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Abstract


Long-term stress accumulation influenced by coseismic stress changes and postseismic viscoelastic relaxation is considered critical to triggering giant earthquakes. Nevertheless, how the stress increase is interrupted by aftershocks and how it influences the megaseismic cycle remain enigmatic. In this study, based on the Mohr–Coulomb failure criterion at the nucleated segments of the 2008 great Sichuan earthquake, the stress variation associated with four M > 6 aftershocks was calculated for the period from 2010 to 2017. The results show that (1) the spatial distribution of coseismic stress change is correlated with the rupture pattern of large events and has a fundamental impact on triggering subsequent earthquakes and (2) postseismic viscoelastic relaxation leads to increased Coulomb stress accumulation at the northern and southern edges of the seismogenic Longmenshan fault, which results in enhanced fault instability and the potential for future large events.
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1. Introduction


Sichuan and the adjacent region are the most seismically active parts of China, with complex geological and seismic tectonics within the North–South seismic zone [1,2,3]. Located on the eastern margin of the Tibetan Plateau, this region is affected by the process of India–Asia collision and abutment against the stable Yangtze Platform, causing strong compressional deformation, crustal shortening and thickening, and crustal extension from east to west [4,5,6]. There are several tectonic blocks and active faults, such as the Longmenshan fault, the Ganzi-Yushu fault, the Xianshuihe fault, and the eastern Kunlun fault (Figure 1). The Longmenshan fault on the eastern margin of the Tibetan Plateau is the result of the eastward compression of the South China block by the Bayan Har block [7]. It experienced intermittent tectonic deformation and formed the complex Longmenshan fold-and-thrust belt adjacent to the Sichuan foreland basin (Figure 1) [8,9,10]. During the Quaternary, the activity along the Longmenshan thrust belt was mainly concentrated on the Maoxian-Wenchuan and Jiangyou-Guanxian faults, as well as other faults with forward propagation deformation [11,12]. The Ganzi-Yushu fault zone can be traced for approximately 500 km along a strike and is composed of a series of fault segments, with a NW strike and left-lateral strike-slip behavior (Figure 1) [13,14,15]. The Xianshuihe fault zone is located within the Songpan-Ganze fold belt in the eastern part of the plateau [16]. The Xianshuihe fault extends 350 km northwest–southeast and is part of the 1400 km left-lateral system that passes through southern Yunnan Province, northwest through Sichuan Province into Qinghai Province (Figure 1). In planar view, the fault is a slightly convex arc, and its strike is almost parallel to those of other regional structures. At the northwestern end, the fault zone overlaps with the southeastern end of the Ganzi-Yushu fault, and the left en echelon step exceeds ~40 km. The southeastern end of the fault area is connected to the Zemuhe-Xiaojian fault. The Xianshuihe fault system consists of a series of faults that accommodate the clockwise rotation of crustal rocks between the South China block and the Eastern Himalayan syntaxis [17]. This area is one of the most seismogenically active areas in China, and the spatiotemporal variation in Coulomb stress remains enigmatic but is of considerable significance to regional earthquake risk evaluation. Therefore, in this study, we attempted to predict the stress evolution along fragile faults on the decadal time scale for the first time and to provide insights into earthquake risks in the Sichuan region.



Remarkable M > 6 earthquakes have repeatedly occurred in Sichuan every several years following the 2008 great Sichuan (Wenchuan) earthquake [6,20], including the 2010 Ms 7.1 Yushu earthquake, the 2013 Ms 7.0 Lushan earthquake, the 2014 Ms 6.3 and Ms 5.8 Kangding earthquakes, and the 2017 Ms 7.0 Jiuzhaigou earthquake. The 2013 Ms 7.0 Lushan earthquake and the 2008 Ms 8.0 Wenchuan earthquake occurred on the Longmenshan fault, the 2014 Ms 6.3 and Ms 5.8 Kangding earthquakes occurred along the Xianshuihe fault, and the 2010 Ms 7.1 Yushu earthquake ruptured the Ganzi-Yushu fault (Figure 1) [21]. The 2017 Ms 7.0 Jiuzhaigou earthquake was located on the Shuzheng fault, which is one of the branch faults of the eastern Kunlun fault zone [22,23]; this earthquake occurred approximately 9 years after the Wenchuan earthquake in 2008, and the epicenter was only tens of kilometers away from the northern section of the surface fracture zone of the 2008 great Sichuan (Wenchuan) earthquake.



Considering the high risk of large earthquakes in Sichuan in the near future, the evolution of the seismic mechanical mechanism in this area has become a hot spot for numerous studies (e.g., [24,25,26,27,28]). Multidisciplinary studies have explored the characteristics of these large regional earthquakes to improve seismic rupture forecasting and thus reduce earthquake disaster risk (e.g., [29,30,31]); these studies have focused on stress accumulation along fault systems as one of the main determining mechanisms and properties. The major factors causing the stress concentration in Sichuan are suggested to be the regional tectonic load of the India–Asia collision and the southward movement of the southeastern Tibetan Plateau relative to the South China block, as supported by the variation in tectonic stresses (e.g., [32,33]).



In addition, the authors of recent studies on stress transfer and fault interactions have proposed that previous large earthquakes may favor or advance subsequent earthquakes [34,35,36,37,38]. Considering that the stress redistribution induced by previous large earthquakes may change the properties of adjacent faults and promote fault rupture, such stress redistribution will ultimately lead to changes in seismicity [34,39,40,41]. Hence, the stress variations caused by large earthquakes might be another significant factor in adjusting the stress state of fault systems. The authors of relevant studies have used the Coulomb stress change in a pure elastic crust to quantify whether a fault rupture was advanced by a previous earthquake with a positive Coulomb stress change or delayed by one with a negative Coulomb stress change [37,42,43,44,45,46,47,48,49,50,51,52]. The Earth’s lower crust and mantle might deform as inelastic bodies, and the external stress relaxes with time (e.g., [53]). Therefore, the upper crust is elastic at the initial stage of stress loading and continues to deform due to stress relaxation.



Furthermore, because inelastic stress relaxation can also lead to a change in the stress distribution, it is necessary to consider inelastic behavior in the analysis of stress transfer and earthquake interaction. In addition, the postseismic stress changes caused by the viscous relaxation of the lower crust or upper mantle are also used to analyze the aftershock distribution, especially delayed triggered seismicity [36,49,54,55,56]. For example, Freed and Lin [36] pointed out that the 1999 M 7.1 Hector Mine earthquake in southern California might have been caused by the 1992 Landers earthquake (M = 7.3) through postearthquake stress changes within seven years after the Landers earthquake. Lorenzo-Martin et al. [56] analyzed a sequence of 10 magnitude Ms > 6.5 earthquakes from 1939 to 1999 and studied the evolution of the Coulomb stress field, including viscoelastic relaxation along the North Anatolian Fault; their results show that the Marmara Sea area is currently loading at the rate of Coulomb normal stress rather than due only to the stable tectonic load on the North Anatolian fault.



Accordingly, both elastic coseismic deformation and postearthquake viscoelastic relaxation have important impacts on the stress state around a fault system [54,57]. The areas of stress increase and stress decrease produced by coseismic dislocations occur alternately [39]. Thus, viscoelastic relaxation transfers the coseismic stress from the lower crust and upper mantle to the overlying seismogenic upper crust, resulting in a more complex regional stress distribution [36,57]. In this study, the evolution of stress is focused on the broad Sichuan area, which is the most seismically active region in China. The stress variation in this area were investigated for a period of more than 10 years since 2008, and the effects of coseismic stress changes and postseismic viscoelastic relaxations associated with large earthquakes in the past decade were examined. The main aim of the present study is to investigate the state of stress evolution in this region by considering the viscoelastic relaxation of the lower crust and upper mantle. The modeling technique and the parameters used in the calculation are carefully outlined. Then, the results of long-term stress evolution are obtained through the calculation of coseismic stress change and postseismic viscoelastic relaxation based on Coulomb failure stress change theory. Furthermore, the potential triggering mechanism and seismic risk of the fault system are discussed.




2. Method and Models


2.1. Coulomb Failure Stress Change


To analyze the stress evolution, the coseismic (static) and postseismic stress changes imparted by these earthquakes are calculated. The Coulomb failure stress change is expressed as   Δ C F S = Δ τ +  μ ′  Δ σ   (e.g., [37,38,39]), where   Δ σ   is the change in normal stress, and   Δ τ   is the change in shear stress calculated on a given receiving fault. μ′ is the effective friction coefficient. According to the Mohr–Coulomb failure criterion, failure is promoted by a positive Coulomb stress change and suppressed by a negative Coulomb failure stress change.




2.2. Model of the Lower Crust and the Upper Mantle


In this study, the coseismic (static) Coulomb stress changes (ΔCFS) caused by earthquake rupture [58,59] are calculated in an elastic half-space using a Poisson’s ratio of 0.25 and a friction coefficient μ′ = 0.6. Furthermore, to explore the stress evolution over time, a lithologic model is used in which the lower crust and the upper mantle are viscoelastic [49,55,56]. Thus, dislocation source models with the code PSGRN are used to calculate the Green’s function of the multilayered viscoelastic half-space [60].



The viscoelastic structure of the lithosphere is incorporated in the Tibetan Plateau, especially in its eastern boundary [61,62,63], and the data from geophysical inversion in the Longmenshan region are considered [64]. In this model, the crust and upper mantle are divided into 6 layers. Layers 1 and 2 represent the upper crust, consisting of two elastic layers. Layer 3 is the middle crust, which is a low-velocity layer [64,65]. Layers 3 to 6 are Maxwell viscoelastic bodies, and layer 3 is identified by geophysical inversion [64,65]. The layered model and other parameters used in the following calculations are listed in Table 1, where ρ is the density, VP is the P-wave velocity, VS is the S-wave velocity, H is the thickness, and η is the viscosity of each layer. The shear modulus is assumed to be 3.2 × 1010 Nm−2.




2.3. Optimally Oriented Receiving Fault and Tectonic Stress Field


Two methods are usually used to calculate Coulomb failure stress changes. One approach is to calculate the stress changes on optimally oriented faults [39,52]. The change in Coulomb stress in the optimal orientation plane can be computed as the result of sliding along the main fault. Another approach is to calculate the stress change on faults with a specified orientation, which is derived from focal fault planes of subsequent earthquakes. However, it is assumed that there is a sufficient number of faults with all orientations and that the optimal direction of fault rupture is most likely to slip in subsequent earthquakes. Under a proposed regional stress state, the stress change is solved based on the optimal orientation plane. Based on the results of the tectonic stress tensor obtained by Du et al. [66], the parameters of the tectonic stress field in this area are shown in Table 2.




2.4. Slip Source Model of Earthquakes


To calculate the stress evolution caused by these earthquakes since 2008, several variable slip source models are tested from different data sets by estimating the correlation between Coulomb stress changes and aftershocks. Figure 2 shows the slip distributions of these six models. Other parameters are listed in Table 3.



Figure 2a shows the 2D slip model of the 2008 Ms 8.0 Wenchuan earthquake. The fault plane is set to a length of 318 km and a width of 22 km, with a strike of 229°, and it is discretized as a set of 168 patches (elements) with dimensions of 21 × 8 km2 (http://www.geol.ucsb.edu/faculty/ji/big_earthquakes/2008/05/12/ShiChuan.html, accessed on 1 January 2016). Figure 2b shows the 2D slip model of the 2010 Ms 7.1 Yushu earthquake. The fault plane is set to a length of 96 km and a width of 30 km, with a strike of 119°, and it is discretized as a set of 32 × 10 elements with dimensions of 3 × 3 km2 [21]. Figure 2c shows the 2D slip model of the 2013 Ms 7.0 Lushan earthquake. The fault plane is set to a length of 63 km and a width of 48 km, with a strike of 219°, and it is discretized as a set of 21 × 16 elements with dimensions of 3 × 3 km2 [67]. Figure 2d,e shows the 2D slip models of the 2014 Ms 6.3 and Ms 5.8 Kangding double earthquakes. In Figure 2d, the fault plane of the Ms 6.3 event is set to a length of 46 km and a width of 21 km, with a strike of 330°, and it is discretized as 46 × 21 elements with dimensions of 1 × 1 km2 [19]. In Figure 2e, the fault plane of the Ms 5.8 event is set to a length of 21 km and a width of 22 km, with a strike of 153°, and it is discretized as 21 × 22 elements with dimensions of 1 × 1 km2 [19]. Figure 2f shows the 2D slip model of the 2017 Ms 7.0 Jiuzhaigou earthquake. The fault plane is set to a length of 32 km and a width of 30 km, with a strike of 153°, and it is discretized as 16 × 15 elements with dimensions of 2 × 2 km2 [68]. The boundary condition of our 2D models generated using the finite element method (e.g., [69,70,71]) follows the multilayered viscoelastic half-space model setting (e.g., [60]).





3. Results


3.1. Coseismic Coulomb Stress Changes


Using the optimally oriented fault projection and the parameters shown in Table 2, the distribution of coseismic ΔCFS is calculated at the depths of the mainshock epicenters with the four largest aftershocks (Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7). The coseismic stress changes caused by the Ms 6.3 and Ms 5.8 Kangding earthquakes in 2014 are calculated together and displayed on one map. In Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7, the evolution of coseismic stress change is systematically tracked, and the triggering effects between the mainshocks and aftershocks are analyzed.



Figure 3a shows the coseismic ΔCFS pattern induced by the 2008 Wenchuan earthquake. In this figure, the positive lobes are adjacent to the northern and southern ends of the Wenchuan earthquake fault, reflecting the influence of Coulomb stress change (unclamping and clamping effects) and the expected large negative ΔCFS (“shadow”) areas surrounding the eastern and western sides of the fault. Due to the directionality of fault fracture, the areas in front of the fault slip direction are more likely to accumulate larger stress due to the pushing effect (positive lobes in Figure 3a). Figure 3a also shows the correlation between the stress change distribution and the subsequent earthquakes. Figure 3b,c shows the temporal distribution of aftershocks, indicating that the subsequent seismicity was obviously affected by the main earthquake. In the first month after the mainshock, many events occurred, primarily at sites along the ruptured fault, including some events with M ≥ 6.0. After more than a month, the frequency of aftershocks was still very high. We noted that only in the areas outside the main rupture, there is a relation between aftershocks and stress-enhanced areas (Figure 3a). In summary, Figure 3 suggests a potential correlation between most of the shocks distributed in areas with an increase in coseismic stress.



Similarly, Figure 4, Figure 5, Figure 6 and Figure 7 show the coseismic stress change field due to the 2010 Yushu earthquake, the 2013 Lushan earthquake, the two 2014 Kangding earthquakes, and the 2017 Ms 7.0 Jiuzhaigou earthquake. These figures also display the correlation between the stress change distribution and the aftershocks. The correlations between the ΔCFS and the aftershocks support the idea that the coseismic stress changes caused by the six earthquakes had a fundamental impact on the subsequent earthquakes in a short time following the main events.




3.2. Long-Term Evolution of Stress Changes


After a large earthquake, the changes in coseismic stress are further affected by the relaxation of the upper mantle and the viscous lower crust, which transfers the stress from these regions up to the middle crust and outward to a wider area. To quantify the potential stress changes on active faults in the study area, the cumulative changes in Coulomb stress are simulated after the six events (Figure 8). Figure 8 shows the stress changes caused by viscoelastic relaxation over the past 10+ years. The evolution of postseismic stress changes after earthquakes can be tracked systematically. The cumulative stress changes caused by these events show complex distributions. The simulated stress changes produce both positive and negative stresses on the source faults near these major events.



Immediately before the 2010 Yushu earthquake (Figure 8a), the positive and negative lobes of stress changes were similar to those previously observed (Figure 3a), but the positive and negative lobes were enlarged or reduced slightly around the 2008 Wenchuan ruptures. The slight change was that the average stress level increased due to nonuniform viscoelastic relaxation over two years. Immediately after the Yushu earthquake in 2010 (Figure 8b), the negative stress shadow of the Yushu earthquake enlarged the previous negative stress change in the middle of the study area. However, in the northwest, the Yushu earthquake caused a series of changes in the positive and negative stress lobes, although the changes in stress were not large enough to disturb the stress distribution in the eastern area controlled by the Wenchuan earthquake. The 2013 Lushan earthquake (Figure 8c) had just occurred, and the stress field in the southern part of the study area (~30° N) increased, forming a wider positive stress change area. The positive stress change zone also changed the stress in the southern section of the Xianshuihe fault. To the south of the Xianshuihe fault (~30° N), due to the Lushan event in 2013 and nonuniform viscoelastic relaxation, the change in positive stress was further expanded. After the two Kangding earthquakes (Figure 4d), the stress distribution in the southern segment of the Xianshuihe fault system (~30° N) changed slightly. The stress reduction areas on both sides of the Longmenshan fault were further strengthened. Those in the northern part of the study area (~34° N) also increased due to viscoelastic relaxation, forming a wide positive area.



The stress pattern in Figure 8 evolved as a result of postseismic relaxation of the lower crust and upper mantle. The postseismic relaxation effect leads to the increased ΔCFS near the northern and southern tips of the Longmenshan fault. At a distance of less than 300–400 km from the fault, the relaxation effect dominates because the shadow obviously extends outward. However, the relaxation effect tends to be reloaded near the fault zone.



Comparing the coseismic and postseismic stress changes reveals that the Wenchuan earthquake caused more coseismic stress changes than other earthquakes. That is, the stress field in the Sichuan and adjacent areas is dominated by stress changes imparted by the 2008 Ms 8.0 Wenchuan earthquake, which was the largest event in the past 10 years. Especially in southern Sichuan, where the Xianshuihe fault and Xiaojiang fault are located, Coulomb stress has increased. The Yushu earthquake in 2010 also resulted in an increase in stress zones in the northwestern part of the study area. The epicenters of the 2013 Lushan earthquake and the two 2014 Kangding earthquakes lie in the positive lobes of stress changes caused by the Wenchuan earthquake. The 2008 Wenchuan earthquake also significantly increased the northern area near the northern end of the Wenchuan focal plane, which could have generated a large earthquake (e.g., [75]). Coincidentally, the 2017 Ms 7.0 Jiuzhaigou earthquake occurred in this area. The 2008 Wenchuan earthquake and the 2010 Yushu earthquake also led to a stress shadow (region of Coulomb stress decrease), which may explain why few events have occurred on the western side of the Longmenshan fault.



As shown in Figure 8e, the state of the stress field in this area is affected by the six earthquakes. Some areas exhibit an increase in cumulative stress, and some exhibit a decrease in stress. Figure 8e also shows that the northern and southern parts of the Longmenshan fault zone are in the accumulation area of stress increases, so they might have the greatest seismic risk in the future.




3.3. Cumulative Stress Changes on Faults


Furthermore, the stress tensor was projected on each mainshock source fault, and the stress changes were calculated using the source fault parameters listed in Table 3. Table 4 lists the cumulative stress changes with the viscoelastic relaxation effect on each mainshock source fault. S1 indicates the stress changes induced by all the previous earthquakes. S2 refers to the stress changes caused by both previous earthquakes and this event with the viscoelastic relaxation effect. Table 4 implies that the stress accumulation before this earthquake played a role in increasing the stress of the earthquake and promoting the stress accumulation process in the focal area. However, after the large earthquake, the stress state in the focal area was basically unloaded by this main earthquake. The Yushu earthquake occurred far from the Longmenshan fault zone and was not obviously affected by the stress of the previous Wenchuan earthquake. Otherwise, because the Kangding Ms 5.8 earthquake occurred after the Kangding Ms 6.3 earthquake, tectonic stress might also accumulate to an adjacent degree; thus, even if a small part of the stress was unloaded in the focal area, the subsequent Ms 5.8 earthquake still occurred.



The stress changes imposed on the active faults in the study area are shown in Figure 8. The northern and southern segments of the Longmenshan fault, the southern segment of the Xianshuihe fault, the east Kunlun fault, the northern segment of the Huya fault, and the Huayingshan fault are obviously affected by the stress increases caused by these mainshocks. Continuing forward in time, the postseismic stress change fields between 2013 (Figure 8c) and 2020 (Figure 8e) are slightly different. That is, after 2013, although western Sichuan was in a deep stress shadow, most of the northern and southern segments of the Longmenshan fault and Xianshuihe fault were in the stress concentration area. These results have certain reference significance for risk analysis associated with these earthquakes in the future.





4. Discussion


4.1. Earthquake Triggering in the Study Area


Sichuan and the adjacent western region are the most seismically active areas in China [76,77,78], and the geological structure and seismic structure are very complex. Therefore, the background seismicity in this area is high. To analyze the long-term rates of earthquakes, the catalog in the study area from 1 January 2000 to 1 January 2020 was provided by the China Earthquake Networks Center (CENC), which was divided into four subgroups with different cutoff magnitudes. Figure 9 and Figure 10 show that the seismicity in the study area is distributed over time.



Figure 9 illustrates that before the Wenchuan earthquake in 2008, the seismicity in this area was relatively active, and there were few events with M ≥ 6. Since 2008, a dense seismic cluster has formed in the study area. After the Wenchuan earthquake in 2008, the seismicity in this area increased; more earthquakes with magnitudes of M ≥ 7 occurred than before, and seismicity with magnitudes of M ≥ 6 increased. Earthquakes with magnitudes of M ≥ 4 or M ≥ 5 also increased obviously. Until 2020, the seismicity trend remained high. In Figure 10, the sudden increase in M ≥ 2 earthquake activity was caused by the large number of Wenchuan earthquake aftershocks in 2008, after which the occurrence frequency gradually returned to a normal level. The rapid increase in the scale of M ≥ 4 and M ≥ 5 events in 2008 is more remarkable than that of M ≥ 2 events, indicating the change in faulting instability in this region (e.g., [79]).




4.2. Effect of Lower Crust or Mantle Rheological Properties on the Stress Evolution


In this section, the main factors that may lead to uncertainty in the numerical results are discussed. The uncertainty in stress change may be produced by all the uncertain parameters used in the stress calculation. The main influencing factors include the inhomogeneity of the crust, the use of a large source model, the viscosity, the locations of seismic events, and the regional stress state (e.g., [80,81,82]). In particular, our results may be affected by changes in viscosity. According to the study of deformation and rheological properties after earthquakes [23,62,63], a low viscosity in the lower crust is required by crustal flow beneath the Tibetan Plateau. Various methods are used to estimate the viscosity of the area, yielding values from 1016 to 1021 Pa·s. We assume that the mantle or lower crust has this viscosity range and test the range of stress variations to check the stability of the results. To test the effect of viscosity uncertainty, we change the viscosities of layers 3–6 of the model (Table 1) from 1016 to 1021 but maintain the original value in other layers. Considering that there various models use different combinations of viscosities for both the upper mantle and lower crust, only two models with maximum values and minimum values of viscosity are used to analyze the effect of stress changes (Table 5). Using these models, the stress changes on the Jiuzhaigou event induced by five previous earthquakes are calculated. Other parameters remain unchanged. The results are listed in Table 6. Furthermore, we also use the friction coefficients μ′ = 0.2, μ′ = 0.4 and μ′ = 0.6 to validate the stability of the results; these results are also listed in Table 6. The deviation in the stress change caused by different combinations of viscosities and friction coefficients is small and does not have a significant effect.




4.3. High Risk of Future Earthquakes with Moderate or Large Magnitude


Based on the Coulomb failure criterion, the failure state of the fault will be affected by changes in stress, and a positive change in stress will accelerate the stress loading of adjacent faults and promote subsequent earthquakes. In contrast, a negative change in stress delays or weakens the stress loading process of nearby faults [24,83].



In our study, both the coseismic Coulomb stress changes and the long-term stress evolution calculated in the study area indicate a potential correlation between the spatial distribution of aftershocks and the area of calculated stress increase. Our results show that the fault zones with the most significant stress increases are the northern and southern segments of the Longmenshan fault, the southern segment of the Xianshuihe fault, the east Kunlun fault, and the northern segment of the Huya fault, where large earthquakes might be triggered in the future. Moreover, the Coulomb stress has significantly increased in the southern zone and the northern area near the ends of the Wenchuan focal plane, which might indicate the possibility of a large earthquake.





5. Conclusions


In this study, the long-term stress evolution due to coseismic stress and postseismic viscoelastic relaxation is calculated based on the Mohr–Coulomb failure criterion in Sichuan Province and adjacent regions in China; the events studied are the 2008 Ms 8.0 Wenchuan earthquake, the 2010 Ms 7.1 Yushu earthquake, the 2013 Ms 7.0 Lushan earthquake, the 2014 Ms 6.3 and Ms 5.8 Kangding earthquakes, and the 2017 Ms 7.0 Jiuzhaigou earthquake. The stress changes due to viscoelastic relaxation over the past 10+ years are analyzed to systematically track the evolution of postseismic stress changes, as well as the potential earthquake hazard in the study area. The results show the following:




	(1)

	
The spatial distribution of coseismic stress changes corresponds with the spatial pattern of aftershocks for these major events. The coseismic stress changes caused by these earthquakes have a fundamental triggering effect on subsequent earthquakes.




	(2)

	
The postseismic relaxation effect leads to increased ΔCFS near the northern and southern edges of the Longmenshan fault. Comparing the coseismic and postseismic stress changes, the Wenchuan earthquake caused larger amounts of coseismic stress change than other earthquakes.




	(3)

	
The northern and southern segments of the Longmenshan fault, the east Kunlun fault, the southern segment of the Xianshuihe fault, the northern segment of the Huya fault, and the Huayingshan fault are obviously affected by the stress increases caused by these mainshocks. In particular, the northern and southern Longmenshan fault zones are located in areas of increasing stress concentration and might be the areas with the greatest seismic risk in the future.
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Figure 1. Topographic map including the distribution of the 2008 Ms 8.0 great Sichuan (Wenchuan) earthquake and five other large earthquakes. The epicenter loci of the 2008 Wenchuan earthquake and 2013 Ms 7.0 Lushan earthquake are from the USGS, whereas the other epicenter loci (2010 Ms 7.1 Yushu earthquake, 2014 Ms 6.3 and Ms 5.8 Kangding earthquakes, and 2017 Ms 7.0 Jiuzhaigou earthquake) are from the China Earthquake Networks Center (CENC). The focal mechanisms of the Wenchuan and Lushan events are from the Global Centroid Moment Tensor (CMT), that of the Yushu event is from Liu et al. [18], those of the Ms 6.3 and Ms 5.8 Kangding double earthquakes are from Zhang et al. [19], and that of the Ms 7.0 Jiuzhaigou event is from the USGS. 
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Figure 2. Slip distributions for the source models of (a) the 2008 Ms 8.0 great Sichuan (Wenchuan) earthquake (http://www.geol.ucsb.edu/faculty/ji/big_earthquakes/2008/05/12/ShiChuan.html, accessed on 1 January 2016), (b) the 2010 Ms 7.1 Yushu earthquake [21], (c) the 2013 Ms 7.0 Lushan earthquake [67], (d) the 2014 Ms 6.3 Kangding earthquake [19], (e) the 2014 Ms 5.8 Kangding earthquake [19], and (f) the 2017 Ms 7.0 Jiuzhaigou earthquake [68]. 
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Figure 3. (a) Distribution of coseismic Coulomb failure stress changes caused by the 2008 Ms 8.0 Wenchuan earthquake at the depth of the mainshock and aftershocks (Zhu et al. [72]). (b) Temporal distribution of the aftershock magnitudes. (c) Cumulative number of aftershocks over time. 
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Figure 4. (a) Distribution of coseismic Coulomb failure stress changes caused by the 2010 Ms 7.1 Yushu earthquake at the depth of the mainshock and aftershocks (Zhu et al. [73]). (b) Temporal distribution of aftershock magnitudes. (c) Cumulative number of aftershocks over time. 
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Figure 5. (a) Distribution of coseismic Coulomb failure stress changes caused by the 2013 Ms 7.0 Lushan earthquake at the depth of the mainshock and aftershocks (Xu et al. [5]). (b) Temporal distribution of aftershock magnitudes. (c) Cumulative number of aftershocks over time. 
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Figure 6. (a) Distribution of coseismic Coulomb failure stress changes caused by the 2014 Ms 6.3 and Ms 5.8 Kangding double earthquakes at the depth of the mainshock and aftershocks (Yi et al. [74]). (b) Temporal distribution of aftershock magnitudes. (c) Cumulative number of aftershocks over time. 
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Figure 7. (a) Distribution of coseismic Coulomb failure stress changes caused by the 2017 Ms 7.0 Jiuzhaigou earthquake at the depth of the mainshock and aftershocks (Yi et al. [22]). (b) Temporal distribution of aftershock magnitudes. (c) Cumulative number of aftershocks over time. 
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Figure 8. Long-term evolution of stress changes induced by all the previous earthquakes with viscoelastic relaxation effects and resolved at the depths of the mainshocks with μ′ = 0.6: (a) immediately before the 2010 Ms 7.1 Yushu earthquake, (b) immediately after the 2010 Ms 7.1 Yushu earthquake, (c) immediately after the 2013 Ms 7.0 Lushan earthquake, (d) immediately after the 2014 Ms 5.8 Kangding earthquakes, and (e) stress changes calculated on 1 January 2020. The black star indicates the epicenter of the 2008 Ms 8.0 Wenchuan earthquake. The green star denotes the 2010 Ms 7.1 Yushu earthquake. The orange star represents the 2013 Ms 7.0 Lushan earthquake. The gray and pink stars indicate the 2014 Ms 6.3 and Ms 5.8 Kangding earthquakes, respectively. The blue star represents the 2017 Ms 7.0 Jiuzhaigou earthquake. 
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Figure 9. Scatter plot of magnitude relative to the sequential number of events in this study area. 
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Figure 10. Magnitude and cumulative numbers of seismic events in the study area from 2000 to 2020 using various cutoff magnitudes. 






Figure 10. Magnitude and cumulative numbers of seismic events in the study area from 2000 to 2020 using various cutoff magnitudes.



[image: Applsci 12 09585 g010]







[image: Table] 





Table 1. Model parameters.
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	Layer
	H (km)
	Vp (km s−1)
	Vs (km s−1)
	ρ (kg/m3)
	η (Pa·s)





	1
	13
	5.68
	3.28
	2680
	



	2
	7
	6.41
	3.65
	2680
	



	3
	20
	6.25
	3.40
	2750
	1.0 × 1019



	4
	20
	7.08
	4.06
	2900
	5.0 × 1019



	5
	20
	8.38
	4.64
	3270
	1.0 × 1018



	6
	
	8.40
	4.64
	3270
	1.0 × 1018
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Table 2. Tectonic stress field parameters.
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	Strike (°)
	Dip (°)





	Greatest principal stress σ1
	271
	10



	Intermediate principal stress σ2
	5
	21



	Least principal stress σ3
	158
	66
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Table 3. Earthquake parameters for the six source models. The epicenters of the 2008 Ms 8.0 Wenchuan earthquake and the 2013 Ms 7.0 Lushan earthquake are from the USGS. The epicenters of the 2010 Ms 7.1 Yushu earthquake, the 2014 Ms 6.3, Ms 5.8 Kangding double earthquakes, and the 2017 Ms 7.0 Jiuzhaigou earthquake are from the China Earthquake Networks Center (CENC). Other parameters are from the source models shown in Figure 2.
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Earthquake

	
Year

	
Depth

(km)

	
Epicenter

	
Rupture Plane

	
Length

(km)

	
Width

(km)




	
Latitude (°)

	
Longitude (°)

	
Strike (°)

	
Dip (°)






	
Wenchuan

	
2008

	
10.0

	
31.10

	
103.30

	
229

	
33

	
318

	
22




	
Yushu

	
2010

	
14.0

	
33.20

	
96.60

	
119

	
83

	
96

	
30




	
Lushan

	
2013

	
12.3

	
30.28

	
102.96

	
219

	
33

	
63

	
48




	
Kangding Ms 6.3

	
2014

	
20.0

	
30.30

	
101.80

	
330

	
84

	
46

	
21




	
Kangding Ms 5.8

	
2014

	
16.0

	
30.20

	
101.75

	
153

	
68

	
21

	
22




	
Jiuzhaigou

	
2017

	
11.0

	
33.20

	
103.82

	
153

	
84

	
32

	
30
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Table 4. Stress changes due to cumulative coseismic slip and postseismic relaxation. S1 indicates the stress changes induced by all the previous earthquakes. S2 refers to the stress changes caused by previous earthquakes and this event. When calculating the stress, the receiving fault is the source fault of this main earthquake. Six input motions were selected for this table because the six events are the largest in the past decade in the Sichuan area after the Ms 8.0 Wenchuan earthquake in 2008.
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	Date
	Earthquake
	Latitude (°)
	Longitude (°)
	S1 (MPa)
	S2 (MPa)





	12 May 2008
	Wenchuan Ms 8.0
	31.10
	103.30
	
	−1.370



	14 April 2010
	Yushu Ms 7.1
	33.20
	96.60
	−0.004
	−1.299



	20 April 2013
	Lushan Ms 7.0
	30.28
	102.96
	0.152
	−1.255



	22 November 2014
	Kangding Ms 6.3
	30.30
	101.80
	0.169
	0.019



	25 November 2014
	Kangding Ms 5.8
	30.20
	101.75
	−0.605
	−0.632



	8 August 2017
	Jiuzhaigou Ms 7.0
	33.20
	103.82
	0.0362
	−0.479
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Table 5. Models used to analyze the effect of different combinations of viscosities for both the upper mantle and lower crust. Model 1 is the original model used in this work. Model 2 has the maximum value of the viscosity combination. Model 3 has the minimum value of the viscosity combination.
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Layer

	
Model 1

	
Mode 2

	
Mode 3




	
η (Pa·s)

	
η (Pa·s)

	
η (Pa·s)






	
1

	
-

	
-

	
-




	
2

	
-

	
-

	
-




	
3

	
1.0 × 1019

	
1.0 × 1021

	
1.0 × 1017




	
4

	
5.0 × 1019

	
5.0 × 1021

	
5.0 × 1017




	
5

	
1.0 × 1018

	
1.0 × 1020

	
1.0 × 1016




	
6

	
1.0 × 1018

	
1.0 × 1020

	
1.0 × 1016
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Table 6. Stress changes according to different models and different friction coefficients.
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	Mode 1
	Mode 2
	Mode 3
	μ′ = 0.2
	μ′ = 0.4
	μ′ = 0.6





	Stress Change

(MPa)
	0.036238
	0.036271
	0.036276
	0.0477
	0.0419
	0.0362
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