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The 2021 Maduo earthquake (Mw = 7.4) is the first sudden and abrupt supershear rupture ever documented in the history of seismology, in which subshear rupture changed to supershear within a short time and short distance. However, the mechanism for this special phenomenon remains unclear although previous workers have done much work on it. For this reason, we use the finite element method to study the effects of fault geometry near the epicenter of the earthquake on the generation of rupture scenarios and use the grid-search approach to find the optimal model. Our simulation results show that the special fault geometry with a curved bend near the epicenter in the eastern segment of the fault induced supershear rupture transition at ∼3–5 s after the rupture nucleation, leading to the abrupt and sudden occurrence of the supershear rupture in the earthquake, whereas the westward-going rupture behaved as subshear in general. Additionally, the modeling results suggest that the co-seismic slips along the fault are mainly controlled by unevenly distributed dynamic friction coefficients. The modeling results also suggest that the other complex geometry of the fault, such as stepovers, cannot encourage the abrupt supershear rupture in the Maduo earthquake. Therefore, in this work, we may provide a new perspective for the study of the dynamic mechanism of supershear rupture.
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1 INTRODUCTION
The Maduo earthquake (also called Madoi earthquake) (Mw = 7.4) was the largest earthquake to strike China since the 2008 Wenchuan event, and it occurred on 22 May 2021. The epicenter is located at 34.6ºE, 98.2ºN with a focal depth of 10 km in the inner region of the Bayan Har Block (BHB), northern Tibetan Plateau, according to the U.S. Geological Survey (USGS) (https://earthquake.usgs.gov/earthquakes/search/). Based on the post-seismic geological investigations (Li et al., 2021) and aftershock relocation (Wang et al., 2021) the seismogenic fault is assumed as the Kunlun Mountain Pass-Jiangcuo Fault (KMPJF) (Zhao et al., 2021) extending west–east for ∼160 km, approximately 70 km south of the East Kunlun Fault on the northern boundary of the BHB within the Tibetan Plateau (Pan et al., 2021; Yuan et al., 2022), as shown in Figure 1A. Thanks to the earthquake being located in the remote, high-altitude, sparsely populated, sterile, and windy region, this strong event caused no fatalities although some local buildings and roads were severely damaged (Pan et al., 2022).
[image: Figure 1]FIGURE 1 | (a) Main blocks of the Tibetan Plateau and the surrounding terrain. Blue circles mark major earthquakes that have occurred on the boundary faults of the Bayan Har Block since 1980. Yellow circles stand for earthquakes (M ≥ 7.0) in the Tibetan Plateau since 1900, excluding the Bayan Har Block. The gray arrows denote the direction of block movement. The red line represents the seismogenic fault of the 2021 Maduo earthquake, and the red star marks the epicenter. F1: East Kunlun fault, F2: Ganzi-Yushu fault, F3: Xianshuihe fault, F4: Longmenshan fault, F5: Haiyuan fault, F6: Jiali fault, F7: Karakorum fault, and F8: Altyn Tagh fault. (b) Surface rupture and geological landscape of the 2021 Maduo earthquake (modified from G. Chen et al., 2022b). MGF: Maduo Fault, KMPJF: Kunlun Mountain Pass-Jiangcuo Fault, SGF: South Gander Fault, DRF: Dari Fault.
As we know, the BHB is bordered by the East Kunlun Fault, the Ganzi-Yushu Fault, the Xianshuihe Fault, and the Longmenshan Fault to the north, the south, and the east, respectively, where strong earthquakes frequently occur. Historically, many strong earthquakes with magnitudes (M ≥ 7.0) have occurred along the boundaries of the block. Particularly, in recent years, some large events stroked the boundary of the BHB, such as the 1997 Mani earthquake (Mw = 7.5), the 2001 Kunlunshan earthquake (Mw = 7.8), the 2008 Wenchuan earthquake (Mw = 7.9), and the 2008 Yutian earthquake (Mw = 7.1). In contrast, earthquakes are rare in the inner part of the block, which is mainly due to the relative rigid deformation in the intra-block (Xu et al., 2008). Until the 2021 Maduo Mw 7.4 earthquake, there had been no earthquakes (M ≥ 7.0) in the inner region of the BHB since the 1947 Dari earthquake (Mw = 7.5) (Liang et al., 2020).
After the earthquake, research workers have studied the propagation velocity of the rupture by using many inversion methods. For example, using a multi-array back projection inversion method, Zhang et al. (2022) found that the Maduo earthquake had characteristics of supershear rupture (4.0 km/s) along the southeast segment and subshear rupture (2.4 km/s) in the northwest segment. Yue et al. (2022) employed a joint inversion technique and concluded that the Maduo earthquake displayed characteristics of unilateral supershear rupture, with the southeast segment exhibiting supershear behavior (4.6 km/s) and the northwest segment showing subshear behavior (2.0 km/s). Lyu et al. (2022) utilized high-frequency GNSS data and 3D InSAR deformation analysis, and indicated that the Maduo earthquake exhibited overall subshear characteristics (2.8 km/s), with the northwest segment showing subshear rupture (2.2 km/s) and the southeast segment showing supershear rupture (3.8 km/s).
Nevertheless, research workers have reached the general consensus that the 2021 Maduo earthquake has characteristics of bilateral rupture with supershear speed in the southeast segment of the fault; however, some research workers (e.g., Chen et al., 2022a) did not think so. Furthermore, according to the latest research on rupture propagation speed (Cheng et al., 2023; Zhang et al., 2022), the fast supershear rupture of the Maduo quake occurred suddenly and immediately after the slow rupture initiation (approximately 3–4 s) (Cheng et al., 2023), without a long transitional length in which subshear rupture transforms into supershear rupture (e.g., Andrews, 1976; Burridge, 1973; Dunham, 2007; Rosakis et al., 2023). This supershear rupture occurred suddenly, sharing a similar rupture transition with the first mainshock of the 2023 Turkey double earthquake event, where the rupture transitioned abruptly from subshear to supershear after a very short transition distance in the early stages of the earthquake (Rosakis et al., 2023). This is markedly different from the rupture jumps exhibited by the second mainshock of the 2023 Turkey double earthquake event (Toker et al., 2023). Cheng et al. (2023) declared that “the Maduo event is the first case of abrupt supershear rupture” in seismic documents. Traditionally, rupture speed exceeds the shear wave velocity after traveling a long distance and then transforms into supershear. This typically occurs in long straight and simple fault segments (Bouchon et al., 2001; Bouchon et al., 2010; Das, 2015; Robinson et al., 2010).
What makes the Maduo earthquake so particular from other previous supershear rupture earthquakes such as the 1999 Izmit earthquake (Mw = 7.6) and the 2001 Kunlun event (Mw = 7.8) (Bouchon and Vallée, 2003; Bouchon et al., 2000)? What causes the rupture velocity to suddenly exceed the S-wave velocity into a supershear rupture? These questions have not been satisfactorily answered so far. For this goal, in this work, we first investigate the causative faults for the Maduo earthquake and then establish numerical models to simulate spontaneous rupture along the fault. Finally, we investigate the simulated rupture propagation scenarios and explore the critical factors that influence abrupt supershear rupture. Undoubtedly, in this study, we provide new insights into the dynamics of earthquakes, which is of great significance for further research and alleviation of seismic hazards.
2 GEODYNAMIC BACKGROUND
The continuous collision between India and Eurasia has uplifted the Tibetan Plateau and formed the subsequent eastward extrusion. Meanwhile, with the activation of several faults, the northern part of the Karakorum-Jiali fault zone (KJFZ) was divided into three main blocks, including the BHB (Replumaz and Tapponnier, 2003). In northern Tibet, the East Kunlun Fault (EKF), Ganzi-Yushu-Xianshuihe fault (GYXF), the Altyn Tagh fault (ATF), and the Longmenshan thrust fault (LMF) are the boundary faults of the BHB (Figure 1A). GPS observational results (Wang and Shen, 2020) showed that the eastward motion of the BHB is one of the fastest moving blocks within the Tibetan Plateau (Deng et al., 2010), inducing the highest and strongest seismicity along the boundary of the BHB. In the recent 25 years, eight strong earthquakes (Mw ≥ 6.5) occurred along the boundary of the BHB, as shown in Figure 1A. However, the Maduo earthquake (Mw = 7.4) occurred in the inner part of the BHB rather than along its boundary. The main dynamic mechanism is as follows.
Figure 1B shows that the causative fault of the Maduo event, KMPJF, is a left-lateral strike-slip fault with a low slip rate of less than ∼1 mm/yr in the interseismic period (e.g., Li et al., 2023; Ren et al., 2022). Meanwhile, to the north of KMPJF lies a high active EKF with the slip rate as high as ∼10–12 mm/yr (Der Woerd et al., 2002; Wang and Shen, 2020), and to the south of KMPJF, the GYXF is located, with the slip rate of 9.7–12.7 mm/yr (Wang et al., 2009; Wen et al., 2003). Accordingly, KMPJF is tectonically loaded and sheared by the two fast-moving sinistral strike-slip faults (EKF and GYXF), accumulating a large amount of elastic energy. Once the shear stress on the surface of KMPJF exceeds the frictional strength, the fault will produce a spontaneous rupture, releasing elastic energy, and a strong earthquake such as the 2021 Maduo event will occur.
In this study, we will simulate the rupture scenarios based on the previous observational results and present the main factor which influences the first-order feature of rupture behavior.
3 MODEL SETUP AND CALCULATION METHOD
The finite element method (FEM) is widely used in simulating the spontaneous rupture process of faults as it can handle dynamic rupture mechanics problems related to geometric and material nonlinearities, as well as frictional contact. The geometric nonlinearity of faults is a significant factor influencing rupture propagation. Numerical simulations using the FEM have shown that fault bends promote supershear rupture (Zhu and Yuan, 2020). Similarly, the FEM has been applied to investigate the effects of material heterogeneity on both sides of the fault on the rupture process (Zhang and Zhu, 2019). The FEM not only excels in dealing with nonlinear problems but also performs well in addressing fluid–solid coupling issues. For instance, Pampillón et al. (2018) used the FEM to simulate the spontaneous rupture process of faults induced by water injection in poro-elastic media. Despite its significant advantages in simulating spontaneous fault ruptures, the FEM has certain limitations. First, the accuracy and results of the FEM highly depend on the quality of mesh generation. Inappropriate mesh arrangement can introduce numerical errors or even cause instability, especially in areas with high stress gradients during fault rupture. Second, dynamic fault rupture simulations often require very fine meshes and small time step, leading to high computational costs and resource consumption, which limits the practical simulation of large-scale or long-duration processes. Fortunately, with the development of the high-performance parallel computing technology and adaptive mesh refinement techniques, the computational efficiency and accuracy of the FEM can be significantly improved. In order to investigate why supershear rupture occurred just after the rupture initiation without long transitional distance in the 2021 Maduo earthquake, we simplify the actual complex seismogenic fault and then establish the finite element model.
The predominant fault motion in the Maduo event is a sense of strike-slip (Li et al., 2021). The basic rupture trace has a characteristic of two distinct bends (e.g., Chen et al., 2022a), as depicted in Figure 1B. Based on the significant fault bend structures of the causative fault of the 2021 Maduo quake from previous results (Chen et al., 2022b; Liu et al., 2022), we established a fault bend model (named Model 1 for convenience) to investigate the influence of the fault structure on the rupture scenarios of the earthquake. As our research focuses mainly on the mechanism of sudden supershear transition on the eastern section of the fault, we only consider the key portions of the seismogenic fault, ignoring the detailed branching segments. The fault bend near the nucleation zone on the eastern fault is taken into account, but the fault is presumed as a straight line onto the west of the nucleation zone. The specific fault geometry is chosen as illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | Model setup and boundary conditions. The model has a rectangular shape measuring 140 km × 70 km. Bold black curves in the figure represent seismogenic fault segments.
As the causative fault is almost vertical strike-slip, we abstract the actual three-dimensional problem into a two-dimensional plane strain model and use smooth curves replacing the multi-segment surface of the fault in order to speed up the calculation. Based on the fault traces obtained from geodetic measurements (Figure 1B), we simplified the fault into a curved segment. We retained the prominent fault bend in the central part of the fault and the curvature in the eastern segment of the fault. In modeling, we choose the surface where the source is located as the model plane (Figure 2). The whole rupture length is assigned to be 120 km, consisting of a straight segment to the west of the epicenter and a curved segment to the east of the epicenter. The seismogenic fault in the model is subdivided into fault segments of S1–S3, as illustrated in Figure 2. As can be observed from the figure, the geometry of the FEM model is 140 km × 70 km, including the causative fault of the 2021 Maduo quake. The model employs a triangulated mesh to eliminate the hourglass mode, as indicated by previous studies (Zhu, 2018; Zhu and Yuan, 2020). To distinguish the cohesive zone and enhance the computational efficiency, a densely meshed region is established around the fault zone, gradually transitioning to a sparser mesh outward. The element length is set to be 60 m along the seismogenic fault and 300 m in the peripheral areas. Notably, all meshes around the model are equipped with absorbing boundaries (Zhu, 2018; Zhu and Yuan, 2020).
Initial stresses are crucial factors in simulations of dynamic rupture propagation (Duan, 2010; Yamashita, 1976; Zhu, 2018; Zhu and Yuan, 2020). However, direct measurement of the absolute initial stress is challenging, despite the availability of some shallow in situ stress data from borehole surveying (Heidbach et al., 2016). Considering the relatively small domain of the study region and minimal variations in principal strain rates (Zhu and Shi, 2011), we suppose that the variation of the initial stresses in the study area is not significant, which means that it can be neglected. Consequently, we consider that the initial stresses in the study area are uniformly distributed during modeling. The values of these initial stresses can be determined from former numerical simulations (Finzi and Langer, 2012; Yuan and Zhu, 2017). Based on the velocity structure of seismic waves in and around the KMPJF, the S-wave velocity in the area is determined to be 3.4 km/s. It should be noted that we suppose the entire model medium to be linear homogeneous elastic. Also, all model parameters are listed in Table 1. In addition, we selected the widely used linear slip-weakening friction law in dynamic simulations (e.g., Harris and Day, 1993; Zhu, 2018). In this study, simulations are conducted with the finite element software ABAQUS/Explicit (Yuan and Zhu, 2017; Zhu, 2018).
TABLE 1 | Model parameters in simulations.
[image: Table 1]Based on the work by K. Chen et al. (2022), the residual shear strength of the fault (the strength transitioning from static to dynamic friction) is equivalent to the initial shear stress. With current detection techniques, the friction coefficient along the fault during the actual fault rupture process cannot be determined. Therefore, we vary the dynamic frictional coefficient from 0.40 to 0.60 with step of 0.01 along different segments (from S1 to S3) of the fault, with the static friction coefficient set at 0.62. Therefore, this grid-search approach will produce several models for simulations; among them , the one whose simulated fault slips fit the observed data best is regarded as the optimal model.
4 SIMULATION RESULTS
Through a mass of FEM calculations, we finally found the optimal model in which the simulated slips along the fault fitted the observed data from the study by Jin and Fialko (2021) best with the root-mean-square-error of 0.63 m. In addition, the optimal model presented that the dynamic frictional coefficients along fault segments S1, S2, and S3 are 0.54, 0.56, and 0.53, respectively. In the following, based on the optimal model, we will analyze the rupture behaviors in detail and uncover what factor led to the abrupt supershear rupture transition within a short distance in the 2021 Maduo earthquake.
4.1 Rupture processes across the fault bend
Figure 3 shows a series of snapshots of the contour map of particle motions in the optimal model at different times. From the figure, it can be observed that the ruptures, expanding in both the east and west directions along the fault before reaching the fault bend, are subshear, with the propagation speed of 2.6 km/s. At the time of ∼3 s, the eastward-going rupture reached the first fault bend, and there is a significant change in the rupture behavior compared with the corresponding westward-going rupture, as shown in Figure 3B. Within the time of 4–6 s, a clear Mach wave can be observed (Figures 3C, D), signifying the appearance of supershear rupture. The rupture propagation velocity along the eastern section of the fault is derived as 5.26 km/s, which is greater than the shear wave velocity of the local medium with the value of 3.4 km/s. However, along the entire western segment of the fault rupture propagation, no Mach waves can be observed, indicating subshear rupture behavior with the propagation velocity of 3.0 km/s, which is less than the shear wave speed. As time progresses, rupture continued to propagate in both directions. When the time approached 9 s, the eastward-going rupture reached the second fault bend, which did not block rupture expansion, and continued to propagate eastward at a supershear speed with evident Mach waves, as shown in Figures 3E–H. By the time of ∼16 s, ruptures on both sides reached the ends of the fault and were finally arrested. Throughout the entire rupture process, subshear rupture occurs on the western side of the nucleation zone, with a calculated average rupture speed of 3.1 km/s. In contrast, on the eastern side, supershear rupture occurs with a rupture velocity of 5.3 km/s, and it occurred ∼3 s after nucleation, which is in good agreement with the observational ones (Cheng et al., 2023).
[image: Figure 3]FIGURE 3 | Snapshots of contour map of particle velocities at different moments during the fault rupture process in the optimum model. (a,b) subshear rupture process .(c–h) supershear rupture process. The black lines in the figure stand for fault, and the red star marks nucleation position.
Both observational results and our numerical simulations indicate that the 2021 Maduo earthquake involved supershear rupture. Interestingly, the transition process of this supershear rupture shares similarities with the first mainshock of the highly notable 2023 Turkey doublet earthquake. In both mainshocks of the 2023 Turkey doublet earthquake, supershear rupture occurred, but the characteristics of the supershear rupture differed between the two events. The first mainshock occurred on a branch fault, and the rupture transitioned from subshear to supershear after propagating a very short distance (Rosakis et al., 2023), which is consistent with our simulation results of the supershear transition process in the 2021 Maduo earthquake. Subsequently, the rupture propagated from the branch fault to the main fault, spreading bilaterally along the main fault. The rupture on the main fault exhibited intermittent supershear behavior, with alternating subshear and supershear phases (Wang et al., 2023; Delouis et al., 2023). The second mainshock also involved supershear rupture. Toker et al. (2023) indicated that the rupture velocity of the second mainshock suddenly transitioned from supershear to subshear during propagation, exhibiting a rupture jump phenomenon. A significant difference in the geometric configuration of the seismogenic faults between the 2021 Maduo earthquake and the first mainshock of the 2023 Turkey double earthquakes is that the former exhibits a distinct fault bend structure near the epicenter. Our simulation results demonstrate that the rupture transitioned from subshear to supershear as it propagated through the fault bend.
Furthermore, we displayed the calculated slips along the fault with the corresponding observed results from InSAR data from studies of Chen et al. (2021) and Jin and Fialko (2021), as shown in Figures 4A, B. It is observed that the simulated slips generally match the measurement data well, confirming that the simulated results represent the first-order rupture propagation feature in the Maduo earthquake.
[image: Figure 4]FIGURE 4 | (a, b)Comparison of numerical simulated slips with the observed InSAR data. The red stars stand for the epicenter location, the red lines represent the simulated slips, and the black and blue curves denote the observed data. (a)InSAR data from the study by Chen et al., 2021; (b)InSAR data from the study by Jin and Fialko, 2021.
In sum, the optimal model was found by means of the grid-search approach. It provided the basic characteristics of the rupture scenario of the Maduo event and best matched the abrupt occurrence of supershear rupture with the observed results.
4.2 The influence of fault stepover
Fault stepovers have a significant influence on supershear rupture transition (Harris and Day, 1993; Knuepfer, 1989; Segall and Pollard, 1980; Yuan and Zhu, 2017). According to geological field surveys, it is found that there is a 2–3 km fault stepover between the faults on either side of the epicenter in the Maduo quake (Li et al., 2021; Yuan et al., 2022). Therefore, there is a possibility that the generation of supershear rupture is associated with the fault stepovers along the fault. To investigate this case, we established model 2, in which fault stepover is included, as shown in Figure 5. The model parameters and initial conditions remained the same as those in model 1.
[image: Figure 5]FIGURE 5 | Model geometry and boundary conditions in model 2, in which fault stepover is included. Bold black curves in the figure represent seismogenic fault segments. Red star marks nucleation position.
By means of FEM simulations, we obtained the rupture propagation scenario in model 2. The snapshots of the contour map of particle velocities at different moments are displayed in Figure 6. We observed that propagation of rupture along the entire fault can be subdivided into two stages. Within the time period of ∼16 s after nucleation, it is seen that the rupture propagated only along the fault S1, in which the fault stepover prevented the rupture continuous propagation along S2, as shown in Figures 6A–6. However, at the time of 19 s, a new rupture was nucleated again and clearly seen along the fault S2, as shown in Figure 6E. Then, the rupture goes eastward with time, and clear Mach waves were observed at the moments of ∼22 s and afterward, as shown in Figures 6G–I, suggesting the appearance of supershear rupture. The rupture propagation speed is calculated to be 5.5 km/s, which is much greater than the shear wave velocity (3.4 km/s). In contrast, no Mach waves were seen along the fault S1 with the propagation speed of 2.9 km/s. This simulated result is consistent with that of previous studies (e.g., Harris and Day, 1993; Knuepfer, 1989; Segall and Pollard, 1980; Yuan and Zhu, 2017).
[image: Figure 6]FIGURE 6 | Snapshots of contour map of particle velocities at different moments during the fault rupture process in the model 2. (a–f)subshear rupture process. (g–j)supershear rupture process. The black lines in the figure stand for fault, and the red star marks nucleation position.
From the above rupture scenario, we can see that the supershear rupture occurred at the time of 22 s after the earthquake nucleation, which does not match the seismic inversion results in which the supershear rupture took place within 3–4 s after the nucleation (Cheng et al., 2023).
In brief, from the above simulated results of models 1 and 2, we presume that the fault bend near the epicenter may be responsible for the generation of the abrupt and sudden supershear rupture in the 2021 Maduo earthquake.
4.3 Mechanism for abrupt supershear rupture
From the above numerical simulated results, it is evident that both fault structures in model 1 and model 2 can generate supershear rupture on the eastern segment of the fault. However, the key difference between them lies in the moment of supershear rupture occurrence. In model 2, there exists a time delay of ∼15 s when the rupture travels across the fault stepover, and the supershear rupture occurs at 20 s after the nucleation. However, in model 1, the occurrence of the supershear rupture is at 3.5 s after nucleation, which matches well with the seismic inversion results (Cheng et al., 2023; Zhang et al., 2022). Furthermore, the modeled fault slips of model 1 are in good agreement with the inversion results. Therefore, we conclude that the fault bend structure may be responsible for the generation of abrupt supershear rupture in the earthquake.
To know why the fault bend near the epicenter in model 1 can encourage supershear transition from subshear to supershear rupture, the nondimensional seismic S ratio is calculated along the fault, which is an important indicator for determining whether a rupture along a fault can transition into a supershear one. S = (τy-τ0)/(τ0-τd), where τy and τ0 represents the peak strength and initial loading stress, respectively, τy = μsσ, τ0 = τ; τd represents the residual strength, and τd = μdσ. In a uniformly isotropic fault, supershear rupture occurs when the S value is below a threshold of 1.77 in 2D (Andrews, 1985; Zhu, 2018) when the fault width is large enough (Xu et al., 2015; Zhu, 2018). The stress changes on the fault surface have a significant impact on the rupture propagation process. Figure 7A illustrates the stress variations on the fault surface during the rupture propagation. From the figure, it can be concluded that as the rupture passes through the fault bend (−10 km to 0), the stress state on the fault surface undergoes noticeable changes. Both the normal stress and shear stress exhibit an initial increase followed by a decrease. Such changes are bound to cause variations in the seismic S ratio. Figure 7B shows the seismic S ratio along fault strike. It is obvious that the seismic S ratio has a significant decrease along the fault bend on the eastern side of the nucleation zone with values from ∼7.5 to ∼1.0, which falls below the threshold (1.77) required for supershear rupture to occur, leading to a sudden supershear rupture during the Maduo event.
[image: Figure 7]FIGURE 7 | (a) Stress changes in the fault during the rupture process in model 1. (b) Seismic S ratio scattered along the fault strike. The red line stands for the threshold value of 1.77. The red star indicates the location of the epicenter.
In short, we presume that a fault bend along the seismogenic fault of the Maduo earthquake is responsible for the abrupt supershear rupture transition.
5 DISCUSSIONS AND CONCLUSIONS
In order to furtherly confirm the supershear rupture caused by the fault bend in the Maduo earthquake, we will compare and analyze the different rupture scenarios under the following two cases.
At first, we ignored the complex bend structures in the middle of the fault and assumed that the entire fault is a straight line. Therefore, we established a new model named model 3, in which all other model parameters are the same as those for model 1, except for the fault geometry. Based on FEM computations, the average rupture velocity along the fault on the western segment of the nucleation zone is 3.0 km/s and that on the east side is 3.1 km/s, both of which are lower than the S-wave speed, indicating a subshear rupture along the entire fault. Figure 8 shows snapshots of the contour map of particle velocities at different moments during the fault rupture propagation in model 3, where no Mach waves can be seen, corresponding to the subshear rupture expansion in model 3. Hence, a simple geometry of fault structure with a straight line is excluded in producing supershear rupture in the Maduo event.
[image: Figure 8]FIGURE 8 | (a–h) Snapshots of contour maps of particle velocities at different moments during the fault rupture process in model 3. The black line in the figure stands for fault, and the red star marks nucleation position.
Next, based on model 1, we constructed model 4, in which we changed the static friction coefficient of the fault in model 1 from 0.62 to 0.60 while keeping all the other model parameters unchanged. Using the new model, we recalculated the spontaneous fault rupture propagation scenario since the nucleation of the rupture. Figure 9 displays the snapshots of contour images of particle vibration velocities at different moments in model 4. It can be seen that the fault rupture process did not vary significantly under the case of the reduction of static friction coefficient, and the supershear rupture still occurred when rupture traveled through the fault bend near the epicenter. It is noted that the supershear rupture occurred ∼2 s after the nucleation, and this supershear rupture transition is even earlier than that in model 1. It is evident that the variation in the static friction coefficients along the fault did not change the supershear rupture style but only changed the occurrence time of subshear rupture.
[image: Figure 9]FIGURE 9 | Snapshots of contour map of particle velocities at different moments during the fault rupture process in the model 4. (a,b) subshear rupture process. (c–h) supershear rupture process. The black lines in the figure stand for fault, and the red star marks nucleation position.
In addition, the Earth’s free surface often induces supershear rupture transition (Cui and Zhu, 2022; Kaneko and Lapusta, 2010; Olsen et al., 1997). In general, it needs a long enough distance along fault strike for a subshear rupture to change into a supershear one (Xu et al., 2015). However, the transition distance for supershear rupture is very short in the 2021 Maduo earthquake (Cheng et al., 2023). Then, it is unlikely that the Earth’s free surface encouraged the occurrence of supershear rupture in the Maduo event.
Therefore, it can be concluded that the optimal model, fitting the observed fault slips best, matches the time and position of the occurrence of supershear rupture well with the results observed in this work. Consequently, it is presumed that the fault bend near the epicenter is responsible for the occurrence of the sudden and abrupt supershear rupture in the 2021 Maduo earthquake.
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