi-disciplinary studies showed that the upwelling of deep mantle-derived magma in the Leiqiong area may have reached YKMA (Lebedev and Nolet, 2003; Yuan et al., 2006; Lei et al., 2009; Wang and Huang, 2012; Yan et al., 2014; Huang et al., 2015; Wei and Chen, 2016; Xia et al., 2016; Yan et al., 2018; Ge et al., 2022). Compared with the overall low level of modern seismicity of the South China Block, YKMA and the Leiqiong area are the concentrated areas of strong earthquakes in South China. Over the past 400 years, more than eleven earthquakes above M6 have been recorded, including the 1890 Guangxi Luchuan M6 earthquake in the hinterland of YKMA (Zhou et al., 2021). The above evidence suggests that the YKMA and its adjacent area have currently become the concentrated zone of strong earthquake activity, which may be related to the upwelling of deep mantle-derived magma in the Leiqiong area. The lack of detailed historical seismic data and deep exploration results makes it impossible for us to further research.
[image: Figure 1]FIGURE 1 | (A) Simplified map shows the location of the (B) in East Asia; (B) Simplified map of the South China Block (modified from Yan et al., 2002; Yan et al., 2019); (C) Geology map of the Yunkai magmatic Arc, South China (modified from China Regional Geology Guangxi Chronicle, 2016). NCB, North China Block; SCB, South China Block; YB, Yangtze Block; CB, Cathaysia Block; SGB, Songpan-Ganzi Block; IB, Indosinian Block; SCSB, South China Sea Block; QDOB, Qinling-Dabie Orogen belt; QHTJZ, Qin-Hang tectonic Junction zone; BBM, Bobai Massif; YKMA, Yunkai magmatic Arc; MMB, Maoming Basin; HBf1, Western Hepu-Beiliu fault; HBf2, Eastern Hepu-Beiliu fault; MSf, Michang-Shiwo fault; XFf, Xinfeng fault; LXf1, Western Lianjiang-Xinyi fault; LXf2, Eastern Lianjiang-Xinyi fault; SMTf, Simentang fault; MMf, Northern Maoming basin fault; WSf:Wuchuan-Sihui fault. HZ, Hangzhou; GZ, Guangzhou; NN, Nanning; QZ, Qinzhou; BB, Bobai; BL, Beiliu; LC, Luchuan; MM, Maoming; LJ, Lianjiang; XY, Xinyi; MC, Michang; LM, Liuma; NW, Nawu; SG, Shigu. He1, Xinshidai thermal spring; He2, Wentang thermal spring; He3, XiJiang thermal spring; He4, Reshuiwo thermal spring; He5, Jiatang thermal spring (Zhao et al., 2021).
On 12 October 2019, another M5.2 earthquake occurred in Beiliu City, located in the Guangxi Zhuang Autonomous Region, in the hinterland of YKMA, with a focal depth of about 10 km. Owing to the increase in the density of the regional seismic monitoring network in recent years and the erection of six mobile observation stations after the earthquake, the activity of this earthquake sequence was completely recorded. Overall, 165 aftershocks above ML0.0 were recorded. After the M5.2 earthquake, numerous studies have been carried out regarding the earthquake sequence, focal mechanism, seismogenic structure, and earthquake occurrence mechanism. For example, Li et al. (2019) conducted investigations about surface geology and tectonic geomorphology and concluded that the seismogenic structure was the NW-trending Michang-Shiwo Fault (MSf), but no fault outcrops or surface fractures were found near the epicenter. Yan et al. (2019) achieved the same result based on the integration of focal mechanism solution, precise earthquake location, and seismic intensity distribution. He et al. (2021) studied the rupture directions of the M5.2 earthquake and the M4.2 foreshock, and suggested that these earthquakes resulted from the conjugate activities of the NW-trending MSf and the near SN-trending Xinfeng Fault (XFf). Fan et al. (2022), Huang et al. (2022), and Wen et al. (2022) obtained the velocity structure of the upper crust in the seismic region according to short-period dense array noise imaging and broadband receiver function, and concluded that the strike-slip movement of MSf was blocked by high-speed bodies, resulting in stress accumulation, which finally led to the earthquake. Zhao et al. (2021) observed a high mantle-derived helium anomaly in the earthquake region before the earthquake, and concluded that the earthquake may be related to the upwelling of deep mantle-derived magma in the nearby Leiqiong area. In summary, abundant monitoring data related to the Beiliu earthquake have been acquired, and some understandings of the seismogenic structure and earthquake genetic mechanism have also been attained, but there are still some controversies. In particular, the movement mode of the focal mechanism solution surface of the Beiliu M5.2 earthquake is opposite to the sinistral strike-slip movement of the NW-trending faults and the dextral strike-slip movement of the NE-trending faults in this region (Yan et al., 2019; Figure 1C). The incompatibility of the fault movement mode and deformation behavior may be related to the unique deep seismogenic environment of the Beiliu M5.2 earthquake region. Therefore, to reveal the details of the deep seismogenic environment of the Beiliu earthquake region, to find the evidence that the upwelling of deep mantle-derived magma has affected the earthquake region, and to uncover the mystery of the activation of the ancient YKMA fault structure, profound scientific understanding of the seismogenic structure of the Beiliu M5.2 earthquake is required which itself depends on the high-precision deep detection results.
The existence, transport, and interconnection of fluids can cause a significant increase in the conductivity values of rock masses within a fault zone. Changes in their pressure or slip rates can lead to changes in fault activity (Bürgmann, 2018). The MT method is a geophysical exploration method that uses natural electromagnetic fields as the source. It is the most sensitive method to detect the conductivity of rock masses and is, therefore, commonly used in the detection studies of seismogenic structures (Unsworth and Bedrosian, 2004; Becken et al., 2011; Zhao et al., 2012; Zhang et al., 2016; Zhan et al., 2017; Wang et al., 2018; Ye et al., 2018; Ye et al., 2020). The results of three-dimensional MT exploration in recent years suggest that moderate and strong earthquakes and aftershocks are closely related to the resistivity structure of underground media (Zhao et al., 2012; Zhan et al., 2013; Mohan et al., 2015; Aizawa et al., 2017; Arora et al., 2017; Cai et al., 2017; Sun et al., 2019; Ye et al., 2020; Zhao et al., 2019; Peng et al., 2022). Some moderate and strong earthquakes have occurred near the boundary between high and low resistivity structure of underground media. Earthquakes always occurred in the transition zone of high and low resistivity structures, mainly close to the high resistivity side (Ye et al., 2021; Zhan et al., 2021; Yu et al., 2022; Zhao et al., 2022). In recent years, magnetotelluric exploration aimed at mineral resources has obtained a large-scale deep electrical structure framework of the South China Block (Yan et al., 2019; Xu et al., 2019; Hu et al., 2020; Mao et al., 2021), but the deep electrical structure exploration of the Beiliu M5.2 earthquake region is still lacking.
In this study, we obtained an MT profile and array across the YKMA and Beiliu earthquake region, respectively. The results of the three-dimensional magnetotelluric sounding array in the Beiliu earthquake region are displayed in Figure 1C. Based on the results of seismology, geochemistry, and geothermal flow, the deep electrical structure of YKMA and the deep seismogenic environment of the Beiliu M5.2 earthquake were revealed. The research results are significant for understanding the activation of the ancient YKMA fault structure and the genesis of intraplate earthquakes in South China.
2 REGIONAL GEOLOGICAL STRUCTURE AND MAGNETOTELLURIC PROFILE
There are three groups of NE-trending fault zones in the study area, including the western branch (HBf1) and eastern branch (HBf2) of the Hepu-Beiliu fault zone, the western branch (LXf1) and eastern branch (LXf2) of the Lianjiang-Xinyi fault zone, and the Wuchuan-Sihui fault zone (WSf) from northwest to southeast (China Regional Geology Guangxi Chronicle, 2016; Figure 1C). HBf1 is a normal strike-slip fault dipping NW. HBf2 is a reverse strike-slip fault dipping SE. LXf1 and LXf2 are reverse strike-slip faults dipping SE. WSf is a reverse strike-slip transcrust fault dipping SE, and it is also a large brittle-ductile shear zone with intensive dynamic thermal metamorphism (Peng and Wu, 1994). Besides, there is an NWW-trending fault (MMf) on the northern edge of the Maoming Basin, which has controlled the evolution of this basin (Ye, 2008). The topographic and geological features of the Beiliu M5.2 earthquake region are shown in Figure 2. The Beiliu M5.2 earthquake region is at a low elevation region, with an average elevation of about 100 m, but the northwest side of the Beiliu seismic area shows a southwest-northeast spreading mountain, with an elevation of more than 300 m. The Beiliu earthquake occurred in the area where the mountain meets the plain (Figure 2A). The survey area is characterized by typical conjugate structural systems, including the NE-trending LXf1 and LXf2, NW-trending MSF, and near SN-trending XFf and SMTf. The surface trajectories of MSF and XFf near the epicenter meet but do not intersect (Li et al., 2019).
[image: Figure 2]FIGURE 2 | (A) Topographic map in Beiliu M5.2 earthquake region; (B) Geology map and distribution of MT sites in Beiliu M5.2 earthquake region. SW, Shiwo; WL, Wenlou; PT, Pingtian; BY, Boyang; BX, Baoxu. The names of faults, stratum and mantle-derived Helium of thermal spring gas are consistent with those in Figure 1.
The study area is divided into the Bobai Massif (BBM) and YKMA by HBf1 (China Regional Geology Guangxi Chronicle, 2016; Figure 1C). BBM is sandwiched between the eastern and western branches of the Hepu-Beiliu fault zone. It is a large collision zone and brittle-ductile shear zone (Huang, 2000; Qin et al., 2008). The outcropped rocks include the Cretaceous-Paleogene glutenite and the Devonian sandstone, mudstone, and limestone. Ordovician-Silurian siltstone and shale are exposed near HBf2. YKMA is located between HBf2 and WSf. Precambrian crystalline basement, shallow metamorphic folded basement, and multistage granitoids are distributed in this region. The Beiliu earthquake region is dominated by shallow metamorphic folded basement granitic plutons (Zhong et al., 1996; Wang et al., 1998; Figure 2B). The Bobai Massif (MMB) in YKMA is covered with Cretaceous-Paleogene red clastic rocks (Ye, 2008).
In this research, the Beiliu-Maoming Magnetotelluric Profile (BL-MM-P) stretched across BBM, YKMA, and MMB from northwest to southeast. The profile began from Beiliu in Guangxi Province, through the Beiliu earthquake region, to about 10 km northwest of Maoming in Guangdong Province, with a total length of about 115 km. We obtained 43 survey points, with an average point distance of 2.5 km (Figure 1C). Given the characteristics of the conjugate tectonic system and the mixed distribution of intrusive rocks and metamorphic rocks in the Beiliu earthquake area, the magnetotelluric sounding array was arranged around the epicenter of the Beiliu earthquake. We obtained a total of 58 survey points. The distance between the survey points in the epicenter area was smaller than 1 km (Figure 2).
3 ACQUISITION, PROCESSING, ANALYSIS, AND INVERSION OF ELECTROMAGNETIC DATA
3.1 Data acquisition and processing
From December 2020 to March 2021, the MTU-5A magnetotelluric observation system was used for magnetotelluric data acquisition. The electric field components in the SN and EW directions, and the magnetic field components in the SN, EW, and vertical directions were observed. To obtain high-quality electromagnetic data, the recording time of each survey point included two nights, and that of the survey points near strong electromagnetic interference sources included three nights. Meanwhile, a remote reference station (YCK in Supplementary Figure S1.1, about 150 km away from the northwest end and 270 km away from the southeast end of the BL-MM-P profile) was set up for synchronous observation in Xiangzhou County, located in Laibin City, northeast of the study area, to eliminate the strong near-field electromagnetic interference. After processing the data using the remote reference and without robust technologies (Gamble et al., 1979; Egbert and Booker, 1986; Han et al., 2022), the data quality was greatly improved and the continuity of apparent resistivity and phase curve was improved (Supplementary Figures S1.2, S1.3). Finally, 101 MT survey points were obtained.
The apparent resistivity and impedance phase curves of 12 typical survey points distributed in BBM, YKMA, and MMB on the BL-MM-P profile are shown in Figure 3. The apparent resistivity curve of each survey point in BBM is characterized by high-low-sub high values with the increase in frequency, indicating that there is a high-resistance layer in the shallow part of this sectionas well as a low-resistance body with a certain thickness in the deep part. The apparent resistivity of each survey point in YKMA is larger than 100 Ω·m in almost all frequency bands, and the curve is characterized by low-high-sub low values with the increase of frequency. These suggest that there are low-resistance layers in the shallow part and high-resistance bodies in the deep part, which are the manifestations of crystalline metamorphic rocks and granitic intrusive rocks. The resistivity tends to decrease further with depth. The apparent resistivity values of the survey points in MMB are generally below hundreds of Ω·m. The apparent resistivity values of No. 5–7 survey points in the Beiliu earthquake region are relatively high, especially in the middle frequency band such that the apparent resistivity reaches 1,000–10,000 Ω·m, and the apparent resistivity tends to decrease in the low-frequency band, indicating that there is a high-resistance body in the middle and deep parts of the earthquake region.
[image: Figure 3]FIGURE 3 | Apparent resistivity and impedance phase curves of typical MT sites. Red dots denote XY mode, blue dots denote YX mode. The names of faults, BBM, YKMA, and MMB are consistent with those in Figure 1.
3.2 Regional dimensional analysis
The phase tensor decomposition technology is one of the important tools for the qualitative analysis of electromagnetic data. The two-dimensional deviation degree of the phase tensor (β) can be employed to determine the dimensional characteristics of underground structures (Caldwell et al., 2004; Bibby et al., 2005). Considering the errors of data in the study area, it is suggested that the three-dimensional property of the deep structure is strong when |β| is greater than 5 (Booker, 2014; Cai et al., 2017). The variation of the two-dimensional deviation value of phase tensor decomposition of each survey point on the BL-MM-P profile with the period is shown in Figure 4A. According to the change of |β| with the period, the values of |β| in the middle- and high-frequency bands over 10 seconds are all smaller than 5. As the period increases, the |β| value of many survey points in the southeast of XFf becomes greater than 5, suggesting that the shallow structure of the study area is simple, while the middle and deep structures are complex, displaying obvious three-dimensional characteristics. The two-dimensional deviation plan of the phase tensor of six periods in the Beiliu earthquake region is exhibited in Figure 4B. It can be observed that the |β| value in the high-frequency band with a period of smaller than 2.7 s is generally smaller than 5, and the principal axis directions of the phase tensor ellipses are similar, demonstrating that the shallow structure in the Beiliu earthquake region is characterized by strong two-dimensional characteristics. In the middle- and low-frequency bands with a period of more than 2.7 s, the |β| values of sporadic survey points are initially greater than 5, and then those of most survey points become greater than 5. The |β| values of survey points in the epicenter area of the Beiliu earthquake are even greater, indicating that the three-dimensional nature of the Beiliu earthquake region is very strong. Therefore, to achieve an effective and reliable BL-MM-P profile and a deep electrical structure in the Beiliu earthquake region, it is necessary to perform a three-dimensional magnetotelluric inversion simulation.
[image: Figure 4]FIGURE 4 | (A) Phase tensor ellipses filled with the absolute value of skew angle β along the profiles (upper); (B) Phase tensor ellipses in Beiliu M5.2 earthquake region filled with the absolute value of skew angle β for six periods (bottom). The names of faults, city, BBM, YKMA, and MMB are consistent with those in Figure 1.
3.3 Analysis of regional electrical differences
The geometric mean of the maximum and minimum phases in the phase tensor (i.e., the phase tensor invariance) is used as a parameter to measure the trend of resistivity with depth (Heise et al., 2008). When the [image: image] is greater than 45°, it indicates that the resistivity structure decreases with increasing depth. Conversely, when the [image: image] is smaller than 45°, the resistivity structure increases with depth in the deep. The phase tensor invariance can be employed to qualitatively analyze the resistivity trend in the deep subsurface with depth. The distribution feature of the phase invariant value of the BL-MM-P profile increases with the period, demonstrating that the deep structures of the three tectonic units across the profile are characterized by unique electrical distribution characteristics (Figure 5A). YKMA has a low phase in the high-frequency band above a few seconds, and a high phase in the high-frequency band below a few seconds, suggesting that the deep structure is characterized by high-resistance in the middle and shallow parts and sub-low resistance in the middle and deep parts. BBM shows a sub-high phase in the high-frequency band above tens of hertz, a low phase in the frequency band of about 10 s, and a sub-high phase in the lower frequency band, suggesting that this section is characterized by a three-layer resistivity structure. A thin sub-high resistance layer is developed on the shallow part, the resistivity in the lower part is low, and the resistivity increases in the deeper part. MMB displays a sub-low phase in the high-frequency band above 10 Hz, a sub-high phase in the frequency band from below to more than 10 s, and a sub-low phase in the frequency band below 10 s, indicating that the deep part of this section is characterized by a low-high-low three-layer resistivity structure. The distribution characteristics of the six-period phase invariants in the Beiliu earthquake region are consistent with the profile which passes through YKMA. The [image: image] value is large in the high-frequency band of more than a few seconds, and is small in the lower frequency band, demonstrating that the shallow to middle parts have high resistance, and the middle to deep parts have a sub-low resistance (Figure 5B). The six-period magnetic real induction vector pattern is also superimposed in Figure 5B, showing that the magnetic real induction vector of the central survey point in the high-frequency measuring area with a period of more than 2.7 s points to the periphery, indicating that the resistivity in the center of the measuring area is the largest within a certain depth range.
[image: Figure 5]FIGURE 5 | (A) Phase tensor ellipses filled with the phase tensor invariant along the profiles (upper); (B) Phase tensor ellipses in Beiliu M5.2 earthquake region filled with the phase tensor invariant for six periods (bottom). The names of faults, city, BBM, YKMA, and MMB are consistent with those in Figure 1.
4 THREE-DIMENSIONAL INVERSION
Among the 101 survey points obtained along the BL-MM-P profile and the Beiliu earthquake region, the effective frequency band of most of the survey points was 320 Hz to 5,500 s. The outliers, or disturbed data, of each survey point were added with errors to reduce their weight in the inversion. The ModEM (Egbert and Kelbert, 2012) three-dimensional electromagnetic imaging system was employed for the inversion. The apparent resistivity and impedance phase data were utilized, and the error floor was 10% and 5% (2.84°), respectively.
The three-dimensional inversion was carried out in two steps. First, the BL-MM-P profile and 92 survey point data in the Beiliu earthquake region were integrated at an interval of 2 km to perform a three-dimensional inversion. The size of the SN and EW horizontal grid in the central area of the dataset was 2 km × 2 km, and the number of grids was 40 × 58. There were ten expanded grids with a scale factor of 1.5 in each of the four directions outside the central area, and the final number of grids was 60 × 74. The thickness of the first layer of the vertical grid was 20 m, and the grid thickness increased in different proportions in downward segments. The growth factors within 0.5, 0.5–1, 1–15, 15–150, and 150–500 km were 1.2, 1.1, 1.05, 1.1, and 1.2, respectively. Finally, a total of 87 layers were divided (Figure 6). A uniform half space of 500 Ω·m was employed as the initial model. The automatically updated regularization factor was adopted. The initial value of the regularization factor was 5,000. When the inversion was no longer convergent, the regularization factor was updated to one-tenth of the initial value to continue the inversion. After 90 iterations of inversion, the root mean square error (RMS) of the model was 2.51 (Supplementary Figure S2.1). The responses obtained by the three-dimensional inversion were well consistent with the measured apparent resistivity and impedance phase data (Supplementary Figure S2.2).
[image: Figure 6]FIGURE 6 | Grid used for the 3D inversion in the first step; (A) Horizontal grid; (B) Horizontal grid of central part; (C) Vertical grid; The red dotes denote MT stations.
Second, the inversion of the electromagnetic array in the Beiliu earthquake region was performed. The area contained 76 survey points with a spacing of about 1 km. The size of the SN and EW horizontal grid in the central area of the dataset was 0.6 km × 0.6 km, and the number of grids was 40 × 58. There were 10 expanded grids with a scale factor of 1.5 in each of the four directions outside the central area. The final number of grids was 60 × 74. The vertical grid division was consistent with the large area (Figure 7). Using the model obtained in the first step as the initial model, after 90 iterations of inversion, the RMS of the model was 1.79 (Supplementary Figure S3.1). The responses obtained by the three-dimensional inversion were well consistent with the measured apparent resistivity and impedance phase data (Supplementary Figure S3.2). To assess the robustness of the major model features, sensitivity tests of C1 and C2 were carried out (Supplementary Figure S4).
[image: Figure 7]FIGURE 7 | Grid used for the 3D inversion in the second step; (A) Horizontal grid; (B) Horizontal grid of central part; (C) Vertical grid; The red dotes denote MT stations.
5 DEEP ELECTRICAL STRUCTURE OF YKMA AND BEILIU EARTHQUAKE REGION
The deep electrical structure along the BL-MM-P profile is depicted in Figure 8. The depth of Moho near the profile is about 29.5 km (Shen et al., 2013). The geological profile along the BL-MM-P profile was obtained based on the 1:500 000 geological map (China Regional Geology Guangxi Chronicle, 2016), and it was displayed above the electrical structure profile (Figure 8A). The profile crossed BBM, YKMA, and MMB from northwest to southeast, and the main faults included HBf1, HBf2, LXf2, and MMf. Combined with the surface geological outcrops, the electrical structure of the tectonic unit and the deep extension of the main faults are explained in the following.
[image: Figure 8]FIGURE 8 | (A) Geological cross-section along the BL-MM-P; (B) Electrical structure obtained from 3D inversion of the BL-MM-P. The white dotted lines indicate the inferred extension pattern of the faults in the crust, and the black dotted line indicates the buried depth of the Moho surface along the MT profile. The names of faults, city, BBM, YKMA, and MMB are consistent with those in Figure 1.
Figure 8 shows that there are differential zones with high and low resistances in the lower parts of HBf2 and MMf, representing the main tectonic boundary. The electrical difference zone extends shallowly below LXf2. Accordingly, the deep and shallow electrical structures along the profile can be divided into three segments bounded by HBf2 and MMf. In the northwest of HBf2 in the BBM in the northwest section of the BL-MM-P profile, a high-resistance layer is covered at a depth of 1 km, corresponding to the Paleozoic glutenite, sandstone, and shale. The downward zone is a low-resistance zone (C1) inclined to SE with a resistivity of 100–300 Ω·m, which gradually deepens to below 10 km and is buried under the high resistivity body (R1) in the upper crust of YKMA. The YKMA in the middle section of the BL-MM-P profile is dominated by Precambrian shallow metamorphic folded basement and multistage granitoids. From the shallow surface to the depth of about 20 km, there is a high-resistance body (R1) with a resistivity of thousands or even ten thousands of Ω·m. It covers a wide area in the NW-SE direction between HBf2 and MMf. From the depth of 20 km to the Moho surface, the resistivity decreases to about 1,000 Ω·m (R2). The high-sub-high-resistance structure (R1 and R2) is like a “mushroom” that is wide at the top and narrow at the bottom. The upper high-resistance body (R1) and the lower sub-high-resistance body (R2) are intertwined. The top surface of R2 is undulating like a “hump.” The XFf is located near the “hump”-shaped uplift, where the top surface of the sub-high resistance body (R2) is uplifted to a shallow depth of 13 km. The epicenter of the 2019 Beiliu M5.2 earthquake was located near the high- and low-resistance boundary in the high-resistance area towards the northwest. In the MMB of the southeast section of the BL-MM-P profile, within a depth of about 1 km, there is a low-resistance layer with a resistivity of several hundreds of Ω·m, corresponding to the Quaternary and Cretaceous sandstone and siltstone. The 1–3 km depth is dominated by a medium resistivity layer with a resistivity of about 1,000 Ω·m. The resistivity decreases to several hundreds of Ω·m below 3 km.
To observe the more detailed characteristics of the deep resistivity structure in the Beiliu earthquake region, the cross sections at six depths and the deep electrical structure profile in the NE and NW directions were drawn (Figure 9). According to the cross sections, the ultra-high-resistance block (R1) is located to the west of XFf at the depth of less than 3 km, and its resistivity reaches ten thousands of Ω·m, which is attributed to the widely distributed intrusive rocks in the earthquake region. The northeast and southwest corners of the study area displayed sub-high resistivity, which may be related to the sandstone and siltstone existing in small basins along LXf2 and SMTf. At the depth of 4–10 km, the ultra-high resistivity structure almost covers the whole study area. At the depth of 10–14 km, the ultra-high resistivity body (R1) still exists in the Beiliu earthquake region and the northwest side, while the southeast side of the earthquake region shows a sub-high resistivity structure (R2), with a resistivity close to 1,000 Ω·m. From the NW- and NE-trending profiles, it can be seen more clearly that R1 is deeper in the northwest of the Beiliu earthquake region and shallower in the southeast. The NW-trending profile suggests that R1 is deeply buried in the northwest of the epicenter, and the top interface of R2 in the southeast is convex, just like the “hump” shape in Figure 8B. In the NW- and NE-trending profiles, there is no significant difference between the deep electrical structure of MSF and XFf. The area where MSF and XFf meet but do not intersect in the upper crust is a completely rigid high-resistance body, but the middle and lower crustal materials below XFf show obvious upward convexity.
[image: Figure 9]FIGURE 9 | Mapview (A) and cross sections (B) of the electrical structure beneath the Beiliu earthquake region. The names of faults, city, BBM, YKMA, and MMB are consistent with those in Figure 1.
6 DISCUSSION
The large brittle-ductile shear zones near paleo-orogenic belts and the boundaries of active plates or blocks are generally the products of the oblique convergence of plates or blocks, and they play a significant role in regulating the tectonic deformation between plates or blocks (Means, 1995; Jiang et al., 2001; Zhu et al., 2004). Based on geological surveys and geochemical studies, the Wuchuan-Sihui fault zone (WSf) and Hepu-Beiliu fault zone (HBf) on the East and west sides of YKMA are is large subduction and collision zones originating from amalgamation, splitting, and multistage orogeny of the Yangtze and Cathaysia blocks (Peng and Wu, 1994; Huang, 2000). In addition, mylonite belts with different degrees of ductile deformation emerged along the two fault zones, and caused the Indosinian strata and geological bodies to be involved in deformation (Liu et al., 2005; China Regional Geology Guangxi Chronicle, 2016; Guo et al., 2020). These indicate that the two fault zones have experienced large-scale brittle-ductile shear deformation since Indosinian orogeny. The MT exploration results show that the Lithosphere brittle-ductile shear zone corresponds to the variation zone of deep electrical structure or the low resistivity zone, which cuts the Moho surface (Yoshimura, et al., 2008; Yu et al., 2017; Cai et al., 2018; Martí et al., 2020). At the depth below 5 km in BBM, there is a low-resistance zone (C1) that slopes toward SE and extends below the Moho surface. C1 may be a broad brittle-ductile shear zone with low rheological strength and viscosity. The shallow part of the zone corresponds to the morphology of HBf which extends in the upper crust. Although the BL-MM-P profile does not cross WSf (the southeast survey point of the profile is about 18 km away from WSf), there is also a low-resistance zone (C2) below the depth of 5 km under MMB. By comparing with the relatively wide lateral distribution characteristics of the Hepu-Beiliu brittle-ductile shear zone in the middle to lower crust, it is inferred that C2 is the horizontal extension of the Wuchuan-Sihui brittle-ductile shear zone on the southeast side in the middle to lower crust. WSf and HBf are not only the concentrated areas of hot springs but also the NE-trending high thermal abnormal belts with a beaded distribution (Yuan et al., 2006; China Regional Geology Guangxi Chronicle, 2016). Hot springs and high thermal anomalies may be related to the melting of deep crustal materials. Before the Beiliu M5.2 earthquake, Zhao et al. (2021) conducted a survey of helium and carbon isotopes of hot spring gas in the Leiqiong area and YKMA. They found that mantle-derived helium constituted the largest percentage (15.23%, He5 in Figure 1C) in Jiatang Hot Spring located in HBf, and helium anomalies were also present in Wentang Hot Spring (10.01%), Xijiang Hot Spring (2.05%), Reshuiwo Hot Spring (3.17%), and Xinshidai Hot Spring (0.97%) near the Beiliu M5.2 earthquake area in the hinterland of YKMA (He1-He4 in Figure 1C). These results indicated that there was mantle-derived magmatic activity below YKMA, and its boundary fault zone played an important role in the upwelling and intrusion of mantle-derived magma. Since the late Cenozoic, the Leiqiong area in the south of YKMA has undergone multi-cycle volcanic eruptions (Zhou and Armstrong, 1982; Flower et al., 1992; Zou and Fan., 2010). According to rock geochemical studies and seismological studies, the magmatism in the Leiqiong area originated from the mantle transition zone or even the core-mantle boundary, and the upwelling of mantle-derived magma was the deep driving force in Leiqiong and its adjacent areas (Lebedev and Nolet, 2003; Lei et al., 2009; Wang and Huang, 2012; Yan et al., 2014; Huang et al., 2015; Wei and Chen, 2016; Xia et al., 2016; Yan et al., 2018; Ge et al., 2022). The low-resistance zone extending deep from the boundary of YKMA, the “hump”-shaped sub-high-resistance body (R2) in the middle and lower crust of YKMA, and the strong earthquake activities in YKMA and its southern Leiqiong area, may all be related to the mantle-derived magmatic activities in the Leiqiong area. The brittle-ductile shearing of the boundary fault zone and the deep thermodynamic action provide the deep dynamic source for the activation of fault structures and seismic activities in YKMA.
The studies on focal mechanism solution (Jiang et al., 1992; Wan, 2010), GPS (Wang and Shen, 2020), and water system statistics (Ai et al., 1982) have indicated that the principal compressive stress direction in the southwest of the South China Block is generally NW-SE, and the dip angle is close to horizontal. Such a tectonic environment is favorable for the sinistral strike-slip movement of the NW-trending faults and the dextral strike-slip movement of NE-trending faults. This is also confirmed by the occurrence of destructive earthquakes since the regional seismic monitoring network was established in 1970, such as the 1977 Guangxi Pingguo M5.0 earthquake, 1994 Beibuwan M6.1 and M6.2 earthquakes, and 2016 Guangxi Cangwu M5.4 earthquake (Zhao, 1983; Yin et al., 1996; Zhou et al., 2019). The focal mechanism solution of the Beiliu M5.2 earthquake suggests that the NWW- and NNE-trending nodal planes are characterized by dextral strike-slip and sinistral strike-slip (Yan et al., 2019; Figure 1C), respectively. This is opposite to the sinistral strike-slip movement of NW-trending faults and dextral strike-slip movement of NE-trending faults in the southwest of the South China Block. Seismologists have been puzzled by the inconsistency between the mode of fault movement and deformation behavior. As mentioned above, the geothermal flow, seismological, and geochemical studies show that the upwelling of deep mantle-derived magma in the Leiqiong area may have reached YKMA. The HBf and WSf at the boundary of YKMA have become the preferred channel and the most significantly affected zone for the upwelling of deep mantle-derived magma. Therefore, the strength of the rocks is reduced, the rheology is enhanced, and the local strain rate is increased. Under the coupling effect of deep thermal and regional tectonic stress, the two boundary faults regulated the tectonic deformation in YKMA in the form of brittle-ductile shear. Moreover, the deep mantle-derived magma in the Leiqiong area upwelled obliquely from south to north, reaching the deep part of YKMA, which led to the transformation of YKMA. They gradually evolved in the upper and middle crust to form the intertwined interface of the sub-high-resistance body (R2) and the high-resistance body (R1). Local stress and strain accumulations were easy to occur in the brittle high-resistance body (R1). When the conditions for rock fracture and instability were reached, the pre-existing or newly formed NW-trending faults would exhibit dextral strike-slip dislocation, and the near SN-trending faults would show sinistral strike-slip dislocation (Figure 10). The Beiliu M5.2 earthquake occurred in the area where the NW-trending MSF and the NE-trending XFf meet but do not intersect. No fault outcrop and seismic surface fracture zone were found during the surface geological survey. We speculated that the earthquake was induced by the new fracture in the conjugate tectonic area.
[image: Figure 10]FIGURE 10 | (A) Three-dimensional structure of BL-MM-P; (B) Hainan mantle plume modified from Wei and Chen (2016). HK, Haikou; YJ, Yangjiang. Other names of faults, city, BBM, YKMA, and MMB are consistent with those in Figure 1.
The seismogenic structure and environment of the Beiliu earthquake are similar to those of the 1998 Zhangbei M6.2 earthquake in the Zhangbo seismic belt of North China. The Zhangbei earthquake occurred in the Hannuoba high-resistance basalts (Peng et al., 2022). The surging of deep thermal materials resulted in the activity of conjugate faults, which triggered the earthquake. The 2019 Mw6.4-7.1 Ridgecrest earthquake sequence in eastern California of the USA occurred in the distribution area of immature orthogonal strike-slip faults with a low deformation rate. It was caused by the joint rupture of multiple faults under the action of regional tectonic stress (Goldberg et al., 2020; Jia et al., 2020; Fialko and Jin, 2021). These earthquakes indicate that the region with existing conjugate faults is more prone to moderate and strong earthquakes when the stable block is subjected to deep dynamic and/or regional tectonic stress. The occurrence of moderate and strong earthquakes in YKMA may be attributed to the brittle-ductile shear of the boundary fault zone as well as the mantle-derived magmatic activity. This is of great significance for the understanding of the genesis of intraplate earthquakes in South China.
7 CONCLUSION
According to the data of 101 broadband MT survey points in the hinterland of YKMA in South China and based on the 2019 Guangxi Beiliu M5.2 earthquake area, the deep electrical structure images were obtained by three-dimensional electromagnetic inversion imaging. The results indicated that there are low-resistance zones on the East and West sides of YKMA, corresponding to the deep extension of the Wuchuan-Sihui and Hepu-Beiliu brittle-ductile shear zones, respectively. The deep part of the hinterland of YKMA is characterized by a mushroom-shaped electrical structure composed of ultra-high resistance (R1) and sub-high resistance (R2) bodies. We speculated that this has likely resulted from the brittle-ductile shearing of the boundary zone and the oblique upwelling of the mantle-derived materials in the Leiqiong area. The top interface of R2 is undulating like a “hump.” The 2019 Beiliu M5.2 earthquake occurred near the boundary between high resistance and low resistance in the sub-high resistance uplift and was inclined to the northwest high-resistance body.
The brittle-ductile shearing of the boundary fault zone of YKMA and the deep mantle-derived magmatic action provide the dynamic source for the activation of fault structures and seismic activities in YKMA. Local stress and strain accumulations are easy to occur in the brittle high-resistance body (R1). When the conditions for rock fracture and instability were reached, the pre-existing or newly formed NW-trending faults would exhibit dextral strike-slip dislocation, and the near SN-trending faults would show sinistral strike-slip dislocation. No fault outcrop was found near the epicenter of the Beiliu M5.2 earthquake, thus, we speculated that the earthquake was caused by the new fracture in the conjugate tectonic area. The occurrence of moderate and strong earthquakes in YKMA may be attributed to the brittle-ductile shear of the boundary fault zone as well as the deep mantle-derived magmatic activity, which is of great significance for the understanding of the genesis of intraplate earthquakes in South China.
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In this study, natural orthogonal expansion was performed on earthquake frequencies to compute the pre-quake frequency fields of 9 Ms ≥7.0 earthquakes in mainland China from 1980 to 2020. The temporal and spatial pre-quake anomalies of these earthquakes were extracted from their frequency fields. We found that the majority of pre-quake temporal anomalies (i.e., variations exceeding two-times the absolute mean square error) of a strong earthquake are condensed within the first four frequency fields, and typically comprise multiple components. The temporal factor of the first frequency field usually accounts for the largest proportion of these anomalies (40%–60% of the entire field). Most Ms ≥7.0 earthquakes exhibited long-term anomalies 5–8 years before their occurrence; some presented medium-term anomalies 1–2 years prior to the quake, and only a few presented short-term and imminent anomalies (≤3 months before the quake). Anomalous seismic hazard zones have high-gradient turning points in regional frequency-field contour maps, and the epicenters of strong earthquakes are often located in areas containing active faults that have contour values. Through the comparison of seismic frequency field and the traditional method of regional seismic activity frequency (3 months), it is shown that the frequency-field time factor has the advantages of diversified and rich abnormal information. The slope comparison between the frequency field and the cumulative frequency curve shows that the frequency anomaly time of the two is consistent, and the conclusion is reliable. Therefore, the seismic frequency method can predict the occurrence time and location of strong earthquakes, which is closer to the predictable seismic model.
Keywords: earthquake frequency field, temporal factor, contour line, cumulative frequency, earthquakes with a magnitude of 7 or above in mainland China
1 INTRODUCTION
Before a strong earthquake there is an abnormal frequency of seismic activity around the source, wherein the frequency of seismic activity increases or decreases significantly compared with the normal level (Mei, 1996; Wyss and Habermann, 1998). Mogi (1969) studied the seismic activities around the focal area before the strong earthquake in Japan, and proposed for the first time that the frequency of earthquakes might increase or decrease significantly. Many subsequent studies have shown that there are frequent anomalous seismic signs around the focal points before most strong earthquakes, such as the 1988 Armenia Spitak Ms7.0 earthquake (Wyss and Habermann, 1998), 1992 US Landers Ms 7.3 earthquake (Wiemer and Wyss, 1994), 2011 Japan Ms 9.0 earthquake (Katsumata, 2011), 2014 Chile Iquique MW 8.1 earthquake (Aden-Antoniow et al., 2020) and the 2015 Chile Illapel MW 8.3 earthquake (Jarmolowski et al., 2021). Therefore, it is of great significance to study the abnormal variation characteristics of earthquake frequency for the development of earthquake prediction.
Some researchers have begun to study the anomaly of regional seismic activity frequency before strong earthquakes by using the traditional method of regional seismic variation over time. For instance, Feng et al. (2009) studied 22 moderate-to-strong earthquakes that occurred in the northeastern margin of the Qinghai–Tibet Block from 1980 to 2008, and found that 17 of these earthquakes were preceded by significant increases in the frequency of small earthquakes. Li et al. (2017) analyzed the data from the seismograph network around the Sichuan–Yunnan rhombic block and found significant anomalous increases in the local earthquake frequency prior to the 2013 Ms 7.0 Lushan Earthquake and 2014 Ms 6.5 Ludian Earthquake. This was an important result in terms of recognizing the precursors of strong earthquakes. Ma et al. (2008) studied the cumulative number of small earthquakes in the Qilian Mountain fault zone and variations in the earthquake frequency fields of Ms ≥6.0 earthquakes that occurred in China. Zhang and Li (2021) noted that the activity of small earthquakes around the focal point of the Maduo Ms 7.4 earthquake in Qinghai province increased significantly before the earthquake, and that the Luqu earthquake swarm was formed. They theorized that the Luqu area is a stress-sensitive area, which has a good corresponding relationship to the Maduo Ms 7.4 earthquake. Ma et al. (2022) studied 15 Ms ≥7.0 earthquakes in mainland China, and the cumulative frequency of earthquakes showed exponential growth. They found that at the annual scale non-linear growth characteristics are present in a cumulative number of small earthquakes before Ms ≥7.0 earthquakes. They also demonstrated that the gradient of the cumulative earthquake frequency graph changes prior to a moderate or strong earthquake owing to the formation of a seismogenic stress state in the region. The research methods of these scholars are effectively similar, in that they are one-dimensional images of earthquake frequency variable with time, which can predict the occurrence time of strong earthquakes.
The application of field theory to study anomalies before strong earthquakes is relatively new, having only been developed in recent years. The natural orthogonal expansion method (Ma et al., 1993) is used to calculate the energy field or frequency field before a strong earthquake. Two-dimensional images of the time and space of typical fields are studied, so as to predict the time and location of strong earthquakes. In particular, seismic energy fields have been studied intensively by several authors. For example, energy field theory was used for the first time by Yang and Ma (2004) to study how temporal anomalies in seismic energy are related to strong earthquakes in Ningxia. Luo and Yang (2005) conducted a systematic analysis of the relationship between spatial and temporal seismic energy field anomalies and moderate-to-strong earthquakes in Yunnan based on the seismic energy field in the region since 1975. Luo et al. (2011a) extracted spatiotemporal anomalies from the seismic energy field of the northwest Yunnan to south Yunnan region and accurately predicted the strong earthquakes that occurred in this region over the next 3 years. Luo et al. (2011b) and Yang and Ma (2011), Yang and Ma (2012) discovered medium- and short-term temporal and spatial anomalies in the seismic energy field of Wenchuan prior to the 2008 Ms 8.0 Wenchuan Earthquake that corresponded closely to the earthquake event. Ma and Yang (2012) analyzed the pre-quake temporal changes in the seismic energy field of the area around the epicenter of the 2010 Ms 7.1 Yushu Earthquake and the Yushu Fault and found that spatiotemporal energy-field anomalies preceded the earthquake by approximately half a year. Yang and Ma (2013) reviewed the pre-quake temporal factors of seismic activity fields around the epicenters of 30 Ms ≥6.0 earthquakes in China and found that most of these earthquakes were preceded by significant temporal anomalies. Luo et al. (2014) studied pre-quake spatiotemporal anomalies in the seismic energy field of the epicenter of the 2013 Ms 6.6 Minxian Earthquake and analyzed the correspondence between the evolution of spatiotemporal anomalies in the pre-quake seismic energy field and the epicenter of the Ms 6.6 earthquake. Yang et al. (2017) studied the strain fields of Ms ≥6.0 earthquakes in China and found that the temporal anomalies of such fields are more useful as earthquake predictors than those of seismic energy fields. Luo et al. (2018) studied the pre-quake seismic strain field of the 2017 Ms 7.0 Jiuzhaigou Earthquake and compared the temporal evolution of the strain anomalies of this earthquake with that of the 1976 Ms 7.2 Songpan–Pingwu Earthquake. Luo et al. (2019a) studied the pre-quake spatiotemporal anomalies of seismic strain fields around the epicenter of large earthquakes with an emphasis on their relationship to the mainshock. Luo et al. (2019b) studied how the seismic strain field of the Ms 8.0 Wenchuan Earthquake affected the subsequent Ms ≥6.0 earthquakes in the Longmenshan Fault and other nearby faults by investigating the interactions between strong earthquakes from the perspective of seismic strain evolution. Ma et al. (2020) applied a natural orthogonal function to study the variation of frequency field time factor of 7 Ms 7 earthquakes and 8 Ms 6 earthquakes and found that frequency field anomalies before strong earthquakes mainly concentrated in the first and second typical fields.
On the basis of the above research, we extracted the spatial isoline anomalies of the frequency field, studied the spatiotemporal abnormal variation characteristics of the frequency field of seismic activity before strong earthquakes in mainland China, and considered the abnormal variation rules of Ms ≥7.0 earthquakes. Next, through the comparison of seismic frequency field and the traditional method of regional seismic activity frequency (3 months), it was found that the frequency field time factor has the advantages of diversified and rich abnormal information. A slope comparison between the frequency field and the cumulative frequency curve then revealed that the frequency anomaly time of the two is consistent, and the conclusion is reliable. Lastly, the seismic frequency method was used to predict the occurrence time and location of strong earthquakes, and was found to be closer to the predictable seismic model.
2 DATA AND METHODS
2.1 Convolution regression method
The earthquake frequencies of a region are random variables that can be decomposed via natural orthogonal expansion into spatial and temporal functions. These functions comprise the earthquake frequency field, N. A random field can then be created by gridding the study area according to its local earthquake frequencies, that is, by dividing the study area, ∆N, into n elements of equal areas such that [image: image]. The central coordinates of each element are [image: image]. The observation time, ti, is then divided into m intervals of length [image: image] such that [image: image]. The observed seismic activity frequency of each element during each time interval is then calculated and recorded as Nij; these values constitute the function field of the spatiotemporal coordinates [image: image].
We herein express N, the frequency of the seismic activity applied in the gridding of the study area, as [image: image], which has the following matrix representation:
[image: image]
where [image: image] is the cumulative earthquake frequency of the j-th grid (spatial factor) during the i-th time interval (temporal factor). A natural orthogonal expansion is then performed on N by decomposing the matrix into the sum of the products of the orthogonal spatial functions x and orthogonal temporal functions T, that is,
[image: image]
These functions are orthogonal and normalized and satisfy the conditions
[image: image]
[image: image]
We can then define the matrix [image: image] and solve for the characteristic equation of R, that is,
[image: image]
from which we obtain the eigenvectors [image: image] and eigenvalues [image: image]. The temporal factors can then be expressed as
[image: image]
The eigenvectors [image: image] (frequency field) represent the spatial distribution of earthquake frequencies in each field, and the temporal factor [image: image] represents the time dependence of the frequency field [image: image] as well as reflecting the dynamics of each time-frequency field. The eigenvectors corresponding to the first few eigenvalues of R (which are arranged in decreasing order) are sufficiently precise to fit the entire frequency field. In other words, we can approximate the entire frequency field by superimposing the first few eigenvectors (frequency fields), with the changes that occur in these first fields representing the spatiotemporal characteristics of the frequency field corresponding to the study area. If the sum of all n eigenvalues is [image: image], the precision of fit between the first l frequency fields and the entire field is
[image: image]
where [image: image] is the p-th characteristic root.
In summary, natural orthogonal expansion condenses most of the information carried by an earthquake frequency field into the “primary” frequency fields that correspond to its largest eigenvalues. Frequency fields that are either invariant or poorly correlated with large quakes can then be excluded, thus simplifying the problem to the anomalies of the first few frequency fields.
2.2 Data and case examples
The earthquake data used in this study were obtained from the official national earthquake catalog provided by the China Earthquake Networks Center. The b-values of the study areas that correspond to the epicenters of 9 Ms ≥7.0 earthquakes were estimated from the earthquake catalog and their minimum magnitudes of completeness, Mc. One of the considerations in this study was the difference between frequency and energy fields. Small earthquakes (Ms 2-3) reflect the background seismicity of each region and have a significant effect on the earthquake frequency fields; large earthquakes, which are primarily controlled by seismogenic mechanisms, have a stronger effect on the energy field. To ensure that the selected dataset adequately reflected the background seismicity of a region as well as the seismogenic processes of large earthquakes, earthquakes between Mc and ML 5.4 (Ms 5.0) were included in the dataset. In principle, the aftershocks of each study area should also be included in the dataset. However, for cases in which the study areas of Ms ≥7.0 earthquakes overlapped, it was necessary to eliminate the aftershocks of the earlier earthquake to avoid affecting the later earthquake. For example, the study areas of the 2008 Ms 8.0 Wenchuan Earthquake and 2013 Ms 7.0 Lushan Earthquake overlapped; in this case, it was necessary to omit the aftershocks of the Ms 8.0 Wenchuan Earthquake from the dataset. The grid was divided into square cells of 1.0°x1.0°, and the time interval was selected as 3 months. The data were discretized and calculated, and the specific spatiotemporal scale was discussed in the following paper. Earthquake frequency matrices, N, were constructed for each study area using Eq. 1. These matrices were then analyzed by natural orthogonal expansion and the corresponding R matrices were solved to obtain the eigenvalues of the frequency field, primary fields that correspond to these eigenvalues, temporal factors of these primary fields, and frequencies of the spatial grids of each study area.
Natural orthogonal expansion was used to analyze the pre-quake local frequency fields of all Ms ≥7.0 earthquakes in mainland China from 1980 to 2020 (Figure 1). However, based on Wang et al. (2017) studies of the disparities in the precision and sensitivity of the national seismograph network (especially in Tibet and parts of Qinghai, where the network is poorly developed), the seismic observation data of the following earthquakes were found to be insufficiently complete for the purposes of this study: the Ms 7.5 Earthquake in Mani, Tibet, on 8 November 1997; the Ms 8.1 earthquake to the west of the Kunlun Pass on 14 November 2001; and the Ms 7.1 earthquake in Yushu Tibetan Autonomous Prefecture on 14 April 2010. Therefore, the frequency fields of these earthquakes were not computed in this study.
[image: Figure 1]FIGURE 1 | Locations of 9 Ms ≥7.0 earthquakes in mainland China. Red circles represent magnitude-7.0–7.9 earthquakes, and blue circles represent magnitude-8.0–8.9 earthquakes, the spatial distribution of epicenters in the Chinese mainland from 1980 to 2022.
2.3 Earthquake parameters and computational accuracy
The proposed method was first tested on the Ms 7.1 Wuqia Earthquake that occurred on 23 August 1985. The coordinates of its study area are (74.5°–77.5°E, 39°–41°N) and the b-value of this area was estimated using the seismic data from January 1975 to July 1985. The Mc of this area was determined to be ML = 2.7 according to the G-R equation (Figure 2). The study area was divided into 1.0°×1.0°grids, with a time interval of ∆t = 1/4 years (3 months). The earthquake frequency field of the n grids (n = 6) and m time intervals (m = 42) was then computed. When l = 4, the first four frequency fields encompass 88.91% of the entire frequency field, which is equivalent to all of the pre-quake frequency field anomalies of the Ms 7.1 Wuqia Earthquake being condensed within these four primary frequency fields. In other words, the anomalies in the first four frequency fields were equivalent to all of the anomalies of the study area. The parameters of the other 8 Ms ≥7.0 earthquakes and their computed results are listed in Table 1. This table includes the selected earthquakes and their spatial and temporal ranges, the magnitudes of the weak earthquakes included in the frequency field, the number of computational grids and time intervals, the magnitudes of the first four eigenvalues, and the accuracy of fit between the first four frequency fields and the entire field. It is seen from the table that the study areas of most of the Ms ≥7.0 earthquakes were larger than 3°×3° and spanned ten years or more (Yang et al., 2017) except in a few special cases. For instance, the spatial and temporal ranges of the 2017 Ms 7.0 Jiuzhaigou Earthquake had to be selected in a different manner to account for the influence of the 2008 Ms 8.0 Wenchuan Earthquake. The accuracy of fit between the entire frequency field and first four frequency fields was always greater than 70%, and the fit was 100% for the 1988 Ms 7.6 Lancang–Gengma Earthquake. Therefore, most of the anomaly data carried by the earthquake frequency fields (regardless of location) have been condensed within the first four frequency fields, and the anomalies of the first four frequency fields are representative of all anomalies in the study areas. The temporal changes in the pre-quake frequency fields of the aforementioned earthquakes are shown in Figure 3. All changes in the temporal factors that were greater than two times the magnitude of the pre-quake mean square error were deemed to be anomalies. The anomalies were then classified as long-term, medium-term, short-term, or imminent anomalies and the primary frequency fields that induced these anomalies are identified in Table 2. These results served as a guide for subsequent comparisons between the pre-quake anomalies of each frequency field.
[image: Figure 2]FIGURE 2 | Spatial distribution of Ms 7.1 Wuxia earthquake epicenters, The gray circles represent earthquakes of magnitude 2.7 to 5.4 (A).The G-R relationship of 9 earthquake cases above Ms 7 in the study area, the gray dot represents the cumulative number of earthquakes, and the red line represents the linear fit (B–J). (B) 1985 Ms 7.1 Wuxia earthquake; (C) 1988 Ms 7.6 Lancang–Gengma earthquake; (D) 1990 Ms 7.0 Gonghe earthquake; (E) 1990 Ms 7.2 Jeminay earthquake; (F) 1995 Ms 7.3 Myanmar–China earthquake; (G) 1996 Ms 7.0 Lijiang earthquake; (H) 2008 Ms 8.0 Wenchuan earthquake; (I) 2013 Ms 7.0 Lushan earthquake; (J) 2017 Ms 7.0 Jiuzhaigou earthquake.
TABLE 1 | Parameters and computed frequency fields of 9 Ms ≥7.0 Earthquakes in mainland China.
[image: Table 1][image: Figure 3]FIGURE 3 | Temporal factors of the first four frequency fields of 9 Ms ≥7.0 earthquakes, The green dotted line represents the anomaly, The red line is two times the mean square error, The black arrow represents the magnitude of a Ms ≥7.0 earthquake. (A) 1985 Ms 7.1 Wuxia earthquake; (B) 1988 Ms 7.6 Lancang–Gengma earthquake; (C) 1990 Ms 7.0 Gonghe earthquake; (D) 1990 Ms 7.2 Jeminay earthquake; (E) 1995 Ms 7.3 Myanmar–China earthquake; (F) 1996 Ms 7.0 Lijiang earthquake; (G) 2008 Ms 8.0 Wenchuan earthquake; (H) 2013 Ms 7.0 Lushan earthquake; (I) 2017 Ms 7.0 Jiuzhaigou earthquake.
TABLE 2 | Parameters of the frequency field temporal factors of 9 Ms ≥7.0 earthquakes in mainland China.
[image: Table 2]2.4 Changes in temporal factors of the frequency fields
The temporal factor anomalies that appeared in the frequency fields of the 9 Ms ≥7.0 earthquakes shown in Table 2 reveal that, in each of these earthquakes, the temporal factors of the first four frequency fields (T1–T4) exhibited one or more anomalies at different times. For each earthquake, the anomalous amplitude is taken as the largest value between several consecutive anomalies, and a change is deemed anomalous if it is larger than twice the absolute mean square error. Under the earthquake forecasting standards of the China Earthquake Administration, anomalies that appear 10 years, 1–2 years, 3 months, and a few to tens of days before a mainshock are called long-term, medium-term, short-term, and imminent anomalies, respectively. The vast majority of the 9 Ms ≥7.0 earthquakes exhibited long-term and medium-term anomalies, such as the 2008 Ms 8.0 Wenchuan and 2013 Ms 7.0 Lushan Earthquakes, and also showed short-term and imminent anomalies. Overall, the T1–T4 graphs of the Ms ≥7.0 earthquakes always exhibit large and complex fluctuations and contain many anomalies that exceed the anomaly determination threshold (the range of the mean square error is indicated by red lines in Figure 3). Some of these earthquakes exhibited extremely significant imminent anomalies, which are useful as earthquake predictors.
2.5 Changes in contours of frequency fields
The frequency-field contour maps of the areas that correspond to the 9 Ms ≥7.0 earthquakes that occurred in mainland China from 1980 to 2020 are shown in Figure 4. These maps were computed using Eq. 6 based on the weak-earthquake data described in Table 1. It is seen that the locations of the mainshocks coincide with high-density gradient turning points (locations where the blue zones turn into red zones, which have gradients greater than 0.9) in seven out of the nine earthquakes. The mainshocks typically occur near the turning points rather than the maximum contour values. In two other earthquakes (the 1990 Ms 7.0 Gonghe Earthquake and Ms 7.2 Jimenay Earthquake), the contours are relatively sparse and small in number and do not exhibit any significant anomalies. This is potentially related to the low earthquake monitoring ability and low earthquake frequency in the study area. Generally, high-gradient turning points appear when the values of the frequency-field contour lines become large, and an area can exhibit one or more of these anomalous zones. Anomalous zones that occur near an active fault are often the epicenters of Ms ≥7.0 earthquakes; other anomalous zones can become the epicenter of strong earthquakes in the future.
[image: Figure 4]FIGURE 4 | Frequency field contour maps of 9 Ms ≥7.0 earthquakes that occurred in mainland China, the black dots represent earthquakes, the blue, green, orange and red lines represent frequency field contours, and the gray lines represent active faults. (A) 1985 Ms 7.1 Wuxia earthquake; (B) 1988 Ms 7.6 Lancang–Gengma earthquake; (C) 1990 Ms 7.0 Gonghe earthquake; (D) 1990 Ms 7.2 Jeminay earthquake; (E) 1995 Ms 7.3 Myanmar–China earthquake; (F) 1996 Ms 7.0 Lijiang earthquake; (G) 2008 Ms 8.0 Wenchuan earthquake; (H) 2013 Ms 7.0 Lushan earthquake; (I) 2017 Ms 7.0 Jiuzhaigou earthquake.
It may be possible to preliminarily locate the epicenter of future Ms ≥7.0 earthquakes in a study area by studying the variations of its frequency-field contours. The January 1998–April 2008 frequency-field contour map of the 2008 Ms 8.0 Wenchuan Earthquake (Table 1; Figure 4G) exhibits three vortex-like isocratic anomalies (areas with high densities of contours with values greater than 0.9). The anomalies centered around (31.0°N, 103.5°E) and (30.0°N, 102.5°E) correspond to the epicenters of the 2008 Ms 8.0 Wenchuan Earthquake and 2013 Ms 7.0 Lushan Earthquake, respectively, whereas the anomaly centered around (31.5°N, 101.5°E) might be related to the 2014 Ms 6.3 Kangding Earthquake. The strong earthquakes that occurred persistently around the Longmenshan Fault after 2009 might have been triggered by the frequency field anomalies of the 2008 Ms 8.0 Wenchuan Earthquake. For brevity, we will simply describe the pre-quake frequency-field contour anomalies associated with the eight other Ms ≥7.0 earthquakes in Table 1 instead of providing a detailed analysis of each earthquake.
3 DISCUSSION
3.1 Comparison between regional earthquake frequency graphs and earthquake frequency fields
Several scholars (Feng et al., 2009; Li et al., 2017; Zhang and Li, 2021) took the area around the epicenter of a strong earthquake as the research area to study the frequency anomaly of regional seismic activity before a strong earthquake. In this paper, the natural orthogonal expansion method is mainly used to study the typical frequency field in the strong earthquake area. The regional earthquake frequency graphs of 9 Ms ≥7.0 earthquakes (with 3-month frequencies) were compared with their T1–T4 graphs; the use of frequency graphs is a conventional seismological method, whereas the use of T1–T4 graphs is the method proposed in this paper. Owing to length constraints, this comparison was limited to the 1995 Ms 7.3 Myanmar–China Earthquake and the 2008 Ms 8.0 Wenchuan Earthquake. The earthquake frequency graph of the 1995 Ms 7.3 Myanmar–China Earthquake strongly resembles its T1 graph (Figure 5 top). Based on Tables 1, 2, the accuracy of T1–T4 for this earthquake is 99.34% and the fit of T1, which is the primary field of the frequency field, is 48.6%. Therefore, the earthquake frequency graph is simply a part of T1–T4 and the information carried by the former is contained within the latter. The earthquake frequency graph of the 2008 Ms 8.0 Wenchuan Earthquake also closely resembles the T1 graph, which is the primary field of the frequency field (Figure 5 bottom); the information within the earthquake frequency graph is effectively contained in the T1 graph. The same relation was observed for all other Ms ≥7.0 earthquakes.
[image: Figure 5]FIGURE 5 | Comparison between frequency-field temporal factors and regional earthquake frequency graphs, the green dotted line represents the anomaly, the red line is two times the mean square error, the black arrow represents the magnitude of a Ms ≥7.0 earthquake, the red dotted line is the mean line (A,B)the 1995 Ms 7.3 Myanmar–China earthquake (top), (C,D) the 2008 Ms 8.0 Wenchuan earthquake (bottom).
Table 1 shows a partial overlap between the study areas of the 1995 Ms 7.3 Myanmar–China Earthquake (20.0°N–23.0°N, 98.5°E–100.5°E) and 1988 Ms 7.4 Lancang–Gengma Earthquake (21.5°N–23.5°N, 99.0°E–101.0°E). It is seen that the temporal spans of these earthquakes also overlap, with temporal spans of January 1985—June 1995 and January 1975—October 1988, respectively. As a result, both Figures 5A, B exhibit medium and short-term pre-quake anomalies prior to the earthquake and high-value anomalies that always correspond to strong earthquakes. The T2, T3, and T4 graphs in Figure 5A also contain the short-term and imminent anomalies of the 1995 Ms 7.3 Myanmar–China earthquake and are more accurate than the regional earthquake frequency graph. This result highlights the advantage of using natural orthogonal expansion to study earthquake frequency fields.
3.2 Comparison between cumulative earthquake frequency graphs and earthquake frequency fields
The seismic activities that occur in the study area of an Ms ≥7.0 earthquake include its background seismicity, which comprises small random quakes, and strong earthquake precursors that manifest as small anomalous quakes. These seismic activities are controlled by different stress mechanisms. Background seismicity is controlled by stable long-term and region-wide stresses and is a relatively stable process. The cumulative earthquake frequency owing to background seismicity generally increases linearly over time, with small fluctuations, and it represents the equilibrium state of the region. By contrast, small anomalous quakes are caused by localized short-range stresses in the vicinity of seismic sources or fault junctions. They typically occur in highly seismic-sensitive regions; once their mechanical equilibrium is disrupted, the cumulative earthquake frequency will decrease or increase significantly over time owing to tectonic stress, thus causing the cumulative earthquake frequency graph to become non-linear (Figure 6).
[image: Figure 6]FIGURE 6 | Cumulative frequency graphs of 9 Ms ≥7.0 earthquakes, the green dotted line represents the anomaly, the black arrow represents the magnitude of a Ms ≥7.0 earthquake, the dashed line represents the slope of a linear increase in cumulative frequency, K1, K2, K3, and K4 are for gradient. (A) 1985 Ms 7.1 Wuxia earthquake; (B) 1988 Ms 7.6 Lancang–Gengma earthquake; (C) 1990 Ms 7.0 Gonghe earthquake; (D) 1990 Ms 7.2 Jeminay earthquake; (E) 1995 Ms 7.3 Myanmar–China earthquake; (F) 1996 Ms 7.0 Lijiang earthquake; (G) 2008 Ms 8.0 Wenchuan earthquake; (H) 2013 Ms 7.0 Lushan earthquake; (I) 2017 Ms 7.0 Jiuzhaigou earthquake.
Application of earthquake cumulative frequency method (Ma et al., 2008; Ma et al., 2022) The study of the non-linear variation law of regional seismic activity before strong earthquakes can better explain the seismic frequency field anomalies in this paper. The pre-quake cumulative earthquake frequency graphs of the 9 Ms ≥7.0 earthquakes are shown in Figure 6. In the normal state, the cumulative earthquake frequency graph will extend linearly over time. If a significant decrease or increase in seismic activity occurs, the gradient of the graph will decrease or increase significantly, which is indicative of seismic locking around the seismic source zone or fault as well as enhanced seismic activity. In the pre-quake cumulative earthquake frequency graph of the 2017 Ms 7.0 Jiuzhaigou Earthquake (Table 3), it is seen that the graph is linear from January 2000—July 2006 with a gradient of K1. The gradient of the graph decreases significantly (to K2) from August 2006, indicating an abnormal seismic state. This is quickly followed by the medium-to-imminent anomalies of the 2008 Ms 8.0 Wenchuan Earthquake, after which the graph returns to its equilibrium state (K1). The cumulative earthquake frequency graph decreases to K3 in October 2011 and then exhibits the medium-to-short term anomalies of the 2013 Ms 6.6 Gansu Earthquake before returning to the equilibrium state. In June 2015, the gradient of the cumulative earthquake frequency graph rises to K4, where it remains until the 2017 Ms 7.0 Jiuzhaigou Earthquake; this increase in gradient is the medium-to-short term anomaly that precedes the 2017 Ms 7.0 Jiuzhaigou Earthquake. Long-term or medium-to-imminent anomalies in the pre-quake cumulative earthquake frequency graph always precede the occurrence of a strong earthquake in all other Ms ≥7.0 earthquakes (Table 3).
TABLE 3 | Comparison between the cumulative earthquake frequency graphs and frequency field anomalies of 9 Ms ≥7.0 earthquakes in China.
[image: Table 3]The timing and nature of the anomalies in the cumulative earthquake frequency graphs are listed in Table 3. The nature of each anomaly was determined with respect to its corresponding earthquake and the cumulative earthquake frequency graphs were calculated using the same number of samples as were used to create the contours in Figure 4. It is seen from the table that the spatial anomalies of the frequency-field contours appear to be insignificant if an insufficient number of samples are available. In each study area, the temporal anomalies of the cumulative earthquake frequency graph and frequency field generally agree in terms of time span. By comparing the cumulative earthquake frequency graphs and frequency fields of the 9 Ms ≥7.0 earthquakes, we found that the frequency-field temporal anomalies and spatial contours calculated via natural orthogonal expansion are highly accurate and reliable. This result is consistent with the spatiotemporal anomaly of the magnitude frequency distribution inferred by Ogata and Katsuta (1993).
3.3 Comparison between strain fields and frequency fields
The seismic strain field method (Yang et al., 2017; Luo et al., 2018; Lu et al., 2019a) is the same as the frequency field method, except that the parameter variables are different. The seismic strain field takes the seismic strain as the independent variable, and the frequency field takes the frequency as the independent variable. A comparison between the frequency and strain fields of the 1995 Ms 7.3 Myanmar–China Earthquake and the 2008 Ms 8.0 Wenchuan Earthquake is shown in Figure 7. It is seen that the frequency-field temporal factors are highly sensitive to seismic anomalies, as they exhibit large fluctuations and complex anomaly patterns. Conversely, the strain-field temporal factors are largely noiseless and exhibit clear and distinct pre-quake anomalies. However, the frequency-field temporal factors can reflect the anomaly patterns of multiple Ms ≥7.0 earthquakes if they have overlapping study areas (Figure 7A). Conversely, the strain field can only reflect pre-quake anomalies associated with large accumulations (or releases) of strain energy, as smaller anomalies are masked in the strain-field temporal factors (Figure 7B). The results are consistent with the cumulative growth anomaly results of non-linear earthquakes Ma et al. (2022).
[image: Figure 7]FIGURE 7 | Comparison between frequency-field and strain-field temporal factors, the green dotted line represents the anomaly, the red line is two times the mean square error, the black arrow represents the magnitude of a Ms ≥7.0 earthquake (A,B) the 1995 Ms 7.3 Myanmar–China earthquake (top) and (C,D)the 2008 Ms 8.0 Wenchuan earthquake (bottom).
3.4 Discussion on the rationality of the selection of time interval and space scale
In the selection of seismic spatial scale, the seismicity statistical area related to large earthquakes and the grid cell are determined separately. Mei (1997) studied an Ms ≥7.0 earthquake in the North China Plain and found that its seismic activity occurred in three stages: an initial low level, a gradually increasing phase, and a final weakening phase. The statistical area over which the earthquake occurred changed over time from 500 to 400 km; as seismic activity developed, the area was gradually reduced. Further measurements taken from 20 Ms 6.0–6.9 earthquakes occurring in China revealed pre-earthquake activity enhancement areas ranging from 180 to 390 km. Based on these data, we applied a natural orthogonal function expansion to select a range of 3° in both longitude and latitude around the epicenter as the study area. The grid cells calculated using this approach reflected the distribution characteristics of regional seismic frequency but were too densely clustered. If 0.5°×0.5°grid cells were used, the frequency field curves would be averaged and the abnormal characteristics of the main frequency fields would not be effectively highlighted. If instead a 1.5°×1.5°grid cell was selected, the grid could be too large and the primary anomaly would be concentrated in the first frequency field in a manner similar to the results for the overall study area (Figure 4B), losing the multi-component characteristics of the results. In our paper, we reference Ma et al. (2020) discussion of these specific factors; we directly cite their research results and optimize the grid cell to 1.0°×1.0°.
The time interval is taken as a sliding calculation over 3 months because an interval of two or 4 months would have a negative influence on the sliding calculation results. If the time interval were too short, there would be more data, making anomalies more prominent, but the calculation speed would be slow. Increasing the time interval would speed up the computation but reduce the amount of data, masking anomalies. Thus, we followed the detailed discussion by Ma et al. (2020) and set a sliding of window of 3 months to obtain the best calculation results.
4 CONCLUSION
In this study, we analyzed the anomalies in the frequency-field temporal factors and spatial contours that preceded 9 Ms ≥7.0 earthquakes in mainland China. The following conclusions were drawn from the results of this analysis:
Prior to an Ms ≥7.0 earthquake, three to four of the first four frequency fields always exhibit anomalous changes in their temporal factors. The vast majority of these temporal anomalies are concentrated in the first four frequency fields and the anomalies appear to comprise multiple components. The contribution of T1 to these anomalies is the largest among all temporal factors (typically 40%–60%) and the T1 graph strongly resembles the regional (3-month) earthquake frequency graph. The proposed natural orthogonal expansion-based frequency field approach is more accurate than the conventional method and can be used to detect short-term and imminent seismic anomalies.
Frequency-field temporal factors are highly sensitive to seismic anomalies, as their graphs exhibit large fluctuations and complex anomaly patterns (rising, falling, fluctuating, rising and then falling, falling and then rising, etc.). This is because the frequency-field temporal factors depend only on the number of small earthquakes within a region. For instance, the contribution of an ML 2.7 earthquake to the frequency field is identical to that of an ML 5.3 earthquake. The strain field (seismic energy field) graph is much more “noiseless,” which results in highly distinct anomaly peaks. This is because the strain field depends on the cumulative seismic strain (or energy) of the quake; a difference of one in magnitude corresponds to a 33-times difference in strain (energy). Therefore, the contribution of an ML 2.7 quake to a strain field graph is much smaller than that of an ML 5.3 quake, and the signals of smaller strains are often masked by those of larger strains. The frequency field is more adept than the strain field at highlighting the pre-quake temporal anomalies of different Ms ≥7.0 earthquakes if there is some overlap in their affected areas, as these anomalies are usually masked in strain fields.
High-gradient turning points are present in the spatial contours of pre-quake frequency fields of Ms ≥7.0 earthquakes. Areas that have high densities of contour lines and contour values greater than 0.9 (where the blue lines change into red lines in Figure 4) are high-risk zones for strong earthquakes as they have the potential to generate large events. The detection of danger zones using frequency-field spatial contours is strongly dependent on the number of earthquake samples in the dataset; generally, increasing the number of earthquakes increases the reliability of forming contour danger zone.
If the seismic stresses of a region are in a normative state, the cumulative earthquake frequency curve of the region should increase linearly over time and its seismic events should be normally distributed. An anomalous increase or decrease in the gradient of the cumulative earthquake frequency graph is indicative of a significant calming of or increase in the seismic activity around a seismic source zone or fault junction. The anomalies of the cumulative earthquake frequency graph and frequency-field temporal factors are generally consistent with each other in terms of their time spans. Therefore, the temporal factor anomalies that are computed using the proposed method are reliable.
The natural orthogonal expansion calculation method proposed in this study is novel and abandons the use of the conventional earthquake region as the research object. In the proposed approach, the natural frequency orthogonal field expansion method is used to calculate the typical frequency fields related to larger earthquakes occurring in an area, from which points can be extracted from the characteristics of short and intermediate anomalies in primary seismic frequency that precede earthquakes with magnitudes greater than 7. This provides a reference for the prediction of large earthquakes occurring on the Chinese mainland. This study had the following limitations: the time factor used to describe the typical frequency field is sensitive; in addition, the curves generated using the proposed approach fluctuate significantly and have an abnormal shape that is complex and difficult to identify.
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Prospective discrimination of rock instability and fracture is a key problem in mining, slope stability, earthquake triggering, and other research fields. Through the rock fracture experiment, scientists put forward the load unload response ratio (referred to as LURR) to detect the non-linear deformation process of the strain stress curve, judge the degree of rock damage and instability fracture, which is accepted worldwide and has been widely used in seismic risk assessment. But, the extraction of response parameters (including strain, energy, well water level, etc.) are faced with many difficulties in actual observation, which makes the application of results uncertain. In this paper, the change of relative wave velocity is proposed as the loading unloading response parameter. Through rock mechanics experiments, a prospective discrimination method of rock instability and fracture process is constructed. The change characteristics of the LURR in the process of rock instability and fracture under stress are studied, the experiment result show that: when approaching the main fracture, the LURR calculated by taking the transverse strain energy as the response quantity obviously rises and fall back, the acoustic emission energy release rate and event rate are close to exponential acceleration process; The LURR by taking the change of relative wave velocity as the response parameter, first decreases, then fluctuates near zero, and rapidly decreases to below zero when it reaches the critical failure. The change combination of the above parameters’ response ratio can effectively judge the process of rock deformation, instability and fracture under stress. Moreover, this study of the load unload response ratio which takes the change of relative wave velocity as the response parameter, makes up the deficiency of the traditional load unload response ratio method in judging the rock instability of the medium under stress.
Keywords: rock experiment, cyclic loading, instability fracture, measurement of wave velocity, loading and unloading response ratio
1 INTRODUCTION
Study on the process of rock instability and fracture is the core content of rock mechanic. Reveal the evolution process of rock instability and fracture is of great significance to the prediction of dynamic disasters of rock mass, such as: earthquake mechanism, stability of roadway engineering, mining and slope instability. In order to reveal the seismic physical process, many scholars have carried out a large number of experimental studies on rock instability by using different observation measures and different observation conditions, exploring the process of rock instability and fracture under different loading modes, many results of predicting the precursor characteristics of rock instability and fracture have been obtained (Ma et al., 2019; Kwiatek G et al., 2014; Yamashita F et al., 2021; Ma et al., 2022a; Ma et al., 2022b; Li and Ma, 2021; Chen et al., 2009; Lei et al., 2000).
However, the preparation process of the rock instability and fracture is extremely complicated, but its physical essence lies in the deformation, instability and fracture process of the medium. Just because the rock instability prediction is extremely complicated and difficult, it is necessary to vigorously look for physical parameters that can essentially reflect the instability process. At the same time, it must be physically related to the local instability and rupture of the medium (Yin et al., 1994; Yin et al., 1995). The theory of loading and unloading response ratio that can quantitatively describe the damage degree and instability failure of rock, and is often used to detect the deformation stage before the peak value of strain stress curve (Yin, 1987). Yin et al. (2004) and Wang (1998) tested a large number of earthquake cases on the variation law of loading and unloading response ratio before moderate earthquakes, and the results showed that more than 80% of the earthquake cases had loading and unloading response ratios significantly greater than 1 before earthquakes, so it can be applied to earthquake prediction (Liu et al., 2012). With the development of more than 30 years, it has been widely used in the field of earthquake prediction. Many scholars use different geophysical parameters as responses, and have carried out a large number of experimental studies at different scales, including physical mechanism, experimental studies, numerical simulation and earthquake prediction practice (Yu, 2004; Yu et al., 2006; Yu et al., 2010; Yin et al., 2013; Yin et al., 2002; Zhang H et al., 2005a; Zhang W et al., 2006a; Zhang Y et al., 2006b), and made a series of progress. Experiments and numerical simulations also confirm the correctness of the theory of loading-unloading response ratio (Yin et al., 1995; Zhang et al., 2013). But, in the actual field observation, it is difficult to measure the stress and strain of the block, so it is equally difficult to measure the deformation modulus during loading and unloading (Yin et al., 2017). The response change based on magnitude energy depends heavily on seismic activity, and many earthquake source faults are locked for a long time, so it is impossible to obtain the relevant response from seismic activity itself (Lei and Wang, 2022). Moreover, the response based on other geophysical parameters (water level, temperature, etc.) is limited by the scale of observation and the density of observation points, so it is difficult to apply it to field regional scale observation.
Therefore, it is an important research direction to develop the loading/unloading response ratio method with the wave velocity change rate as the response. Considering the impenetrability of the Earth’s interior and the observation problem of regional scale. Because, among the information parameters of seismic waves, the seismic wave velocity is the most accurate and reliable parameter, the measurement method is relatively mature. A large number of laboratory experiments show that the wave velocity of rocks will change with the change of stress (Birch, 1990; Nur et al., 1971). It increases with the increase of wave velocity pressure and is related to loading and unloading cycles (Yang and Shi, 2004). Therefore, the continuous and accurate measurement of wave velocity can be used as a “stress meter” to reflect the state change of stress field in underground media. After years of development, the observation method based on wave velocity measurement has been preliminarily applied and developed in the laboratory ultrasonic scale observation research (Yang et al., 2020; Song et al., 2012). Xie et al. (2017) even obtained the observation accuracy of relative wave velocity change as high as 10–6 by using the observation method of coda interference. Moreover, more importantly, it can be used to monitor the change of medium wave velocity at field scale. For example, the air gun seismic source detection technology in land water has the characteristics of environmental protection, high repeatability, etc. It can spread hundreds of kilometers through superposition, and the measurement accuracy of relative wave velocity change is 10–4∼10–3. It can observe diurnal and semidiurnal changes caused by atmospheric pressure or solid tide. This high-precision wave velocity measurement provides a reliable technical means for responding to the state and change of weak stress field in underground media (Wang et al., 2016).
Based on the active ultrasonic source, this paper carried out experimental research before and after rock fracture under cyclic loading. An important highlight of the paper is that developed the new LURR could make up for the lack of general LURR, and has theoretical significance for the study of earthquake prediction methods since instability of fault occurs after the peak point of strain-stress curve. At the same time, it is possible to use the wave velocity change under small stress disturbance to detect the stability of rock or engineering structure in the future, which shows a potential engineering significance of the results of this paper.
2 EXPERIMENT INTRODUCTION
2.1 Experimental system
The system includes: loading and unloading operation system, signal excitation system, acoustic emission waveform acquisition system and strain acquisition system as shown in Figure 1. In the experiment, CTM microcomputer servo-controlled hydraulic universal testing machine of Institute of Geology, Seismological Bureau of China was used, with a maximum loading capacity of 1000 kN. The signal generator continuously excited two sinusoidal signals (100 s/s) with an interval of 10 m, a transmission frequency of 100 KHz, a voltage of 2 Vpp and a preamplifier of 40 dB, which were amplified to 40 V by a power amplifier (Yang et al., 2020). The AE probe model is RS-2A, its frequency range is 50–400 KHz, and its center frequency is 150 KHz. The AE waveform acquisition system with 16 AE probes is used for recording. The AD conversion resolution is 16 Bit, the sampling frequency is 3MHz, and the sampling frequency of LB-V multi-channel digital strain gauge is 100 Hz.
[image: Figure 1]FIGURE 1 | Schematic diagram of experimental system.
Before loading, the clocks of the press operating system, acoustic emission data acquisition and strain observation system should be networked and synchronized to avoid the clock error affecting the calculation accuracy of the subsequent wave velocity change. The signal generator continuously excites two sinusoidal signals, which are amplified to 40Vpp by a power amplifier. The received signals are recorded in a 16-bit precision data collector at a sampling rate of 3 m/s, and the time length of the received waveform is 10 m. Each probe has 969 s continuous seismic records, and there are 3 million sampling points in 1s data. In this paper, the data is processed according to the data format with a time resolution of 1 s.
2.2 Sample and observation system
Granite samples with pre-cracks are used in the experiment. The sample size is 99.48 mm × 98.04 mm × 146.50 mm, as shown in Figure 2. The physical and mechanical properties of marble materials are as follows: compressive strength is 162 MPa, Young’s modulus is 72.7 GMa, Poisson’s ratio is 0.21, p-wave velocity is 5 km/s. The specimen is oblique cut in echelon in 45° axial direction, and macro fault zone is prefabricated for rock specimen by mechanical cutting method to simulate the geometric structure of tensile echelon fault. The cutting tool is a high-speed electric cutting machine. The upper fault is about 5.3 cm, and the lower fault is about 5.0 cm, all of which are cut through. The wheel blade of the cutting machine is an ultra-thin diamond saw blade. The width of the fault zone is about 3 mm and the depth of the fault zone is about 42 mm. The prepared sample is mixed with 1:1 gypsum and water and then filled into the crack to simulate the fault zone with low strength. It is placed for 24 h for the test after solidification. The test rock samples are processed according to the international rock mechanics test method.
[image: Figure 2]FIGURE 2 | Sample model and observation system.
The experimental system consists of 13 piezoelectric ceramic sensors (AE probe CH3-CH16) and one excitation probe (S) to excite ultrasonic waves. Piezoelectric ceramic sensors (14 AE probes in total, as shown in Figure 2) are installed on the rock samples. Nine red five-pointed probes are distributed on the first surface, one purple five-pointed probe is distributed on the second surface, three black five-pointed probes are distributed on the third surface, and one green five-pointed probe is distributed on the fourth surface. The center dot S is the position of the excitation probe. Before installation, wipe the contact surface between the probe and the rock with paper towel dipped in absolute ethanol to remove the dust on the sample surface. Apply honey evenly on the contact surface of the probe with the rock to ensure the coupling. The active excitation system is excited by double-pulse sine wave, and the acoustic emission data acquisition system is used to continuously record the active excitation ultrasonic wave and acoustic emission waveform. At the same time, six groups of strain gauges are deployed on the four surfaces of the rock sample, and each group includes longitudinal, transverse and oblique strain records. The strain data acquisition system is used to record the strain, and the whole process of rock failure is recorded by strain gauges.
2.3 Experimental process
The rock pattern is fixed on the servo-controlled hydraulic universal testing machine, and the loading system is used for cyclic loading and unloading at the loading speed of 2 kn/s and the unloading speed of−2 kn/s. As shown in Figure 3, there are eight stages of cyclic loading and unloading, with each loading lasting about 80 s (the first loading lasting 100 s) and unloading lasting about 40 s. The whole cycle loading time lasts for 960 s. According to the empirical formula (p=F/S), in the first stage, the stress drops by 20.5 MPa in the loading section and 8 MPa in the unloading section. And the stress drops in the subsequent loading and unloading sections (2–7) are 16.4 and 8.2 MPa respectively. This loading method can simulate the effect of the tidal force of the Sun and the Moon, and the correlation of its response can be used as the response of the loading and unloading stages, respectively, and the sample reaches shear failure in the last stage of (∼78 MPa) loading.
[image: Figure 3]FIGURE 3 | Loading and unloading curve.
3 THEORY AND RESULTS
3.1 Loading and unloading response ratio theory
The theory of loading and unloading response ratio describes the evolution process of earthquakes with the Y value of loading and unloading response ratio in source areas, and the Y value can quantitatively measure the source process of the medium in source areas to a certain extent, so it is possible to predict earthquakes (Mora et al., 2002).
The theoretical principle is as follows: Assuming that the system is loaded and unloaded, [image: image] and the [image: image] response rates of the loading and unloading periods are divided, the loading and unloading response ratio Y is defined as when the medium is in the elastic deformation stage [image: image], therefore, [image: image].At the stage of damage [image: image].When [image: image] the medium is about to be destroyed, [image: image] the value becomes larger and larger, reaching its peak value. Taking different physical quantities as responses, [image: image] the expressions are different. Taking seismic energy as the response, the loading and unloading response ratio is expressed as:[image: image]
[image: image]
In Eq. 1: E represents seismic energy, and “+”and “-”represent loading and unloading, respectively (Liu and Yin, 2013). M is a constant between 0 and 1. When m=1, it means energy, m=1/2, it means energy Benioff strain, and m=1/3 or 2/3, it means the line scale and plane scale of the source area. M=0 indicates the earthquake frequency. [image: image] And [image: image] the number of earthquakes loaded and unloaded in the study period respectively (Yin et al., 2000).
3.2 Strain energy response results
The stress-strain relationship (curve) shows the whole process of rock failure, as shown in Figure 4. At the initial stage of rock loading, the cracks in the rock closed elastically, and the strain curve showed strong consistency with the stress loading and unloading curve, and the strain increased linearly with the stress. When the extreme stress reaches ∼65 MPa, the main crack occurs, and the strain gauge 5 records the occurrence time of the main crack to ∼810 s, and the main crack occurs near the bottom area of the precast crack Fp, which is mainly because the sensitivity of axial stiffness to crack initiation and penetration is weaker than the non-linear lateral deformation (Zhang et al., 2017), and the stress accumulation of the precast crack structure is concentrated and the brittleness is weak. At the same time, the rock cracks spread unsteadily along the transverse direction, and the strain curve suddenly changes abnormally, and the deformation is large, which indicates that the occurrence time of the main rock fracture can be defined at this time.
[image: Figure 4]FIGURE 4 | Strain-stress curve.
Although the loading and unloading time in this paper is different, when the response quantity takes the average strain energy of each loading and unloading interval, it accords with the loading and unloading theory (Yin, 2004; Wang et al., 2004). Firstly, taking the strain energy as the response quantity, the Y value of the loading and unloading ratio response in all directions is calculated. As shown in Figures 5A–C. It is found that the loading and unloading curves basically coincide with the strain curves in the low stress stage, especially in the elastic stage, so the Y value of the loading and unloading response ratio is approximately 1. However, as the extreme stress approaches, more strain energy will be converted into permanent deformation of rock every time it is unloaded. Moreover, this change is getting bigger and bigger. Therefore, with approaching the extreme stress, before the main fracture occurs, the loading and unloading response ratios of strain gauges 5 and 14 near the rock bridge area are obviously inconsistent, and the values of the loading and unloading response ratios are obviously increased and decreased, indicating that the initiation and penetration of rock cracks mainly extend along the vertical axis. At the same time, the time series of the loading and unloading response ratio of the rock increased obviously before it became unstable, and the loading and unloading response ratio was abnormal. Before the rock was fundamentally damaged, the loading and unloading response ratio in many directions showed synchronous response.
[image: Figure 5]FIGURE 5 | Load unload response ratio of strain energy in three directions (A–C).
3.3 Acoustic emission response results
Studying the evolution law of acoustic emission activities can characterize the whole process of rock damage and instability. Acoustic emission testing is a method to study the evolution process of rock damage from meso-fracture scale (Zhang H et al., 2005b). During the test process, the micro-fracture signal inside the rock was recorded by acoustic emission monitoring system, and the variation law of acoustic emission characteristic parameters was obtained by post-processing. The records of acoustic emission event release rate and acoustic emission energy release rate in the experimental process are shown in Figures 6A, B. The results show that in the initial loading stage, there are very few acoustic emission events in the rock, and only a few acoustic emission events occur when the stress reaches about 10 MPa. At this time, acoustic emission phenomena occur at intervals, and the event rate and energy release rate are low. When the stress exceeds 28 MPa, the AE event rate gradually increases, but it is far less than that near the peak value. The AE events generated at this time are mostly due to the collision and friction between particles radiating elastic waves during the initial micro-crack closing process under external load. When the stress increases to 40 MPa, the AE event rate increases rapidly, and the first peak appears. Here, the stress is regarded as the crack initiation stress, and the AE event propagation rate gradually increases linearly. At this time, the crack is still in a stable propagation stage. When the stress reaches 60 MPa, the main fracture occurs, and the AE event rate increases non-linearly. At this time, the AE event rate has developed rapidly at a certain rate.
[image: Figure 6]FIGURE 6 | AE energy release rate (A) and event release rate (B).
When rock is subjected to repeated loading and unloading experiments, only when the load reaches the previous maximum load will obvious acoustic emission occur. This “memory” phenomenon of materials is called Kaiser effect (Kaiser, 1950). The loading and unloading stages in this paper meet Kaiser effect law from 1 to 4. Subsequently, the Kaiser effect was also confirmed in the compression experiments of sandstone and quartzite (Goodman, 1963). The discovery of Kaiser effect provides a new method to solve the problem of medium damage estimation in rock mechanics. However, when there is damage inside the rock, when the load is less than the highest stress level experienced in the previous period, the acoustic emission begins to increase significantly. This phenomenon is called Felicity effect (Fowler, 1986), as shown in Figures 6A, B. Felicity effect appears in the acoustic emission activity in the 5–8 stages, which indicates that with the continuous accumulation of stress, the rock has been damaged, and the acoustic emission activity has obviously intensified.
The energy of acoustic emission events recorded in the experiment reflects the elastic energy released when microcracks in rocks are generated or expanded. Therefore, by analyzing the acoustic emission energy, we can study the evolution law of elastic energy release of rocks. Let the energy of acoustic emission events recorded in the time [image: image] be:
[image: image]
Where: [image: image] is the critical moment, [image: image] is the energy of acoustic emission events, and the number of acoustic emission events recorded in the moment [image: image] is:
[image: image]
[image: image] is the critical moment and [image: image] is the number of acoustic emission events.
As shown in Figure 7, the energy release law of acoustic emission and the cumulative law of acoustic emission events are in good agreement with the cumulative law of the number of events. At the initial loading stage, the energy release of acoustic emission in rock is relatively stable, and the closer the energy release is to the linear process, the energy release does not obviously accelerate. When the time reaches about 400 s, the release degree of acoustic emission energy is obviously enhanced, and the inside of the rock changes dramatically. The inside of the rock is in the process of initial microcracks closing under external load, and the mutual collision and friction between particles are intensified. When the time reaches about 810 s, the rock is in a high stress state, and the main rock fracture occurs, and the AE energy release is closer to the exponential acceleration process. The changes of the above acoustic emission characteristic parameters are directly related to the development and evolution of the internal damage of rocks, and the sudden increase of energy and events can be used as precursors of the catastrophic failure of rocks.
[image: Figure 7]FIGURE 7 | Acoustic emission energy release and cumulative event rate.
Meanwhile, according to the loading and unloading theory, any geophysical quantity that can reflect the instability process of the system can be taken as the response quantity (Yin et al., 2013). In seismology, the energy E of seismic waves and its related quantities are often used as response quantities, because they can directly carry the media information of the source area. In the experiment, a large number of acoustic emission events were recorded during loading and unloading. According to Eq. 1, take m =1, that is, use energy as the response, and get the change of Y value of loading and unloading response ratio with time, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | change of energy loading and unloading response ratio.
From the experimental results, the loading and unloading response ratios of all channels reflect basically the same law, that is, when the load level is low and the damage degree of rock is small, the value of loading and unloading response ratio Y fluctuates around 1, and the rock is relatively stable. When the load level is high and close to the critical load of main fracture, the value of loading and unloading response ratio Y increases briefly, and the damage degree of rock is large. Then, the value of loading and unloading response ratio Y decreased briefly, and the main rupture occurred during the decline of loading and unloading response ratio. When the critical load is reached or exceeded, and before the rock is fundamentally damaged, the degree of rock damage is greater, and the value of the loading and unloading response ratio Y will increase sharply. The above experimental results are consistent with the discussion on the relationship between material failure, earthquake occurrence and critical sensitivity in statistical meso-damage mechanics (Bai et al., 2004; Zhang et al., 2004). At the same time, these results also show that the loading and unloading response ratio Y can be used as an important precursor to reflect rock instability and earthquake occurrence.
3.4 LURR based on wave velocity change
3.4.1 Principle of methods
According to the theory of loading and unloading response ratio, it can be known that the loading and unloading response ratio Y is a parameter that can quantitatively reflect the approaching instability degree of non-linear system, and it can be defined as
[image: image]
Equation 4: [image: image] indicates the relative wave velocity response rate in loading stage [image: image] indicates the relative wave velocity response rate in unloading stage.
[image: image]
Equation 5: [image: image] represents the variation of stress load, [image: image] Indicates the change of wave velocity, the variation of [image: image] wave velocity and the linear relationship between two physical quantities. K value is used to quantitatively express the change rate of wave velocity with stress, and Fit value is used to characterize the coincidence degree between scatter value and fitting curve.
The accuracy of wave velocity measurement is the key to construct the loading and unloading response observation method with the relative wave velocity change as the response quantity, and the high-precision wave velocity measurement results can better respond to the stress state and change in the rock medium (Wang et al., 2020). Assuming that the time delay is caused by the relative velocity that changes uniformly in space, the relative wave velocity change in the medium can be expressed as:
[image: image]
In Eq. 6, v represents the wave velocity in the medium, dv represents the wave velocity change in the medium, dt represents the arrival time difference of some coda windows, and t represents the arrival time difference. By measuring the linear change relationship of the arrival time difference with time at different times, the wave velocity change in the medium can be obtained. The specific steps are as follows:
Assuming that the ultrasonic coda signal received by the probe is sum before and after, two active ultrasonic coda excitations are [image: image] and [image: image], two columns of Green’s functions are sum after cross-correlation with the excitation wavelet are [image: image] and [image: image], and their velocities are [image: image] and [image: image] respectively. By stretching parameter [image: image] compressing [image: image] along the time axis, by the expansion factor [image: image], the wave velocity variation from [image: image] to [image: image] can be obtained. By cross-correlation analysis with [image: image] and [image: image], when the coefficient reaches the maximum value by Eq. 7, the more accurate travel time variation can be obtained, and then the wave velocity variation of medium can be calculated by Eq. 8.
[image: image]
When a certain value [image: image] of the expansion [image: image] factor is [image: image] taken to maximize, the wave velocity variation of the [image: image] and [image: image], two series of signals can be obtained.
[image: image]
The waveform analysis [image: image] windows of the direct wave and the coda wave are respectively represented in the above Eq. 7, and the measured time change can be carried out in time domain or frequency domain (Zhang J, 2014). As shown in Figure 9A. In addition, the requirement of sufficient scattering (≥4 times the average free path) should be considered when measuring the coda wave, and in order to keep the stability of the results, the appropriate coda wave measurement window should be selected. Through continuous attempts, the window of coda signal selected in this experiment is 1.7–2.2 m.
[image: Figure 9]FIGURE 9 | measurement window (A) and change of average relative wave velocity (B).
Through the wave velocity measurement method, the average direct wave velocity and the relative variation of the wake wave velocity of 13 AE sensors are obtained as shown in Figure 9B. It is found that the two wave velocity curves are in good agreement with the loading curve, and the relative change of the direct wave velocity is obviously higher than that of the coda wave. As the stress increases, the increase of relative wave velocity decreases. After the main rupture, the wave velocity decreased obviously, but the decrease was small. When the critical load is reached, the change of relative wave velocity decreases in a cliff-like way.
3.4.2 Calculation results
The least square method (LSQ) is used to fit the K value. As shown in Figures 10A–H. The calculation results of the K value of the relationship between the relative wave velocity change and the stress quantitative change show that there is a high linear relationship in the initial stage of loading. The wave velocity increases with the increase of stress. The relative wave velocity change rate decreases with the increase of stress (K value), and the K+ value of the loading interval is slightly higher than the K- value of unloading, as shown in Table 1. As the stress increases, new cracks are generated in the rock, and the damage degree increases. When unloading, some cracks open with the stress decreasing, which leads to the wave velocity in the unloading process being smaller than that in the loading process. When the stress reaches ∼50 MPa, the rock is damaged, and the change of K value in each loading and unloading interval is obviously inconsistent. A large number of cracks enter the compaction stage, and the wave velocity during unloading is larger than that during loading, and the K value during loading is lower than that during unloading. With the continuous loading of the stress, the increase of the wave velocity began to decrease from ∼68 MPa, and the variation trend of the average wave velocity curve was inconsistent with that of the stress curve, showing a discrete stage deviating from linearity. This is mainly because after loading to the damage stress, the microcracks continue to increase, the microcracks gradually penetrate, and the expansion of rock samples accelerates, which leads to the rapid decline of wave velocity and amplitude. This feature can be regarded as a sign of approaching the main fracture. So, the change of wave velocity during repeated loading can be used as an evaluation method of rock damage.
[image: Figure 10]FIGURE 10 | Rate of change of direct wave velocity in each loading and unloading stage (A–H).
TABLE 1 | Parameter changes at different stages.
[image: Table 1]As shown in Figures 11A–H, the calculation result of the K value of the quantitative relationship between the relative wave velocity change of the wake wave and the stress shows that the curve is highly consistent with that of the direct wave. But there are some differences between them. In the initial loading elastic stage, due to the compression closure of the initial micro-cracks, the wave velocity increases with the increase of stress, but the increasing amplitude gradually decreases. This is because with the increase of stress, the closing degree of the initial micro-cracks gradually increases, and the closing degree of the micro-cracks decreases under the same stress increment, which leads to the decrease of the increasing amplitude of the wave velocity. When the crack closing stress reaches ∼60 MPa, the relative wave velocity basically reaches the peak, and the relative wave velocity changes by 2.3%. The increase of wave velocity decreases significantly faster than the direct wave, mainly because the coda wave is more sensitive to the change of the medium after multiple reflections and refractions in the medium. Moreover, it can also be observed from Figure 7 in this paper, the acoustic emission events at this stage begin to increase and the energy release intensifies. It can be seen that in a certain period of time, the fault has been in an unstable stage. Compared with the wave velocity change in the initial stage, the wave velocity change of rock medium is obviously abnormal at this stage, and the relationship between the wave velocity change and the stress change is obviously deviated from the non-linear state. With the continuous accumulation of stress and reaching the stress peak value of ∼70 MPa, the fault enters the sub-instability stage, at which time the observation accuracy can reach 2.9125 × 10–8, and the wave velocity change suddenly drops. The wave velocity change curve and the stress loading curve show a linear negative correlation, that is, when loading, the wave velocity change decreases, indicating that they are in a strongly discrete non-linear state. At this time, the value of k is −2.9 × 10−3 Mpa–1, which means that the change of relative wave velocity at this time shows a cliff-like decline with the increase of stress.
[image: Figure 11]FIGURE 11 | Change rate of coda wave velocity in each loading and unloading stage (A–H).
According to Figure 12A of the relationship between average wave velocity change and stress, it is observed that in the elastic stage, the wave velocity change and stress can keep a good linear relationship, and the accumulation and release of stress are relatively stable. In the damage stage, the relationship between stress and relative wave velocity is in a non-linear state before the main fracture occurs and the internal damage of rock occurs. In the stage of rock instability, the stress is negatively correlated with the change of relative wave velocity, that is, when the stress increases, the wave velocity decreases in a cliff-like manner, which reflects the drastic changes in the medium at the later stage of loading, which can be used as an important precursor before rock fracture.
[image: Figure 12]FIGURE 12 | Relationship between relative wave velocity change and stress (A) and LURR of direct wave and coda wave (B).
According to the loading and unloading theory and the theoretical formula with relative wave velocity as the response, the loading and unloading response ratios of the two wave velocities are calculated respectively. Figure 12B shows the changes of LURR with the relative wave velocity changes of the direct wave and the code wave as the response during the rupture incubation process. In the initial stage, the response ratio of loading and unloading is close to 1. As the main rupture approaches, the corresponding ratio of loading and unloading fluctuates around zero, and decreases rapidly and becomes negative, then the main rupture comes. The results show that when the rock approaches the main fracture, the response ratio of loading and unloading decreases sharply, and then there is a minimum value, and even a negative value when the rock is unstable, the result is more consistent with the loading and unloading obtained in response to the P-wave travel time in the process of rock fracture preparation (Xu et al., 2002). Therefore, this feature can be regarded as a sign of rock near instability fracture.
4 DISCUSSION
Whether the response ratio is negative or not is related to the stress state at the lowest point of the stress cycle after the peak value. The degree of bearing capacity reduction or energy release. The stress at the lowest point is larger, and its response wave velocity variation is larger than the wave velocity variation corresponding to the highest stress. When the bearing capacity decreases or the energy release exceeds the energy reduced by external force unloading, the response ratio will be negative. When the stress at the lowest point is smaller, the response wave velocity variation is smaller than the wave velocity variation corresponding to the highest stress, the bearing capacity decreases or the energy release is less than the energy reduced by external force unloading, then the response ratio may not be negative, but it may be the smallest. Therefore, the minimum value (even negative value) after the rapid decrease of loading and unloading response ratio can be used as a sign of approaching instability and rupture.
5 CONCLUSION
The experimental study of rock instability and fracture under cyclic loading was carried out, and the following conclusions were obtained:
When the cyclic loading reaches the 7th stage, the loading time reaches ∼810 s, and the stress reaches ∼65 MPa, the main fracture occurs. The main fracture point is near the bottom area of Fp, which is mainly caused by the concentrated stress accumulation and weak brittleness in the pre-crack position. With the approach of main rupture, the response ratio of loading and unloading calculated by taking transverse strain energy as the response quantity increases and decreases obviously. Before the occurrence of main fracture, the rock is relatively stable, the value of loading and unloading response ratio Y fluctuates around 1. When the load level is high, close to the critical load of the main fracture, the Y value of the loading and unloading response ratio rises briefly and then falls back, the main fracture occurs during the falling of the loading and unloading response ratio. When the load level is high and exceeds the critical load, and before the rock is fundamentally failure, the value of the loading-unloading response ratio Y will increase sharply, the energy release of acoustic emission is closer to the exponential acceleration process. The sudden increase of energy/event can be used as a precursor to the catastrophic failure of rock. Based on the results of constructing the loading and unloading response ratio in response to the change of relative wave velocity, it is found that the corresponding loading and unloading ratio fluctuates around zero as the main rupture approaches. When the critical load (∼68 MPa) is reached, it decreases rapidly and becomes negative before the rock fundamentally failure, which is consistent with the change pattern of the wave velocity ratio in the process of fracture incubation. This feature can be regarded as a sign of approaching instability.
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Huoshan “seismic window” is located in the northern margin of the Dabie Orogen belt, the contact zone between North China and the Yangtze plate, where the seismic activity is mainly concentrated in this area. Small earthquake swarms in this region often appear before significant moderate-strong earthquakes in East China. To reveal the fine structures of several faults and discuss their correlation with the seismic activity, a seismic array composed of 136 sets of short period seismometers was deployed in the Huoshan region and its surrounding areas. Ambient noise data were recorded for 1 month, and a 3-D velocity structure model of the upper crust was constructed. The results show that with the Meishan-Longhekou and Qingshan-Xiaotian faults as the boundary, the Dabie Mountain, Hefei Basin, North Dabie and North Huaiyang show exhibit obvious high and low velocity variation characteristics. The shallow crust along the NW-trending, normal Qingshan-Xiaotian fault, presents a high velocity zonal distribution, which is related to the large number of magmatic and metamorphic rocks exposed under the strong metamorphic power in this region. The NE-trending Tudiling-Luoerling fault comprised three groups of parallel and nearly vertical en echelon secondary faults in the upper crust, which control most of the seismic activities. A relatively low velocity anomaly is observed in the seismic concentrated occurrence layer near the intersection of the fault. It suggests that this area inherits the property of the low velocity detachment zone of the middle crust in the wing of the Dabie Mountain dome structure, and a relatively broken weak structural zone form near the intersection of the fault, which leads to the release of small strain accumulation, thus enriching small earthquake activities. The focal depth of earthquakes above ML3 mainly distribute along the Tudiling-Luoerling fault plane, which is indicated this fault is the main seismogenic fault of greater seismicity in Huoshan “seismic window”. This study provides an important model basis for reliable earthquake location, focal mechanism and the determination of possible earthquake risk sites, and provides a reference for the further study of small earthquake activity mechanism of other “seismic windows” in China.
Keywords: shallow velocity structure, dense seismic array, seismicity, Huoshan “seismic window”, seismogenic structure
1 INTRODUCTION
There are some regions in mainland China where small and medium-sized earthquakes are very active, and the frequency of their seismic activity over time is indicative of moderate-to-strong earthquakes in the corresponding regions, so they are called “seismic windows”. For many years, the statistical characteristics of the seismic activity of “seismic windows” have become one of the main indicators for the assessment of seismic hazard (routine work) in mainland China. However, the seismogenic mechanism, subsurface tectonic characteristics and velocity structure of the “seismic window” have not been studied in depth, and the physical significance of the seismic activity of the “seismic window” cannot be deeply understood. The Huoshan area studied in this paper is such a “seismic window".
The Huoshan area is located in the northeastern margin of the Dabie Mountains and is adjacent to the Tanlu Fault Zone in the east. It is the most concentrated and active area of seismic activity in the Dabie Mountains and surrounding areas. Many groups of crisscross faults exist in the area, the most important of which are the NE-trending Tudiling-Luoerling fault (TLF) and the NW-trending Qingshan-Xiaotian fault (QXF; Figure 1) Small earthquakes (below ML3) have been very active in the modern era (since 1970) since instrumental records were available and have repeatedly shown near-periodic small-earthquake swarm activity before the occurrence of medium-strong earthquakes in East China (l_1). It is suggested that the eastward extrusion of crustal materials caused by the convergence of tectonic plates, with the consequence of strong seismic activity in western China. The driving force of the crustal extrusion also can be transmitted to eastern China along the Qinling-Dabie orogenic belt As a result, in the Huoshan area where is the intersection of multiple groups of faults, small eartthquke swarms are active, and small earthquakes swarms are active before the occurrences of some moderate-strong earthquakes in eastern China (Hong et al., 2013; Miao et al., 2014). In earthquake prediction research (Routine work in China Earthquake Administration), the cumulative frequency of Huoshan “seismic window” earthquake activity with ML1.0 or above in 3 months has reached more than 40, which is often used as an index for earthquake prediction within a certain range.
[image: Figure 1]FIGURE 1 | Topography (A) and Geological structure (B) of Dabie orogenic belt and its adjacent areas (MLF:Meishan-Longhekou Fault; QXF:Qingshan-Xiaotian Fault; TLF:Tudiling-Luoerling Fault).
In addition to the active concentration of small earthquakes, the spatial characteristics of historical earthquakes of magnitude 5 or higher in the region are also obvious, mostly spreading along the Tudiling-Luoerling fault, with the maximum magnitude of 6.25 in 1917. However, there are few earthquakes with the magnitude above 5 in the concentrated area of small earthquakes. A remarkable characteristic of seismic activity is that the spatial distribution of historically strong earthquakes is quite different from that of modern small earthquakes, which is closely related to the characteristics and control of the regional fault structure. Therefore, in-depth research on the seismotectonic characteristics of the Huoshan “seismic window” and the correlation with seismic activity is important for understanding the causes of small earthquake swarms and the mechanism of fault inception and earthquake risk prediction in the Dabie orogenic belt.
Geological researches show that the Tudiling-Luoerling fault has been an active fault since the early Late Pleistocene in the Dabie area (Yao et al., 2003; Shu et al., 2018), with a tectonic background of strong earthquake activity. However, because the historical earthquakes are only written records, there is no evidence of surface rupture even for the 6.25 strong earthquake in 1917. Therefore, the research on the seismogenic structure of the fault is insufficient. An Ms4.3 earthquake struck the Huoshan area in 2014, with the epicenter close to the southern side of the Qingshan-Xiaotian fault. This is the largest earthquake in the region in the past 50 years. The focal mechanism solution results show that the earthquake occurred due to a typical right-lateral strike-slip movement of the tectonic plates, which is related to the horizontal compression in the east-west direction and the horizontal tension in the north-south direction in the Huoshan area (Liu et al., 2015). However, the two nodal results of the focal mechanism solution cannot determine which fault is the main seismogenic structure. Cui et al. (2020) believed that the seismogenic fault of the earthquake was the Tudiling-Luoerling fault through the electrical structure, but the resolution of the Qingshan-Xiaotian fault was not sufficient. Xu et al. (2022) used the regional stress field to simulate and calculate three NE-trending seismic sections and suggested that the main earthquake-controlling fault in the region is the NE-trending Tuling-Luoerling fault. However, detailed fine structural differences between the two faults in the Huoshan area and their relation with seismic activity require more geophysical observation evidence.
Seismotectonic characteristics affect the preparation and occurrence of earthquakes. Therefore, the fine geometric shape of faults needs to be studied to provide an important modeling basis for accurate localization of regional earthquakes, research on seismogenic mechanisms, and determination of earthquake hazard locations. The main body of small and medium earthquakes is concentrated in the intersection of the two faults, and the focal depth is mostly shallow than 10 km. Therefore, the study of the fine velocity structure of the upper crust can provide a reference for the seismogenic mechanism in this area.
Previous studies have obtained the high-resolution structural model of the Chinese mainland by the joint inversion of seismic body waves and surface waves (Xin et al., 2019; Han et al., 2022) and of the region around the Dabie Mountains (Luo et al., 2013; Ye, et al., 2015; Xiong et al., 2019), providing important deep velocity structure information for determining the tectonic evolution dynamics of the Dabie orogenic belt. Early studies of several artificial seismic deep reflection profiles and other geophysical data have also systematically revealed the dynamic characteristics of the crust-mantle structure and the deep tectonic evolution beneath the Dabie Mountains (Dong, 1999; Dong et al., 2005; Zhang et al., 2000; Yang, 2003; Xu et al., 2000; Xiao et al., 2007; Liu et al., 2003; Yuan et al., 2003). However, for studying the small-scale structure of the Huoshan seismic zone in the northern margin of the Dabie Mountain, data on the fine structure characteristics of multiple sets of faults are still lacking, especially on the seismogenic environment associated with seismic activity. In terms of the detection method of the regional fine velocity structure, currently, through dense array observation, a fault-scale fine model of fault scale can be constructed. Consequently, the lateral resolution of inversion can reach the order of several kilometers or even hundreds of meters (Yao, 2020), which provides more constraints for the fine structure of the upper crust seismogenic layer and reveals the control effect of the regional faults on seismic activity.
To elucidate the structural characteristics of the possible seismogenic layer beneath the two main faults in Huoshan area and study its tectonic correlation with seismic activity, this study uses the ambient noise data recorded by a dense array of 136 short-period seismometers in the Huoshan area to construct a high-resolution velocity structure of the upper crust at the depths of 1–7.5 km, improving the resolution accuracy of the seismic concentration area. Furthermore, combined with the results of the small earthquake relocation, the seismogenic structure and seismogenic environment in the deep crust beneath the Huoshan “seismic window” are discussed.
2 DATA AND METHODS
2.1 Data processing and dispersion measurements
The data used in our study comprise continuous data records of the vertical component of ambient noise collected from 26 April 2021 to 6 June 2021 by 136 short-period temporary seismometers deployed around Huoshan and the adjacent areas (Figure 2). The data were classified into daily records and then subjected to various forms of data processing, which aims to improve the signal-to-noise ratio (SNR) or suppress strong instantaneous signals. The entire date processing process can be found in Bensen et al. (2007). The daily data of each station were decimated and re-sampled at 20 Hz before detrending and demeaning. Then, to eliminate the influences of fixed noise sources, the data were segmented into multiple time series in three connecting period bands (0.5–2, 2–5, 5–10 s) and temporal normalization was performed for each band. The different period bands were finally stacked to afford normalized daily broadband (0.5–10 s) waveforms for the daily station-pair cross-correlation. Finally, the noise cross-correlation functions (NCFs) were obtained from 9180 station pairs, and EGFs were computed from the NCFs (NCFs between station 136 and others shown in Figure 3A).
[image: Figure 2]FIGURE 2 | Distribution of short period temporary stations and main faults in the Huoshan area and its adjacent areas (Red dots and circles represent earthquakes (ML0 above)after 1970s by instrumental records; yellow circles are the earthquakes have been occurred before 1970s. The white lines AA’ to FF’ are the Vs. profiles in Figure 9; the lines XX’ is the vertical profile in Figure 6).
[image: Figure 3]FIGURE 3 | (A) The plot of cross-correlation functions of station HS136 with the period-band of 0.5–10 s (orange lines represent the average velocity with 2.6 km/s) (B) All phase velocity dispersion curves from 0.8 to 4.6 s obtained after quality control. The blue line shows the mean Rayleigh wave phase velocity; two red lines give the lower and upper boundaries of ±2.5 times the standard deviation.
The image transforms analysis technique of Yao et al. (2006,2011) was employed to extract the fundamental mode Rayleigh wave group and phase velocity dispersion curves from the EGF of every station pair. About 4244 phase dispersion curves were selected following several quality control criteria: 1) The SNR>4; 2) deviation greater than 2.5; and 3) small differences on similar paths. Subsequently, 4242 reliable phase dispersion curves were finally selected for direct inversion for this study. Figure 3B shows that the phase velocity varies significantly from 2.2 km/s to 3.2 km/s in the period band of 0.6–2 s, revealing the strong lateral heterogeneity of the shallow crust. Due to the small changes of dispersion in the long period, the short period instrument may have poor sensitivity. Thus, reliable phase velocity dispersion curves with a period of 0.8–4.6 s were selected for the direct inversion for the high-resolution three-dimensional (3D) tomography (Figure 3B).
2.2 Inversion method for 3-D vs. structure
In this study, the direct surface wave tomography method (DSurfTomo) of Fang et al. (2015) was employed to obtain a fine 3-D shear wave velocity model of the upper crust in the Huoshan area and adjacent areas. Considering the influence of bending rays of complex medium paths with smaller scales in the Huoshan area, the inversion problem was solved using the ray fast tracing method (Paige and Saunders, 1982; Rawlinson and Sambridge, 2005). This method skips the intermediate step of computing two-dimensional phase velocity maps that are based on the assumption of a great circle distance between the stations.
The average one-dimensional shear velocity model was fabricated from all the dispersion data from the depths of 0–5 km, and Luo’s crustal velocity model (Luo et al., 2019) from the dispersion data from the depths of 5–15 km was constructed as an initial velocity model. A 0.04°×0.04°grid interval in the horizontal directions was employed, yielding 16×13 and 11 depth grid points. The depth grid intervals were kept constant at 0.5 km from the surface to 2 km and increased to 1 km and 2.5 km at the depthsof 2–5 km and 5–15 km, respectively. The checkboard test was used to access the model resolution in 3D. First, a synthetic model was generated, producing positive and negative checkerboard anomalies with a size of 0.08°×0.08°. Second, 2% Gaussian random noise was considered for the synthetic travel time data and inverted using exactly the same parameters and the number of iterations as those used for the inversion of the real data. After five iterations, the inversion results tended to stabilize, and the RMS decreased from 0.48 to 0.192 (Supplementary Figure S1). We rely on the Rayleigh wave depth sensitivity kernels of the periods from 0.8 to 4.6 s to constrain the reliable depth range for our results. Such depth sensitivity information is often obtained from the 1-D depth sensitivity kernels for Rayleigh waves. The kernels for some periods (0.6 s,1.6 s,3.4 s, 4.6 s) (Figure 4) show that the depth sensitivity increasing with increasing periods. The shallow part of the uppermost crust (<2 km) is constrained by the 0.8 s period, while the 4.6 s period is mainly sensitive to the lower brittle part of the upper crust (5–8 km). The sensitivity kernels reveal that our dataset is capable of resolving features in upper crust in this study.
[image: Figure 4]FIGURE 4 | 1-D depth sensitivity kernels to Vs. for the Rayleigh wave fundamental phase velocity at different periods using the average velocity.
The results are shown as horizontal slices in Figure 5 and vertical slices (herein, only the vertical profile (shown in Figure 2 X-X’) for the latitude equals to 31.4°was tested in Figure 6. The velocity anomalies are well resolved by the dense crisscrossing ray paths (Figure 7) in the depth range of 1–7.5 km.
[image: Figure 5]FIGURE 5 | Theoretical results of Checkerboard test in horizontal slices (A, C, E): Real model; (B, D, F): Inverted model.
[image: Figure 6]FIGURE 6 | Theoretical results of checkerboard test in vertical slices XX’ (shown in Figure 2; (A): Real model; (B): Inverted model.
[image: Figure 7]FIGURE 7 | Distribution of the ray-path covered in Huoshan and adjacent area (T = 1,2,3,4,5,7 s). Red dots and circles represent the relocated earthquakes have been occurred during 2010–2022 and yellow circles are the same shown in Figure 2.
3 RESULTS
Figure 8 displays the shear wave velocities at different depths (1–7.5 km) in the Huoshan earthquake area and adjacent areas (31–31.7°N, 115.8–116.5°E). Slices with different depths reveal the obvious high and low velocity conversions of the Dabie Mountains and Hefei Basin. The velocity structures relatively correspond to the geological and geomorphic characteristics of known tectonic units, which is consistent with the large-scale results of the region obtained by Luo et al. (2019). However, the results of this study depict more detailed information of multiple groups of faults. The details are as follows:
[image: Figure 8]FIGURE 8 | Slices of shear wave velocity at the depths of 1–7.5 km (Red dot represents the re-locations of earthquakes below magnitude 3).
3.1 The NW-trending high velocity anomaly on the northern edge of the Dabie mountains
The northern edge of the Dabie Mountains has a high velocity anomaly in the shallow crust (Figure 8A, B), and has a relatively obvious zonal distribution along the NW direction, which is consistent with the trend of the Meishan-Longhekou and Qingshan-Xiaotian faults in this area, indicating the structural characteristics of the northern border fault of the Dabie Mountains. This figure shows that the NW-trending fractures have a certain control over the linear distribution of several high-velocity anomaly bodies. The value in the high velocity region is more than 3.6 km/s near the surface, which is similar to the velocity value obtained by Luo et al. (2012, 2013) in the shallow crust. The Qingshan-Xiaotian fault is the northern boundary of the North Dabie with complex rocks (Wang et al., 2009), and weak Quaternary development. The Yuexi-Yingshan area to the south is a concentrated zoneof high/ultrahigh pressure metamorphic rocks (Xiao et al., 2007). The North Dabie comprises complex metamorphic rocks and abundant Yanshanian granites (Jiang et al., 2000). Strong magnetic intrusive rocks and pyroclastic sedimentary rock series are developed on the surface of the North Huaiyang (Du and Zhang, 1999; Liu et al., 2010; Wang et al., 2012), which is consistent with the high anomaly features near the faults in this area. From the surface to 2 km depth, the NW-trending high velocity is more prominent in the shallow crust, which is consistent with the geomorphic features (Zhao et al., 2018) of the broken rock mass exposed along the Qingshan-Xiaotian fault, as well as the shallow metamorphic rocks of the Foziling Group in the Huoshan area (Liu Y C et al., 2013; Wang Y S et al., 2020). At the depth of 5 km, the NE direction is also characterized by high velocity zonation, which is related to the possible existence of high velocity rock mass in the upper crust near the Tudiling-Luoerling fault.
3.2 Low velocity anomaly and seismicity distribution at the intersection of different faults
At the depth of 5–7 km, the intersection of Tudiling-Luoerling and Qingshan-Xiaotian faults presents a relatively low velocity anomaly, and it is concentrated with medium and small earthquakes. The earthquake relocation results (TomoDD, Zhang and Thurber, 2003) show that small earthquakes in the Huoshan area exhibit obvious NE and NW banded distribution (Figures 8A, F). The dominant depth after positioning is mainly 5–10 km, which is basically located in the low velocity area. The NE-trending strip has a high degree of seismic concentration, and its strike is similar to that of the Tudiling-Luoerling fault. The NW-trending strip is along the strike direction of the Qingshan-Xiaotian fault and perpendicular to the Tudiling-Luoerling fault. The figure shows that the two fractures in different directions play an important role in controlling the spatial distribution of earthquakes in the Huoshan area. The relatively broken faults near the intersection area form a tectonic weak zone and extend to the surface, which is consistent with the concentrated small earthquakes.
4 DISCUSSION
4.1 Deep characteristics of main faults on the northern edge of Dabie orogenic belt
Many groups of NW trending faults are present on the northern edge of the Dabie orogenic belt, which intersect with NE-trending faults and form complex structure features on the surface. The NW-trending faults mainly include the Meishan-Longhekou, Jinzhai-Shucheng, and Qingshan-Xiaotian faults, which are mainly exposed to the surface, and their active age is probably in the early Middle Pleistocene (Zhao et al., 2018). The NE-trending Tudiling-Luoerling fault is a relatively new active fault, and the latest active time is from Pleistocene to early Late Pleistocene (Shu et al., 2018). Figure 9 displays the six vertical profiles along NW and NE directions in the study area, revealing that the crustal velocity structure on the northern edge of the Dabie orogenic belt is closely related to the fault properties.
[image: Figure 9]FIGURE 9 | Shear wave velocity structure in different vertical profile (A–F) shown in Figure 2 (The red and blue circles are the small earthquakes of ML0-1.9, 1.9–2.9, respectively; the green dots represent earthquakes above ML3. The black star represents the 2014 Huoshan M4.3 earthquake. Black dashed lines represent the inferred fault under the surface).
4.1.1 Qingshan-xiaotian fault
The three vertical velocity profiles of AA’, BB’ and CC’ (Figures 9A–C) along the Dabie orogenic belt from the south to north exhibit obvious boundary characteristics of high and low velocity anomalies at the junction of the mountain and basin. The AA’ and BB’ profile reveal that the large velocity variation in the shallow crust corresponds to the location of the Qingshan-Xiaotian and Meishan-Longhekou faults. The most significant velocity contrast is argubaly observed beneath the Meishan-Longhekou faultand Meishan-Longhekou fault is also known as Jinzhai-Shucheng fault in some geological researches. It is considered that the extensional structure of the Qingshan-Xiaotian fault and the thrust nappe structure with the Jinzhai-Shucheng fault as the front edge have the same shear direction, which is part of the extensional structure during the exhumation of the ultrahigh-pressure metamorphic rocks in the Dabie Mountains (Jiang et al., 2003). This fault separated the Hefei Basin and Dabie mountains (Figure 8, and Figures 9A, C, E), and delineates nicely the northern boundary of the seismogenic zone in Figure 2.
The Qingshan-Xiaotian fault has an anti “S” shape, and the velocity map shows that different sections exhibit different tendencies (Figures 9A, B). The AA’ profile shows that the northwest section of the fault under the surface dips toward the northeast and that the high velocity anomaly on both sides is discontinuous (black dash line in Figure 9A). The BB’ profile shows that the middle section of the fault tends to be nearly vertical and that the velocity structure on both sides has a slight gradient difference (Figure 9B). The electrical structure of the Dabie orogenic belt shows that (Xiao et al., 2007), under the north inclined and normal Qingshan–Xiaotian fault (Xiang et al., 2008), a relatively high resistivity and conductivity change occurs in the middle and upper crust, which is a boundary fault separating the North Dabie and North Huaiyang massifs. This has been verified by other geophysical integrated explorations (Liu et al., 2003; Yang, 2003; Zhang et al., 2012). Significant velocity variation beneath the north edge of Dabie mountain in this study confirm that the Qingshan–Xiaotian fault and Meishan-Longhekou fault dislocated different strata in the upper crust of the Huoshan area.
According to the research on deep structural characteristics, due to the subduction and collision between the Yangtze plate and North China plate, and due to the strong compression deformation environment in the orogenic process, the dislocation of the Moho under the Qingshan-Xiaotian fault has reached 4.5 km (Wang et al., 1997; Liu et al., 2003). The suture zone between the Yangtze plate and the North China plate may be located below this fault (Yang, 2003; Yuan et al., 2003; Xu et al., 2008). Although the surface location of the suture zone cannot be determined from the shallow crustal structure, the AA ‘and BB’ profiles still reveal that the Qingshan–Xiaotian fault presents a high shear wave velocity, especially at a depth of 6–8 km where the value is as high as 3.8 km/sThe high velocity structure from the deep suture zone may be related to the upwelling of the upper mantle magma, the remelting of the crustal material, and the local intrusion, occurring during the collision of the two large blocks of the Yangtze and North China.
4.1.2 Tudiling-luoerling fault
Figures 9D–F reveals relatively obvious high and low velocity changes, showing that the dip angle of the Tudiling-Luoerling fault is nearly vertical. The DD ' (Figure 9D) and EE' (Figure 9E) profiles show that the velocity of different sections has significantly changed. The DD’ profile reveals that the northeastern segment of the Tudiling-Luoerling fault gradually hides in the Hefei basin at a depth of about 4 km. The EE’ profile shows that an obvious low velocity area exists in the fault intersection area, extending to a depth of about 8 km. Projection of the relocated earthquakes on to the velocity profile shows that there are three groups of very close parallel faults existing near the high and low velocity gradient zone (Figure 9E) and that the seismic concentration of the middle fault is the highest. It is indicated that Tudiling-Luoerling faults is composed of multiple secondary faults in th shallow crust. Xu et al. (2022) used the regional stress field to simulate and calculate the sliding properties of three NE-trending seismic sections in the Huoshan area, which is consistent with the trend of the Tudiling–Luoerling fault andmatches the results of this study. In the late period of the Dabie orogen, a series of extensional faults formed in the Dabie Mountains due to the extensional action in the NS direction (Ma et al., 2003). The NE-trending Tudiling–Luoerling fault inherited the tectonic weak zone of the early Qingshan–Xiaotian fault in the shallow crust in the way of the right-lateral strike–slip (Cui et al., 2020) and formed numerous fault planes with an echelon parallel arrangement with different depths in the low velocity area at the intersection. Xu et al. (2022) suggested that this was related to the pull apart produced by the right-lateral right step of the Tanlu fault zone and the Shangcheng-Macheng fault. By the convergence of the tectonic force, it forms multiple faults and cause large amounts of small earthquakes in the Huoshan area.
4.2 Low velocity and fault seismogenic environment in shallow crust of Huoshan “seismic window”
The main earthquakes in Huoshan “seismic window” are distributed in the low velocity area at a depth of 5–8 km. The deep seismic wide-angle reflection/refraction results of the eastern Dabie (Liu et al., 2003) reveal the high-velocity dome structure in the Dabie Mountains, and a low velocity layer exists in the middle and upper crusts on its wings. Moreover, the tomography results (Xu et al., 2000) reveal that the middle and upper crustal tectonic detachment zone in the Dabie Mountains is the main tectonic reason for the existence of low velocity layers, which is closely related to the deep subduction of the Yangtze Block as well as the collision orogeny and compression uplift of the North China Block. The Qingshan–Xiaotian fault is a large-scale boundary fault that cuts through the crust inside the Dabie Mountains. The profiles across the Qingshan-Xiaotian fault exhibit obvious discontinuous high velocity in the upper crust (Figures 9A, B), inferring the location of the north detachment of the dome wing of the Dabie Mountains is near the Qingshan-Xiaotian fault, which is consistent to the observation of the seismic wide-angle reflection/refraction (Liu et al., 2003).
Figure 10 displays multiple profiles of the earthquakes by combining multiple profiles. The relatively low velocity zone to the north at the intersection of the Tudiling-Luoerling fault and the Qingshan-Xiaotian faults is also a concentrated area of earthquakes. The electrical structure suggests that the earthquake cluster area is located in a relatively high conductivity area, which is related to the truncation of the fluid in the high conductivity layer of the middle and lower crust, migration to both sides under the compression environment, rising through the fault, and weakening of the stress conditions (Xiao et al., 2007; Cui et al., 2020). From the position of the low-velocity body, this area may be interpreted as the low velocity detachment zone at the wing of the Dabieshan dome. A structural weak zone formed under the action of multiple sets of faults. Since large amounts of strain cannot be accumulated, small earthquakes are active and concentrated. Multiple en echelon parallel secondary faults (black dashed lines in Figure 9E) of the Tudiling-Luoerling fault zone in the upper crust are all near the low velocity zone, which plays a major role in controlling the concentrated activity of NE-trending small earthquakes.
[image: Figure 10]FIGURE 10 | 3-Dimensional map of the upper crust structure with the distribution of small earthquakes in Huoshan “seismic window” (Black lines on the surface are the known faults, and pink dots are the earthquake swarm).
Historical earthquakes with magnitudes of over 5 are mainly distributed along the Tudiling-Luoerling fault in the NE direction, which is different from the concentrated distribution of small earthquakes at the fault intersections. This study discussed the reasons for the difference of spatial distribution between historical and modern small earthquakes. The BB’ section (Figure 9B) shows that small earthquakes below ML3 are mostly concentrated on both sides of the Qingshan-Xiaotian fault, forming two obvious clusters of seismic activity. One of the main fault planes to the north side controls most of the seismic activity. However, the seismicity above ML3 is not concentrated, and it is scattered along the Tudiling-Luoerling fault to the northeast, denoting that the Qingshan-Xiaotian fault mainly controls the microseismicity below ML3. Moreover, the surface topography shows that the distribution width of this fault is wide. Considering the distribution of the relocated earthquakes, it can be deduced that there exists several secondary faults in this area. Field geological investigations have determined that the Qingshan-Xiaotian fault leads to ductile shear zones and brittle faults, with the widest ductile shear zone up to 2 km (Wang et al., 2009). The abundant micro-seismic activities below ML1 (Stanek F, et al., 2014) are more likely related to shear slips on micro-fractures on multiple fault planes (Hubbert and Rubey, 1959). The focal depth of earthquakes above ML3 is generally 6–10 km, which is obviously different from the distribution depth of with ML1 and ML2 earthquakes. These larger earthquakes mainly distribute far away from the low velocity weak zone (Figure 9C), which is believed that these areas can accumulate more strain. Figure 9E shows that compared to the more divergent microseismic activity near the Qingshan-Xiaotian fault, the earthquakes especially the larger earthquakes above ML3, are more concentrated on the multiple parallel secondary faults of the Tudiling-Luoerling fault, indicating that the control effect isstronger.
In 2014, an Ms 4.3 earthquake (black star show in Figure 9E occurred in the Huoshan area, with the epicenter located south of the Qingshan–Xiaotian fault, slightly away from the main area of the small earthquake activity. Although the main earthquake was very close to the fault from the surface projection, the EE’ profile showed that it was close to the main fault plane of the Tudiling-Luoerling fault; therefore, the seismogenic structure of this earthquake was the Tudiling-Luoerling fault. The Tudiling-Luoerling fault is an active strike-slip fault that exists since the late Pleistocene, which may be the reason why the historically strong earthquake activities have been mainly distributed along the NE direction and are not concentrated in a certain area.
5 CONCLUSION
In this study, the fine velocity structure of the upper crust in the Huoshan area was obtained using the continuous ambient noise data procured from a dense array. Furthermore, along with the relocated small seismic events, the fine structural characteristics of the upper crust and the relation of the main faults and their correlation with seismic activity were discussed. The following conclusions were obtained:
(1) A significant high velocity belt anomaly exists in the shallow crust in Huoshan “seismic window”, which is consistent with the trend of the NW-trending Qingshan-Xiaotian fault, reflecting that numerous high velocity magmatic rocks and metamorphic rocks ascended and were exposed on the surface under the action of strong metamorphic dynamics in this area. As the boundary fault between the North Dabie and North Huaiyang, the Qingshan-Xiaotian fault dislocated different strata, providing an important channel for the upwelling of the upper mantle magma, the remelting of the crustal granite, and the in-situ intrusion under the action of strong extrusion deformation environment in the collision process of the Dabie orogenic belt.
(2) At a depth of 5–7 km in the upper crust, the intersection of the Qingshan–Xiaotian and Tudiling–Luoerling exhibits relatively low velocity characteristics. The high and low velocity gradient zone shown in the velocity profile corresponds to the lower part of the Qingshan–Xiaotian fault, revealing the shape of the detachment zone in the wing of the Dabie dome structure. The shallow low velocity of the north of the fault is believed to inherit the low velocity from the middle crust detachment zone, which is closely related to the deep subduction of the Yangtze block as well as the collision orogeny and compression uplift of the North China block.
(3) The low velocity zone of the upper crust in Huoshan “seismic window” is consistent with the main distribution layer of small earthquake activity. The relocated earthquakes exhibit a concentrated and orthogonal zonal distribution on the surface, which is obviously controlled by the NW-trending Qingshan-Xiaotian fault and the NE-trending Tuling-Luoerling fault. Along with the velocity structure and positioning results, the two fault zones are believed to be composed of multiple secondary faults, which are distributed at different depths in the shallow crust. Among them, three parallel and nearly vertical en echelon secondary faults are present in the Tudiling-Luoerling fault zone, which control the occurrence of most earthquakes in Huoshan “seismic window”.
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Introduction: The 2015 Ms5.8 Alxa Left Banner earthquake (Alxa Ms 5.8 eathquake) struck a sparsely inhabited area of Inner Mongolia, northwestern China. However, as first > Ms 5 event on the Ningxia–Inner Mongolia segment of the North–South seismic zone for 24 years, the earthquake is of considerable scientific interest.
Methods: In this study, the seismic distribution of the Alxa Ms 5.8 earthquake sequence was redetermined via the analysis of data from permanent and campaign seismic stations using the double-difference (DD) method. To improve the completeness of the earthquake catalog, the match and locate (M&L) method was then used to detect micro-earthquakes.
Results: The mainshock rupture started at the eastern end of the fault, propagating east-to-west and deep-to-shallow. Aftershocks were distributed in a NEE trending (N70°–75°E), with a 12-km length and a dominant depth of 15–25 km. Moreover, the aftershocks formed two distinct segments (the eastern and western segments). The mainshock and early aftershocks were primarily located on the eastern segment and relatively fewer aftershocks occurred on the western segment.
Discussion: Subsequently, from March to June 2016, three earthquakes of > ML3.0 occurred in the seismic gap between the eastern and western segments, releasing stress that was not released by the mainshock. According to the aftershock evolution, the seismogenic fault of Alxa Ms 5.8 eathquake associated with a NEE-striking blind fault that becomes steeply dipping toward the south. Furthermore, the seismogenic fault is a western branch fault of the Dengkou–Benjing blind fault (DBF). The aftershock evolution and inferred seismogenic structure provide a reference for further research in the study area.
Keywords: double-difference (DD) location, match and locate (M&L) method, aftershock evolution, barrier, seismogenic structure
1 INTRODUCTION
During the morning (UTC 07:39) of 15 April 2015, an Ms5.8 [or Mw 5.4, United States Geological Survey (USGS)] earthquake occurred in Alxa Left Banner, Inner Mongolia, northwestern China. The epicenter was located at the junction of Bayanmuren Sumu and Jilantai Town. The earthquake struck a sparsely inhabited area and caused few casualties; however, it ended 24-years of seismic quiescence along the Ningxia–Inner Mongolia segment of the North–South seismic zone. As the first > Ms 5 earthquake in this region for quarter of a century, numerous studies of the earthquake have been reported. Focal mechanism solutions of the mainshock and locations of early aftershocks show a nearly pure left-lateral strike-slip faulting mechanism of the mainshock (Han et al., 2015). The earthquake was affected by NW tensile stress and NE compressive stress (Li et al., 2020), and the seismogenic structure has been inferred as a blind strike-slip fault with E–W trending (Song and Ge, 2018; Liu et al., 2020). Nevertheless, in the previous reports, the velocity structure inversion were mostly employed via the earthquake relocation and micro-earthquake detection, with little attention paid to aftershock evolution and seismogenic structure. Furthermore, only six permanent seismic stations are within 200 km of the epicenter, of which five are located south of the epicenter with azimuth angle range of 60°. The small number and limited distribution of permanent stations limited the monitoring capability, resulting in poor location accuracy for the mainshock and aftershocks. Moreover, a lack of locatable aftershocks has increased the difficulty in analyzing the aftershocks process and seismogenic structure associated with the earthquake.
The temporal and spatial evolution of aftershocks offers the potential determine the possibility of relatively large magnitude earthquakes, and is critical for determining seismogenic faults, stress fields, and the evolution of seismicity and seismic properties (Syracuse et al., 2012). The aftershocks distribution of the 2021 Ms 6.4 Yangbi earthquake revealed a predominantly unilateral rupture to the southeast, while a cluster of off-fault aftershocks indicated a nearly vertical dipping fault (Zhang et al., 2021; Tang et al., 2022). Aftershocks of the 1999 Izmit earthquake delineated the fault rupture from on-shore, through the Hersek Delta, and into the Marmara Sea (Gulen et al., 2002). Aftershocks of the 2011 Oklahoma earthquake helped to reveal subsurface geologic units and fault structures, including a previously unknown fault, and also provided insight on the second largest earthquake after the mainshock (McMahon et al., 2017). However, an adequate number of aftershocks are needed for aftershocks analysis. The early aftershock catalog around the mainshock rupture zone of the Alxa Left Banner Ms 5.8 earthquake (Alxa Ms 5.8 earthquake) has suffered from incompleteness; in particular, small earthquakes with low signal-to-noise ratios (SNRs) are missing from the main catalog.
The Alxa Ms 5.8 earthquake occurred in the Jilantai Basin, which is bound by the Dengkou–Benjing blind fault to the east and piedmont fault of Bayanwula Mountain to the west. The northern and southern boundaries of the basin are not clearly defined. To date, the internal structure of the Jilantai Basin remains poorly constrained owing to poor data coverage and limited outcrops; however, the basin is known to have a complex internal structure containing a series of small topographical prominences and depressions separated by NW-, NE-, and E-trending secondary faults (Research Group of Active Fault System around the Ordos Massif, 1988). The Alxa Ms5.8 earthquake occurred close to the Dengkou–Benjing blind fault (DBF), a blind fault of ∼120 km in length based on aeromagnetic data (Research Group of Active Fault System around the Ordos Massif, 1988). The extent and Quaternary activity of this fault remain unknown owing to a lack of surface expression. Furthermore, the dominant spread direction of the Alxa Ms 5.8 earthquake sequence is ambiguous; nodal plane focal mechanism solutions (Han et al., 2015) and long-axis directions of intensity differ from the strike of the DBF. Accordingly, an integrated interpretation of its seismogenic structure has not been achieved to date.
Campaign seismic arrays with a mean inter-station distance of 35 km were deployed by the China Seismic Array Exploration Program between 2014 and April 2016. The epicenter region of the Alxa Ms 5.8 earthquake was fully covered by one such array at the time of the earthquake. Among the campaign stations, five stations were located within 50 km of the epicenter and 24 stations were located within 100 km of the epicenter, with a uniform distribution. In this study, data from these stations and from the six permanent seismic stations within 200 km of the epicenter were used to relocate the events of the Alxa Ms 5.8 earthquake sequence using the double-difference (DD) location algorithm (Waldhause and Ellsworth, 2000). In addition, micro-earthquake events were detected using the match and locate (M&L) method (Zhang and Wen, 2015a). The detailed aftershock evolution process and seismogenic structure of the earthquake were determined by combining the spatial distribution of the relocated earthquake sequence, the focal mechanism solutions, and the results of previous studies.
In conclusion, the Jilantai Basin has little knowledge of its internal active structure, and it has rarely recorded earthquakes of magnitude 5 or greater. The Alxa Ms 5.8 earthquake presents a good opportunity to study the active structure and seismogenic process inside the basin. Moreover, it has been concluded that there are differences between the fault–plane solution of this earthquake, the long axis of seismic intensity and the strike of the DBF. In this way, no unified seismogenic structure of this earthquake has been characterized, and the strike, dip, dip angle of the DBF remain unclear. Therefore, a detailed investigation of the aftershock evolution and seismogenic structure of the Alxa Ms 5.8 earthquake based on the analysis of data from permanent and campaign seismic stations play an essential role in understanding the seismogenic process and seismic hazard in the Jilantai Basin.
2 METHODS, DATA, AND VELOCITY MODEL
Location methods
The HYPOINVERSE-2000 (HYPO 2000) location algorithm was adopted to determine the absolute position of the master event (Klein, 2002); this approach has been successfully applied to multiple earthquake sequences (Langin, 2003; Clinton et al., 2006; Konstantinou et al., 2006; 2009a; 2009b; Choi and Noh, 2010; Hauksson et al., 2012; Caciagli et al., 2015; Schoenball and Ellsworth, 2017; Yao et al., 2021). In the DD earthquake location algorithm, developed by Waldhause and Ellsworth (2000), the relative positions of event pairs are determined through minimum residuals between observed and theoretical travel-time differences (or double-difference). The DD method has been widely used to improve earthquake locations (Waldhauser and Ellsworth, 2002; Hauksson and Shearer, 2005; Mandal and Horton, 2007; Waldhauser and Schaff, 2008; Mottaghi et al., 2010; Zhao et al., 2013; Fang et al., 2015; Kato et al., 2016; Sippl et al., 2018; Fan et al., 2022).
In the M&L method, the DD travel-time is used to detect micro-earthquakes; the detection depends only weakly on the accuracy of the velocity model. A brief description of the M&L detection algorithm applied in this study is as follows (Zhang and Wen, 2015a). First, seismic events located by the DD method were chosen as template events with low SNR. The study area was then gridded in longitude, latitude, and depth with the positions of template events used as centers. The travel-time difference of the reference phases (S waves) between each potential small event (i.e., grid point) and template event at each station was calculated. Subsequently, based on travel-time differences of multiple stations, sliding window cross-correlation was performed between reference phases of the template events and the continuous data stream at each station and data component. Finally, the mean correlation coefficient (CC) and SNR after the stacking cross-correlation were calculated. When the mean CC and SNR exceeded defined thresholds, a small event was deemed to be a positive detection, and its position was determined as the grid point with the maximum mean CC. The magnitudes of the detected small events were determined based on the median of the amplitude ratios for the reference phases in all station components (Peng and Zhao, 2009).
Data selection
Continuous waveform data recorded by 24 stations (Figure 1) within 100 km of the Alxa Ms 5.8 earthquake (i.e., mainshock) epicenter were selected. The study period was from 1 January 2015, to 28 February 2016 (i.e., 3 months before and 10 months after the mainshock). In order to obtain accurate arrival-times and reliable earthquake locations, event waveforms recorded clearly by at least four stations were first selected and the arrival-times of the direct P and S seismic phases were picked manually. The arrival-time data for each earthquake event were checked and corrected using the Wadati diagram, and data that greatly deviated from the fitting line were removed based on regional-phase travel-time curves for Pg and Sg.
[image: Figure 1]FIGURE 1 | Distribution of seismic stations in the study area and epicenter of the Alxa Left Banner Ms 5.8 earthquake sequence. White solid lines represent faults and white dotted lines represent inferred faults. The red and blue circles represents areas of 100 and 200 km radius around the epicenter. F1: Dengkou–Benjing Fault, F2: Dengkou–Xulisitewula Fault, F3: Eastern Piedmont Fault of Bayanwula Mountain, F4: Zhengyiguan Fault, F5: Western Piedmont Fault of Zhuozi Mountain, F6: Piedmont Fault of Lang Mountain, F7: North Fringe Fault of Ordos, F8: Bayanhaote Fault, YC Basin: Yinchuan Basin, HT Basin: Hetao Basin.
Based on the observation data from permanent seismic stations, 90 localizable earthquakes in the Alxa Ms 5.8 (i.e., mainshock) earthquake sequence were obtained using the HYPO2000 method. After the inclusion of data from the campaign arrays, 175 localizable earthquakes were obtained (i.e., the number of localizable earthquakes almost doubled), the minimum complete magnitude decreased from ML1.2 to ML0.8 (Figure 2), and the completeness of the earthquake catalog was significantly improved.
[image: Figure 2]FIGURE 2 | Cumulative frequency and magnitude of events in the Alxa Left Banner Ms 5.8 earthquake sequence. Triangles represent earthquakes located using data from permanent seismic stations; squares represent earthquakes located using data from both permanent and campaign seismic stations.
Velocity model
The study area was located in the Hetao Basin. Velocity data for the area are available in the CRUST1.0 velocity model (Laske et al., 2013); however, these data are low resolution. Based on the results of previous research into the one-dimensional crustal velocity structure in Alxa, the subsurface structure of the study area was divided into four layers (Song and Ge, 2018).
3 RESULTS
Earthquake relocation
Based on corrected seismic phase data and uniform station coverage, reliable hypocenter positions can be obtained using the HYPO2000 method. The horizontal and vertical position errors of the mainshock are 0.25 and 0.83 km, respectively. For the earthquake sequence, the horizontal position errors of nearly 95% of earthquakes are within 1 km; the vertical position errors of more than 95% of earthquakes are within 3 km; the arrival residuals of ∼95% earthquakes are within 0.3 s. The average values of horizontal and vertical position errors and arrival residual are 0.55 km, 1.53 km, and 0.175 s, respectively. Thus, the hypocenter position of the Alxa Ms 5.8 earthquake sequence obtained by the HYPO2000 method is reliable.
The HYPO2000 location parameters were taken as input parameters for the DD method. The relative location accuracy of earthquake source was improved and the directional distribution of the occurrence of earthquakes was clearer, representing a difference from the disordered distribution before relocation (Figure 3). The spatial distribution of aftershocks appears to be very similar before and after relocation. In comparison, it was found that the hypocenters of most earthquakes were very close before relocation, and the hypocenters is layered distribution, as shown in Figure 3B. After the relocation, the linear distribution characteristics of the hypocentres became more obvious, as well as the seismic gap.
[image: Figure 3]FIGURE 3 | Distribution of the (A) epicenters (from 1 January 2015, to 28 February 2016) and (B) focal depths of the studied earthquakes before and after relocation.
Earthquakes at the eastern end of the aftershock zone were found to have undergone an eastward shift after relocation, with an increased spread length of aftershocks (Figure 3A). The focal depths mainly ranged between 16 and 22 km before relocation, while after relocation, the depth spread increased to 15–25 km (Figure 3B). The dominant distribution of the focal depth of the Alxa Ms 5.8 earthquake sequence shows that the seismogenic layer was located in the middle–upper crust.
Micro-earthquake detection
Under the premise of uniform azimuthal distribution of stations and waveforms with high SNR, the number of stations used for micro-earthquake detection should be appropriate, and stations close to the epicenter should be selected to the extent possible. Therefore, six stations were selected for micro-earthquake detection, and 25 earthquakes of > ML2.5 with high SNR waveforms were selected as template events (Table 1); waveforms 1 s before and 3 s after the Sg seismic phases of the template events were chosen as template waveforms. Wave filtering at 2–8 Hz was then performed for the template and continuous waveform data. In accordance with the M&L method, the study area was gridded at 0.01° × 0.01° × 0.5 km (longitude, latitude, depth), with the positions of the template earthquakes used as the centers. Finally, the origin times, seismic-source locations, and magnitudes of the micro-earthquakes were determined using a grid search method. In this study, the average CC threshold value was set as 0.3 (Zhang and Wen, 2015a; 2015b; 2015c) based on existing studies, and the event magnitude was decided based on the median of the amplitude ratios for the reference seismic phases in all station components. When the S wave amplitude is barely above the noise level, the principal component fit method can be used to calibrate the magnitude (Shelly et al., 2016; Meng et al., 2018; Yao et al., 2020; Daniels and Peng, 2022). The Sg seismic phase parameters were calculated using the TauP Toolkit (Crotwell et al., 1999) based on the Preliminary Reference Earth Model (Dziewonski and Anderson, 1981). The event with the largest CC in each 6-s time window was chosen as the detected earthquake to avoid duplicate detection.
TABLE 1 | Parameters of template events.
[image: Table 1]A total of 803 micro-earthquakes (including 208 DD-located earthquakes) were detected using the M&L method (Figure 4); these were mainly distributed near the mainshock. In addition, two areas of micro-earthquakes were concentrated ∼30 km north of the mainshock. The number of earthquakes showed a sharp increase to nearly four times the number of events before micro-earthquake detection.
[image: Figure 4]FIGURE 4 | Distribution of template earthquakes and detected micro-earthquakes.
After micro-earthquake detection using the M&L method, the minimum complete magnitude decreased from ML0.8 to ML0.6 (Figure 5), and the seismic gap of the earthquake catalog was improved. The resultant richer aftershocks provided an improved basis for detailed analysis of aftershock evolution and seismogenic structure.
[image: Figure 5]FIGURE 5 | Cumulative frequency–magnitude distribution before and after micro-earthquake detection. Triangles represent earthquakes before micro-earthquake detection; squares represent earthquakes after micro-earthquake detection.
Effectiveness of micro-earthquake detection
After micro-earthquake detection using the M&L method, 25 template events were all self-detected, with CCs of 1.0. Figure 6A shows the self-detected result of the mainshock, and Figure 6B shows the detection result of a single ML0.3 micro-earthquake with an average CC of 0.3259.
[image: Figure 6]FIGURE 6 | Detection results of the match and locate (M&L) method. (A) Self-detection results of the mainshock and (B) detection results of a single micro-earthquake. Red lines represent the waveforms of template earthquakes, gray lines represent the continuous waveforms of the detected earthquakes, and red arrows show the origin times of detected earthquakes. The left- and right-hand ends of the waveforms show the station components and correlation coefficient (CC), respectively. The template earthquake, average correlation coefficient, left and right signal-to-noise ratio (SNR), and magnitude of the detected earthquake are listed above each plot. The starting time of the waveforms is shown below each plot.
The results of the 208 DD-located earthquakes were compared with those of the M&L method for the same earthquake to illustrate the effectiveness of micro-earthquake detection (Figure 7). More than 70% of earthquakes (i.e., 155 events) had an origin time difference of <0.5 s, and >92% of earthquakes (i.e., 195 events) had a magnitude difference of <0.3. In addition, the distance between epicenter positions was <3 km for >95% of earthquakes (i.e., 201 events), while the focal depth difference of >95% of earthquakes (i.e., 199 events) was <4 km. In general, the detection results are similar to the DD location of the same earthquake, confirming the reliability of the micro-earthquake detection.
[image: Figure 7]FIGURE 7 | Station distribution and distributions of earthquakes from the double-difference (DD) and match and locate (M&L) methods. (A) Locations of permanent seismic stations (black triangles) and campaign seismic stations (blue triangles); the station codes of seismic stations used in the detection are shown; green stars indicate template events. The inset map in the upper left shows the eastern part of northwestern China, with the study area shown by a blue rectangle. (B) For each earthquake within the red rectangle in (A), the detection results of the M&L (red points) and DD (blue points) methods are compared and connected by gray dotted lines. Raw plots and histograms for earthquake origin time differences (C,C′), magnitude differences (D,D′), epicenter distances (E,E′), and depth differences (F,F′).
Focal mechanism solutions
The Cut and Paste (i.e., CAP) method (Zhao and Helmberger, 1994; Zhu and Helmberger, 1996) was applied to invert focal mechanism solutions for the mainshock and the four aftershocks of > ML4.0. The focal mechanism parameters are shown in Table 2.
TABLE 2 | Focal mechanism solutions of > ML4.0 events in the Alxa Left Banner Ms 5.8 earthquake sequence.
[image: Table 2]The focal mechanism solution and waveform fitting results were analyzed by taking the mainshock as an example. As shown in Figure 8, the phases and amplitudes of the theoretical and observed seismic waveforms at different stations had a good fit. The nodal plane solution of the focal mechanism of the mainshock was characterized by 86° strike, 84° dip, and −9° rake; the strike, dip, and rake of the alternative nodal plane solution were 177°, 81°, and −174°, respectively. The azimuth and plunge of the P axis were 41° and 11°, whereas those of the T axis were 132° and 2°, respectively. The moment magnitude of the mainshock was Mw5.6. The fit errors corresponding to the mechanism solutions of the mainshock at different focal depths are shown in Figure 9A. The fit error was smallest for a focal depth of 21 km; the mechanism solutions were relatively stable within a depth range from 15km to 31 km and were dominated by strike-slip with some normal components.
[image: Figure 8]FIGURE 8 | Selection of station focal mechanism solutions and waveforms for the Alxa Left Banner Ms5.8 earthquake on 15 April 2015. The lower-hemisphere beach ball focal mechanism, earthquake occurrence date, best fitting depth of the waveforms, mechanism solution, and moment magnitude are shown at the top of the figure. Black and red curves represent theoretical and observed seismograms, respectively. The numbers in the first line below each waveform represent the moving time (s) of the theoretical seismogram relative to the observed seismogram, and values in the second line indicate the correlation coefficient (%) between them. The epicenter distance (km), station name, and azimuth angle (°) are shown to the left of each set of waveforms.
[image: Figure 9]FIGURE 9 | Fit errors of focal mechanism solutions of the Alxa Left Banner Ms 5.8 earthquake on 15 April 2015, and its four largest aftershocks.
The mechanism solutions of the four aftershocks of > ML4.0 were also well fitted (Figures 9B–E). The mechanism solutions at different depths were relatively stable and primarily characterized by strike-slip with a smaller number of normal or thrust components. These results are consistent with the focal mechanism solution of the mainshock. Overall, the seismogenic structure of the mainshock was a strike-slip fault, which is consistent with the development of multiple strike-slip faults in the study area (Research Group of Active Fault System around the Ordos Massif, 1988).
4 DISCUSSION
Mainshock depth
The focal mechanism solutions of the Alxa Ms 5.8 earthquake were determined using data from previous literature (Han et al., 2015; Wang et al., 2019) and several institutions, including GFZ, USGS, GCMT, Institute of Geophysics, China Earthquake Administration (CEA-IGP). Focal depths obtained through inversion ranged from 13 to 30 km, with the relocated focal depth of the mainshock being 22.7 km. This depth falls within the upper crust and is essentially consistent with the results of Wang et al. (2019) [20.597 km], but is significantly deeper than the inverted focal depth (18 km) of Song and Ge (2018), the focal depth determined by the China Earthquake Network Center (10 km), the relocated depth (13.2 km) of Wei et al. (2017), and relocated depth (13 ± 1 km) of Han et al. (2015). However, the lack of significant ground surface rupture, major building damage, or casualties (Wang et al., 2019) is inconsistent with such shallow focal depths. Furthermore, the P wave velocity structure in the epicenter region, inverted by Wang et al. (2019) via the TomoDD method, shows a high- and low-velocity conversion zone at 20-km depth in the Alxa Left Banner focus region. Previous studies have shown that the presence of intracrustal high-velocity bodies is essential for high stress concentrations, and strong earthquakes are prone to occur in the transition zone between intracrustal high- and low-velocity zones or on the sides of high-velocity bodies (Lees and Malin, 1990; Zeng et al., 2014; 2017a; Wu et al., 2022). Thus, the above analysis and previous studies of seismogenic dynamics confirm that the focal depth of 22.7 km for the Alxa Ms 5.8 earthquake determined in this study is likely a realistic value.
Spatiotemporal distribution of the earthquake sequence
According to the M-t diagram and 2-day frequency diagram for the Alxa Ms 5.8 earthquake sequence (Figure 10), there were fluctuations in the development of the sequence. Aftershocks mainly occurred before 30 June 2015, followed by a rapid decrease in number. In December 2015, the number of aftershocks abruptly rose; however, these were mostly earthquakes with small magnitudes. Therefore, we selected only earthquakes from before 30 June 2015, for the analysis of aftershock evolution. Notably, after a period of quiescence following the aftershock decay, three larger aftershocks occurred between March and June 2016, including ML4.2, ML3.2 and ML4.1 earthquakes.
[image: Figure 10]FIGURE 10 | (A) M–t and (B) 2-day number N–t plots of ML > 0 events in the Alxa Left Banner Ms 5.8 earthquake sequence.
From analysis of the distribution characteristics of the Alxa Ms 5.8 earthquake sequence from April 15 to 30 June 2015 (Figure 11), we found that the aftershock sequence extended in an NEE direction (N70°–75°E) with a length of 12 km, likely indicating the rupture length of the mainshock. The mainshock rupture started from the eastern end of the aftershock zone and gradually extended to the western end, suggesting unilateral rupture. Aftershock activity was segmented, with eastern and western segments separated by an area of low seismicity extending 5 km horizontally. Both the mainshock and two aftershocks of > ML 4.0 occurred on the eastern segment, with significantly fewer aftershocks on the western segment. The aftershock zone was ∼4 km wide on the western segment and 5 km wide on the eastern segment. From March to June 2016, ML 4.2, ML 3.2 and ML 4.1 earthquakes occurred in the low-seismicity gap.
[image: Figure 11]FIGURE 11 | Epicenter distribution of the Alxa Left Banner Ms 5.8 earthquake sequence. Red and black dots represent relocated earthquakes (from April 15 to 30 June 2015) using the double-difference (DD) and match and locate (M&L) methods. Blue dots denote three large aftershocks that occurred from March to June 2016.
The NE-oriented DBF lies near the location of the Alxa Ms 5.8 earthquake, with an angle of ∼15° between the spread direction of the earthquake sequence and the direction of the DBF. More, the strike of the DBF does not match the focal mechanism solution of the mainshock. Therefore, the earthquake sequence is tentatively determined to have occurred on an unknown blind fault to the west of the DBF.
Aftershock evolution
The mainshock epicenter (i.e., the starting point of earthquake rupture) was located at the eastern segment of the aftershock zone (Figure 12A), demonstrating a unilateral rupture of the main shock. In addition, it shows that the eastern segment of the aftershock zone should belong to the asperity zone on the seismogenic fault zone. The two largest aftershocks (>ML4.0) also occurred on the eastern segment of the aftershock zone, indicating that mainshock did not release all of the strain in the main asperity zone. The focal depth profile (Figure 12B) illustrates that most aftershocks were shallower than the mainshock (22.7 km), which is consistent with the theory that strong earthquakes nucleation tend to the deeper and propagate upwards (Scholz, 1990). Aftershocks predominantly occurred at depths of 15–25 km, largely consistent with the depth of the mainshock rupture from previous studies (Wang et al., 2019). Few aftershocks above 15 km is compatible with field survey findings that no significant surface rupture was found after the mainshock (Wang et al., 2019). Figure 12A shows an obvious area of low seismicity (∼5 km2 × 5 km2) between the western and eastern segments of the aftershock zone, located at a depth of 20–25 km (Figure 12B). This zone potentially relates to a high strength barrier on the fault (Aki, 1979), and it was also consistent with an Coulomb stress triggering area of the mainshock (Gao et al., 2015). From March to June 2016, three earthquakes of > ML3.0, including two ML4 earthquakes, occurred in a low seismicity zone, indicating that the three large aftershocks were caused by the rupture of this barrier.
[image: Figure 12]FIGURE 12 | (A) Epicenter distribution of the Alxa Left Banner Ms 5.8 earthquake sequence and (B) distribution of the sequence along the a–a’ profile. Colored dots indicate earthquakes after the mainshock until 30 June 2015, where colors indicate time after the mainshock; black dots denote the three ≥ ML3.0 earthquakes that occurred in the first half of 2016. F1: Dengkou–Benjing Fault, F1’: branch fault I of F1, F1”: branch fault II of F1.
In summary, the eastern segment of the aftershock zone formed the main asperity of the seismogenic fault zone. The main rupture was initiated at the eastern segment of the fault, and propagated west, before being blocked by a barrier in the western section of the fault zone. Subsequently, the rupture crossed the barrier and continued for another 2 km. Between the mainshock and February 2016, there were very few aftershocks in the low seismicity zone, and those earthquake that did occur had very low magnitudes. It suggested that the barrier zone remained in a state of high stress until 24 March 2016, after which ML4.2, ML3.2, and ML4.1 earthquakes occurred. Therefore, the location and magnitude of larger aftershocks can be determined through the analysis of aftershock evolution.
Seismogenic structure
There is a significant lack of shallow seismic exploration and deep seismic reflection profiles in the study area. Moreover, the epicenter of the Alxa Ms 5.8 earthquake was located on the edge of a desert with no visible surface faults. As such, our results, which reveal the seismogenic structure of the Alxa Ms 5.8 earthquake sequence, offer a new basis data for further research in the study area.
Comprehensive analysis of cross-sectional focal depth profiles for the eastern and western fault segments (Figures 13A–C) was performed by combining the relocated earthquake locations, focal mechanism solutions (flat and profile projections), and fault interpretation results from adjacent profiles (Wen et al., 2011; Wen et al., 2013; Wen, 2014). The interpreted seismogenic structures of both segments generally show upward bifurcation, forming a negative flower structure that is commonly observed in strike-slip fault zones. This structure consists of the main seismogenic fault (F1’), the DBF (F1), and the main branch fault (F1″). F1′ is a blind fault trending N70°–75°E that dips steeply to the southeast. On the eastern segment of the aftershock zone (Figure 13B), there is an angle of ∼15° between F1 and F1′, and a maximum horizontal distance of ∼4 km was estimated. F1′ and F1″ are sub-parallel, with a maximum horizontal distance of 2.5 km. The dip angle of the structures becomes more gentle below the sub-vertical parts of F1 and F1″ at a depth of 25 km, and F1″ intersects the primary fault at a depth of 27–28 km. In the western segment of the aftershock zone (Figure 13C), F1′ and F1″ also exhibit an upward-bifurcating structure above 24 km depth, and are separated by a distance of 4 km above 20 km depth. A smaller secondary fault along which some ML2 aftershock activity occurred intersects with F1″ at ∼25 km depth.
[image: Figure 13]FIGURE 13 | Epicenter distribution and segmentation structure of the seismogenic fault of the Alxa Left Banner Ms 5.8 earthquake sequence (A) Extent of two profiles across the seismogenic fault (B,C) Focal depths and interpreted profiles of b–b’ and c–c’, respectively. F1: Dengkou–Benjing fault, F1’: branch fault I of F1, and F1”: branch fault II of F1. Colored dots denote earthquakes from after the mainshock to 30 June 2015, where the color indicates the time after the mainshock; black dots indicate the three ≥ ML3.0 earthquakes that occurred in the first half of 2016. F1′ and F1″ are seismogenic fault interpretation results of the earthquake locations, focal mechanism solutions, and interpretation results for adjacent profiles, which are inferred faults.
Profile b–b’ (Figure 13B) illustrates that the mainshock and ML4.1 aftershock on 16 April 2015, occurred on steeply dipping fault F1’ (≥85°) at a depth of 22–23 km. The focal mechanism solutions of the two events are approximately consistent between one nodal plane and the F1′ fault surface at the corresponding seismic focus. The ML4.6 aftershock on 15 April 2015 occurred at a depth of ∼19 km on the F1″ fault; similarly, one nodal plane from this event’s focal mechanism is approximately consistent with the F1″ fault surface.
Profile c–c’ (Figure 13C) shows a small number of aftershocks along the main F1′ fault in the western segment of the aftershock zone. Due to the profile location within the low-seismicity barrier zone, only limited strain was released during the mainshock. This barrier zone was ultimately ruptured by the three large aftershocks. On 24 March 2016, an ML4.2 aftershock occurred at a depth of ∼22 km± on F1”. The profile projection of its focal mechanism shows that one nodal plane had consistent alignment with the F1” fault plane at the corresponding seismic focus. The ML4.1 aftershock on 14 June 2016, occurred at a depth of ∼21 km on F1’; as above, one nodal plane of the focal mechanism for this event was approximately consistent with the F1’ fault plane.
In summary, the mainshock rupture and aftershock activity of the Alxa Ms 5.8 earthquake were not controlled only by a single fault; activity was dominated by the main fault F1’; however, activity also occurred along branch fault F1” and other secondary faults. The seismogenic fault zone was a maximum of 4 km wide and 12 km long, with a complex structure. The main fault, F1′, is SE-striking, occurs at depths of 15–25 km, and forms an upward bifurcation structure (or a negative flower structure). During the mainshock, the fault moved predominantly in a strike-slip direction but with a component of oblique slip.
Very few large earthquakes have occurred in the study area and there are few supporting evidences of tectonic faults from deep seismic sounding or other studies; therefore, some uncertainties in the interpretation results of seismogenic structure could not be excluded; however, a Ms6.2 earthquake occurred in 1976 at a distance of 25 km from the Alxa Ms 5.8 epicenter. In future work, we plan to investigate the 1976 Bayinmuren Ms6.2 earthquake in more detail, including the relocation of small background earthquakes in order to improve our understanding of the seismogenic structure in this region.
5 CONCLUSION
In this study, data from permanent and campaign seismic arrays were used to examine the Alxa Ms 5.8 earthquake sequence. The number of earthquakes was dramatically increased compared with previous studies that used only data from permanent stations, and the completeness of the earthquake catalog was improved via the M&L method for micro-earthquake detection. An improved catalog provided a solid basis for a detailed study of this earthquake sequence.
The focal depth of the mainshock was 22.7 km, with aftershocks dominantly occurring between 15 and 25 km. The aftershock distribution spread in an NEE trending (N70°–75°E) over a length of 12 km. The aftershocks formed two distinct segments (the eastern and western segments). The mainshock and early aftershocks were mainly located on an eastern segment, while fewer aftershocks occurred on a western segment. Moreover, there was an area of low seismicity with a horizontal extent of ∼5 km between two segments. Most aftershocks occurred before 30 June 2015, after which the number of aftershocks declined significantly. Three larger aftershocks (ML4.2, ML3.2, and ML 4.1) occurred within the low-seismicity zone from March to June 2016.
The Alxa Ms 5.8 earthquake was caused by a blind, NEE-oriented western branch fault of the DBF. The eastern segment of the seismogenic fault zone formed the main asperity. The mainshock rupture started at the eastern end of the fault and propagated from east-to-west and from deep-to-shallow. There was an barrier zone in the western segment of the seismogenic fault zone with the low-seismicity region, illustrating that the rupture released only some of the accumulated stress. Subsequently, this barrier was ruptured on 24 March 2016, after which three successive large aftershocks occurred.
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Epicenter locations are generally adjacent to active faults and past seismicity regions. Past earthquake catalogs and the geometry of the active faults can provide key prior knowledge concerning earthquake forecasts. In this study, we first introduce two straightforward dedicated models, the proximity-to-past-earthquakes (PPE) and proximity-to-mapped-faults (PMF) models, to fit the seismicity in the Sichuan-Yunnan region, China. The hybrid proximity-to-known-sources (PKS) model with the optimized model parameters is then used to estimate the probability of earthquake occurrence. Second, to compare the PKS forecast efficiency to those of different models, retrospective tests are applied to a dataset located in the Sichuan-Yunnan region. The results show that the probability maps derived from PPE, PMF, and PKS have non-uniform Poisson distribution features and that there is forecasting significance for past cases of moderate earthquakes in the test region. Finally, using Molchan error diagram tests, we find that the hybrid PKS model performs better than the other models in the testing region. The unsatisfactory performance of the PMF model for earthquake forecasting may lie both in the incompleteness of the fault database and the lack of consideration of co-seismic ruptures. Therefore, one of the three models can be used as a base model for comparing and evaluating earthquake forecast strategies.
Keywords: earthquake catalog, Molchan error diagram, statistical evaluation, earthquake forecast, active fault
1 INTRODUCTION
More than one-third of the global population experiences earthquakes, with frequent slight or greater damage to lives and property from such events (Marti et al., 2019). However, at present, earthquake forecasting remains a major unsolved scientific problem and is not sufficiently reliable to rapidly predict earthquakes. Seismologists can also contribute to society by performing long-term probabilistic seismic hazard assessments. As a basic input for building codes, such assessments are crucial to ensure good building practices to save lives (Hiemer et al., 2013).
Mapped faults and past earthquakes have historically been the two main types of data used by seismic hazard models to estimate the likelihood of earthquake occurrence (Rhoades et al., 2017). Some short-term models have been built using only cataloged earthquakes, including the short-term earthquake probability (STEP) (Gerstenberger et al., 2005) and epidemic-type aftershock sequence (ETAS) (Ogata, 1988; Ogata, 1998; Gerstenberger and Rhoades, 2010) models, which are based on the decay of aftershock rates and the Omori–Utsu law (Utsu, 1961). Other useful medium- or long-term models, such as the proximity-to-past-earthquakes (PPE) (Kagan and Jackson, 1994; Jackson and Kagan, 1999) and the every-earthquake-a-precursor-according-to-scale (EEPAS) (Rhoades and Evison, 2004; Rhoades and Evison, 2005; Rhoades, 2007) models, rely only on past earthquakes. Meanwhile, long-term models such as the proximity-to-mapped-faults (PMF) model (Rhoades and Stirling, 2012) often use mapped faults with their slip rates. In addition, the increasing availability of crustal movement observational data, such as Global Positioning System (GPS) network data and derived models of crustal strain rate (Bird et al., 2015; Rhoades et al., 2017) are important to estimate the earthquake occurrence rate (Rhoades et al., 2015).
A parallel development is that of hybrid methods, which combine two or more different models to gain predictive skills from a single idea or data source. The results of retrospective and pseudo-prospective analyses have shown that some multiplicative ensembles provide statistically better forecasts than their constituent forecasting models (Rhoades and Stirling, 2012; Rhoades 2013; Gerstenberger et al., 2014; Rhoades et al., 2015; Rhoades et al., 2016). Therefore, the international Collaboratory for the Study of Earthquake Predictability (CSEP) supports methods to evaluate combinations of two or more individual models or to assimilate new gridded covariates into existing models (Schorlemmer et al., 2018).
The robustness of various earthquake forecast models cannot be fully described without first being assessed in diverse regions with distinct seismic features. The Sichuan-Yunnan region provides a natural earthquake forecast experiment because, following the MS 8.0 Wenchuan earthquake, it became more seismically active. For example, two earthquakes of magnitude ≥7.0, the MS 7.0 Lushan and MS 7.0 Jiuzhaigou earthquakes, have occurred in this region in the last 10 years since the MS 8.0 Wenchuan earthquake; however, no earthquakes had occurred over the same time period before the MS 8.0 Wenchuan earthquake. Moreover, substantial infrastructure, such as reservoirs, railway networks, and electricity grids, is spread throughout the Sichuan-Yunnan region. While earthquakes of great intensity occurring due to natural processes cannot be avoided, forewarning can help minimize their often catastrophic and damaging impacts (Herrera et al., 2022). Much work is required regarding probabilistic seismic hazard assessments in this area. Therefore, we introduce individual probabilistic models based on past earthquakes or mapped faults and a hybrid model based on both to estimate the probability of earthquake occurrence; we then take a statistical approach to evaluate the efficiency of earthquake forecasting in the Sichuan-Yunnan region.
Section 2 includes a full description of the mapped faults and cataloged earthquakes that were used in this study. The two individual models and the hybrid model are introduced in Section 3. Section 4 and Section 5 present, successively, the results of the estimated seismicity rate for each model, along with an evaluation of their predictive effectiveness.
2 DATA
We chose the Sichuan-Yunnan region for testing because of the good monitoring capability in this region with respect to seismicity and fault movement. In the test area of the Sichuan-Yunnan region, which is marked in Figure 1, 1,234 earthquakes with magnitudes ≥4.0 and depth ≤50 km were recorded in the China Earthquake Networks Center (CENC) catalog from January 1, 1970, to September 10, 2022, including the MS 8.0 Wenchuan earthquake, the largest earthquake in the test region. Of these, 14 target earthquakes in the test region with M ≥ 6.0 and depth ≤ 50 km that occurred during the three periods of May 20, 2008–May 20, 2011; January 1, 2013–January 1, 2016; and September 10, 2019–September 10, 2022, listed in Table 1, were used to evaluate the forecast efficiency of the three different models. Figure 1 shows the epicenters of the earthquakes that occurred in the test region.
[image: Figure 1]FIGURE 1 | Epicenters of the earthquakes in the research area in the Sichuan-Yunnan region, China. The circle sizes represent the earthquake magnitudes. The red stars indicate the target earthquakes. The blue lines show the faults in the fault-model database. The gray line encloses the test area in the Sichuan-Yunnan region. Fault numbers F1–F25 indicate the Lijiang-Xiaojinhe, Hanmuba-Heihe-Mengzhe, Nandinghe, Chuxiong-Jianshui, Ganzi-Yushu, Longriba, Songgang, Tazang, Huya, Longmenshan, Mabian, Daliangshan, Xianshuihe, Anninghe, Jinpingshan, Litang, Deqin-Zhongdian-Daju, Yuanmou-Xigeda, Lancangjiang, Weixi-Qiaohou, Chenghai, Longling-Ruili, Honghe, Menglong, and Xiaojiang faults, respectively.
TABLE 1 | Target earthquakes (MS > 6.0) in the test area in the Sichuan-Yunnan region, China, during the three periods of May 20, 2008–May 20, 2011, January 1, 2013–January 1, 2016, and September 10, 2019–September 10, 2022.
[image: Table 1]The Chinese Earthquake Administration (CEA) and other groups launched the Project Crustal Movement Observation Network of China (CMONC) to monitor the crust dynamics using various techniques including GPS. Based on the GPS measurements and the fault locations in the test region, the Second Monitoring and Application Center of CEA calculated the fault rates in the Sichuan-Yunnan region and provided the fault-model datasets for this study (Figure 2). Figure 2 shows the higher slip rates in the Ganzi-Yushu fault (F5), the fault intersection segment of the Xianshuihe fault (F13), the Longmenshan fault (F10), the Jinpingshan fault (F15), the Anninghe fault (F14), and the Daliangshan fault (F12). The Qinghai-Tibet Plateau Block moves eastward continuously, blocked by the relatively stable Sichuan Basin, and the South China Block in the Sichuan-Yunnan region moves from east to south along these faults at a relatively high slip rate. In Figure 2, four aftershocks of the MS 8.0 Wenchuan earthquake with magnitudes of MS 6+ occurred near the northern segment (latitude >32°N) of the Longmenshan fault (F14), however, the segment of the fault does not have the expected relatively high slip rate (Shen et al., 2009; Xiong et al., 2021).
[image: Figure 2]FIGURE 2 | Fault slip rates. The blue lines indicate the faults in the fault-model database in the test area, with line thicknesses proportional to the fault slip rate. The gray line encloses the test area in the Sichuan-Yunnan region. The fault numbers are as indicated in Figure 1.
3 METHOD
3.1 Proximity-to-past-earthquakes model
According to the assumption that future earthquakes are more likely to occur near past earthquakes, Jackson and Kagan (1999) proposed the PPE forecasting model, in which the contribution from every earthquake is inversely proportional to the epicentral distance and is directly dependent on the earthquake magnitude.
Under the PPE model, the earthquake occurrence-rate density λ at time t and location (x, y) can be calculated from the earthquakes (ti, mi, xi, yi), where i = 1, …, neq, in the catalog such that
[image: image]
where a is a normalization parameter, d is the smoothing distance, and s is a small spatially uniform background rate of earthquake occurrence per day per kilometer squared to allow for earthquakes far from past earthquakes. The seismicity rate λ(t, x, y) is higher near past earthquakes of greater magnitude.
By maximizing the likelihood function, the three parameters (ae, de, se) can be computed by fitting the model to the past earthquake catalog. We used earthquakes with magnitudes of MS > 4.0 to compute the conditional density, using January 1, 1970, to January 1, 1990, as the learning period. The likelihood was only calculated for earthquakes with magnitudes of MS > 6.0 over the learning period. The three parameters were optimized for target earthquakes with MS > 6.0 over the forecast period from January 1, 1990, to May 20, 2008. Using the same parameters, the seismicity rates for January 1, 2013, and September 10, 2019, can also be estimated.
3.2 Proximity-to-mapped-faults model
The PMF model assumes that the mapped fault sources are frequently affected by earthquakes having the same characteristic magnitudes (Rhoades and Stirling, 2012). Under the PMF model, the mapped fault sources are composed of planar segments and each source has its own slip rate. Some long faults are divided into multiple segments, which are assigned their own slip rates. Because of earthquake depth estimation issues or because they are assigned a fixed depth, every fault is treated as if its dip angle were 90°; therefore, the distance between the faults and earthquakes has no relevance to the earthquake depths reported in the earthquake reports. The separated segments of the mapped faults and the individual associated slip rates are used to fit the PMF model. The seismicity rate λPMF at time t and location (x, y) is of the form
[image: image]
where xi and yi are the locations of the individual point fault sources, nf is the total number of points with associated slip rates ri, and i = 1, ..., nf. df is the space smoothing distance, which is not sensitive to the actual spacing between the individual points if it is much greater than df. sf is a small spatially uniform background rate of earthquake occurrence per day per kilometer squared, which allows for earthquakes far from the mapped faults. Therefore, the seismicity rate λPMF(t, x, y) is greater near mapped faults and lower far from mapped faults. In addition, the seismicity rate increases with the fault slip rate of the surrounding identified faults.
The test area of the Sichuan-Yunnan region has 25 mapped faults with known slip rates, as shown in Figure 2. Each mapped fault is separated into multiple point sources closely spaced at 0.01° intervals along the fault. To compare the earthquake forecast efficiency of the PMF model to that of the PPE model, we used the same learning and forecast periods as used in the PPE model. The three parameters were optimized for target earthquakes with magnitudes of MS > 6.0 over the three periods of January 1, 1990–May 20, 2008; January 1, 1990–January 1, 2013; and January 1, 1990–September 10, 2019.
3.3 Proximity-to-known-sources model
Mapped faults and cataloged earthquakes can sometimes each contribute differently to the creation of conventional probabilistic seismic-hazard models. For short periods, the fault data may not play a worthwhile role in estimating the earthquake likelihood. Accordingly, Rhoades and Stirling (2012) proposed an optimal model for earthquake occurrence, called the proximity-to-known-sources (PKS) model, that combines the fault location and estimated slip rates with the cataloged earthquake locations and magnitudes. This model consists of a convex linear combination of the PPE and PMF models. The seismicity rate λPKS at time t and location (x, y) is of the form
[image: image]
where μ is an additional parameter to be estimated in the range of 0 ≤ μ ≤ 1, such that seven parameters are needed for the model.
Here, we provide three methods to combine the two models: 1) Based on the optimized parameters (ae, de, se) of the PPE model and (af, df, sf) of the PMF model, we calculated the seismicity rate λPKS on May 20, 2008; January 1, 2013; and September 10, 2019, using an empirically specified μ; i.e., μ = 0.1 and 0.9, and 2) μ is a liner dependent on magnitude, as proposed by Hiemer et al. (2013) and called PKS weighted model (PKSW) in this study. The form is
[image: image]
where mc is the upper corner magnitude of the Gutenberg-Richter relationship (Gutenberg and Richter, 1944). All mc values over the three time intervals are MS7.0. 3) All seven parameters of the hybrid model were optimized by maximizing the likelihood function over the same three time intervals. Finally, we compared the earthquake forecasting performances of the various parameter combinations.
4 RESULTS
4.1 Results of the PPE model
Figure 3 shows the results of the fitted seismicity rates for the three different times: May 20, 2008; January 1, 2013; and September 10, 2019. The black stars represent earthquakes of MS 6+ that occurred over the 3 years following the above three dates. The spatial inconsistency of the PPE model is due to its strong event location density concentration.
[image: Figure 3]FIGURE 3 | Estimated seismicity rate using earthquakes based on the China Earthquake Networks Center (CENC) catalog. The learning period was from January 1, 1970, to January 1, 1990, based on the proximity-to-past-earthquakes (PPE) model to calculate the conditional density. (A–C) Estimated results using data before May 20, 2008; January 1, 2013; and September 10, 2019, respectively. The black stars indicate the target earthquakes. The gray line encloses the test area in the Sichuan-Yunnan region.
Some obvious differences along the Longmenshan fault between the exceptions of the earthquake occurrence are shown in Figures 3A, B. The MS 8.0 Wenchuan earthquake and its aftershocks may be the dominant earthquake source locations contributing to the spatial variation differences in the rate density. The seismicity rate of the Lushan region in Figure 3C is higher than that in Figure 3B because of the MS 7.0 Lushan earthquake. The PPE model gets its strength from its ability to use data from these huge earthquakes.
As shown in Figure 3, the MS 6.1 Panzhihua, MS 6.0 Maerkang, and MS 6.8 Luding earthquakes are not located at locations of relatively higher seismicity rate, which indicates that no earthquake clustering occurred during the last several decades. This adds to the difficulty of forecasting earthquakes using the PPE model.
4.2 Result of the PMF model
Figures 4A–C show the spatial variation in seismicity rates at three different dates, May 20, 2008; January 1, 2013; and September 10, 2019, respectively. As shown in Figure 4, the location probability decreases with distance from the mapped faults. The spatial variations do not differ obviously in Figures 4A–C because the map of the seismicity rate is related to the locations of the mapped faults and their slip rates, which are static on decadal timescales.
[image: Figure 4]FIGURE 4 | Estimated seismicity rate using earthquakes based on the CENC catalog and mapped faults. (A–C) Estimated results using data before May 20, 2008; January 1, 2013; and September 10, 2019, respectively. The black stars indicate the target earthquakes. The gray polygon encloses the test area in the Sichuan-Yunnan region. The fault numbers are as indicated in Figure 1.
As shown in Figure 4B, the seismicity rate at the location where the MS 6.6 Jinggu earthquake occurred is low because the epicenter of the earthquake was far from the mapped faults. However, three of the MS 8.0 Wenchuan aftershocks and the MS 6.1 Panzhihua earthquake (Figure 4A) are not located in relatively high seismicity rate areas, even though they are near mapped fault sources. One possible explanation may be that the fault slip rate at these locations is small and that the seismicity rate did not benefit sufficiently from the fault slip rates, as seen in Figure 2.
4.3 Results of the PKS model
Based on the various μ values, the varying seismicity rates at the three dates, May 20, 2008; January 1, 2013; and September 10, 2019, are illustrated in Figure 5. All the graphs indicate that the rate density is highest near the greatest concentration of large earthquakes during the entire history of the catalog, as well as the mapped fault sources to different extents. The value of μ is related to the proportion of the contribution of the PPE model used to construct the PKS model. Figure 5 illustrates that the smaller the μ value, the more “hot spots” with high seismicity rates will appear. The estimated seismicity rate of the PKS model looks like that for the μ value calculated using Eq. 4 at the three dates.
[image: Figure 5]FIGURE 5 | Estimated seismicity rate based on cataloged earthquakes and mapped faults, showing results for May 20, 2008 (left), January 1, 2013 (middle), and September 10, 2019 (right, L). (A–C) Spatial variations in estimated seismicity rates. (D–F) Seismicity rate with μ calculated using Eq. 4. Seismicity rate with μ set to (G–I) 0.9 and (J–L) 0.1. The black stars indicate the target earthquakes.
5 DISCUSSION
A hybrid model may underperform in a separate testing period if the seismicity rates that contribute to it are not well correlated with the earthquake locations or if the model is overfitted to a training period in which the seismicity rates are more closely correlated with the earthquake locations than those in the testing period (Rastin et al., 2022). Unaffected by any model fitting, an error diagram is a valuable tool to illustrate the relationship between the seismicity rate and the earthquake occurrence during various time periods and is also commonly used to evaluate earthquake forecast strategies (Molchan, 1991; Zechar and Jordan, 2008).
In this study, we defined the following earthquake forecast strategy: there will likely be earthquakes of MS ≥ 6.0 occurring in the subsequent 3-year period at locations with relatively high seismicity rates based on the PPE, PMF, and PKS models.
The testing region was divided into multiple cells 0.5° × 0.5° in size. The seismicity rate of each cell was assigned the average of all the seismicity rates in the cells. A threshold was then specified and an alarm was generated if the seismicity rate of the cells was higher than the threshold. The fraction of the space-time occupied by the alarm (τ) of the Poisson is defined such that
[image: image]
The fraction of earthquakes missed (ν) is defined such that
[image: image]
where S(i) is the seismicity rate of the ith cell, slevel is the threshold value of the seismicity rate, A(i) is the area of the ith cell, and E(i) is the number of the targeted earthquakes at the ith alarm. We used the area skill score (ASS) and the probability gain to summarize the potential performance of the earthquake forecast strategy. The region above the error diagram inside the unit square, called ASS, serves as a summary of the prospective performance of the seismicity rate in alarm-based earthquake occurrence forecasting (Zechar and Jordan, 2008; Zechar and Jordan, 2010). The diagonal line indicates ASS = 0.5. A positive connection between the seismicity rate and the frequency of earthquakes is denoted by ASS >0.5, while ASS <0.5 denotes a negative correlation (Rhoades et al., 2017). The probability gain (Gain) is defined such that
[image: image]
The sample value of Gain corresponds to the slope of the line connecting (0,1) to (τ, ν), as shown in Figure 6. The diagonal line corresponds to a completely random guess, and Gain = 1. A higher Gain value indicates that fewer cells are needed for the same “hits,” which means better performance of the earthquake forecast strategy.
[image: Figure 6]FIGURE 6 | Molchan error diagram for the PPE (red curves), proximity-to-mapped-faults (PMF) (blue curves), and proximity-to-known-sources (PKS) models with different weighting schemes (green curves: μ value optimized by maximizing the likelihood function, pink curves: μ value calculated using Eq. 4; short purple and orange dashed curves: μ values manually specified at 0.1 and 0.9) at three different times: May 20, 2008; January 1, 2013; and September 10, 2019. The area skill score (ASS); that is, the area above the error diagram inside the unit square, is used to evaluate the efficiency of the earthquake forecast.
In Section 4, the spatial variation of the estimated seismicity rate under the PPE, PMF, and PKS models was calculated at three dates, May 20, 2008; January 1, 2013; and September 10, 2019. By adjusting the threshold of the seismicity rate from the highest to the lowest, the fraction of the space-time occupied by alarm and alarmed targeted earthquakes was obtained and their correlations are illustrated in a Molchan error diagram, as seen in Figure 6. All 14 targeted earthquakes during the three periods of May 20, 2008–May 20, 2011, January 1, 2013–January 1, 2016, and September 10, 2019–September 10, 2022, are included.
With respect to the individual models, the PPE model slightly outperforms the PMF model in the efficiency of earthquake forecast because the ASS value of the PPE model is higher than that of the PMF model. However, the PMF model has a more informative probability gain than the PPE model because when [image: image] < 0.3 and the number of “alarmed” earthquakes is < 6, which indicates that less than six targeted earthquakes occur near the mapped faults having a relatively high slip rate, as seen in Figure 4. Conversely, when [image: image] ≥ 0.3, the efficiency of PPE is better than that of PMF. The target catalogs include surprises; i.e., the MS 8.0 Wenchuan aftershocks (Figure 4A) and the MS 6.1 Panzhihua (Figure 4A) and MS 6.6 Jinggu (Figure 4B) earthquakes, which did not correspond to previously mapped faults.
As shown in Figure 6, ASSPMF < ASSPPE; therefore, the PPE model is more informative than the PMF model. Meanwhile, ASSPMF < ASSPPE ≈ ASSPKS ≈ ASSPKSW ≈ ASSPKS(μ=0.1), which implies that, when we specify a low value of μ close to zero, the hybrid PKS model outperforms the PMF model in any combination but does not obtain a better forecast efficiency than the PPE model.
In addition, we obtained the performance for the two methods of combining the PMF model with the PPE model. A comparison of the results reveals that, according to the ASS value, there is no obvious difference between the two ensemble methods. However, the combination method in which μ is manually specified has a more informative gain when [image: image] is in an appropriate range, as shown in Figure 6.
6 CONCLUSION
Predicting the time, location, and magnitude of future seismic events is possible using information from earthquakes in historical and instrumental catalogs and geologically mapped active faults, as proven in multiple studies (Rhoades and Stirling, 2012; Rhoades et al., 2015). In the present study, we applied the PPE and PMF models to fit the seismicity in the Sichuan-Yunnan region in China. Using the optimized parameters, we estimated the seismicity rates of the PPE and PMF models at three different times: May 20, 2008; January 1, 2013; and September 10, 2019. Retrospective synthetic testing has consistently shown that both independent and hybrid models can provide informative forecasts (Rhoades and Gerstenberger, 2009; Bayona et al., 2022). Next, we introduced the PKS model proposed by Rhoades and Stirling (2012) to fit the seismicity and to calculate the seismicity rate for the same dates using the PPE and PMF models. Finally, we collected the earthquakes with MS 6.0+ in the test region during three time periods, May 20, 2008–May 20, 2011, January 1, 2013–January 1, 2016, and September 10, 2019–September 10, 2022, as target events for prospective testing. The Molchan error diagram method was used to evaluate the model performances with respect to earthquake forecasts. Based on our results, our main conclusions are as follows.
(1) The PPE, PMF, and PKS models show better forecast efficiency with respect to moderate earthquakes compared to a homogeneous Poisson distribution in the Sichuan-Yunnan test region. While the PPE model is straightforward, its earthquake forecast ability is significant. In some cases, the PMF model has a more informative probability gain than the PPE model when [image: image] is below 0.3, which indicates that, in the Sichuan-Yunnan region, the earthquake forecast is more effective when assigning a relatively higher threshold. We obtained a poor performance with the PMF model when [image: image] was high.
(2) The forecast efficiencies differed due to discrepancies in the prior information or precursors related to the earthquakes and active tectonic setting. The PMF model, which is derived from the time-independent slip rate of the active faults, represents features that are expected to affect the earthquake occurrence over a long-time frame. The results of the PMF model are also affected by the intrinsic incompleteness of the fault database (e.g., Basili et al., 2013), especially any unknown faults in the test region. However, it is impossible to obtain all of the existing faults. The missed earthquakes; e.g., the MS 6.6 Jinggu earthquake, may have occurred in the vicinity of an unknown fault. Moreover, some large earthquakes can produce higher scaling co-seismic ruptures equal to thousands of times the slip displacement in a single year. The highest slip displacement, that of the MS 8.0 Wenchuan earthquake, was 12–15 m (Li et al., 2009), located at Beichuan, where three aftershocks occurred that were missed in the forecast by the PMF model. The unsatisfactory performance of the PMF model may lie both in the incompleteness of the fault database and in the lack of consideration of co-seismic ruptures.
(3) The hybrid PKS model can incorporate information from the PPE and PKS models and consequently maintained the best performance over the three testing epochs. This is consistent with previous studies of hybrid short-, medium-, and long-term components (Rhoades et al., 2016; Christophersen et al., 2017; Rhoades et al., 2017). The key point may be that the hybrid model obtains a variety of strengths from the component in ways that other components do not. However, the PKS model, given any method of combination, did not outperform the PPE model, possibly due to the poor efficiency of the PMF model.
(4) Comparisons of the methods of hyper-parameter optimization in which the seven parameters are fit by maximizing the likelihood function, calculating the value of μ based on the linear function of magnitude, or by specifying the value of μ showed an efficiency difference in the PKS model performance. In particular, the optimization method with a manually specified μ potentially obtained a good informative gain for some particular seismic events, which implies that the earthquake forecast strategy could be adjusted using an appropriate specified threshold in the test region.
The retrospective tests in our study also had limitations; for instance, the earthquake forecast strategy was originally designed for a specified 3-year interval. The performance may change somewhat when applied to other periods because of the degree of time dependence in the data used to generate the models. In addition, we did not account for location uncertainties when estimating the seismicity rates of the three models. Because we calculated their seismicity rates on a rather coarse grid of 0.1° × 0.1° cells, location errors can naturally be accommodated without significantly affecting the correlation with the earthquake locations (Rastin et al., 2022).
The Sichuan-Yunnan region is one of the most active seismic regions on the Chinese mainland, and various spatial parameters carrying different types of information have been used to analyze the seismic activity. The PPE model, which is straightforward, has good forecast efficiency and can be used as a base model to evaluate the effectiveness of various earthquake forecast methods. Moreover, the results of our study indicate that an approach to earthquake forecasting that is model-driven and hyper-parameter controlled could be a promising means to implement operational earthquake forecasting.
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Faults along the boundaries of active tectonic blocks are the main structures that are responsible for major earthquakes in mainland China. Investigating the geometric distribution, rupture behavior, and paleoseismic history of these faults is the prerequisite for constraining geodynamic models and regional seismic hazard analyses. The Nanhe Fault, located at the eastern boundary of the Sichuan–Yunnan Block near Mianning County, has been paid less attention so far due to insufficient historical records of major earthquakes. In this paper, we focused on the Nanhe Fault and conducted satellite imagery interpretation, field investigations, and trench excavations. Our findings indicate that the Nanhe Fault initiates north of Mianning County; the north segment of the fault is connected with the Anninghe Fault; and it extends for about 70 km south-westward and terminates southwest of Ermaga Village. The fault has been faulting in the late Late Pleistocene with a left-lateral strike-slip rate of 2.40–2.56 mm/yr, while in the late Holocene, the left-lateral strike-slip and vertical slip rates are 2.50–2.60 mm/yr and about 0.60 mm/yr, respectively. Three paleoseismic events (5373–4525 BC, AD 1193–1576, and AD 1496–1843) were identified by excavating trenches at the Nanhe Fault. A comparative analysis of paleoseismic events between the Nanhe and the Anninghe fault indicates that both faults may have induced cascade rupture or triggered earthquakes—such related events may have occurred in 1496–1627. Additionally, by comparing the kinematic relationship of the faults at the eastern boundary of the Sichuan–Yunnan Block, we propose that the Nanhe Fault takes part in strain partitioning along the boundary. This interpretation reasonably explains the loss of the sliding rate between the Anninghe and Zemuhe faults, which also supports the GPS inversion results, and the discontinuous deformation model for the eastern margin of the Tibetan Plateau.
Keywords: Anninghe Fault, Nanhe Fault, late Quaternary slip rate, paleoseismology, seismic hazard, Tibetan Plateau, Sichuan–Yunnan Block
1 INTRODUCTION
The ongoing collision of the Indian and Eurasian plates over the past 50 million years has caused the uplift of the Tibetan Plateau. The deformation mechanism of the eastern margin of the plateau is controversially discussed for decades (Tapponnier et al., 1982; Molnar and Qidong, 1984; Tapponnier et al., 1986; Peltzer et al., 1988; Tapponnier et al., 2001; Zhang et al., 2004). Two end-member hypotheses have been proposed to illustrate the deformation: 1) the continuous deformation model implies that the deformation is distributed over thousands of kilometers throughout the entire eastern Tibetan Plateau. Major faults played a negligible role in the eastward motion of the plateau. 2) On the contrary, the discontinuous deformation model considers that the deformation is mainly localized on the major faults along the margins of the active block. A way to explore the problem is to study the interaction of major fault systems in the eastern margin of the plateau, including the deformation decomposition of the slip rate and the interrelation of paleoseismicity.
Tectonically active blocks are the main geological units that are affected by deformation in mainland China nowadays and control the strong earthquake activity and distribution characteristics in this area (Deng, 1980; Ding, 1991; Zhang, 1999; Zhang et al., 2003). The hierarchy and classification of such active blocks can be considered a geological way of coupling the “continuous deformation model” with the “discontinuous deformation model.” Further refinement of active blocks can accurately analyze regional deformation modes more precisely (Gao, 2021). Previous studies, including the block division at the regional level in mainland China (Zhang et al., 2003), the block division at the Tibetan Plateau level, and the detailed block division in the Sichuan–Yunnan region (Xu et al., 2003; Xu et al., 2013), have further documented the important role of the boundary faults in the areas of active blocks. The NW-NS-striking Xianshuihe–Anninghe Fault zone, a major left-lateral strike fault along the eastern boundary of the Sichuan–Yunnan Block, has a complex structure and is connected with a series of NE-NNW-trending faults. In the past 150 years before 1973, 10 major earthquakes occurred along the Xianshuihe and Anninghe faults (XSHF and ANHF) with magnitudes ≥7. On 5 September 2022, an M 6.8 earthquake occurred along the southeast section of the XSHF near Luding County in Sichuan Province, China. A total of 93 people died during the earthquake which furthermore caused numerous casualties and heavy property losses. This earthquake indicates that the Xianshuihe–Anninghe Fault zone still represents a major seismic hazard. Several detailed studies on the Xianshuihe–Anninghe Fault zone segmentation, slip rate, deformation history, and other aspects of the fault zone have been conducted (Qian et al., 1988; Wen, 1989; Allen et al., 1991; Wen et al., 2000a; Wen, 2000b; Wen et al., 2001; Zhou et al., 2001; Wen et al., 2007; Ran et al., 2008a; Ran et al., 2008b; Chen et al., 2011; Wang et al., 2018). These studies focused on the main faults. However, the secondary branch fault on the side of the main faults also plays an important role in the regional tectonic deformation. For instance, the Tazang Fault, the southern segment of the East Kunlun Fault, and the Diebu–Bailongjiang Fault together form a large strike-slip fault series with a NW parallel distribution, which jointly bears the structural deformation from the west side.
The Nanhe Fault (NHF) is an active fault, and the north segment of the fault is connected with the Anninghe Fault (ANHF) near Mianning County (Figures 1, 2). The NHF extends for about 70 km south-westward and terminates southwest of Ermaga Village (Figure 2). Due to the absence of major earthquakes records and low slip rate, the NHF has been poorly studied so far, and its characteristics and evolution are hardly known. Therefore, the study of the slip rate and paleoseismic events of the NHF is of major significance for understanding the strain distribution in the ANHF and for evaluating the regional seismic hazard related to this fault.
[image: Figure 1]FIGURE 1 | Tectonic setting at the southeastern Tibetan Plateau. (A) Regional tectonics of the Tibetan Plateau. (B) Tectonic setting at the eastern margin of the Sichuan–Yunnan Block. The distribution of the active faults is modified from Deng (2007). The yellow rectangle marks the study area which is shown in Figure 2 in more detail. Red circles show earthquakes recorded in this area, and the size of the circles represents different magnitudes. Blue arrows show GPS velocities of crustal motion of the southeastern Tibetan Plateau relative to Eurasia (Gan et al., 2007; Liang et al., 2013). The base map is the 3-arc-second SRTM digital elevation model (DEM). SCB, South China Block; BHB, Bayan Har Block; SYB, Sichuan–Yunnan Block; YBB, Yunnan–Burma Block; ①LMSFZ, Longmenshan Fault zone; ②XSHF, Xianshuihe Fault; ③DLSF, Daliangshan Fault; ④ANHF, Anninghe Fault; ⑤NHF, Nanhe Fault; ⑥ZMHF, Zemuhe Fault; ⑦XJF, Xiaojiang Fault; ⑧RRF, Red River Fault; ⑨JSJF, Jinshajiang Fault.
[image: Figure 2]FIGURE 2 | Satellite image (taken from Google Earth) and geologic map of the Nanhe Fault (NHF). (A) Satellite image illustrates the spatial distribution, structure, and intersecting relationship of the NHF and ANHF. The yellow dots represent the other images in this study. (B) Map of the surface geology of the study area, showing local geology and location of towns, trenches, and geological sections.
In this study, we conducted remote sensing, field investigations, unmanned aerial vehicle (UAV) mapping, and trench excavations on the NHF. Based on the new data, we constrained the fault characteristics, slip rate, and paleoseismic history of the NHF, and we discussed the possible max potential magnitudes in the future of the fault. By analyzing the structural characteristics of the NHF and ANHF, along with their paleoseismic histories, we discussed the ruptured relationship between the NHF and ANHF and the role of the NHF in the regional tectonic model.
2 GEOLOGICAL SETTING
Since 70–34 Ma, the Tibetan Plateau was strongly uplifted as a response to the continuous collision between the Eurasian and Indian plates (Kirby et al., 2002; Wan et al., 2002; Clark et al., 2005; Aitchison et al., 2007). Due to the northward movement of the Indian Plate during the collision, tectonic blocks that were initially situated at the eastern Qinghai–Tibetan Plateau, including the Bayan Har Block (BYB), the South China Block (SCB), and the Sichuan–Yunnan Block (SYB), started to be pushed eastwards, along the direction of a large-scale strike-slip fault zone (Xu et al., 2003; Xu et al., 2013). Brittle deformation within this strike-slip fault zone caused the occurrence of earthquakes in China mainly along the block boundary faults (Xu et al., 2003; Zhang et al., 2003).
The SYB is located to the southeast of the Qinghai–Tibetan Plateau, which is mainly bounded by several major faults, including the XSHF, ANHF, Daliangshan Fault (DLSF), Zemuhe Fault (ZMHF), Xiaojiang Fault (XJF), Red River Fault (RRF), and Jinshajiang Fault (JSJF), from east to west (Figure 1). Among the tectonic blocks, the SYB is one of the best studied blocks, as it is one of the most seismic active blocks in the SW China. The eastern boundary of the SYB is characterized by four left-lateral strike-slip faults, namely, (from north to south) the XSHF, ANHF, DLSF, and ZMHF (Xu et al., 2003; Xu et al., 2005; Zhang et al., 2002; Zhang et al., 2004).
The overall moving direction of the SYB, as revealed by the GPS velocity, is south–southeast (150°–160°). In the Xianshuihe area, the moving direction of the northern SYB is SE120°, while in the Kunming area, the southern SYB is moved toward SE165° (Figure 1) (Wang et al., 2001; Zhang et al., 2002; Xu et al., 2003; Xu et al., 2005; Zhang et al., 2004; Gan et al., 2007). The GPS velocity tangential documents strong left-lateral shear along the XSHF–ANHF–ZMHF–XJF fault system (Wang and Shen, 2020). The moving velocity on the southern side of the XSHF is higher than that on the northern side, inducing the left-lateral strike-slip movement of the fault. In the area where the ANHF and DLSF intersect, the GPS velocity vector to the east of the Anning River deflects more eastward and increases, causing the maintenance of the dominant left-lateral strike-slip with a minor amount of a thrust component. On both sides of the ZMHF, the direction of the GPS velocity vector is almost parallel to the strike of the fault, causing the predominance of the left-lateral strike-slip movement of the ZMHF (Zhang et al., 2002; Xu et al., 2003).
The XSHF can be divided into northwest and southeast segments, concerning the Huiyuansi pull-apart basin. The northwest segment is about 200 km long and is a single fault with a left-laterally horizontal slip rate of 10.00–15.00 mm/yr (Qian et al., 1988; Wen, 1989; Allen et al., 1991). The structure of the southeast segment is more complex. Between Qianning and Kangding, the southeast segment of the XSHF is characterized by three parallel secondary faults. To the south of Kangding City, the XSHF manifests as a single fault and is named the Moxi Fault (MXF), with a sliding rate of about 9.00–10.00 mm/yr (Wen et al., 2001; Zhou et al., 2001). The MXF is the most critical component of the southeast segment of the XSHF and strikes N20°–30°W and starts close to the small village Yuejinping. Heading to the south, the MXF passes through Moxi, Tianwan, and Anshun. Further south, evidence of recent seismic activity of the MXF gradually diminishes (Zhou et al., 2001). The left-lateral displacement of MXF in an abandoned channel ditch on the Moxi platform shows a late Holocene sliding rate of 9.40 ± 1.70 mm/yr for MXF (Wen et al., 2001). According to trench analysis and carbon dating, the latest major earthquake in the southeastern segment of the XSHF, the Moxi Mw 7.75 earthquake, occurred in 1786 (Chen et al., 2011).
The ANHF is exposed to the south of XSHF and is one of the most active faults in the east of the SYB. The ANHF commences at Shimian and continues southward through Zimakua, Yejidong, Mianning, Lugu, and Dechang. Further south, the ANHF gradually disappears at Huili. The overall direction of the ANHF is approximately north–south, and its total length is approximately 150–160 km (Ran et al., 2008a; Ran et al., 2008b). The ANHF can be subdivided into three segments based on fault structure, geomorphology, and paleoseismicity (Wen et al., 2000a; Wen, 2000b; Wen et al., 2007; Ran et al., 2008a; Ran et al., 2008b). The two boundaries of these three segments of ANHF are located close to the cities of Mianning and Xichang. The northern segment of the ANHF is situated in Mianning. The central segment of the ANHF occurs between Mianning and Xichang, and the southern segment is exposed to the south of Xichang. The horizontal component of the slip rate from the late Holocene is 6.20 mm/yr for the northern segment of ANHF, and the vertical component is 1.40 mm/yr (Ran et al., 2008a; Ran et al., 2008b). Based on a block model, Wang et al. (2008) calculated a slip rate of about 5.10 ± 2.50 mm/yr for the entire ANHF. Several major paleoseismic events on the northern segment of the ANHF have been revealed (Wen et al., 2000a; Wen, 2000b; Wen et al., 2007; Ran et al., 2008a; Ran et al., 2008b). The southern segment of the ANHF is about 175 km long, and seismic activity since the late Quaternary is not recorded.
Near Xichang, the DLSF is situated to the east of the ANHF, and the DLSF is composed of six secondary faults. Major earthquakes were not recorded for these faults in recent times. The total length of the DLSF is about 280 km. The northern segment of the DLSF forms a left stage en échelon with the XSHF (Zhou et al., 2003) through Haitang, Yuexi, Puxiong, Zhuhai, Butuo, Jiaojihe, and Qiaojia. Continuing further south, it forms a right-stage en échelon with the XJF. The overall horizontal slip rate of the DLSF since the Holocene is 3.00–4.00 mm/yr (Zhang, 2008), and it is 3.10 mm/yr for its southern segment (Shen et al., 2005; He and Oguchi, 2008; Wei et al., 2012; Sun et al., 2015). Many paleoseismic events have been identified on the secondary faults of the DLSF (Song et al., 2002; Zhou et al., 2003; Gao et al., 2016). Recent paleoseismic studies have been focused on the southern segment of the DLSF (Gao et al., 2016; Sun et al., 2019) and have documented the potential for the generation of M6.5+ earthquake in this segment (Sun et al., 2019).
The northern end of the ZMHF is connected to the ANHF at Xichang. The deformation of the ZMHF is also dominated by a left-lateral strike-slip movement since the late Quaternary, thus resembling the movement of the ANHF and the XSHF (Wang et al., 2014). The overall length of the ZMHF is roughly 140 km, and it passes through Xichang, Puge, Ningnan, and Qiaojia from north to south where it intersects with the XJF (Huang and Tang, 1983). Recent studies on the ZMHF have focused on the characterization of the surface rupture caused by the Mw7 earthquake in 1850 (Ren and Li, 1993; Ren, 1994; Feng and Du, 2000; Yu et al., 2001; He and Oguchi, 2008; Ren et al., 2010; Wang et al., 2011; Wang et al., 2013). Analyses of the paleoseismic events in the northern segment of the ZMHF have indicated an average recurrence interval of about 2,300 years for large-magnitude earthquakes in this area (Du, 2000; He and Ren, 2003; Tian et al., 2008; Ren et al., 2010). The slip rate of the ZMHF, estimated through geological and geomorphological analyses, is 2.40–3.60 mm/yr with an average of 3.00 mm/yr (Wang, 2012; Wang et al., 2013; Wang et al., 2017). Wang et al. (2008) calculated a left-lateral strike-slip rate of 2.80 ± 2.30 mm/yr for the ZMHF zone using a tectonic block model.
3 METHODS
3.1 Fault mapping and surveying
Based on satellite imageries, such as the 2 m resolution GF-2 imagery and high-resolution Google Earth image, faults were identified and traced on a surface map. By interpreting the high-resolution imageries, fault-related geomorphic features, such as the displacement of terraces, gullies, vegetation boundaries, fault scarps, and troughs, were identified. In addition, geological maps, and digital elevation maps (DEMs) were used to refine the identification of geomorphic expressions and the tracing of faults.
We validated and modified our indoor interpretations through field investigations. We conducted fault UAV field mapping and high-resolution migration geomorphological survey to understand the characteristics of the NHF in the late Quaternary. Based on the structure-from-motion technique, we used unmanned aerial vehicles (UAVs, DJI Phanton 3 Pro) at selected key locations to construct high-resolution digital orthographic and digital surface models (DSMs) using Agisoft PhotoScan software. Additionally, to improve the visual contrast of the geomorphic features, we established shaded relief maps, using resultant DSMs and Golden Surfer software. For base maps, we used printed orthographic and shaded relief maps to elaborate detailed tectonic landforms. The use of these maps enhances the visual contrast for visualizing geomorphic features, thus improving the identification of features on the maps. By utilizing high-resolution DSMs, we subsequently measured displacements of geomorphic features based on piercing points on both sides of the fault trace.
3.2 Trench investigation
To accurately reveal the paleoseismic history of the NHF, we excavated two trenches in a Holocene sedimentary environment which has been continuously filled with debris transported from hillslopes. Thus, the sedimentary successions record and preserve evidence of fault displacement. By excavating trenches that cut across the fault strike, evidence for displacement was recognized on the trench wall. To acquire clear strata and faulting information from the sedimentary layers, trench walls were cleaned and gridded into 0.5 × 1 m squares with white yarn. Subsequently, pictures were taken for the trench walls and edited using Adobe Photoshop and CorelDRAW. Finally, strata on the trench walls were interpreted to construct a schematic cross section that elucidates the determination of surface-rupturing events.
3.3 Sample dating
To constrain the age of surface-rupturing events that were identified from the trench walls, we collected samples for chronological analysis from the bottom of the diluvial fans and displaced sedimentary strata. The samples were collected from the trench wall and were sealed, preserved in plastic bags, and sent to Beta Analytic Inc. in Miami (United States) for further data processing and radiocarbon dating analysis.
As the slip rate of a fault is defined as the ratio of displacement to the time interval over which that slip accumulated (Keller and Pinter, 2002), we calculated the slip rates of the NHF by dividing the displacements of the gullies by the sediment ages around them. The displacements were measured in the field and the sediment ages were revealed from carbon dating. The timing of the paleoseismic events, which were revealed from the trench wall, was constrained by the age of the sedimentary layers above and below the faulting event. The radiocarbon ages were acquired through stratigraphic sequence calibration using the OxCal 4.3.2 program with the IntCal20 atmospheric curve (Bronk Ramsey, 2009; Reimer et al., 2020; https://c14.arch.ox.ac.uk/oxcal/OxCal.html). Conventional radiocarbon ages of the determined paleoseismic events were eventually converted into calendar years.
3.4 Seismic hazard analysis
To predict the scale of possible future, seismic hazards on the NHF, we calculated the maximum magnitude of the earthquakes that may be induced by the NHF using five published equations (Bonilla et al., 1984; Deng et al., 1992; Wells and Coppersmith, 1994; Wen, 1995) (Table 1). Additionally, the maximum fault displacement that the NHF can generate was calculated using published equations, and the calculated result of the NHF was compared with other faults (Bonilla et al., 1984; Deng et al., 1992; Wells and Coppersmith, 1994; Wen, 1995; Li et al., 1997) (Table 2).
TABLE 1 | Equations for the calculation of the maximum magnitude of an earthquake potentially generated by a specific fault (Bonilla et al., 1984; Deng et al., 1992; Wells and Coppersmith, 1994; Wen, 1995) (M, maximum earthquake magnitude; L, fault length; U, fault displacement in one earthquake).
[image: Table 1]TABLE 2 | Equations for the calculation of the maximum fault displacement potentially produced by a specific earthquake (Bonilla et al., 1984; Deng et al., 1992; Wells and Coppersmith, 1994; Wen, 1995) (Dmax, maximum fault displacement; M, earthquake magnitude; L, fault length).
[image: Table 2]4 RESULTS
4.1 Field investigation
Based on the interpretation of satellite images, we detected that the northern end of the NHF starts in the Anninghe valley and that the NHF intersects with the ANHF at an angle of around 30°. While the trend of the NHF is to the N25°E, the ANHF is roughly north–south-oriented (Figure 2). As the NHF extends to the southwest, it passes through Mianning County and Anjia Village, Yuangendi, Hebian Township, and Dongfang Village. After the NHF passes the village of Ermaga, its further continuation remains uncertain. Further south, the NHF is poorly visible on the satellite images. The total length of the NHF is about 70 km. Negative landforms, such as fault trough, fault scarp, and fault sag pond, are formed by fault displacements, which display obvious linear characteristics in the satellite images.
Based on the interpretation of satellite images, remote sensing, and field investigation, we detected one displacement of the diluvial fans, four displacements of gullies, four fault scarps, two geological sections, and two fault striations (Figure 2). Three locations with geomorphic features were mapped in more detail by UAV, and two trenches were excavated (Figure 2).
Around Anjia Village, we recognized the formations of fault troughs, gullies, left-lateral synchronous displacement, fault sag pond, fault scarp, and other landforms that are related to the faulting of the NHF. To the south of Anjia Village, about 1.5 km south of the Yuangendi, the NHF truncates the mountains, forming a 1.0-m-high fault scarp (Figures 3B,C). From the regional stress field of the SYB and field investigations, it is evident that the fault scarp is formed by the compressional tectonic regime. A geological section was excavated across the NHF in this area (Figures 3A–C, Figure 4), which revealed evidence of two seismic events. The geological section demonstrates the characteristics of compression and shows that the NHF is developed in Triassic mixed diorite at this locality. The first event caused the displacement of the bedrock (U1, the Triassic mixed diorite) before the deposition of U2 (U2 is the colluvial wedge formed by the seismic event). The second event is the deformation of U3 (surface soil) and the formation of fault scarps that are around 1 m high. This was the latest event revealed by the geologic investigation.
[image: Figure 3]FIGURE 3 | Landform displacement to the north of Shanla. (A) Satellite image from Google Earth that shows the location of the NHF survey points near Shanla, south of Yuangendi (see Figure 2 for location). (B) Field setting around the geological section (the geological section is shown in Figure 4). (C) Fault scarp of 1.0 m high near a geological section. (D) Fault scarp with a height of ∼1.5 m. (E) Diluvial fan left-laterally displaced by 3.6 ± 0.2 m east of Shanla. (F) Nearby the diluvial fan, a depression occurs that is used as a livestock bath pond (according to local residents).
[image: Figure 4]FIGURE 4 | Geological section of the NHF south of Yuangendi (location is shown in Figures 2, 3). (A) Photograph of the location of the geological section. Red arrows and red lines indicate the fault trace/plane. (B) Annotations on (A): U3, humus soil layer; U2: colluvium; U1, Triassic mixed diorite δ51.
To the northeast of Shanla, the NHF traverses mountains and forms a 1.5-m-high fault scarp (Figure 3D). To the south of this fault scarp, we observed fault striations on the northeastern fault face near Shanla (GPS: 28.438,813°N; 102.105,692°E). The fault striations show a southwest–northeast orientation, and we observed developments of steps, indicating that the fault has a left-lateral strike-slip motion (Figure 5A). The plunge of the fault striations is 10°–15° (Figure 5B). Thus, we estimated ratios between 4:1 and 3:1 for the horizontal to vertical displacement of the fault. To the southwest of this striation, we recognized another fault striation on the fault surface of the NHF (GPS:28.436,158°N; 102.104,460°E). These fault striations strike NE (Figure 5C), and the dips are approximately 8°–10° (Figure 5D). Thus, a ratio of 5:1 is calculated for the horizontal to vertical displacement of the fault. Based on the plunge of the fault striations at the two locations, a left-lateral strike-slip with a minor thrust component is determined for the movement at the fault. The ratio of horizontal to vertical displacement is about 5:1–3:1.
[image: Figure 5]FIGURE 5 | Fault striations. The location of these striations is marked in Figures 2A, 3A. (A, C) Red arrows mark the striations and steps. (B, D) Horizontal white lines trace the strike of the fault. Tilted white lines indicate the trend of the striations. Greek letters (α, β, γ, and δ) represent lateral plunging angles of the fault striations.
To the east of Shanla, on the extension line of the fault–sill, the fault passes through a diluvial fan and subsequently displaces the diluvial fan margin (Figure 3E). The edge of the vegetation marks the boundary of the diluvial fan (Figure 3F). The left-lateral displacement of the boundary for the diluvial fan is about 3.6 ± 0.2 m, probably representing the surface displacement caused by the latest seismic event (Figure 3E).
According to the field investigation, the movement of the NHF is dominated by a left-lateral component, which is indicated by the left-laterally displaced rivers, vegetation boundary, and fault striations. A minor thrust component is constrained by the presence of 1.0–1.5-m-high fault scarps. Our field investigations demonstrate that the NHF and ANHF share the same type of tectonic movements which are dominated by left-lateral strike-slip with minor thrusting.
4.2 Paleoseismic analysis
4.2.1 Stratigraphic units from Tc1 and Tc2
We excavated two trenches for our study. The trench near Hebian Township was named Tc1, and the trench near Dongfang Village was named Tc2 (Figure 2). To constrain the age of the paleoseismic events, Tc1 was excavated across the diluvial fan near Hebian, and Tc2 was excavated across the first terrace (T1) of the gully near Dongfang. The two locations were chosen because they are characterized by the accumulation of recent sediments. In such an environment, successive layers of fine-grained sediments are deposited, and therefore organic-rich material, suitable for radiocarbon dating, may occur in such sequences.
By analyzing soil characteristics from the trench wall, the sediments were grouped into six stratigraphic units in Tc1 (Figures 7, 14) and nine stratigraphic units in Tc2 (Figures 11, 14). We analyzed the cross-cutting relationships and thus constrained the timing of paleoseismic events. Based on the cross-cutting relationships, the timing of two events was constrained in Tc1, and that of three events in Tc2. Details of each stratigraphic unit are summarized in Table 3.
TABLE 3 | Summary of stratigraphic units in Tc1 and Tc2.
[image: Table 3]4.2.2 Paleoseismic events revealed from Tc1 in Hebian Township
Based on the results of the field investigation in Hebian Township, we studied the displacements of two gullies to the north of Hebian (Figures 6A, 17). A left-lateral synchronous displacement of approximately 15 ± 0.2 m and 14 ± 0.2 m, respectively, of these two gullies, is obtained by UAV mapping (Figure 17) (see Section 4.4.2 for details). The bedrock section of the NHF is exposed in the south of the two gullies (Figure 6C). In this area, a series of fault scarps with an average height of 1.5 m occurs. An unequivocal fault pass is observed to the south of the fault scarp (Figure 6D). Tc1 was excavated on a diluvial fan, representing a fine sediment environment in the northern part of the central segment of the NHF (Figures 2, 6A,B). The trench has a length of 8 m and a depth of 2 m.
[image: Figure 6]FIGURE 6 | Tectonic landforms around Hebian Township where Tc1 was excavated. The location of this area is marked in Figure 2. (A) Satellite image (taken from Google Earth) showing geological and geomorphological survey sites, trench locations, and a UAV mapping area near Hebian. (B) Close-up of the geomorphology near Tc1 in Hebian. (C) Bedrock section of the NHF near Tc1. The fault occurs within the Triassic mixed diorite (δ51), which strikes 305° and dips 39°. A 1-cm-wide fault gouge is recognized near this fault. The diorite is heavily weathered. (D) Series of fault scarps to the south of Tc1. The average height of these fault scarps is approximately 1.5 m. To the south, a fault pass is observed.
The radiocarbon ages of the six lithostratigraphic units detected for the samples of Tc1 are summarized in Table 3. Based on the age of each unit and their position, the units are labeled from U1 to U6 with U1 as the oldest unit and U6 as the youngest one. Two faults are identified which are marked as F1 and F2 (Figure 7) by analyzing the trench wall.
[image: Figure 7]FIGURE 7 | Northern wall of Tc1. (A) Photograph of Tc1. The dashed yellow rectangular marks of the region are shown in Figures 8A,B. (B) Interpretation of (A). The yellow rectangles represent radiocarbon dating sample locations. The sample locations are labeled with their sample number and the corresponding radiocarbon age. The black lines show the contact relationship of the strata. The red lines represent faults. A vertical displacement of approximately 0.5 m is observed in U1.
The first event (E1_Tc1): The fault F2 is considered to be formed by the first event that is revealed in Tc1. Because F2 displaced the entire U1 and barely displaced U2, the timing of E1_Tc1 after the deposition of U1 but before or during the deposition of U2 is constrained. Since the F2 barely extends to the upper part of U2, it is most likely that E1_Tc1 occurred after the deposition of lower U2 but before the deposition of upper U2 (Figures 7, 8B). Thus, according to the ages of the carbon samples retrieved from U1 (HB-07) and U2 (HB-04), the timing of E1_Tc1 is constrained.
The second event (E2_Tc1): This event in Tc1 is considered the event that formed the fault F1, which marks the unit boundary between U3–U4 and U1–U2 on the trench wall. Because F1 transects U4 but does not truncate U6, E2_Tc1 must postdate the deposition of U4 but predate the deposition of U6. Because U5 is a thin layer that hardly provides a cross-cutting relationship for E2_Tc1, it remains uncertain whether the timing of E2_Tc1 predates or postdates the deposition of U5. At least, the formation of F1 is bracketed between the deposition of U4 and U6 (Figures 7, 8A). Therefore, the timing of E2_Tc1 should lie between the ages of U4 and U6 which were constrained by the samples HB-03 and HB-08.
[image: Figure 8]FIGURE 8 | (A) Photograph on the western side of the TC1. (B) Photograph on the middle part of the TC1. Annotated photographs of close-up details of the faults in Tc1. The yellow lines show the contact relationships of the strata. The red lines represent faults. See Figure 7 for locations.
After conversion into a common format, the timing of the events is constrained as 5373–4525 BC for E1_Tc1 (Figure 9A) and AD 1520–1842 for E2_Tc1 (Figure 9B).
[image: Figure 9]FIGURE 9 | (A) The timing of paleoseismic event 1 (E1_Tc1) in Tc1 is constrained to 5373–4525 BC. (B) The timing of paleoseismic event 2 (E2_Tc1) in Tc1 is constrained to AD 1520–1842. Probability density functions (PDFs) for the timing of events observed at Tc1 were calculated using OxCal 4.3.2 (https://c14.arch.ox.ac.uk/oxcal/OxCal.html).
4.2.3 Paleoseismic events revealed from Tc2 in Dongfang Village
According to the results of our field investigation close to Dongfang Village, the NHF constitutes a left-lateral and right-order pressure ridge (Figures 10A,B), forming a strip-shaped pressure uplift. Based on UAV mapping of landforms near Dongfang Village, another topographic profile is observed which is approximately 0.5–1.5 m high (Figures 18, 19) (see Section 4.4.3 for details). Tc2 is located on the southern segment of the NHF (Figures 2, Figures 10A, C, D). Along the NHF, the first terrace (T1) of the gully is well preserved. The height of the T1 above the gully is approximately 1–2 m, and the sediment is fine-grained, indicating that the location here is in a sedimentary environment, thus providing a high likelihood to obtain carbon samples suited for dating purposes. We excavated a trench perpendicular to the fault trace. The trench had a length of 12 m, a width of 2 m, and a depth of 1.8 m (Figures 10D, 11). Because of the wet soil at the trench site, and the rainy weather during the excavation, the northeastern wall of the Tc2 was partially destructed and the southwestern wall of the Tc2 collapsed. Therefore, we only present data for the well-preserved wall of the trench.
[image: Figure 10]FIGURE 10 | Tectonic landforms in Dongfang Village where Tc2 was excavated. The location of this area is marked in Figure 2. (A) Satellite image (taken from Google Earth) showing the location of the observed geomorphological features. (B) Location of the ridge near Dongfang. (C) Satellite image (from Google Earth) showing the trench locations and UAV mapping area near Dongfang. (D) Close-up geomorphology near Tc2 in Dongfang.
[image: Figure 11]FIGURE 11 | Eastern wall of Tc2. (A) Photograph of Tc2. The dashed yellow rectangle is the region shown in Figure 12A. (B) Interpretation of (A). The yellow rectangles represent radiocarbon dating sample locations. The sample locations are labeled with their sample number and the corresponding radiocarbon age. The black lines show the contact relationships of the strata. The red lines represent faults, and the yellow lines represent fissures. A vertical displacement of approximately 0.2 m is observed in U2.
The radiocarbon ages of the nine lithostratigraphic units recognized in Tc2 are summarized in Table 3. Based on the age of each unit and their position, the units are labeled from U1 to U9 with U1 as the oldest and U9 as the youngest unit. By analyzing the trench wall, four faults are identified, which are marked as F1, F2, F3, and F4 (Figure 11), that are related to three events (E1_Tc2, E2_Tc2, E3_Tc2).
The first event (E1_Tc2): This event is considered the event that formed F3 and F4 in Tc2 (Figure 11). Because U4 is the youngest unit that is truncated by both F3 and F4, and U8 is on the top of U4, the timing of E1 in Tc2 is constrained after the deposition of U4 but before the deposition of U8. F3 displaces U2 and U4 and forms a vertical displacement of up to 0.2 m. Since no samples were collected at the bottom of U8 (U8-1), we have constrained the timing of this event with the samples DF-06 in U7 and DF-13 in U4.
The second event (E2_Tc2): F1 and F2 are formed by E2_Tc2 which displaces U2, U4, U5, and possibly U8 in Tc2. U9 overlies U8, U5, and U3 at the top of the trench. U2 is the oldest stratum that was displaced by F1 and F2, indicating that E2_Tc2 occurred after the deposition of U2. U4 and U8 are only found to the east of F2, which may have been displaced by the horizontal movement of the NHF. However, E2_Tc2 must have occurred after the deposition of U3. Moreover, sedimentary sequences of the other stratum are lacking in the middle and lower U3, indicating that U3 was displaced by the left-lateral fault movement. This seismic event may have been of major magnitude and probably comprises a major horizontal strike-slip component.
F1 and F2 exhibited compressive structures, as obtained from field investigation, and the fault plane was tightly closed. Seismic fissures A and B developed in U3 and the lower part of U9. During the E2_Tc2 earthquake, F1 and F2 formed a left-lateral and left-order structure and produced tensile stress that prompted the formation of the seismic fissures A and B (Figures 11, 12A). This event occurred after the deposition of U3 and before the deposition of upper U9. Thus, the timing of E2_Tc2 can be constrained by samples DF-12 and DF-02 in U3 and DF-03 in U9.
[image: Figure 12]FIGURE 12 | Annotated photograph of close-ups of the faults in Tc2. The yellow lines show the contact relationships of the strata. The red lines represent faults, and the white lines represent fissures. (A) (Partial) Eastern wall of the trench. (B) (Partial) Western wall of the trench.
Third event (E3_Tc2): After deposition of U8-1 to U8-3, movement on F3 and F4 caused the flexing of U8-1 and U8-3. Because the top of U8-4 is flat, its deposition must postdate the flexing of the underlying units. Thus, the earthquake occurred after the deposition of U8-3 and before the deposition of U8-4. U8-1 is very thin and sampling was impossible. Therefore, sample DF-06 in U7 was used to constrain the lower limit of these seismic events, while sample DF-08 in U8 was used to establish the upper limit. Since sample DF-07 in U8 was modern carbon which provided no paleotiming information, it was discarded for further consideration. The E3_Tc2 was recorded by consistent stratigraphic deformation on the west wall of the trench (Figure 12B).
After converting the timing of events into common age data, the timing of the three events detected in Tc2 is AD 1193–1576 for E1_Tc2 (Figure 13A), AD 1496–1790 for E2_Tc2 (Figure 13B), and AD 1520–1843 for E3_Tc2 (Figure 13C).
[image: Figure 13]FIGURE 13 | (A) The timing of paleoseismic event 1 (E1_Tc2) in Tc2 is constrained to AD 1193–1576. (B) The timing of paleoseismic event 2 (E2_Tc2) in Tc2 is constrained to AD 1496–1790. (C) The timing of paleoseismic event 3 (E3_Tc2) in Tc2 is constrained to AD 1520–1843. Probability density functions (PDFs) for the timing of events observed at Tc2 were calculated using OxCal 4.3.2 (https://c14.arch.ox.ac.uk/oxcal/OxCal.html).
4.3 Paleoseismic event analysis of the NHF
To understand the timing relationships of the paleoseismic events revealed from Tc1 and Tc2, we have projected the timing of the events on a timeline (Figure 20). Two events were identified in Tc1, which occurred between 5373–4525 BC and AD 1520–1842. Three paleoseismic events were identified in Tc2, which took place around AD 1193–1576, AD 1496–1790, and AD 1520–1843. For events with overlapping timing, we propose that these events are related to the same seismic event or they share a triggering relationship. Figure 20 documents that E2_Tc1, E2_Tc2, and E3_Tc2 occurred almost contemporaneously, and it is thus likely that the three seismic events are related to a common tectonic event. The event E2_Tc2, revealed from Tc2, widely overlaps with the age of E3_Tc2 in the same trench. Therefore, we propose that E2_Tc2 and E3_Tc2 in Tc2 record a common seismic event. However, considering the uncertainty of sample dating, the timing of this event that was identified as E2_Tc1 in Tc1 as well as E2_Tc2 and E3_Tc2 in Tc2 is roughly AD 1496–1843. Accordingly, the paleoseismic events detected in the NHF can be summarized as E1_NHF: 5373–4525 BC, E2_NHF: AD 1193–1576, and E3_NHF: AD 1496–1843 (Figure 21).
[image: Figure 14]FIGURE 14 | Schematic column of the units in Tc1 and Tc2. The age of the units is determined by radiocarbon samples detected within the units.
[image: Figure 15]FIGURE 15 | Tectonic landforms revealed by UAV mapping in the Anjia area. The position of this area is marked in Figure 2. (A) Satellite image (from Google Earth) of the UAV mapping area. (B) Landforms mapped by UAV. (C) Shaded relief map from UAV-derived DSM. (D) Interpreted map from UAV-derived contour, showing the displacement of the gullies (G1 and G2) displaced by the left-lateral displacement of NHF.
Additionally, a geological section in Yuangendi (Figure 4) shows that the most recent event on the NHF has caused surface deformation of soil and has formed a 1-m-high fault scarp. Therefore, the latest seismic event on the northern segment of the NHF may have occurred coevally with the latest event that was identified in Tc1 and Tc2. Following this model, the NHF may break through the entire fault in recent paleoseismic events.
4.4 Slip rates
4.4.1 Anjia Village site
The NHF exhibits striking linear characteristics in satellite images and aerial photographs near Anjia Village. During our on-site investigations, we detected that these faulted structures are negative landforms, such as fault trough, fault scarp, and fault sag pond (Figures 15, 16). A major fault trough formed by the NHF is 10–25 m wide and about 1.4 km long (Figures 15B, 16A). In addition, left-lateral synchronous displacement of the gullies G1 and G2 is observed. The upstream width of the G1 gully is 3–4 m, which is equivalent to the downstream width. Thus, we propose that the formation age of the upstream and downstream are equivalent. Under the headward-migrating erosion, G1 forms G1’. The gully G1 was displaced left-laterally by the fault for about 30 ± 0.3 m (Figures 15B,D). The debris sample was taken near the bottom of the trough of the G1 gully fault for 14C isotope analysis and was dated at 11,740 ± 40 BP (Figures 16A,D). The calculated left-lateral horizontal slip rate of the NHF at this position is 2.56 ± 0.03 mm/yr. Along the fault to the southwest, the NHF has displaced the diluvial fan and formed a 2.5 m high and 120 m long fault scarp (Figure 16C). A fault sag pond was developed on the south and east side of this scarp (Figure 16B). The gully G2 was displaced left-laterally for about 63 m ± 0.3 m (Figures 15B,D). A debris sample was collected for 14C isotope analysis near the bottom of the fault sag pond and yielded an age of 26,660 ± 110 BP (Figures 16B, E). Thus, based on the calculations, the slip rate of the NHF is 2.40 ± 0.01 mm/yr. Consequently, the horizontal slip rate of the NHF since the late Late Pleistocene obtained near Anjia Village is 2.40–2.56 mm/yr.
[image: Figure 16]FIGURE 16 | (A) Field photograph of the fault trough with red dots showing the sampling locations. (B) Field photograph of the fault sag pond; red dots show the sampling locations. (C) Field photograph of the fault scarp. (D), (E) Field photographs of the locations and ages of the radiocarbon samples, respectively, (see Figures 15B,D) for the specific sampling locations. U2 represents the humus layer, U1 represents mucky soil, and the yellow dotted line indicates the stratigraphic boundary.
[image: Figure 17]FIGURE 17 | Tectonic landforms revealed by UAV mapping around Hebian Township. The location of this area is marked in Figure 2. (A) Satellite image of the UAV mapping area from Google Earth. The purple dot shows the location of the geological section in Figure 6C. (B) Landforms mapped by UAV, showing the location of displacement and Tc1. (C) Shaded relief map from UAV-derived DSM. (D) Interpreted map, illustrating the displacement of the gullies G1 and G2 caused by NHF left-lateral movement, and trench location. (D’) Simplified map showing the displacement revealed from Tc1.
4.4.2 Hebian Township site
On the diluvial fan to the north of Hebian Township, the fault synchronously displaced the two gullies G1 and G2. The left-lateral displacements of G1 and G2 are 15 ± 0.2 m and 14 ± 0.2 m, respectively (Figure 17). Because no chronological samples were collected around the river, we used the timing of sample HB-4 after excluding the interference of the surface humus layer in Tc1 as the upper limit of the timing for the diluvial fan. The sample in Tc1 was collected on the south side of gully G1 and stemmed from the same geomorphic surface as the diluvial fan.
[image: Figure 18]FIGURE 18 | Tectonic landforms mapped by UAV around Dongfang Village. The location of this area is marked in Figure 2. (A) Satellite image of the UAV mapping area from Google Earth. (B) Landforms mapped by UAV. (B’) Locally enlarged landforms mapped by UAV of (B). Yellow lines in (B’) show the location of terrain sections from Figure 19. (C) Shaded relief map (from UAV-derived DSM). (D) Interpreted map (from UAV-derived contour), representing terrain sections. (D’) Sample in the Tc2.
F2 in Tc1 displaces U1 vertically by about 50 cm (Figures 7B, 8B, 17D′). The timing of F2 was constrained by the carbon sample in U1 (HB-07: 6400 ± 30 BP) and U2 (HB-04: 5690 ± 30 BP). Thus, the left-lateral horizontal slip rates of the NHF near Hebian Township are calculated as 2.60 ± 0.09 mm/yr and 2.50 ± 0.09 mm/yr. The vertical slip rate of the NHF in Hebian can be approximated by the time that forms the vertical slip and the magnitude of the slip. By dividing the amount of slip by the time required for the formation of this slip, a vertical slip rate of 0.09–0.08 mm/yr, approximately about 0.10 mm/yr. Therefore, the late Holocene horizontal slip rate of the NHF near Hebian Township is 2.50–2.60 mm/yr, and the vertical slip rate is about 0.10 mm/yr.
4.4.3 Dongfang Village site
Near Dongfang Village, the NHF passes through the first-level terrace (T1) of gullies that spreads out SW-NE. The height of the terraces from the gully surface is about 1–2 m. We conducted UAV mapping (Figure 18) and took eight topographic profiles perpendicular to the fault to estimate the height differences between the two sides of the terraces. The height difference represents the vertical displacement of the fault and is in the range of 0.5–1.5 m (Figure 19), with an average value of 0.9 m. The data document a significant vertical component of the fault displacement.
[image: Figure 19]FIGURE 19 | Profiles from Figures 18B, B’. Eight topographic profiles represent height differences in the range of 0.5–1.5 m between two sides of the terraces near the north of Tc2.
[image: Figure 20]FIGURE 20 | Timeline of the events constrained at Tc1 and Tc2 on the NHF.
By using the original 870 ± 30 BP age of the sample DF-12 in Tc2, after excluding the interference of the surface humus layer, as the age of the top of the terrace (T1), and the average vertical height, the late Holocene vertical component of the slip rate in Dongfang Village for NHF is calculated as 1.00 ± 0.04 mm/yr.
Combined with the vertical slip rate obtained in Hebian Township, which is 0.1 mm/yr, the vertical slip rate of the NHF is between 0.1 and 1.0 mm/yr, with an average of 0.60 mm/yr. Based on our calculations, the horizontal slip rate of the NHF since the late Holocene is 2.50–2.60 mm/yr. Consequently, the ratio of the horizontal slip rate to the vertical slip rate is about 4:1, which is generally consistent with the ratio of fault motion components revealed by fault striations.
Based on the integrated analysis of the aforementioned data, the horizontal slip rate of the NHF since the late Late Pleistocene is 2.40–2.56 mm/yr, the horizontal slip rate of the NHF since the late Holocene is 2.50–2.60 mm/yr, and the late Holocene vertical slip rate is about 0.60 mm/yr.
4.5 The calculation for further hazards
According to satellite imagery interpretations and field investigation, the length of the NHF is approximately 70 km. Based on published equations (Bonilla et al., 1984; Deng et al., 1992; Wells and Coppersmith, 1994; Wen, 1995), the maximum earthquake magnitudes potentially induced by the NHF are 7.33 ± 0.19, 7.23 ± 0.29, 7.58 ± 0.21, and 7.54 ± 0.37, in M scale, with an average of M 7.4 ± 0.1. Based on the equation from Wells and Coppersmith (1994), the maximum magnitude of a triggered earthquake on the NHF is M 7.5 ± 0.2.
Based on the published equations (Deng et al., 1992; Wells and Coppersmith, 1994; Wen, 1995), the average maximum horizontal fault displacements of NHF are calculated by three empirical formulae. The calculated value of 3.55 ± 1.38 m resembles the value of left-lateral displacement of the diluvial fan (3.6 ± 0.2 m) that was obtained on the NHF (Figure 3E). Therefore, combined with the co-seismic displacements obtained on other faults in Table 2, we believe that the displacement of 3.6 ± 0.2 m revealed in the NHF represents the surface displacement caused by the latest seismic event.
5 DISCUSSION
5.1 Relationship between the ANHF and NHF
Three paleoseismic events affected the Zimakua–Yejidong area on the northern segment of the ANHF (Wen et al., 2000a; Ran et al., 2008a). The three events occurred at approximately 280–550 BP, 1030–1050 BP, and 1634–1811 BP. On the northern segment of the ANHF, trench analysis at Dahaizi–Ganhaizi revealed four paleoseismic events (Ran et al., 2008a), which occurred at 50–1310 BP, 1768–1826 BP, 2755–4018 BP, and 4108–6593 BP.
After conversion into BC and AD, the paleoseismic events revealed by Wen et al. (2000a) and Ran et al. (2008a) on the Zimakua–Yejidong are AD 23–511 for E1, AD 785–1053 for E2, and AD 1335–1627 for E3. The paleoseismic events in the Dahaizi–Ganhaizi area are 4597–2204 BC for E1, 2131–816 BC for E2, AD 62–290 for E3, and AD 557–1827 for E4 (Figure 21). Trench analysis of the Dahaizi–Ganhaizi on the ANHF reveals that the time of the seismic event E4 is closer to AD 1800 (Ran et al., 2008a). In Figure 21, the events on the NHF are compared with events on the different segments of the ANHF in a common plot. A well-defined overlap of the timing of two events suggests a common event or a triggering relationship.
[image: Figure 21]FIGURE 21 | Timeline of events detected in the trenches along the NHF and ANHF. The data used in each of the studies were calibrated using OxCal 4.3.2.
Figure 21 illustrates that E3_NHF on the NHF partially overlaps with E3 (revealed in the Zimakua–Yejidong area) and E4 (revealed in the Dahaizi–Ganhaizi area) of the ANHF. Thus, at least two possible correlations between the three earthquakes of the NHF and ANHF exist. 1) In the first model the earthquake on the ANHF triggered the earthquake on the NHF, or the earthquake on the NHF triggered the earthquake on the ANHF. However, because the NHF is a secondary fault, it is more likely that earthquakes on the ANHF triggered that on the NHF. 2) In the second model E3 (AD 1335–1627) on the ANHF in the Zimakua–Yejidong area and the E4 (AD 557–1827) in the Dahaizi–Ganhaizi area ruptured with E3_NHF (AD 1496–1843) of the NHF. This co-rupture would imply that these events have occurred during the same earthquake, and thus the ANHF and NHF could represent a cascade rupture.
Based on our field investigation and paleoseismic analysis, we propose that during the E3_NHF of the NHF, surface rupture may have broken through the entire NHF which may make the ANHF and NHF both in the same seismic events. Therefore, the timing of the triggering or cascade rupture between the ANHF and the NHF may have happened between AD 1496–1627.
The NHF connects with the ANHF in the north of Mianning (Figures 1, 2). The connecting geometry between ANHF and NHF shows a “y” shape. Therefore, the NHF and ANHF also provide geological preconditions for the occurrence of triggered or cascade earthquakes.
The 2002 Denali Mw7.9 in the United States (Eberhart-Phillips et al., 2003) is a comparable example of the triggering effect. The earthquake started with a thrusting event on the Susitna Glacier Fault (SGF) and subsequently proceeded with a right-slip movement on the Denali Fault (DF), but the surface ruptures to the south do not extend along the DF. Then, the surface ruptures took a right step and continued with the right-slip movement on the Totschunda Fault (TF) (Eberhart-Phillips et al., 2003). During the earthquake, the SGF generated 48 km, the DF induced 218 km, and the TF formed 76 km of surface rupture (Eberhart-Phillips et al., 2003; Crone et al., 2004). The TF which is situated to the south of the DF also forms a “y”-shaped connection with the DF. On the medium-sized or secondary fault that forms a “y”-shaped connection with the main fault, cascade rupture or trigger earthquakes on the secondary faults are likely by the surface rupture of the main fault.
Thus, according to our paleoseismic analysis, the NHF can generate self-contained earthquakes and can also induce cascade rupture or trigger earthquakes with the ANHF. The timing of their triggering or cascade rupture events is dated AD 1496–1627.
5.2 Tectonic implication between the NHF and ANHF
5.2.1 Kinematic relationship between NHF and ANHF
Our remote sensing studies and field investigations indicate that the NHF is dominated by left-lateral strike-slip movement, which is consistent with the movement of the ANHF. In a previous study, a value of 3.0 ± 0.3 m has been reported for the fault displacements discovered in the north of the Yejidong (Wen et al., 2000a). A value of 2.7 m has been published for the horizontal displacement of the latest seismic event that is detected around Zimakua (Wen et al., 2000a; Ran et al., 2008a; Ran et al., 2008b). The horizontal displacement of the latest seismic event on the NHF, which we have recognized to the south of Yuangendi, is estimated as 3.6 ± 0.2 m. This value is roughly equivalent to the displacement in the ANHF. The ratio of horizontal to vertical displacement that is recorded by the striations on the NHF fault surface is about 3:1–5:1, which is equivalent to the displacement ratio of the ANHF reported in previous studies (Wen et al., 2000a; Ran et al., 2008a; Ran et al., 2008b).
5.2.2 Kinematic relationship in the eastern boundary of SYB
To understand the kinematic characteristics of the faults along the eastern margin of the SYB, we used the slip rate of faults during the same period (the late Holocene) and combined the GPS data to analyze the potential kinematic relationship between these faults.
The late Holocene left-lateral slip rate of the XSHF is about 9.40 ± 1.70 mm/yr (Wen et al., 2001). In the Shimian area, one part of the fault slip rate is transferred to the ANHF, and another part is decomposed by the DLSF. Since the late Holocene, the horizontal slip rate of the decomposition of the DLSF is 3.00–4.00 mm/yr and 3.10 mm/yr in the southern segment (He and Oguchi, 2008; Wei et al., 2012; Sun et al., 2015). Based on GPS data, the left-lateral strike-slip of both the ANHF and DLSF is about 4.00 ± 2.00 mm/yr (Shen et al., 2005). Based on calculations from the block model, the overall left-lateral strike-slip of the ANHF is about 5.10 ± 2.50 mm/yr (Wang et al., 2008). Ran et al. (2008a) and Ran et al. (2008b) obtained a left-lateral strike-slip of 6.20 mm/yr since the late Holocene on the northern segment of the ANHF from the displacement of the water system. Thus, the slip rates from the GPS data and that obtained on the northern of the ANHF in the late Holocene are broadly the same. The sum of the slip rates of the northern ANHF (6.20 mm/yr) and DLSF (3.00–4.00 mm/yr) is almost the same as the slip rate of the XSHF (9.40 ± 1.70 mm/yr). This indicates that the decomposition of the slip rates is concentrated along the block boundary, whereas the amount of plastic deformation within the block is relatively small.
Shear slip continues to extend southward along the ZMHF with a rate of 2.40–3.60 mm/yr (Wang, 2012; Wang et al., 2013; Wang et al., 2017), with an average value of 3.00 mm/yr. The left-lateral strike-slip of the ANHF is about 2.8 ± 2.5 mm/yr, which is roughly equivalent to that obtained by the block model calculation (Wang et al., 2008). The question remains, how the loss of the slip rate of about 3.00–4.00 mm/yr since the late Holocene in the ANHF and ZMHF can be explained? The slip rate of the NHF is about 2.50–2.60 mm/yr, and the average left-lateral strike-slip rate on the southern segment of the ANHF in Dashuigou in the past 3,300 years is about 4.40 mm/yr (Wang et al., 2018). The data confirm that the NHF decomposed the slip rate of the northern segment of the ANHF. By comparing the kinematic relationship in the eastern boundary faults of the SYB, we propose that the NHF participates in strain partitioning along the boundary. This conclusion reasonably explains the loss of the sliding rate between the ANHF and ZMHF, which also supports the GPS inversion results and the discontinuous deformation model of the eastern edge of the Tibetan Plateau (Figure 22).
[image: Figure 22]FIGURE 22 | Slip rates of the major faults and at the eastern boundary of the Sichuan–Yunnan Block. Yellow arrows show GPS velocities (partial) of crustal motion of the southeastern Tibetan Plateau relative to Eurasia (Gan et al., 2007; Liang et al., 2013). ①XSHF, Xianshuihe Fault; ②ANHF, Anninghe Fault; ③NHF, Nanhe Fault; ④DLSF, Daliangshan Fault; ⑤ZMHF, Zemuhe Fault.
By comparing the structural characteristics, paleoseismic relationship, movement property, slip rate, and other seismic and geological elements of the NHF and ANHF, we re-interpret the NHF to be a part of the ANHF. The NHF represents a branch fault of ANHF that is connected to the northern segment of the ANHF near Mianning. Thus, to determine the seismic hazard in the Mianning area and to understand the crustal deformation mechanism of the southeastern Tibetan Plateau, the fault behavior of the ANHF and NHF should be analyzed as an entity.
6 CONCLUSION
Based on detailed satellite imagery interpretation, we conducted a field survey, high-resolution measurements of offset geomorphic features, and trench excavations on the Nanhe Fault to understand its tectonic activity. We demonstrated that the Nanhe Fault is active in the Holocene. The left-lateral strike-slip rate of the Nanhe Fault since the late Late Pleistocene is 2.40–2.56 mm/yr, the left-lateral strike-slip rate since the late Holocene is 2.50–2.60 mm/yr, and the late Holocene vertical slip rate is about 0.60 mm/yr. Based on our paleoseismic investigations and analysis in the Nanhe Fault and Anninghe Fault, we identified three paleoseismic events (5373−4525 BC, AD 1193–1576, AD 1496–1843) on the Nanhe Fault. Our analysis suggested that the Anninghe and Nanhe faults may have produced cascade rupture or triggered earthquakes, and such related events probably occurred between 1496–1627. We calculated that the maximum magnitude of a triggered earthquake in the Nanhe Fault is about M 7.5. By comparing the kinematic relationship in the eastern boundary faults of the Sichuan–Yunnan Block, we proposed that the Nanhe Fault participates in strain partitioning along the boundary. This conclusion reasonably explains the loss of the sliding rate between the Anninghe Fault and Zemuhe Fault, which also supports the GPS inversion results and the discontinuous deformation model of the eastern edge of the Tibetan Plateau.
Overall, by comparing the geometric structure, paleoseismic relationship, movement property, slip rate, and other seismic geological elements of the Nanhe Fault and Anninghe Fault, we re-interpret the Nanhe Fault as a part of the ANHF and as a branch fault of the Anninghe Fault in the Mianning area.
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Time s Location Location name

Long. Lat.
i 2008-05-25 162149 62 | 10533 | 3255 | Qingchuan,
Sichuan
2 2008-07-24 150928 60 | 10548 | 3283  Qingchuan,
Sichuan
3 2008-08-01 163242 61 10465 3208 | Pingwu, Sichuan
4 20080805 | 174905 | 61 | 10545 | 3277 Qingchuan,
Sichuan
5 2008-08-30 | 1630:51 61 10192 | 2628 | Panzhihua, Sichuan
6 2009-07-09 | 19:1913 | 60 | 10110 | 2560  Yaoan, Yunnan
7 0030420 080246 | 70 10300 | 3030 | Lushan, Sichuan
8 2014:08-03 | 163010 65 | 10334 | 27.10 | Ludian, Yunnan
9 2014-10-07 | 214939 | 66 | 10046 | 2339 | Jinggu, Yunnan
10 o112 | 165525 | 63 10169 | 3026 Kangding, Sichuan
1 2021-05-21 | 214834 64 | 9987 | 2567  Yangbi, Yunnan
12 2022:06-01 170008 61 | 10294 3037 | Lushan, Sichuan
13 2022:06-10 012834 60 10182 3225 | Maerkang, Sichuan
14 2020905 125218 68 | 10208 | 2959 | Luding Sichuan
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Lon (E) Elevation (r Deployment time (YYYY-MM-DD HH:MM CST)

1 15133 325305 101.6026 3,025 2022-06-10 22:12

‘ 2 L5134 324425 102.1191 3519 2022-06-11 19:27

3 15135 32.1666 102.1636 2755 2022-06-12 1923






OPS/images/feart-10-1049911/feart-10-1049911-t002.jpg
Top depth (km) 0.0 40.0 61.0

__-





OPS/images/feart-10-1049911/feart-10-1049911-t003.jpg
Time Location Nodal plane 1 Nodal plane 2 Depthvkm

YYYY-MM-DD HHMM  Lon/E  Lat/N Stike/ Dip/ rake/ Stike/ Dip/ rake/ az/

(csm),
2022-06-10 0003 0us7 32273 29 82 163 21 3 i 26 | 6 181 18 | 25 71 | 58 80 CAP/dett
2022:06-10 0021 oLs09 32279 55 6 178 116 8 v w wm w0 w6 | a8 55 CAP/reft
2022-06-10 0128 0187 32285 57 83 169 148 B 7 w3 1 1 s 7| se 85 capder
2022-06-10 0327 st 32259 251 81 a1 160 8 ne s s 1 3w s | 52 ns HASH,
2022.06-10 0437 08 32250 201 81 163 E 7 9 28 5 196 18 | M 71| 456 70 cap
2022.06-10 0454 L8 32310 6 7 168 155 3 oW s 19 2 a6 40 50 cap
2022:06-14 1811 oL 32267 5 7 320 » 3w 0 8 12 16 6 | 438 s CAPIrel2

Ms,
"Depth determined by phase arival time. a2 and pl are th azimuth and plunge, respecively. detl and det2 ar the events whose rupture directivties are being determined. efl and ref2 ar the reference events, which are descrbed in the RUPTURE.
DIRECTIVITY OF THE TWO. MAINSHOCKS. section.
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References event Rupture error Nodal plane 1/Nodal pl
Ms5.8 (detl) refl 23 sw 30 0.33/0.43
ref2 25 sw 30 0.26/0.37
Ms6.0 (det2) | refl 25 SE. 30 0.36/0.20
ref2 2 SE 38 0.43/0.17
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Trench  Unit Color Dominant Avg. grain Sorting and Carbon dating

sediment size (mm) roundness result
Tel U6 | Brown Coarse silt 004 Well sorted Sporadic None HB-01 AD
(10 YR, 3/2) Upper part 1669-1945
Well rounded HB-08 AD
1650-1953
Tel US| Dark brown Medium silt 002 Well sorted None None HB-05 AD
(10 YR, 4/2) 1646-1950
Well rounded
Tel U4 | Reddish-brown | Medium silty clay 0,008 Well sorted Sporadic None None
(10 YR, 4/6) Upper part
Well rounded
Tel U3 | Reddish-brown | Medium sand 025 Well sorted None None HB-03 AD
(10 YR, 4/8) | 1491-1652
Well rounded
Tel U2 | Reddish-brown | Medium clay 0.002 Well sorted None None HB-04
(10 YR, 5/6) 4604-4456 BC
Well rounded
Tel Ul | Light yellow Fine clay 0001 Well sorted None None HB-07
(10 YR, 7/4) 5467-5329 BC
Well rounded
Te2 U9 | Gray (5Y,6/1) | Fineclay w/minor 0001 Well sorted Upper part | None DE-03 AD
medium sand 1631-1953
03 Well rounded DE-01
105.89 pMC.
Te2 U8 | Light gray Coarse sand 10 Well sorted None Moderately rounded | DF-08 AD
(Y, 7/1) and poorly sorted 1660-1953
Well rounded 10-70 mm DE-07 101.51 pMC
Te2 U7 | Gray (5Y,6/1) | Coarse sand 0,004 Well sorted None 8 mm DF-06 AD
I 1474-1644
Well rounded Moderately and
poorly sorted
Te2 U6 | Yellow gray Coarse sand 10 Well sorted Few Upper part DE-09 AD
(5Y,5/3) T 1492-1663
Well rounded Upper part | 1-10 mm
Te2 U5 | Dark gray Medium silt 0025 Well sorted None None None
(Y, 4/1)
Coarse sand 10 Well rounded
Te2 U4 | Light yellow Medium clay Poorly sorted Sporadic 1-20 mm DE-13 AD
(5Y,6/3) Upper part 1157-1264
Well rounded
Te2 U3 | Light yellow Fine clay 0.0008 Well sorted None Lower part DE-02 AD
(5Y, 8/4) 1469-1640
Well rounded 30 mm DE-12 AD
1050-1255
Te2 U2 | Grayish yellow | Coarse sand 05 Well sorted None Middle 05-40mm | None
(5Y,6/2)
Well rounded
Te2 Ul | Light gray Medium silt 0025 Well sorted None Sporadic 40 mm None
(5, 8/1)

‘Well rounded
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rect wave K value (lo LURR(Y) Code wave K value (load) alue (unload)  LURR(Y)

1 27 %107 Mpa™ | 26 x 10~ Mpa™ 1.038 1 051 x 10 Mpa™ | 041 x 10~ Mpa™ 1243
2 |23 %107 Mpa | 22 x 10 Mpa™ 1.045 l2 037 x 10 Mpa™ | 028 x 10° Mpa™ L
3 22 %107 Mpa™ | 20 x 10° Mpa™ 1.100 3 024x10° Mpa™ | 022 x 10~ Mpa™ 1.090
4 19 %107 Mpa™ | 19 x 107 Mpa™ 1.000 4 |01 x 10 Mpa™ | 0.8 x 107 Mpa™ 1.000
5 16 %107 Mpa™ | 19 x 10° Mpa™ Losn2 s 0.14 x 10 Mpa™ Loas w0 Mpa™! 09330
6 Laxioe Mpa™ | 17 x 10% Mpa™ Cos 6 012 x 107 Mpa™ | 013 x 10~ Mpa™ =
7 05 x 107 Mpa™ [PrpTS Mpa™! 0258 7 0.006 x 10 Mpa™ | 0.16 x 10 Mpa™ 00375
8 1.5 x 10 Mpa™ -29 x 10”* Mpa™* -0.517 8 0.03 x 107> Mpa™" ~0.11 x 10> Mpa™ -0.272
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Method 1: compare NHF with other faults.

Magnitude

Maximum displacement (m)

LEEEE

Time Suitable area
1 1988.11.06 Yunnan, China
2 10520818 | Tibet, China
3 | 1sas0102 Turkey
4 1970.01.04 Tonghai, China
5 1978.09.16 Iran
6 1895.07.05 Tashikuergan
7 o | Turkey
8 10730206 | Luhuo, Sichuan, Clina

7.6

[ 75
s
[ 75
[ 75

75

74

7.6

Suitable area Accuracy

22

36
[ 27
30
39
[ 26

36

Equation

Deng et al. (1992)
| Deng et al. (1992)
‘Wells and Coppersmith (1994)
Wells and Coppersmith (1994)
‘Wells and Coppersmith (1994)
| ‘Wells and Coppersmith (1994)

Wells and Coppersmith (1994)

Li etal. (1997)

Reference

1 Global §=026 logDmax = 0.481 x M-3.09 Bonilla et al. (1984)

2 Global §=034 | logDmax = 1.03 x M-7.03 | Wells and Coppersmith (1994)
3 SW China [ §=030 InDmax = 1372 x M-8.978 Wen (1995)

4 Tibet §=033 7logDmax =053 x M-337 Deng et al. (1992)

Suitable area Accuracy

Equation

Reference

1 Global §=036 logDmax = 1.16 x logL-1.69 Wells and Coppersmith (1994)
2 SW China §=0317 InDmax = 0.862 x InL-2.21 Wen (1995)
3 Tibet §=0338 logDmax = 0.72 x logL-0.72 Deng et al. (1992)
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Article Equation able area Suitable scenari
Bonilla et al. (1984) M =494 + 1.296logL. USS. and China Independent earthquake
‘ Wells and Coppersmith (1994) M =516 + 112loglL Global Independent earthquake
‘ Wen (1995) M =5.117 + 0.579InL §=021 SW China Independent earthquake
‘ Deng et al. (1992) M =592 + 0.88logL §=037 Tibetan Plateau Independent earthquake
 Wells and Coppersmith (1994) M =702 + 0.89l0gU Triggered earthquake
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No.

A Wy Wy SR AR e A

Date

1976/11/07
1979/07/09
1981/01/24
1982/06/16
1985/08/23
1991/02/25
1996/07/03
1998/08/27
2001/10/27
2003/07/21
2003/10/16
2003/10/25
2005/02/15
2007/06/03
2008/05/12
2008/08/30
2008/11/10
2009/08/28
2012/06/30
2013/01/29
2013/04/20
2013/07/22
2013/08/12
2014/02/12
2014/05/30
2014/08/03
2016/01/21
2016/10/17
2016/12/08
2017/08/08
2017/11/18
2019/06/17
2020/01/19
2020/06/26

Time

02:04:05
18:57:23
05:13:47
07:24:29
20:41:55
22:30:25
14:44:44
17:03:33
13:35:40

23:16:30
20:28:03
20:41:36
07:38:07
05:34:56.
14:28:04

16:30:51

09:21:59
09:52:06
05:07:31
00:38:52
08:02:47
07:45:56
05:23:42
17:19:48

09:20:13

16:30:12
01:13:12
15:14:47
13:15:03
21:19:48
06:34:18
22:55:43
21:27:56
05:05:19

Long

101.08
11925
10117
99.85
7532
79.00
88.60
77.13
100.57
10123
10130
100.93
79.37
101.02
103.40
101.92
9591
95.90
84.74
79.75
102.99
10421
97.96
8251
97.80
10333
10165
95.02
86.30
103.82
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5 19957
12 China-Myanmar
border, M, 73

6 199623 Lijang

(Yunnan), M, 70

7 2008512 Wenchuan
(sichuan), M, 80

8 201342 Lushan
(sichuan), M, 70

9 2017:88 Juzhaigou
(Sichuan), M, 7.0

Number of
grids,n and
time
intervalsm
(nm)

(642)
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(642)
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Number of
earthquakes in
dataset
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m

08

Anomaly
centroid
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(395752)
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(387762)

(301000)
(237993)
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G151015)

(101035)
(302,1030)

(3301042)

Anomalous
amplitude

1

14

02
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09

17

13
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Coordinates of
the study area lat.
() and long. ()

390410, 745775

215235, 90°-1010°

350380, 990-1010°

465485, 840°-87.0°

200-230, 9851005

265-285, 90°-1010°

200-320,

Time
span of
the data

1975-
01-1985.06

1975-
01-1988-10

1980-
01-1990.03

1980-
01-1990.05
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01-1995.06

1985
01-1996.01

1998
01-2008.01

2000-
01-2013.03

2009-
01-2017-

Ran:
seismic
magnitudes
()

2754

27-54

2654

27-54

2754

2654

2754

2754

2654

First four
eigenvalues

177.6016
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450674
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1338201
1085301

909209

28715
101152
67076
15336

182853
12020
89396
63606
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814368
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1966908
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70.1106

1920628
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Order number

Earthquake origin time (Beijing
time)

Month/Day/Year Hour/Minute

04/15/2015 15/39

04/15/2015 15/44

04/16/2015 17/16

03/24/2016 02/23

06/14/2016 13/29

Epicenter position

on°

3978 | 10645
3979 | 10643
3978 | 10645
277 10638
3976 | 10641

21

M58
M6

M1

Nodal plane |

Strike/

Dip/’
84
79
72
80

90

Rake/"

10
-177

15

Best fitting
depth

21km
17 km
18 km
20km

17 km
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Template earthquake

Earthquake origin time (Beijing time)  Longitude (N)  Latitude ('E)  Depth (ki Magnitude (M,)

Month/Day/Year Hour/Minute

dy | 01/27/2015 15/25 39.8485 106.7285 11.0 28
dy | 01/27/2015 19/02 40.1344 1063192 28 31
ds | 02/05/2015 02/52 398547 w638 | 255 25
d; | 02/06/2015 09/27 40.1113 106.5525 24 26
| 4y | 0471512015 15739 39.7820 1064451 26 M58
dg | 04/15/2015 15/44 397920 1064271 19.2 [ 16
d; | 04/15/2015 15/55 397868 106.4284 19.0 33
dy | 04/15/2015 16/01 39786 1064424 200 25
dy | 04/15/2015 18/49 39.7751 06313 | 204 38
dig | 04/15/2015 19/25 397712 1064194 2.1 28
dyy | 04/16/2015 03/12 397825 106.4490 | 19.7 28
diy | 04/16/2015 04/40 39793 06207 | 19.9 26
dis | 04/16/2015 17/16 397808 1064517 29 41
dyy | 04/18/2015 16/38 397674 1063572 29 27
ds | 041212015 00726 [ 40.1266 westss | 20 | 31
di | 04/29/2015 14/28 39.7626 106.3699 233 28
di; | 05/02/2015 18/28 39.7862 6060 | 219 29
i dg | 05/10/2015 09/01 [ 40.1337 s 219 26
diy | 05/20/2015 09/18 39.7794 1064297 231 25
dy | 05/24/2015 18/18 39.7783 106.4496 237 | 26
dyy | 06/06/2015 23/19 39.7752 106.4184 213 26
dy | 10/16/2015 20/01 398557 106.4402 205 [ 29
dys | 11/22/2015 22/53 399838 106.5828 267 41
dyy | 12/10/2015 05/55 40.0824 106.4545 318 35
dys | 12/28/2015 00/21 [ 398699 wess2 | 164 26

Note: d; indicates the results of the double-difference (DD) location.
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Earthquake Temporal Time of Anomalous Mean Type of Proportion of

factor anomaly amplitude square anomaly anomalous
(year-mon error frequency fields in
all fields
1 1985-8-23 Wuxia 1 1979-10-12 47400 +2.0813 Long and medium | 0.4920
(Xinjiang), M, 7.1 term
1984-01-06 -2.9761
2 1976-04-09 4.0877 £1.3291 Long and medium | 0.2007
R | | RS term
1978-07-09 34967
3 1978-10-1979-03 24285 £1.0484 Long and medium | 0.1249
term
1982-04-09 1.3962
4 1978-01-03 -2.1664 £0.7934 Long and medium | 0.0715
term
1984-07-09 -14225
2 1988-11- 1 1986-01-1987-12 42504 £1.6088 Long-to-medium | 03723
6 Lancang-Gengma term
(Yunnan), M, 7.4
2 1978-07-09 43942 £1.3869 Long and medium | 0.2767
term
1988-01-03 21328
3 1985-01-03 29369 £1.2848 Short-to- 02375
imminent, medium
1987-10-12 -19242 and long term
1988-07-10 19193
4 1982-10-1983-03  -16735 +0.8883 Short-to- 01135
imminent, medium
1986-10-12 1.3008 and long term
1988-04-10 28872
3 1990-4-26 Gonghe i 1980-10-12 13020 £1.0353 Long-to-medium | 06373
(Qinghai), M 7.0 term
1988-01-1989-03 32967
2 1983-07-09 1.8698 £0.5029 Long term 0.1504
1987-01-03 11038
3 1987-04-09 -0.6848 £0.4095 Long term 0.0997
4 1984-01-06 ~05432 £0.3367 Long-to-medium | 0.0674
term

1987-10-1988-09 ~0.4545

1989-07-09 -05759

4 1990-6-14 Jeminay 1 1987-07-09 15919 £0.6678 Short-to-medium | 0.3330
(Xinjiang), M, 7.2 | term and long term
1989-04-1990-03 22373
2 1988-01-03 08137 £0.5415 Long-to-medium | 02190
T S | term
1988-07-12 -17110
3 1988-07-12 1.0586 £0.4669 Long-to-medium | 0.1628
1 term
1989-10-12 0.7609
4 1986-10-1987-06 07909 £0.3939 Long-to-medium | 0.1158
term
1988-10-12
5 1995-7- 1 1986-01-09 29845 £1.7095 Long-to-medium | 0.4860
12 China-Myanmar term
border, M, 7.3 1991-01-06 45031
2 1985-07-1986-09  -5.0412 £1.4093 Short-to- 03303
e imminent, medium
1995-04-07 -20745 term and long term
3 1994-04-06 31704 +0.8157 Short-to-imminent | 0.1106
and medium term
1995-01-06 21671
4 1985-07-09 -24894 #0.6325 Long term 0.0665
6 1996-2-3 Lijiang 1 1994-04-12 -8.6238 +2.1387 Medium term 0.6057
(Yunnan), M, 7.0
2 1986-01-03 3.6841 £1.3282 Long-to-medium | 02336
term
1993-07-09 29939
3 1992-10-1993-06  -2.6703 £0.9196 Medium term 01120
4 1987-10-12 1.6602 £0.6069 Long-to-medium | 0.0488
term
1993-10-12 16085
7 2008-5-12 Wenchuan 1 2004-10-12 52214 £1.5061 Long-to-medium | 02531
(Sichuan), M, 8.0 T E— term
2006-10-12 34450
2 2004-07-09 -3.1590 £1.2820 Long-to-medium | 0.1834
term
2005-07-12 -25542
3 2004-10-2005-09  -1.7189 £1.0639 Long-to-medium | 0.1263
term
4 2008-01-04 -27228 £1.0049 Short-to-imminent | 0.1127
8 2013-4-20 Lushan 1 2011-07-2013-03 88316 £22932 Medium-to- 03834
(Sichuan), M, 7.0 imminent
2 2012:07-2013-03 34351 £1.6273 Medium-to- 01931
imminent
3 2012:01-2013-03  ~4.4865 £13211 Medium-to- 01273
imminent
4 2006-07-2007-12 29353 £11612 Long term 00983
9 2017-8-8 Jiuzhaigou 1 2013-07-12 -5.4744 £2.0748 Medium term 05345
(Sichuan), M, 7.0
2 2017-04-06 -13303 £1.0916 Short-to-imminent | 0.1479
3 2015-07-12 ~14614 £0.9182 Medium term 01047
4 2014-04-06 -1.7373 £0.7013 Medium term 00611

2016-01-03 1.8994
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Number  °Date  Latitude Longitude Depth Magnitude PEpicenter ML>4 foreshocks (months, “Poisson

(N) (E) (km) (ML) times/m) possibility

1 2008- 3250 8520 24 69 Gaize, Tibet AR 7,09 213%
01-09
2008- 3245 8520 15 60 Gaize, Tibet AR 7,09 213%
01-16

2 2008- 3560 8160 33 73 Yutian, Xinjiang 7,09 213%
0321

3 2008- 31.00 83.60 10 68 Zhongba, Tibet AR 6,33 20.23%
0825
2008- 3080 83.60 10 60 Zhongba, Tibet AR 6,33 2023%
09-25

4 2008- 2980 9030 8 66 Dangxiong, 633 2023%
10-06 Tibet AR

5 2009- 3125 8605 13 60 Nima, Tibet AR 8,36 20.23%
07-24

6 2010- 3236 9305 7 61 Nie Rong, 8,39 2023%
03-24 “Tibet AR

7 2011- 2742 88.10 11 68 Sikkim, India 13,32 20.23%
09-18

8 2012- 3590 8250 30 62 Yutian, Xinjiang 10,31 2023%
08-12

9 2013- 3004 9796 15 6l Zuogong, Tibet AR 11,31 20.23%
08-12

10 2014- 3610 8250 12 73 Yutian, Xinjiang - -
0212

11 2015- 2791 85.33 12 81 Nepal 12,22 15.76%
0425

12 2016- 3281 9493 9 62 Zaduo, Qinghai - -
10-17

13 2017- 2975 95.02 10 69 Milin, Tibet AR 12,22 15.76%
11-18

14 2019- 2840 9461 10 63 Medog, Tibet AR - -
0424

15 2020- 3573 8233 10 64 Yutian, Xinjiang 6,923 15.76%
06-26

16 2020- 33.19 86.81 10 6.6 Nima, Tibet AR 6,923 15.76%
07-23

17 2021- 3194 9274 10 61 Tibet AR 625 15.76%
03-19

18 2021- 26.76 92.50 10 62 India 6,25 15.76%
04-28

“The data format follows the yyyy-mm-dd format in this study.

"Tibet AR, denotes the Tibet Autonomous Region in this study.

“The expectation value of Poisson possibilty is 3.85 times per month for the ML24 foreshock events in this study (Supplementary Table 52).
“The period calculated is from 2019 to 09 to 2020-02 due to the occurrence of M25 earthquakes in 2020-03 and 2020-05, respectively.
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"Months Actual earthquake occurrence (M,

Gaize, Tibet AR 2007-06-2007-12 7 2008-01-09 (M6.9) 0 Y
2008-01-16 (M6.0)

Yutian, Xinjiang 2007-06-2008-02 8 2008-03-21 (M7.3) 0 Y

Zhongba, Tibet AR 2008-02-2008-07 6 2008-08-25 (M6.8) 0 Y

2008-09-25 (M6.0)

Dangxiong, Tibet AR | 2008-02-2008-07 6 2008-10-06 (M6.6) 2 Y
Nima, Tibet AR 2008-11-2009-05 7 2009-07-24 (M6.0) 1 N
Nie Rong, Tibet AR | 2009-07-2010-02 8 2010-03-24 (M6.1) 0 Y
Sikkim, India 2010-08-2011-04 9 2011-09-18 (M6.8) 4 Y
Yutian, Xinjiang 2011-10-2012-06 9 2012-08-12 (M6.2) 1 Y
Zuogong, Tibet AR | 2012:09-2013-07 ] 1 2013-08-12 (M6.1) 0 Y
Yutian, Xinjiang Not applicable None 2014-02-12 (M7.3) Y
Nepal 2014-04-2015-03 2 2015-04-25 (M8.1) 0 Y
Zaduo, Qinghai Not applicable None 2016-10-17 (M6.2) Y
Milin, Tibet AR 2016-11-2017-10 12 2017-11-18 (M6.9) 0 N
Medog, Tibet AR Not applicable None 2019-04-24 (M6.3) Y
Yutian, Xinjiang 2019-09-2020-02 6 2020-06-26 (M6.4) 3 ¥,
Nima, Tibet AR 2019-09-2020-02 6 2020-07-23 (M6.6) 4 Y
Tibet AR 2020-09-2021-02 6 2021-03-19 (M6.1) 0 Y
India 2020-09-2021-02 6 2021-04-28 (M6.2) 1 Y

“The period of the low-intensity M, 24 earthquakes.
“The number of months matching the low-intensity M4 earthquake period.
“The occurrence time and magnitude of the subsequent M, 260 arthquakes.
Whithior M6 santhamialkie socored t v orevions A4 sasthanalks aulsiition oo, wiich was detecinload by s Slacloaled Buredin of the Tibit Antoanasis Beglod mnatib.
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