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Huoshan “seismic window” is located in the northern margin of the Dabie Orogen belt, the contact zone between North China and the Yangtze plate, where the seismic activity is mainly concentrated in this area. Small earthquake swarms in this region often appear before significant moderate-strong earthquakes in East China. To reveal the fine structures of several faults and discuss their correlation with the seismic activity, a seismic array composed of 136 sets of short period seismometers was deployed in the Huoshan region and its surrounding areas. Ambient noise data were recorded for 1 month, and a 3-D velocity structure model of the upper crust was constructed. The results show that with the Meishan-Longhekou and Qingshan-Xiaotian faults as the boundary, the Dabie Mountain, Hefei Basin, North Dabie and North Huaiyang show exhibit obvious high and low velocity variation characteristics. The shallow crust along the NW-trending, normal Qingshan-Xiaotian fault, presents a high velocity zonal distribution, which is related to the large number of magmatic and metamorphic rocks exposed under the strong metamorphic power in this region. The NE-trending Tudiling-Luoerling fault comprised three groups of parallel and nearly vertical en echelon secondary faults in the upper crust, which control most of the seismic activities. A relatively low velocity anomaly is observed in the seismic concentrated occurrence layer near the intersection of the fault. It suggests that this area inherits the property of the low velocity detachment zone of the middle crust in the wing of the Dabie Mountain dome structure, and a relatively broken weak structural zone form near the intersection of the fault, which leads to the release of small strain accumulation, thus enriching small earthquake activities. The focal depth of earthquakes above ML3 mainly distribute along the Tudiling-Luoerling fault plane, which is indicated this fault is the main seismogenic fault of greater seismicity in Huoshan “seismic window”. This study provides an important model basis for reliable earthquake location, focal mechanism and the determination of possible earthquake risk sites, and provides a reference for the further study of small earthquake activity mechanism of other “seismic windows” in China.
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1 INTRODUCTION
There are some regions in mainland China where small and medium-sized earthquakes are very active, and the frequency of their seismic activity over time is indicative of moderate-to-strong earthquakes in the corresponding regions, so they are called “seismic windows”. For many years, the statistical characteristics of the seismic activity of “seismic windows” have become one of the main indicators for the assessment of seismic hazard (routine work) in mainland China. However, the seismogenic mechanism, subsurface tectonic characteristics and velocity structure of the “seismic window” have not been studied in depth, and the physical significance of the seismic activity of the “seismic window” cannot be deeply understood. The Huoshan area studied in this paper is such a “seismic window".
The Huoshan area is located in the northeastern margin of the Dabie Mountains and is adjacent to the Tanlu Fault Zone in the east. It is the most concentrated and active area of seismic activity in the Dabie Mountains and surrounding areas. Many groups of crisscross faults exist in the area, the most important of which are the NE-trending Tudiling-Luoerling fault (TLF) and the NW-trending Qingshan-Xiaotian fault (QXF; Figure 1) Small earthquakes (below ML3) have been very active in the modern era (since 1970) since instrumental records were available and have repeatedly shown near-periodic small-earthquake swarm activity before the occurrence of medium-strong earthquakes in East China (l_1). It is suggested that the eastward extrusion of crustal materials caused by the convergence of tectonic plates, with the consequence of strong seismic activity in western China. The driving force of the crustal extrusion also can be transmitted to eastern China along the Qinling-Dabie orogenic belt As a result, in the Huoshan area where is the intersection of multiple groups of faults, small eartthquke swarms are active, and small earthquakes swarms are active before the occurrences of some moderate-strong earthquakes in eastern China (Hong et al., 2013; Miao et al., 2014). In earthquake prediction research (Routine work in China Earthquake Administration), the cumulative frequency of Huoshan “seismic window” earthquake activity with ML1.0 or above in 3 months has reached more than 40, which is often used as an index for earthquake prediction within a certain range.
[image: Figure 1]FIGURE 1 | Topography (A) and Geological structure (B) of Dabie orogenic belt and its adjacent areas (MLF:Meishan-Longhekou Fault; QXF:Qingshan-Xiaotian Fault; TLF:Tudiling-Luoerling Fault).
In addition to the active concentration of small earthquakes, the spatial characteristics of historical earthquakes of magnitude 5 or higher in the region are also obvious, mostly spreading along the Tudiling-Luoerling fault, with the maximum magnitude of 6.25 in 1917. However, there are few earthquakes with the magnitude above 5 in the concentrated area of small earthquakes. A remarkable characteristic of seismic activity is that the spatial distribution of historically strong earthquakes is quite different from that of modern small earthquakes, which is closely related to the characteristics and control of the regional fault structure. Therefore, in-depth research on the seismotectonic characteristics of the Huoshan “seismic window” and the correlation with seismic activity is important for understanding the causes of small earthquake swarms and the mechanism of fault inception and earthquake risk prediction in the Dabie orogenic belt.
Geological researches show that the Tudiling-Luoerling fault has been an active fault since the early Late Pleistocene in the Dabie area (Yao et al., 2003; Shu et al., 2018), with a tectonic background of strong earthquake activity. However, because the historical earthquakes are only written records, there is no evidence of surface rupture even for the 6.25 strong earthquake in 1917. Therefore, the research on the seismogenic structure of the fault is insufficient. An Ms4.3 earthquake struck the Huoshan area in 2014, with the epicenter close to the southern side of the Qingshan-Xiaotian fault. This is the largest earthquake in the region in the past 50 years. The focal mechanism solution results show that the earthquake occurred due to a typical right-lateral strike-slip movement of the tectonic plates, which is related to the horizontal compression in the east-west direction and the horizontal tension in the north-south direction in the Huoshan area (Liu et al., 2015). However, the two nodal results of the focal mechanism solution cannot determine which fault is the main seismogenic structure. Cui et al. (2020) believed that the seismogenic fault of the earthquake was the Tudiling-Luoerling fault through the electrical structure, but the resolution of the Qingshan-Xiaotian fault was not sufficient. Xu et al. (2022) used the regional stress field to simulate and calculate three NE-trending seismic sections and suggested that the main earthquake-controlling fault in the region is the NE-trending Tuling-Luoerling fault. However, detailed fine structural differences between the two faults in the Huoshan area and their relation with seismic activity require more geophysical observation evidence.
Seismotectonic characteristics affect the preparation and occurrence of earthquakes. Therefore, the fine geometric shape of faults needs to be studied to provide an important modeling basis for accurate localization of regional earthquakes, research on seismogenic mechanisms, and determination of earthquake hazard locations. The main body of small and medium earthquakes is concentrated in the intersection of the two faults, and the focal depth is mostly shallow than 10 km. Therefore, the study of the fine velocity structure of the upper crust can provide a reference for the seismogenic mechanism in this area.
Previous studies have obtained the high-resolution structural model of the Chinese mainland by the joint inversion of seismic body waves and surface waves (Xin et al., 2019; Han et al., 2022) and of the region around the Dabie Mountains (Luo et al., 2013; Ye, et al., 2015; Xiong et al., 2019), providing important deep velocity structure information for determining the tectonic evolution dynamics of the Dabie orogenic belt. Early studies of several artificial seismic deep reflection profiles and other geophysical data have also systematically revealed the dynamic characteristics of the crust-mantle structure and the deep tectonic evolution beneath the Dabie Mountains (Dong, 1999; Dong et al., 2005; Zhang et al., 2000; Yang, 2003; Xu et al., 2000; Xiao et al., 2007; Liu et al., 2003; Yuan et al., 2003). However, for studying the small-scale structure of the Huoshan seismic zone in the northern margin of the Dabie Mountain, data on the fine structure characteristics of multiple sets of faults are still lacking, especially on the seismogenic environment associated with seismic activity. In terms of the detection method of the regional fine velocity structure, currently, through dense array observation, a fault-scale fine model of fault scale can be constructed. Consequently, the lateral resolution of inversion can reach the order of several kilometers or even hundreds of meters (Yao, 2020), which provides more constraints for the fine structure of the upper crust seismogenic layer and reveals the control effect of the regional faults on seismic activity.
To elucidate the structural characteristics of the possible seismogenic layer beneath the two main faults in Huoshan area and study its tectonic correlation with seismic activity, this study uses the ambient noise data recorded by a dense array of 136 short-period seismometers in the Huoshan area to construct a high-resolution velocity structure of the upper crust at the depths of 1–7.5 km, improving the resolution accuracy of the seismic concentration area. Furthermore, combined with the results of the small earthquake relocation, the seismogenic structure and seismogenic environment in the deep crust beneath the Huoshan “seismic window” are discussed.
2 DATA AND METHODS
2.1 Data processing and dispersion measurements
The data used in our study comprise continuous data records of the vertical component of ambient noise collected from 26 April 2021 to 6 June 2021 by 136 short-period temporary seismometers deployed around Huoshan and the adjacent areas (Figure 2). The data were classified into daily records and then subjected to various forms of data processing, which aims to improve the signal-to-noise ratio (SNR) or suppress strong instantaneous signals. The entire date processing process can be found in Bensen et al. (2007). The daily data of each station were decimated and re-sampled at 20 Hz before detrending and demeaning. Then, to eliminate the influences of fixed noise sources, the data were segmented into multiple time series in three connecting period bands (0.5–2, 2–5, 5–10 s) and temporal normalization was performed for each band. The different period bands were finally stacked to afford normalized daily broadband (0.5–10 s) waveforms for the daily station-pair cross-correlation. Finally, the noise cross-correlation functions (NCFs) were obtained from 9180 station pairs, and EGFs were computed from the NCFs (NCFs between station 136 and others shown in Figure 3A).
[image: Figure 2]FIGURE 2 | Distribution of short period temporary stations and main faults in the Huoshan area and its adjacent areas (Red dots and circles represent earthquakes (ML0 above)after 1970s by instrumental records; yellow circles are the earthquakes have been occurred before 1970s. The white lines AA’ to FF’ are the Vs. profiles in Figure 9; the lines XX’ is the vertical profile in Figure 6).
[image: Figure 3]FIGURE 3 | (A) The plot of cross-correlation functions of station HS136 with the period-band of 0.5–10 s (orange lines represent the average velocity with 2.6 km/s) (B) All phase velocity dispersion curves from 0.8 to 4.6 s obtained after quality control. The blue line shows the mean Rayleigh wave phase velocity; two red lines give the lower and upper boundaries of ±2.5 times the standard deviation.
The image transforms analysis technique of Yao et al. (2006,2011) was employed to extract the fundamental mode Rayleigh wave group and phase velocity dispersion curves from the EGF of every station pair. About 4244 phase dispersion curves were selected following several quality control criteria: 1) The SNR>4; 2) deviation greater than 2.5; and 3) small differences on similar paths. Subsequently, 4242 reliable phase dispersion curves were finally selected for direct inversion for this study. Figure 3B shows that the phase velocity varies significantly from 2.2 km/s to 3.2 km/s in the period band of 0.6–2 s, revealing the strong lateral heterogeneity of the shallow crust. Due to the small changes of dispersion in the long period, the short period instrument may have poor sensitivity. Thus, reliable phase velocity dispersion curves with a period of 0.8–4.6 s were selected for the direct inversion for the high-resolution three-dimensional (3D) tomography (Figure 3B).
2.2 Inversion method for 3-D vs. structure
In this study, the direct surface wave tomography method (DSurfTomo) of Fang et al. (2015) was employed to obtain a fine 3-D shear wave velocity model of the upper crust in the Huoshan area and adjacent areas. Considering the influence of bending rays of complex medium paths with smaller scales in the Huoshan area, the inversion problem was solved using the ray fast tracing method (Paige and Saunders, 1982; Rawlinson and Sambridge, 2005). This method skips the intermediate step of computing two-dimensional phase velocity maps that are based on the assumption of a great circle distance between the stations.
The average one-dimensional shear velocity model was fabricated from all the dispersion data from the depths of 0–5 km, and Luo’s crustal velocity model (Luo et al., 2019) from the dispersion data from the depths of 5–15 km was constructed as an initial velocity model. A 0.04°×0.04°grid interval in the horizontal directions was employed, yielding 16×13 and 11 depth grid points. The depth grid intervals were kept constant at 0.5 km from the surface to 2 km and increased to 1 km and 2.5 km at the depthsof 2–5 km and 5–15 km, respectively. The checkboard test was used to access the model resolution in 3D. First, a synthetic model was generated, producing positive and negative checkerboard anomalies with a size of 0.08°×0.08°. Second, 2% Gaussian random noise was considered for the synthetic travel time data and inverted using exactly the same parameters and the number of iterations as those used for the inversion of the real data. After five iterations, the inversion results tended to stabilize, and the RMS decreased from 0.48 to 0.192 (Supplementary Figure S1). We rely on the Rayleigh wave depth sensitivity kernels of the periods from 0.8 to 4.6 s to constrain the reliable depth range for our results. Such depth sensitivity information is often obtained from the 1-D depth sensitivity kernels for Rayleigh waves. The kernels for some periods (0.6 s,1.6 s,3.4 s, 4.6 s) (Figure 4) show that the depth sensitivity increasing with increasing periods. The shallow part of the uppermost crust (<2 km) is constrained by the 0.8 s period, while the 4.6 s period is mainly sensitive to the lower brittle part of the upper crust (5–8 km). The sensitivity kernels reveal that our dataset is capable of resolving features in upper crust in this study.
[image: Figure 4]FIGURE 4 | 1-D depth sensitivity kernels to Vs. for the Rayleigh wave fundamental phase velocity at different periods using the average velocity.
The results are shown as horizontal slices in Figure 5 and vertical slices (herein, only the vertical profile (shown in Figure 2 X-X’) for the latitude equals to 31.4°was tested in Figure 6. The velocity anomalies are well resolved by the dense crisscrossing ray paths (Figure 7) in the depth range of 1–7.5 km.
[image: Figure 5]FIGURE 5 | Theoretical results of Checkerboard test in horizontal slices (A, C, E): Real model; (B, D, F): Inverted model.
[image: Figure 6]FIGURE 6 | Theoretical results of checkerboard test in vertical slices XX’ (shown in Figure 2; (A): Real model; (B): Inverted model.
[image: Figure 7]FIGURE 7 | Distribution of the ray-path covered in Huoshan and adjacent area (T = 1,2,3,4,5,7 s). Red dots and circles represent the relocated earthquakes have been occurred during 2010–2022 and yellow circles are the same shown in Figure 2.
3 RESULTS
Figure 8 displays the shear wave velocities at different depths (1–7.5 km) in the Huoshan earthquake area and adjacent areas (31–31.7°N, 115.8–116.5°E). Slices with different depths reveal the obvious high and low velocity conversions of the Dabie Mountains and Hefei Basin. The velocity structures relatively correspond to the geological and geomorphic characteristics of known tectonic units, which is consistent with the large-scale results of the region obtained by Luo et al. (2019). However, the results of this study depict more detailed information of multiple groups of faults. The details are as follows:
[image: Figure 8]FIGURE 8 | Slices of shear wave velocity at the depths of 1–7.5 km (Red dot represents the re-locations of earthquakes below magnitude 3).
3.1 The NW-trending high velocity anomaly on the northern edge of the Dabie mountains
The northern edge of the Dabie Mountains has a high velocity anomaly in the shallow crust (Figure 8A, B), and has a relatively obvious zonal distribution along the NW direction, which is consistent with the trend of the Meishan-Longhekou and Qingshan-Xiaotian faults in this area, indicating the structural characteristics of the northern border fault of the Dabie Mountains. This figure shows that the NW-trending fractures have a certain control over the linear distribution of several high-velocity anomaly bodies. The value in the high velocity region is more than 3.6 km/s near the surface, which is similar to the velocity value obtained by Luo et al. (2012, 2013) in the shallow crust. The Qingshan-Xiaotian fault is the northern boundary of the North Dabie with complex rocks (Wang et al., 2009), and weak Quaternary development. The Yuexi-Yingshan area to the south is a concentrated zoneof high/ultrahigh pressure metamorphic rocks (Xiao et al., 2007). The North Dabie comprises complex metamorphic rocks and abundant Yanshanian granites (Jiang et al., 2000). Strong magnetic intrusive rocks and pyroclastic sedimentary rock series are developed on the surface of the North Huaiyang (Du and Zhang, 1999; Liu et al., 2010; Wang et al., 2012), which is consistent with the high anomaly features near the faults in this area. From the surface to 2 km depth, the NW-trending high velocity is more prominent in the shallow crust, which is consistent with the geomorphic features (Zhao et al., 2018) of the broken rock mass exposed along the Qingshan-Xiaotian fault, as well as the shallow metamorphic rocks of the Foziling Group in the Huoshan area (Liu Y C et al., 2013; Wang Y S et al., 2020). At the depth of 5 km, the NE direction is also characterized by high velocity zonation, which is related to the possible existence of high velocity rock mass in the upper crust near the Tudiling-Luoerling fault.
3.2 Low velocity anomaly and seismicity distribution at the intersection of different faults
At the depth of 5–7 km, the intersection of Tudiling-Luoerling and Qingshan-Xiaotian faults presents a relatively low velocity anomaly, and it is concentrated with medium and small earthquakes. The earthquake relocation results (TomoDD, Zhang and Thurber, 2003) show that small earthquakes in the Huoshan area exhibit obvious NE and NW banded distribution (Figures 8A, F). The dominant depth after positioning is mainly 5–10 km, which is basically located in the low velocity area. The NE-trending strip has a high degree of seismic concentration, and its strike is similar to that of the Tudiling-Luoerling fault. The NW-trending strip is along the strike direction of the Qingshan-Xiaotian fault and perpendicular to the Tudiling-Luoerling fault. The figure shows that the two fractures in different directions play an important role in controlling the spatial distribution of earthquakes in the Huoshan area. The relatively broken faults near the intersection area form a tectonic weak zone and extend to the surface, which is consistent with the concentrated small earthquakes.
4 DISCUSSION
4.1 Deep characteristics of main faults on the northern edge of Dabie orogenic belt
Many groups of NW trending faults are present on the northern edge of the Dabie orogenic belt, which intersect with NE-trending faults and form complex structure features on the surface. The NW-trending faults mainly include the Meishan-Longhekou, Jinzhai-Shucheng, and Qingshan-Xiaotian faults, which are mainly exposed to the surface, and their active age is probably in the early Middle Pleistocene (Zhao et al., 2018). The NE-trending Tudiling-Luoerling fault is a relatively new active fault, and the latest active time is from Pleistocene to early Late Pleistocene (Shu et al., 2018). Figure 9 displays the six vertical profiles along NW and NE directions in the study area, revealing that the crustal velocity structure on the northern edge of the Dabie orogenic belt is closely related to the fault properties.
[image: Figure 9]FIGURE 9 | Shear wave velocity structure in different vertical profile (A–F) shown in Figure 2 (The red and blue circles are the small earthquakes of ML0-1.9, 1.9–2.9, respectively; the green dots represent earthquakes above ML3. The black star represents the 2014 Huoshan M4.3 earthquake. Black dashed lines represent the inferred fault under the surface).
4.1.1 Qingshan-xiaotian fault
The three vertical velocity profiles of AA’, BB’ and CC’ (Figures 9A–C) along the Dabie orogenic belt from the south to north exhibit obvious boundary characteristics of high and low velocity anomalies at the junction of the mountain and basin. The AA’ and BB’ profile reveal that the large velocity variation in the shallow crust corresponds to the location of the Qingshan-Xiaotian and Meishan-Longhekou faults. The most significant velocity contrast is argubaly observed beneath the Meishan-Longhekou faultand Meishan-Longhekou fault is also known as Jinzhai-Shucheng fault in some geological researches. It is considered that the extensional structure of the Qingshan-Xiaotian fault and the thrust nappe structure with the Jinzhai-Shucheng fault as the front edge have the same shear direction, which is part of the extensional structure during the exhumation of the ultrahigh-pressure metamorphic rocks in the Dabie Mountains (Jiang et al., 2003). This fault separated the Hefei Basin and Dabie mountains (Figure 8, and Figures 9A, C, E), and delineates nicely the northern boundary of the seismogenic zone in Figure 2.
The Qingshan-Xiaotian fault has an anti “S” shape, and the velocity map shows that different sections exhibit different tendencies (Figures 9A, B). The AA’ profile shows that the northwest section of the fault under the surface dips toward the northeast and that the high velocity anomaly on both sides is discontinuous (black dash line in Figure 9A). The BB’ profile shows that the middle section of the fault tends to be nearly vertical and that the velocity structure on both sides has a slight gradient difference (Figure 9B). The electrical structure of the Dabie orogenic belt shows that (Xiao et al., 2007), under the north inclined and normal Qingshan–Xiaotian fault (Xiang et al., 2008), a relatively high resistivity and conductivity change occurs in the middle and upper crust, which is a boundary fault separating the North Dabie and North Huaiyang massifs. This has been verified by other geophysical integrated explorations (Liu et al., 2003; Yang, 2003; Zhang et al., 2012). Significant velocity variation beneath the north edge of Dabie mountain in this study confirm that the Qingshan–Xiaotian fault and Meishan-Longhekou fault dislocated different strata in the upper crust of the Huoshan area.
According to the research on deep structural characteristics, due to the subduction and collision between the Yangtze plate and North China plate, and due to the strong compression deformation environment in the orogenic process, the dislocation of the Moho under the Qingshan-Xiaotian fault has reached 4.5 km (Wang et al., 1997; Liu et al., 2003). The suture zone between the Yangtze plate and the North China plate may be located below this fault (Yang, 2003; Yuan et al., 2003; Xu et al., 2008). Although the surface location of the suture zone cannot be determined from the shallow crustal structure, the AA ‘and BB’ profiles still reveal that the Qingshan–Xiaotian fault presents a high shear wave velocity, especially at a depth of 6–8 km where the value is as high as 3.8 km/sThe high velocity structure from the deep suture zone may be related to the upwelling of the upper mantle magma, the remelting of the crustal material, and the local intrusion, occurring during the collision of the two large blocks of the Yangtze and North China.
4.1.2 Tudiling-luoerling fault
Figures 9D–F reveals relatively obvious high and low velocity changes, showing that the dip angle of the Tudiling-Luoerling fault is nearly vertical. The DD ' (Figure 9D) and EE' (Figure 9E) profiles show that the velocity of different sections has significantly changed. The DD’ profile reveals that the northeastern segment of the Tudiling-Luoerling fault gradually hides in the Hefei basin at a depth of about 4 km. The EE’ profile shows that an obvious low velocity area exists in the fault intersection area, extending to a depth of about 8 km. Projection of the relocated earthquakes on to the velocity profile shows that there are three groups of very close parallel faults existing near the high and low velocity gradient zone (Figure 9E) and that the seismic concentration of the middle fault is the highest. It is indicated that Tudiling-Luoerling faults is composed of multiple secondary faults in th shallow crust. Xu et al. (2022) used the regional stress field to simulate and calculate the sliding properties of three NE-trending seismic sections in the Huoshan area, which is consistent with the trend of the Tudiling–Luoerling fault andmatches the results of this study. In the late period of the Dabie orogen, a series of extensional faults formed in the Dabie Mountains due to the extensional action in the NS direction (Ma et al., 2003). The NE-trending Tudiling–Luoerling fault inherited the tectonic weak zone of the early Qingshan–Xiaotian fault in the shallow crust in the way of the right-lateral strike–slip (Cui et al., 2020) and formed numerous fault planes with an echelon parallel arrangement with different depths in the low velocity area at the intersection. Xu et al. (2022) suggested that this was related to the pull apart produced by the right-lateral right step of the Tanlu fault zone and the Shangcheng-Macheng fault. By the convergence of the tectonic force, it forms multiple faults and cause large amounts of small earthquakes in the Huoshan area.
4.2 Low velocity and fault seismogenic environment in shallow crust of Huoshan “seismic window”
The main earthquakes in Huoshan “seismic window” are distributed in the low velocity area at a depth of 5–8 km. The deep seismic wide-angle reflection/refraction results of the eastern Dabie (Liu et al., 2003) reveal the high-velocity dome structure in the Dabie Mountains, and a low velocity layer exists in the middle and upper crusts on its wings. Moreover, the tomography results (Xu et al., 2000) reveal that the middle and upper crustal tectonic detachment zone in the Dabie Mountains is the main tectonic reason for the existence of low velocity layers, which is closely related to the deep subduction of the Yangtze Block as well as the collision orogeny and compression uplift of the North China Block. The Qingshan–Xiaotian fault is a large-scale boundary fault that cuts through the crust inside the Dabie Mountains. The profiles across the Qingshan-Xiaotian fault exhibit obvious discontinuous high velocity in the upper crust (Figures 9A, B), inferring the location of the north detachment of the dome wing of the Dabie Mountains is near the Qingshan-Xiaotian fault, which is consistent to the observation of the seismic wide-angle reflection/refraction (Liu et al., 2003).
Figure 10 displays multiple profiles of the earthquakes by combining multiple profiles. The relatively low velocity zone to the north at the intersection of the Tudiling-Luoerling fault and the Qingshan-Xiaotian faults is also a concentrated area of earthquakes. The electrical structure suggests that the earthquake cluster area is located in a relatively high conductivity area, which is related to the truncation of the fluid in the high conductivity layer of the middle and lower crust, migration to both sides under the compression environment, rising through the fault, and weakening of the stress conditions (Xiao et al., 2007; Cui et al., 2020). From the position of the low-velocity body, this area may be interpreted as the low velocity detachment zone at the wing of the Dabieshan dome. A structural weak zone formed under the action of multiple sets of faults. Since large amounts of strain cannot be accumulated, small earthquakes are active and concentrated. Multiple en echelon parallel secondary faults (black dashed lines in Figure 9E) of the Tudiling-Luoerling fault zone in the upper crust are all near the low velocity zone, which plays a major role in controlling the concentrated activity of NE-trending small earthquakes.
[image: Figure 10]FIGURE 10 | 3-Dimensional map of the upper crust structure with the distribution of small earthquakes in Huoshan “seismic window” (Black lines on the surface are the known faults, and pink dots are the earthquake swarm).
Historical earthquakes with magnitudes of over 5 are mainly distributed along the Tudiling-Luoerling fault in the NE direction, which is different from the concentrated distribution of small earthquakes at the fault intersections. This study discussed the reasons for the difference of spatial distribution between historical and modern small earthquakes. The BB’ section (Figure 9B) shows that small earthquakes below ML3 are mostly concentrated on both sides of the Qingshan-Xiaotian fault, forming two obvious clusters of seismic activity. One of the main fault planes to the north side controls most of the seismic activity. However, the seismicity above ML3 is not concentrated, and it is scattered along the Tudiling-Luoerling fault to the northeast, denoting that the Qingshan-Xiaotian fault mainly controls the microseismicity below ML3. Moreover, the surface topography shows that the distribution width of this fault is wide. Considering the distribution of the relocated earthquakes, it can be deduced that there exists several secondary faults in this area. Field geological investigations have determined that the Qingshan-Xiaotian fault leads to ductile shear zones and brittle faults, with the widest ductile shear zone up to 2 km (Wang et al., 2009). The abundant micro-seismic activities below ML1 (Stanek F, et al., 2014) are more likely related to shear slips on micro-fractures on multiple fault planes (Hubbert and Rubey, 1959). The focal depth of earthquakes above ML3 is generally 6–10 km, which is obviously different from the distribution depth of with ML1 and ML2 earthquakes. These larger earthquakes mainly distribute far away from the low velocity weak zone (Figure 9C), which is believed that these areas can accumulate more strain. Figure 9E shows that compared to the more divergent microseismic activity near the Qingshan-Xiaotian fault, the earthquakes especially the larger earthquakes above ML3, are more concentrated on the multiple parallel secondary faults of the Tudiling-Luoerling fault, indicating that the control effect isstronger.
In 2014, an Ms 4.3 earthquake (black star show in Figure 9E occurred in the Huoshan area, with the epicenter located south of the Qingshan–Xiaotian fault, slightly away from the main area of the small earthquake activity. Although the main earthquake was very close to the fault from the surface projection, the EE’ profile showed that it was close to the main fault plane of the Tudiling-Luoerling fault; therefore, the seismogenic structure of this earthquake was the Tudiling-Luoerling fault. The Tudiling-Luoerling fault is an active strike-slip fault that exists since the late Pleistocene, which may be the reason why the historically strong earthquake activities have been mainly distributed along the NE direction and are not concentrated in a certain area.
5 CONCLUSION
In this study, the fine velocity structure of the upper crust in the Huoshan area was obtained using the continuous ambient noise data procured from a dense array. Furthermore, along with the relocated small seismic events, the fine structural characteristics of the upper crust and the relation of the main faults and their correlation with seismic activity were discussed. The following conclusions were obtained:
(1) A significant high velocity belt anomaly exists in the shallow crust in Huoshan “seismic window”, which is consistent with the trend of the NW-trending Qingshan-Xiaotian fault, reflecting that numerous high velocity magmatic rocks and metamorphic rocks ascended and were exposed on the surface under the action of strong metamorphic dynamics in this area. As the boundary fault between the North Dabie and North Huaiyang, the Qingshan-Xiaotian fault dislocated different strata, providing an important channel for the upwelling of the upper mantle magma, the remelting of the crustal granite, and the in-situ intrusion under the action of strong extrusion deformation environment in the collision process of the Dabie orogenic belt.
(2) At a depth of 5–7 km in the upper crust, the intersection of the Qingshan–Xiaotian and Tudiling–Luoerling exhibits relatively low velocity characteristics. The high and low velocity gradient zone shown in the velocity profile corresponds to the lower part of the Qingshan–Xiaotian fault, revealing the shape of the detachment zone in the wing of the Dabie dome structure. The shallow low velocity of the north of the fault is believed to inherit the low velocity from the middle crust detachment zone, which is closely related to the deep subduction of the Yangtze block as well as the collision orogeny and compression uplift of the North China block.
(3) The low velocity zone of the upper crust in Huoshan “seismic window” is consistent with the main distribution layer of small earthquake activity. The relocated earthquakes exhibit a concentrated and orthogonal zonal distribution on the surface, which is obviously controlled by the NW-trending Qingshan-Xiaotian fault and the NE-trending Tuling-Luoerling fault. Along with the velocity structure and positioning results, the two fault zones are believed to be composed of multiple secondary faults, which are distributed at different depths in the shallow crust. Among them, three parallel and nearly vertical en echelon secondary faults are present in the Tudiling-Luoerling fault zone, which control the occurrence of most earthquakes in Huoshan “seismic window”.
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