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The rapid assessment of an intensity map following a strong earthquake forms the foundation for risk assessment and emergency response in Chinese mainland. The determination of the major axis direction in the assessed intensity map depends on various factors, including nearby active faults, instrumental intensities, and the distribution of aftershocks. To evaluate the effectiveness of promptly determining the major axis direction based on early aftershock distribution, we relocated and analyzed aftershock sequences occurring within 2 h of eighteen aftershock-rich earthquakes with a magnitude of Ms ≥ 6.0 in Chinese mainland from 2012 to 2021. HypoDD was used for relocation, and the standard deviational ellipse fitting technique was employed for analysis. Comparing the aftershock ellipses resulting from our analysis with the macroseismic intensity maps obtained from field surveys reveals a high level of agreement, with an average difference of approximately 9° in the major axis directions of the aftershock ellipses and the meizoseismal zones. For the majority of earthquakes, regardless of focal mechanisms, the lengths of the major axes of the aftershock ellipses closely correspond to the intensity VIII scale. Additionally, the spatial distribution of aftershocks aids in distinguishing the seismogenic fault from the two fault planes with distinctly different dips as indicated by the focal mechanism solution. Moreover, the distance between the aftershock center and the macroseismic epicenter systematically increases as the dip decreases. These findings hold significant scientific value as they contribute to the prompt determination of assessed intensity maps and provide effective guidance for earthquake emergency response.
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INTRODUCTION
China is among the countries with a high level of seismic activity worldwide, particularly in the North-South seismic belt and the Tianshan seismic belt, which are recognized regions with above-average seismicity. It is common for these areas to experience one or two large earthquakes per year, often accompanied by numerous aftershocks near the hypocenters of these main earthquakes. Between 2012 and 2021, over 20 earthquakes with surface wave magnitudes (Ms) exceeding 6.0 and highest macroseismic intensities equal to or greater than VIII were recorded in Chinese mainland. Out of these, 18 were found to have significant aftershock activity. Among the 18 earthquakes, nine exhibited dip-slip or thrust mechanisms with some strike-slip components, while the others were either strike-slip or predominantly strike-slip with some thrust components.
The assessment of seismic intensity is typically performed within minutes of the mainshock using either seismic intensity attenuation equations or ground-motion prediction equations (Wang et al., 2000; Bakun and Scotti, 2006; Allen et al., 2012; Sun et al., 2014; Cilia et al., 2017; Kiani et al., 2019; Ferrario et al., 2020). The major axis direction of the assessed intensity map is determined by considering various factors, including nearby active faults, Shake-Maps, aftershock sequences, instrumental intensities, focal mechanisms, and rupture processes (Chen et al., 2018; Xu et al., 2020; Xu et al., 2022). The results of this rapid assessment, especially the identification of high-intensity areas (around VIII or higher), play a crucial role in guiding earthquake emergency responses. Subsequently, a field survey of macroseismic effects is conducted on the same day as the mainshock, based on the assessed intensity map. The actual intensity map, which incorporates the cumulative effects of the earthquake sequence, is officially determined and published by the Ministry of Emergency Management of the People’s Republic of China (Yuan, 2008).
The major axis direction and location of the macroseismic epicenter in the assessed intensity map have significant implications for loss assessments. Both the assessed and actual intensity maps generally exhibit elongated intensity contours parallel to the rupture plane, with the exception of nearly circular contours for intensity VI. Discrepancies exist in the major axis directions of the assessed and actual intensity maps, as well as in the locations of macroseismically and instrumentally derived epicenters in some cases. The assessed intensity maps not only assist decision-makers in organizing emergency rescue efforts and formulating recovery strategies but also serve as valuable resources for further seismic studies, including the exploration of empirical relationships between macroseismic intensities and epicentral distances (Sun et al., 2014; Vannucci et al., 2021). Therefore, improving the assessment of intensity direction is a challenging issue that requires attention and resolution.
The aftershock sequences following large shallow earthquakes, lasting several months and extending over dozens to hundreds of kilometers, can help determine the seismogenic fault and the major axis direction of the intensity map (Kisslinger and Jones, 1991; Cai et al., 2023). Studies have also found correlations between ground motions of the main shock and aftershocks, with overall motions influencing building destruction and macroseismic intensity distribution (Zhang et al., 2019; Li et al., 2022; Tesfamariam and Goda, 2022). Precise relocations of large earthquake sequences have been used to estimate fault geometry, rupture dimensions, and possible intensity distribution (e.g., Astiz et al., 2000; Henry and Das, 2001; Neo et al., 2020; Xu et al., 2020). In dip-slip earthquakes, aftershocks, highest shaking, and high intensities primarily occur in the hanging wall of the seismic fault, known as the hanging wall effect (Lekkas, 2010; Wang et al., 2010; Galli et al., 2017; Xu et al., 2020). Similarly, in strike-slip earthquakes, aftershocks are not symmetrically distributed along the fault but concentrate on one side (Astiz et al., 2000). Various methods have been proposed to study aftershock distribution, including linear distribution, two-dimensional Gaussian distribution, and directional distribution (Kagan, 2002; Matumoto and Latham, 1973; Xu et al., 2020). The trends in aftershock activity align closely with fault lines, and projecting aftershocks onto a vertical plane perpendicular to these trends aids in defining fault dips and lengths (Matumoto and Latham, 1973; Xu et al., 2020). Statistical analyses have indicated that the size of aftershock distribution primarily depends on the magnitude of the mainshock, rather than the focal mechanism (Kagan, 2002; Jiang et al., 2007), although fault width imposes certain limitations on dip-slip earthquakes (Henry and Das, 2001).
The main objective of this article is to investigate the relationships between macroseismic intensity maps and relocated aftershock sequences of large earthquakes in Chinese mainland over the past decade, particularly focusing on major axis directions and macroseismic epicenters. Furthermore, the study aims to discuss the implications of spatial aftershock distribution for intensity assessment. The findings of this research provide a method for promptly assessing the major axis direction and macroseismic epicenter of intensity maps, effectively guiding emergency rescue operations following large earthquakes.
DATA AND METHOD
Data selection
In the past 10 years, Chinese mainland has experienced more than 20 earthquakes with a magnitude MS ≥ 6.0. Among these, 18 cases exhibited a high occurrence of aftershocks, with over 40 aftershocks recorded within 2 h after the mainshock. This study focuses on analyzing the aftershock sequences of these 18 earthquakes, as shown in Table 1; Figure 1. The focal mechanisms were obtained from the Global Centroid Moment Tensor Project (GCMT) (Dziewonski et al., 1981; Ekström et al., 2012), except for the MS 6.0 Changning, Sichuan earthquake on 17 June 2019, which was taken from Xu et al. (2020). The intensity maps used in the study were obtained from field surveys conducted and released by the China Earthquake Administration, Ministry of Emergency Management of the People’s Republic of China (refer to Supplementary Table S1 for details). The magnitudes of the earthquakes analyzed ranged from MS 6.0 to 7.4 (moment magnitude MW 5.7–7.4, as provided by the global GCMT).
TABLE 1 | Parameters of studied earthquakes in Chinese mainland (2012–2021).
[image: Table 1][image: Figure 1]FIGURE 1 | Epicenters and focal mechanisms of the 18 studied earthquakes (2012–2021). The epicenter locations were from CENC and the focal mechanism solutions were from GCMT.
Xu et al. (2020) previously investigated the aftershock distributions for various time intervals following the mainshock (0.5 h, 1 h, 2 h, and 3 h, up to 24 h). The results of the 2-h aftershock distributions were found to be consistent with the majority of the earthquakes studied here. Considering the necessity of rapid seismic assessment and emergency guidance, the 2-h aftershock distribution was selected as the preferred measure for the highly affected area in this study. The number of aftershocks recorded by the China Earthquake Networks Center (CENC), China Earthquake Administration, ranged from approximately 40–200 during the 2-h interval. In the case of earthquakes with significant foreshocks, such as the MS 6.4 Yangbi, Yunnan earthquake on 21 May 2021, and the MS 6.4 Jiashi, Xinjiang earthquake on 19 January 2020, the foreshocks were also included in the analysis.
To accurately determine the locations of the aftershocks, the HypoDD method (Waldhauser and Ellsworth, 2000) was used to relocate the aftershocks based on the catalog data provided by the CENC. HypoDD accounts for lateral velocity inhomogeneity in the crust, but its effectiveness depends on the velocity structure near the source. Therefore, a subregional P-wave velocity model of the crust and upper mantle for each region near the epicenter was considered during the relocation process. The seismic phase data from stations within a range of 200 km–400 km from the epicenter were used for the calculation, depending on the density of local station coverage.
In the following, the definitions of some key parameters are provided.
1. Aftershock ellipse: This refers to the ellipse obtained by fitting the relocated aftershocks using the standard deviational ellipse fitting method.
2. Aftershock center: It represents the geometric center of the aftershock ellipse.
3. Aftershock direction: This term typically denotes the major axis direction of the aftershock ellipse, measured clockwise from the north. The estimated uncertainty is approximately 3%.
4. Aftershock length: It corresponds to the length of the major axis of the aftershock ellipse. The estimated uncertainty is approximately 3%.
5. Macroseismic epicenter: Generally, this refers to the geometric center of the meizoseismal zone, which is the area characterized by the highest intensity levels.
6. Intensity direction: This term denotes the major axis direction of the meizoseismal zone. The estimated uncertainty is approximately 3%.
7. Intensity length: It represents the straight distance between the two farthest points along the intensity contour (typically VIII). The estimated uncertainty is approximately 5%.
8. Difference in direction (°):This refers to the disparity between the aftershock direction and the intensity direction. Figure 2 illustrates an example measurement from the MS 6.4 Yangbi, Yunnan earthquake that occurred on 21 May 2021. φ1 and φ2 represent the intensity direction and the aftershock direction, respectively, while Δφ indicates the difference in direction. The estimated uncertainty is around 4%.
9. Difference in length (%): it refers to the relative difference between the aftershock length and the intensity length, i.e., [image: image], where Laftershock and Lintensity are the aftershock length and the intensity length, respectively, as shown in Figure 2, and LLarger is Laftershock or Lintensity, whichever is larger.
[image: Figure 2]FIGURE 2 | The measurement of a sample of the 21 May 2021 MS 6.4 Yangbi, Yunnan, earthquake.
Standard deviational ellipse
Our previous study (Xu et al., 2022) demonstrated the effectiveness of the standard deviational ellipse, also referred to as the directional distribution method, in obtaining an aftershock ellipse. This ellipse is characterized by its center, major and minor axes, and rotation angle (Mitchell, 2005).
The weighted geographic center was calculated as follows:
[image: image]
[image: image]
In the given equation, xi and yi denote the east-west and north-south coordinate values, respectively, of the ith aftershock. The fitting process involves a total of n aftershocks, with mi representing the magnitude of the ith aftershock, which is considered as the weighted value in the analysis.
The standard deviations of the major and minor axes of the ellipse were calculated as:
[image: image]
[image: image]
where θ was any angle between the x- and the y-axis. ([image: image])were the difference between the coordinates (xi, yi) of the ith aftershock and the weighted geographic center ([image: image]), which were calculated by [image: image]. During the calculation, the geographic coordinates were transformed using the Lambert projection.
The rotation angle θm of the ellipse represents a specific value, defined as the angle at which the y-axis of the ellipse rotates clockwise from the north, reaching the extreme value of standard deviation along its axis. Lefever (1926) derived Eqs 3, 4 to calculate the standard deviation with respect to θ.
[image: image]
The solution of the above formula was:
[image: image]
with 
[image: image]
and 
[image: image]
The values obtained from Eqs 3, 4, 6–8 can be used to draw the standard deviational ellipse, following the given relation.
[image: image]
where s represented for the confidence value, and a value of 95% was selected in present study.
RESULTS AND DISCUSSIONS
The 18 earthquakes analyzed in this study predominantly occurred in the North-South seismic belt and the Tianshan seismic belt within China. They were primarily concentrated in the Xinjiang Uygur Autonomous Region, Yunnan, Sichuan, and Qinghai provinces (Table 1). Yunnan experienced earthquakes solely caused by strike-slip faults, while Sichuan and Qinghai had an equal distribution of strike-slip and dip-slip faults. Other regions primarily consisted of dip-slip faults. Following the relocation process, the average standard errors in longitude, latitude, and vertical directions were reduced to dozens of or a few hundred meters. The average locating residuals were significantly reduced to no more than 0.8 s.
The contours of the aftershock areas exhibited similar shapes to the intensity maps, and all aftershock sequences showed concentrated distribution directions. Considering foreshocks in the analysis did not significantly affect the results, as the results were highly consistent with the analysis that excluded foreshocks. The aftershock lengths measured in this study were found to have minimal dependence on the earthquake’s focal mechanism (Supplementary Tables S2, S3), aligning with the findings of Kagan (2002) and Jiang et al. (2007). Table 2 presents the differences in directions for strike-slip earthquakes, and Table 3 displays the results for dip-slip earthquakes.
TABLE 2 | Parameters of aftershock zones and fault planes of strike-slip earthquakes.
[image: Table 2]TABLE 3 | Parameters of aftershock zones and fault planes of dip-slip earthquakes.
[image: Table 3]The variations in directions between the aftershock ellipses and the intensity maps ranged from 0° to 27°, with an average difference of approximately 9°. The differences in lengths between the aftershocks and the intensity maps ranged from 0% to 73%, with an average difference of approximately 25%. In most cases, the lengths of the aftershocks were comparable to intensity levels VIII or VII, except for the MS 6.6 Xinyuan, Xinjiang earthquake on 30 June 2012, and the MS 6.6 Minxian, Gansu earthquake on 22 July 2013. The 2-h results for the Xinyuan and Minxian aftershocks aligned with the aftershocks observed over a longer time frame, which were concentrated in small areas. Apart from these two cases, the differences between aftershock lengths and intensity lengths varied from 0% to 40%, with an average difference of approximately 20%. The discrepancy between the macroseismic epicenter and the aftershock center did not show significant improvement when compared to the difference between the instrumental and macroseismic epicenters.
Comparison of aftershock areas with intensity maps for strike-slip earthquakes
Figures 3A–I presents the results of the aftershock ellipses and macroseismic intensity maps for nine strike-slip earthquakes. It can be observed that most of the aftershock ellipses align with the VIII contours. Some discrepancies in the Figure 3 between aftershock position and isoseismal area could be due to differences in the number of inhabitants, especially for the earthquakes happened in the Xinjiang Uygur Autonomous Region (Figures 3A, F), since the macroseismic intensity maps obtained from field surveys were mainly based on the damage to the houses. The values for direction difference and length difference are provided in Table 2 and illustrated in Figure 4. The differences in directions are predominantly below 10°, with an average of 6°. It is worth noting that a direction difference of 30° is acceptable for quick assessment shortly after an earthquake. Consequently, the aftershock direction proves to be useful in assessing the intensity direction. Furthermore, there seems to be no significant relationship between the direction difference and length difference with the magnitude of the earthquake (Figure 4).
[image: Figure 3]FIGURE 3 | The comparison of aftershock ellipses and intensity maps for nine strike-slip earthquakes. (A). The Xinyuan, Xinjiang, earthquake. (B). Yingjiang, Yunnan, earthquake. (C). Ludian, Yunnan, earthquake. (D). Jinggu, Yunnan, earthquake. (E). Kangding, Sichuan, earthquake. (F). Aketao, Xinjiang, earthquake. (G). Jiuzhaigou, Sichuan, earthquake. (H). Yangbi, Yunnan, earthquake. (I). Maduo, Qinghai, earthquake. 
[image: Figure 4]FIGURE 4 | The distribution of direction difference and length difference with magnitude for nine strike-slip earthquakes.
For most of the studied earthquakes, the maximum intensity reached VIII, with a few cases reaching IX, and the MS 7.4 Maduo, Qinghai earthquake on 22 May 2021, reaching X. Additionally, there was an anomaly of intensity IX in the southeast region of the meizoseismal zone of the Maduo earthquake (Figure 5). The majority of the relocated locations within the 2-h timeframe were situated within the epicentral zones, which are approximately 60 km wide (Figure 5A). However, there were two distinct clusters in the distribution of the 24-h aftershocks (Figure 5B). This 24-h aftershock distribution precisely corresponds to the intensity map. Although with fewer aftershocks, the direction of the aftershocks within a 2-h period aligns with that observed over 24 h. The aftershock length within 2 h (131.4 km) matches the combined lengths of the VIII and IX anomaly (126.0 km, see Supplementary Table SA2), with a difference of 4%.
[image: Figure 5]FIGURE 5 | The aftershocks within 2 h (A) and 24 h (B) of the 22 May 2021 MS 7.4 Maduo, Qinghai, earthquake.
The maximum difference in direction is 20°, observed in the MS 6.5 Ludian, Yunnan earthquake on 3 August 2014. The relocated aftershock distribution of this earthquake displays a primary direction of NW and a secondary direction of approximately EW (Figures 3C, 6), which is not uncommon for strike-slip earthquakes. When the aftershocks in the secondary direction were excluded from the fitting data, a new aftershock ellipse was obtained (Figure 6). The difference between the new aftershock direction and the VIII direction was reduced to 7°. Based on this, it is suggested to obtain the aftershock ellipse by excluding the aftershocks in the minor direction and considering the aftershock direction as the assessed intensity direction. Additionally, both the original and refitted aftershock lengths of the Ludian earthquake show perfect agreement with the length of intensity VIII.
[image: Figure 6]FIGURE 6 | The aftershock distribution of the 3 August 2014 MS 6.5 Ludian, Yunnan, earthquake.
Table 2 reveals that the strikes of the two fault planes for strike-slip earthquakes exhibit a difference of nearly 90° or 270°. Xu et al. (2022) highlighted that one of the fault plane strikes from the focal mechanism was notably consistent with the intensity direction in over 83% of earthquakes in Chinese mainland. Therefore, the seismogenic fault can be determined based on the relocated aftershock direction. For example, the fault plane parameters for the Maduo earthquake were 13°/84°/-177° (fault plane I) and 283°/87°/-6° (fault plane II), respectively. The measurement of the aftershock direction resulted in a value of 103°, aligning with 283° in a straight line (Supplementary Table S2). Hence, fault plane II with a strike of 283° was identified as the seismogenic fault.
Comparison of aftershock areas with intensity maps for dip-slip earthquakes
All the dip-slip earthquakes examined in this study were attributed to thrust faults. Comparing the aftershock ellipses with the intensity maps (Figures 7A–I), it is evident that the aftershock directions align well with the intensity directions, with an average difference of 11°. Similar to the findings for the strike-slip earthquakes, it can be concluded that the aftershock direction is valuable for assessing the intensity direction during rapid assessments.
[image: Figure 7]FIGURE 7 | The comparison of aftershock ellipses and intensity maps for nine dip-slip earthquakes. For the Pishan and the Hutubi earthquakes, AA’ indicates the aftershock direction, while BB’ and CC’ directions are perpendicular to the aftershock direction. (A). The Lushan, Sichuan, earthquake. (B). Minxian, Gansu, earthquake. (C). Pishan, Xinjiang, earthquake. (D). Menyuan, Qinghai, earthquake. (E). Hutubi, Xinjiang, earthquake. (F). Jinghe, Xinjiang, earthquake. (G). Milin, Xizang, earthquake. (H). Changning, Sichuan, earthquake. (I). Jiashi, Xinjiang, earthquake.
As depicted in Figure 7, the lengths of the aftershocks generally correspond to the intensity lengths, except for the Minxian earthquake (Figure 7B), where the aftershock distribution was highly concentrated in a small area. In most cases, the lengths associated with intensity VIII are recommended for comparison with the aftershock lengths. However, intensity VII is preferred for the Milin earthquake (Figure 7G) and the Changning earthquake (Figure 7H). This discrepancy can be attributed, in part, to the uninhabited VIII zone in the former case, which was only one-seventh the size of the Ⅶ area, while the latter earthquake had a relatively shallow focal depth, resulting in an VIII area of only 84 km2 (Xu et al., 2020). It is understandable that the highly affected intensities in these two earthquakes are 1 unit lower than the others. The majority of the length differences between the aftershocks and the intensities (VII for the Milin and Changning earthquakes, and VIII for the others) are within 30%, except for the Minxian earthquake. Hence, the aftershock length serves as a reference for assessing the intensity length.
The direction differences for the Hutubi earthquake (Figure 7E) and the Jinghe earthquake (Figure 7F) are not as favorable as the others, with direction differences of 27° and 26°, respectively (Table 3). The 24-h aftershocks for these two earthquakes were also analyzed, and the results are illustrated in Figure 8. The 24-h results for the Hutubi earthquake align better with the VIII direction, reducing the difference to 12° (Figure 8A). It is presumed that the earlier aftershocks occurred on a secondary fault, while the later aftershocks occurred on the main fault. Therefore, a dynamic correction of the intensity direction based on aftershocks during different time periods is suggested for earthquakes with complex seismogenic causes, such as the Hutubi earthquake.
[image: Figure 8]FIGURE 8 | (A) The aftershocks within 2 and 24 h of the Hutubi earthquake. (B) The aftershocks within 24 h and the field survey locations and intensity values of the Jinghe earthquake.
Figure 8B illustrates that the 24-h aftershock direction of the Jinghe earthquake generally aligns with the 2-h result, with a difference consistently above 20°. It is apparent that the southern part of the VIII contour had a lack of survey locations due to its high altitude. Therefore, the major axis direction of the VIII contour was inferred based on topography and geological structure during the field survey. However, from a seismological perspective, it is more appropriate to infer the major axis direction based on the aftershock direction. This suggests the importance of considering the aftershock distribution along with other factors during seismic intensity surveys.
There exists a certain disparity between the macroseismic epicenter and the aftershock center, partly attributed to the presence of dip and the rupture mode (unilateral for the Changning earthquake and asymmetric bilateral rupturing for the Lushan earthquake). In the case of dip-slip earthquakes, the aftershocks and high intensities predominantly occur on one side of the seismic faults (Figure 7), and the distance between the aftershock center and the macroseismic epicenter increases as the dip decreases (Figure 9). A power function fitting yields D = 316.2 × r−1.0, where r represents the dip. This indicates that the aftershock center and the macroseismic epicenter become closer as the dip angle increases. However, further study is required to refine the fitting using additional earthquake parameters.
[image: Figure 9]FIGURE 9 | The distribution of the distance between the aftershock center and the macroseismic epicenter with dip.
The strikes of the two fault planes for the nine thrust faults exhibit differences ranging from 110° to 200°, as shown in Table 3. In cases where the strike difference is approximately 180°, it is nearly impossible to determine the seismogenic fault based solely on the epicenter distribution of aftershocks. For earthquakes with two distinct dip angles, such as the Hutubi (Figure 7E) and Pishan (Figure 7C) earthquakes, the spatial distributions of aftershocks were taken into consideration, as presented in Figure 10. The projection lines are marked in Figure 7.
[image: Figure 10]FIGURE 10 | The projections of the hypocenters onto vertical planes along and perpendicular to the aftershock directions for the Hutubi earthquake (A–C) and the Pishan earthquake (D–F). The projection width for each case depended on the distribution area of the aftershocks.
Figure 10 demonstrates the vertical plane projections of the hypocenters, revealing a steep slope for the Hutubi earthquake (Figures 10A–C) and a gentle slope for the Pishan earthquake (Figures 10D–F). Consequently, the assumed seismogenic fault parameters for the Hutubi earthquake were 272°/68°/92°, while for the Pishan earthquake, they were 109°/22°/85° (Table 3). According to the definition of the focal mechanism solution, the dip is on the right-hand side along the strike, confirming the presence of hanging wall and footwall for these two earthquakes. Taking the hanging wall effect into consideration, an estimation of the approximate location of the macroseismic epicenter can be made by shifting the aftershock center to the hanging wall. The extent of this shift requires further research to refine the relationship between the difference in location and the dip (Figure 9).
In summary, the intensity direction, VIII length, and the location of the macroseismic epicenter are approximately determined based on the findings discussed above, providing a foundation for rapid intensity assessment. These conclusions reaffirm the importance of considering aftershocks in rapid assessment and emergency response efforts following large earthquakes.
CONCLUSION
This study focuses on 18 aftershock-rich earthquakes (MS ≥ 6.0) that occurred in Chinese mainland over the past decade. The relocation of aftershock hypocenters was carried out using the hypoDD method, while the standard deviational ellipse was employed to determine the aftershock ellipses. The key conclusions derived from this analysis are as follows.
(1) The aftershock directions and lengths generally align with the intensity maps. The average difference in direction is approximately 9° for all 18 earthquakes, and the average length difference is around 20% for 16 earthquakes, excluding the Xinyuan and Minxian earthquakes, where the aftershocks were concentrated in small areas. Discrepancies between the aftershock positions and the isoseismal areas could be attributed to variations in population density. Consequently, the 2-h aftershock distribution provides valuable information for determining the direction and VIII length of the assessed intensity map.
(2) Aftershock distribution aids in identifying the seismogenic fault. For earthquakes primarily associated with strike-slip faults, the two strikes provided by the focal mechanism solution typically differ by approximately 90° or 270°. The nodal plane with a strike close to the aftershock direction is inferred to be the seismogenic fault plane. In the case of the Ludian earthquake, the aftershocks exhibit one major direction and one minor direction. It is suggested to exclude the aftershocks in the minor direction when constructing the aftershock ellipse, and the resulting aftershock direction can be considered as the assessed intensity direction.
(3) In earthquakes predominantly related to thrust faults where the two strikes provided by the focal mechanism solution differ by approximately 180°, determining the seismogenic fault based solely on the epicenter distribution of aftershocks is insufficient. Therefore, the aftershocks were projected onto vertical planes along and perpendicular to the aftershock direction. For earthquakes exhibiting distinct dip angles, this projection enables the determination of the dip and differentiation between the seismogenic fault and the auxiliary plane. Moreover, the distance between the aftershock center and the macroseismic epicenter increases as the dip decreases. A preliminary fitting suggests a relationship of D = 316.2 × r−1.0, where r represents the dip. Further optimization of this fitting is needed to enhance accuracy. The approximate location of the macroseismic epicenter can be estimated by shifting the aftershock center to the hanging wall using a refined fitting relation.
(4) In some cases, the 2-h aftershocks occurred on a secondary fault, while subsequent long-term aftershocks occurred on the main fault, as observed in the Hutubi earthquake. To improve the assessment of the intensity map, a dynamic correction of the intensity direction based on aftershocks during different periods is suggested. Additionally, uneven distribution of survey locations around the epicenter due to topographical factors, such as in the Jinghe earthquake, calls for inferring the major axis direction of the intensity map based on the aftershock direction from a seismological standpoint.
To summarize, China is prone to seismic activity, and it is highly probable that large earthquakes will impact Chinese mainland in the future. The findings of this study have important implications for the rapid assessment of intensity maps following such events. It is important to highlight the significant advancements made in instrumental intensity determination and earthquake early warning systems in recent years within Chinese mainland. These advancements enable quick assessments of seismic hazards. Therefore, one of the key challenges in the field of macroseismology in Chinese mainland is to establish the relationship between traditional intensity maps and instrumental intensity values. Further research is necessary to comprehensively evaluate the intensity distribution of large earthquakes in a comprehensive manner.
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#The focal mechanism solutions were from GCMT, except for the Changning earthquake, which was from Xu et al. (2020).
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1 06/30/2012 Xinyuan, Xinjiang 66 63 strike with slight thrust 7 Vit
7] 04/20/2013 Lushan, Sichuan 70 66 dip-slip 13 X
3 07/22/2013 Minxian, Gansu 66 60 thrust with minor strike 20 Vit
4 05/30/2014 Yingjiang, Yunnan 61 59 strike-slip 12 Vi
5 08/03/2014 Ludian, Yunnan 65 62 strike-slip 10 X
6 10/07/2014 Jinggu, Yunnan 66 61 strike-slip 10 Vit
7 111222014 Kangding, Sichuan 63 61 strike-slip 20 Vit
D 07/03/2015 Pishan, Xinjiang 65 64 dip-slip 10 Vit
9 01/21/2016 Menyuan, Qinghai 64 59 dip-slip 10 Vit
10 11/25/2016 Aketao, Xinjiang l67 66 strike-slip 10 Vit
1 | p2/os2016 | Hubi, Xinjiang 62 60 dip-slip 17 Vit
12 08/08/2017 Jiuzhaigou, Sichuan 70 65 strike with thrust 20 X
13 08/09/2017 Jinghe, Xinjiang 66 63 thrust with slight strike 10 Vi
s 11/18/2017 Milin, Xizang 69 65 dip-slip 10 Vit
15 06/17/2019 | Changning, Sichuan 60 57 [ dip-slip 16 Vi
16 01/19/2020 | 64 60 thrust with slight strike 10 Vit
17 ospinon | Yangbi, Yunnan |64 61 | strike-slip 10 Vit
18 05/22/2021 Maduo, Qinghai 74 74 strike-slip 17 %

# The Mg and depth values were from CENC, the My, values were from GCMT, and the I,... values were from official websites (see Supplementary Table S1 for details).
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