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This study presents an interpretation of a deep seismic sounding (DSS) profile that carried out along the Cathaysia Block in southeast china, aiming to explore the crustal velocity structure. Data used in the survey were obtained from three controlled-source explosions conducted along the 320 km long Lianping-Heyuan-Shanwei profile. The modeling was based on ray tracing, using the extrapolation of seismic wave arrival times with the help of travel times predicted from a one-dimensional velocity model. The average velocity structure of the middle crust is 6.0–6.4 km/s, while a low velocity anomaly of approximately 0.1–0.2 km/s in the vicinity of the Heyuan-Shaowu fault zone. The resulting 2D velocity model indicates that steeply dipping low-velocity zones that correlate with the projection of two major fault zones. These zones, together with a flat LVZ at a depth of 12 km, define a triangular region that correlates with numerous hypocenters. This tectonic setting is favorable for the accumulation and release of strain in high-velocity media within the triangular region. The unique triangular structure in the upper crust provides necessary shallow medium conditions for seismic activity. This indicates that increased seismicity within this area is partially attributed to heightened stress within higher-velocity material. The triangular annular low-velocity body, situated in the upper crust, is influenced by dynamic environmental factors caused by deep thermal disturbances. The deep-seated fault serves as a conduit for the historical migration of thermal material, likely contributing to the seismogenic conditions for earthquakes in Heyuan’s region through deep-seated thermal disturbances. These findings provide a novel geophysical reference model for the regional seismicity near the Xinfengjang reservoir and significantly contribute to understanding the causal relationship between tectonic setting and seismicity. In comparison with previous studies, our research is dedicated to investigating the causes of shallow earthquakes in the region and exploring the relationship between deep and shallow structures.
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1 INTRODUCTION
Located in the Cathaysia Block, Heyuan exhibits persistent seismic activity, ranking among the most seismically active areas in southeast China, as indicated by seismic monitoring data. A magnitude Ms 4.5 (Epicentre at 23.84°N, 114.52°E) earthquake struck in southeast China (Figure 1C) at 5:15 a.m. on 8 March 2023. Before and after the earthquake, there were several small earthquakes. The recurrent seismic events in this area prompt inquiries regarding the correlation between the reservoir and the heightened seismicity, raising concerns about the potential onset of an active seismic period in the region. Decades of research into the seismic mechanisms in this region have consistently identified one of the prevailing influence of tectonic stress fields. This divergence underscores the complexity of the seismic nucleation process in the region (Guo and Feng, 1992). Diverse perspectives exist among researchers regarding the principal orientation of the tectonic stress. The fault structure, the stress accumulation in the structure and the underground geological conditions of the reservoir area jointly affect the seismic activity in the region (Zhang et al., 2016).
[image: Figure 1]FIGURE 1 | (A) Simplified geological map delineating of major structures and igneous rocks in the Yuedong and its adjacent areas. The thick dotted lines represent the main faults in Heyuan: DYF: Daping-Yanqian fault; RF: Renzishi fault; HF: Heyuan fault; NF: NNW fault. The thin black lines are major faults in mainland China. The purple circles denote Mw > 2.0 earthquakes that occurred from 2000 to 2023 downloaded from the Incorporated Research Institutions for Seismology (IRIS) website (http://ds.iris.edu/ieb/). (B) The location of Cathaysia Block (modified after Dong et al., 2020). The equilateral blue rectangle denotes the main research area in panel (A). NCB: North China Block; WCB: West Cathaysia Block; ECB: Eest Cathaysia Block; YCB: Yangze Block; JNO: Jiang Nan Orogen. The thick dotted lines represent the main faults in Southeast China: ZDF: Zhenghe-Dapu Faults; HSF: Heyuan-Shaowu Faults. The blue lines represent the deep seismic sounding profile in Southeast China: 1. Wanzai-Hui’an deep seismic sounding profile (Lin et al., 2021); 2. Shaowu-Nanping-Pingtan deep seismic sounding profile (Li et al., 2015). (C) Tectonic setting of Southeast China.
The regional tectonics in this area are notably complex, particularly in the vicinity of the Xinfengjiang Reservoir, where shallow subsurface media display conspicuous anisotropy (Shi and Gao, 2022). Presently, research efforts concerning crustal velocity structures and tectonic activities in this region primarily focus on the shallow crustal structures near the Xinfengjiang Reservoir dam area in Heyuan (Wang, 2020). To gain a deeper understanding of the seismogenic tectonic background contributing to the frequent small to moderate earthquakes in recent years, further investigation into the deep crustal structural geology of this area is crucial. Deep seismic sounding data plays a crucial role in unveiling the deep-seated structural background of seismic nucleation, providing effective insights into the velocity structure of the lithosphere and crustal structure in the study area (Moulin et al., 2023; Xiong et al., 2022; Behera et al., 2021; Zeng et al., 1988). In recent years, this approach has been widely employed to investigate the internal structure of the Earth (Liu et al., 2003; Wang et al., 2015; Deng et al., 2011; Yang et al., 2011).
Following the impoundment of the Xinfengjiang Reservoir, the stress changes induced by reservoir impoundment, in conjunction with regional and tectonic stresses, collectively constitute the tectonic stress field in the area (Shen et al., 1974). During the initial stages of reservoir impoundment, the elastic load changes and pore pressure induced by reservoir seepage jointly triggered the release of regional tectonic strain energy (Zhu and Sun, 2022; Cheng et al., 2012). Over time, the impact of reservoir impoundment on seismic activity in the region has become less evident. However, certain locations remain in a critical state of rupture, where disturbances such as strengthened regional stress fields and water level changes can induce fault slip, resulting in seismic events. In summary, the intense seismic activity in the Heyuan region is attributed to the interplay of the current tectonic stress field, active faults, regional crustal structures, and reservoir impoundment. However, tectonic stress is identified as the primary driver for the accumulation and release of seismic strain energy in reservoir-induced seismicity (Zhao et al., 2016; Xu et al., 2009). Therefore, it is imperative to conduct in-depth research on the crustal structures in the region to gain a better understanding of the seismic source medium environment and dynamic processes associated with small to moderate earthquakes in the Heyuan region. However, the relationship between the deep structural system and earthquakes in this area is still unclear, which significantly hampers a comprehensive comprehension of the genesis and occurrence of small to moderate earthquakes in the Heyuan region.
The China Earthquake Administration’s Geophysical Exploration Center and the Guangdong Earthquake Agency jointly completed three active-source seismic profiles in the eastern of Guangdong Province in 2021. The profile is approximately away from the epicentre of the Heyuan earthquake, with observation points spaced at an average distance of 2 km along the profile. Along the profile, 225 portable seismographs (blue triangles in Figure 1) were deployed with an average interval of about 1.2 km. The observation time was 56 days, the instrument sampling rate was 100 ms, and the main frequency was 2–10 HZ. A total of 3 controlled explosions were conducted along the seismic profile. The crustal velocity structure along the profile was obtained through three controlled-source explosions (Ye et al., 2024). Based on this, the influence of the low velocity body and the fault on the shallow earthquake and the analysis of deep structure is been redefine in this study, and the relationship between deep and shallow structure is been discussed. This study illustrates the results of the improved and consequent interpretation of deep seismic sounding profiles which provide high-resolution 2D images of the lower velocity zone (LVZ) in the crust, and that were not visible in previous studies.
2 REGIONAL GEOLOGICAL AND TECTONIC SETTING
The Cathaysia Block is known as the spatial and temporal distribution of Mesozoic granitoid-volcanic rocks, which has occurred in changing tectonic environments in the course of geodynamic processes (Lin et al., 2021; Yan et al., 2015), and undergone several tectono-magmatic events (Shu et al., 2023; Qin et al., 2022). The study region is situated on the southeastern margin of the Cathaysia Block (Figure 1), has undergone various tectonic movements, including the subduction of the ancient Pacific Plate, expansion and closure of the ancient South China Sea, and subsequent expansion of the modern South China Sea (Li et al., 2019; Zhang et al., 2013). Numerous studies in structural geology and petrology indicate that the Cathaysia Block has undergone multiple tectonic events and magmatic processes, leading to the development of numerous dome structures and magmatic rocks in the region (Dong et al., 2020; Shu et al., 2011; Shu et al., 2015). During the Early Paleozoic, there were significant metamorphic deformation and magmatic events that impacted the middle and lower crust on a large scale (Han et al., 2023); and the Late Cretaceous, an extensional environment resulted in an intersecting system of faults accompanied by mantle magmatic upwelling (Huang et al., 2020). These tectonic events may have influenced the formation of the current tectonic pattern in the Cathaysia Block, and contributed to the complexity of the crustal structure. In the current global tectonic framework, the Cathaysia Block continues to experience westward subduction of the Philippine Plate (Li et al., 2013), with regional tectonic stress fields predominantly oriented in the NW and NWW directions (Shi and Gao, 2022). Under these influences, the primary expression of regional tectonic movements is characterised by block activities. Studies indicate that the spatial distribution of seismic activity in southeast China is influenced by the dominant block movements in the region, controlled not only by these surface movements but also by the characteristics of deep-seated crustal structures (Huang et al., 2014; Mao et al., 2014; Xu et al., 2009).
In the Heyuan region, a well-developed system of fault structures is present, characterised by the extensive distribution of three groups of discontinuous and relatively short fractures oriented in NNE, NNW, and ENE directions. These NNW, NNE, and NEE faults collectively form the Heyuan fault zone in the Cathaysia Block, and intersect a Mesozoic granitic batholith oriented in an east-west direction (Zhang et al., 2013). These faults collectively form the Heyuan-Shaowu Faults (Figure 1B). The Heyuan fault zone, which spans over a thousand kilometers in length, is cross-cutted by several active faults (Tannock and Regenauer-Lieb, 2017). This fault has an NNE and NE orientation with a southeastward dip, representing a low-angle normal fault at the crustal scale (Tannock et al., 2020). Furthermore, this fault is in a prolonged state of activity and is classified as an extensional detachment structure (Qiu et al., 2018). Adjacent to the Heyuan fault is the Renzishi Fault, which trends NNE and dips toward NW. This fault is characterised by steep inclination and strike-slip motion, with strong seismic activity in its vicinity (Wang, 2020; Liu et al., 2017). The NEE-oriented faults, such as the Nanshan-Aotou Fault, represent the main orientation of deep-seated faults (Yang et al., 2013), is considered a deep-seated main structural element within this fault group. Fault structures with steep dip angles, combining strike-slip and normal faulting, are prone to instability (Ye et al., 2017). This region falls within a crustal extensional tectonic zone, it exhibits a crustal-scale decoupling with characteristics of ductile strike-slip shear zones in the present day (Li et al., 2020). In the vertical direction, multiple NNE-oriented fault endpoints and intersections with faults of other orientations are observed in the area from the dam of the Xinfengjiang Reservoir to the canyon region (Yue et al., 2008).
3 DATA PROCESSING METHODS
Considering the narrow-band characteristics of the portable seismographs, it is necessary to de-instrument the data to enhance the amplitude of low-frequency signals. We preprocessed the intercepted data, including deburring, de-average, de-line trend and waveform pinch-out, resampling. Then the P-wave data was filtered in the frequency range of 2–10 Hz. The travel times of all phases were picked by ZPlot, which is a interactive plotting and picking software package (Zelt and Smith, 1992). The combination of phase comparison and waveform correlation was utilized to identify the seismic phases within the waveform groups obtained along the profile. Seismic rays along the profile are not strictly two dimensionally distributed, so we use orthogonal projection to move the source and receiver points to a straight line. The travel data were processed with T2-X2 method and the VELEST inversion approach to determine a 1-D crustal velocity model (Wang et al., 2015; Kissling et al., 1995). Then, we use the 2D finite-difference inversion method (Guo and Feng, 1992; Vidale, 1990) to get the upper crustal velocity model (Figure 7B). Based on this, the initial 2D crustal structure was builded. The final 2D velocity crustal structure were obtained through two-dimensional ray tracing and trial and error modelling techniques (Song et al., 2024).
3.1 Seismic phase identification and comparison
The seismic phases were identified and compared by using an equivalent velocity of 6.0 km/s (Figure 2). Several seismic phases were recorded, including the refracted phases in the upper crust (Pg), crustal reflected phases (P1, P2, P3), refracted phases from the Moho interface (Pm), and refracted phases in the uppermost mantle (Pn). Pg and Pm are the dominant phases, with strong energy. The Pg arrivals may be traced at offset up to 130 km, while the Pm is apparent at 50–180 km. P1, P2 and P3 are relatively continuous, and it display relatively strong amplitudes in certain sections. Pn with weak amplitude shows clear onset and may be traced around 160 km.
[image: Figure 2]FIGURE 2 | Typical seismic record sections in the Heyuan-Lianping-Shanwu profile (reduced velocity of 6.0 km/s). (A) Shotpoint Sp1, right branch observation. (B) Shotpoint Sp2, left branch observation. (C) Shotppoint Sp3, left branch observation.
3.2 The crust-mantle velocity structure model
Due to limited coverage of the obeservations on the profile, it is crucial build ray tracing modeling with additional constraints from earlier seismic studies (Tiira et al., 2022). This model, combined with regional a priori stratigraphic information and seismic phase analysis, facilitates the determination of the interface between inner crustal layers (Li et al., 2019; Ye et al., 2020; Lin et al., 2021). Using the Seis series package (Cerveny and Hron, 1980; Červený and Pšenčík, 1984; Cerveny, 2001), which is commonly used to process travel time data, the forward fitting method is used to carry out dynamic ray tracing and travel time fitting in two-dimensional in-homogeneous media for the P-wave travel time data set obtained. Under the constraint of the seismic phase information, the model is adjusted repeatedly to calculate the theoretical travel time and the synthetic seismic map, so as to achieve the best fit between the calculated time and the picked time (Figure 3). On the basis of the above work, the final 2D velocity model along the profile are obtained.
[image: Figure 3]FIGURE 3 | Theoretical and observed seismic waveforms with a reduction velocity of 6.0 km/s; red crosses and blue circles indicate picked times and calculated times. (A) Shotpoint Sp1. (B) Shotpoint Sp2. (C) Shotpoint Sp3.
Previous study have founding that when using forward ray-tracing to model of deep seismic sounding data, the final result is very dependent on the interpreter’s knowledge of the area and experience (Cerveny, 2001; Majdanski and Polkowski, 2014). In order to analyze the accuracy of the final model, we take the Pm phase ray tracing of Sp1 as an example. Based on the obtained optimal two-dimensional velocity model, the ray tracing operations of D ± 0.2 km, D ± 0.6 km, V ± 0.05 km/s and V ± 0.15 km/s are performed respectively (Figure 4). Compared with the final model, it is found that when the speed changes ±0.05 km/s and the depth changes ±0.2 km, the calculated time deviates from the picked time. The result prove that the final the 2D P-wave velocity model is close to the actual situation in the region.
[image: Figure 4]FIGURE 4 | (A, B, E, F) Fitting between observed and synthetic P-wave travel times obtained by forward computation using the ray tracing method, with reference to the shot point Sp1 and the Lianping-Heyuan profile; (C, D, G, H) Ray diagram showing the illumination of the crust by ray coverage along the profile. Error analysis of the Sp1 for ray tracing. (A) D ± 0.2 km. (B) D ± 0.6 km. (E) V ± 0.05 km/s (F) V±0.15 km/s; The green symbol represents calculation time with these anomalies (LVZ) are removed from the 2-D velocity model.
To further obtain the quantification of 2D model uncertainty evaluation results, we choose the multi-parameter uncertainty evaluation method (Majdanski, 2013). This method used a simplified ray propagation in 1D layered media and the error propagation theory, which assigns the uncertainty of the model depth and velocity to the travel times. Based on the simplified 2D gridded velocity model (1 km × 0.1 km), the model is transformed into multiple one-dimensional velocity models with four interfaces (G, C1, C2, M). Based on the assumption of constant velocity in each layer, the boundary depth errors and crust velocity errors were estimated for each 1D model (Song et al., 2024; Majdanski and Polkowski, 2014). The uncertainty results of each 1D model were systematically combined to form the final uncertainty results of the 2D model (Figure 5). The estimated results show that the average velocity uncertainty of each crustal layer is ±0.028 km/s, ±0.034 km/s, ±0.14 km/s, ±0.32 km/s and ±0.45 km/s, and the average uncertainties of different interfaces depth are ±0.32 km, ±0.6 km, ±1.4 km and ±2.1 km, respectively.
[image: Figure 5]FIGURE 5 | Flow chart of uncertainty evaluation with multi-parameter method (Majdanski, 2013). (A) Simplified 2D grid velocity model in this study. (B) 1D model extracted from the 2D model with 1 km interval. (C) The uncertainty estimation is depicted using the simplified 1D model, with color bars indicating the uncertainty of velocity and error bars representing the uncertainties of boundary depth. (D) The uncertainty evaluation result of 2D velocity model. Colors bars mark the uncertainty of velocity and error bars mark the uncertainties of boundary depth.
4 THE RESULTS
4.1 Characteristics of upper crustal media
On the seismic phase, the phases P1 and P3 can be read, and the far ends of these two sets of seismic phases are parallel to the far end of the Pg wave. For a uniform positive gradient, the slope (velocity) of the P1 phase will be greater than that of the Pg phase, and the tail ends of the two sets of seismic phases are parallel (Figure 2). It is speculated that there is a low-velocity body or a low-velocity layer between the P1 layer and the Pg layer. If the LVZ does not exist, the tails of Pg and P1 will intersect according to the normal formation velocity gradient. Similarly, there are also low-velocity bodies or low-velocity layers between the P1 layer and the P3 layer. So we did an experiment, when these anomalies are removed from the 2-D velocity model, the deviation between the theoretical travel time and the measured travel time will be large (Figure 4F). Therefore, this study focuses on the two different depth ranges (0–5 km and 0–20 km) respectively, with the 2D grid being equalised to highlight the effective information (Figures 6).
[image: Figure 6]FIGURE 6 | Velocity structure diagram of middle and upper crust in Heyuan and its adjacent area (The resolution between the black dashed line and the border is lower than in other areas.). (A) Terrain profiles. (B) The velocity section of 0–5 km. (C) The velocity section of 0–20 km.
The velocity structure near the Heyuan region (Figure 6B) reveals significant lateral heterogeneity in the upper crustal media, with an undulating basement surface. This basement structure implies multiple modifications to the crystalline basement in the region since the Cenozoic era (Tian et al., 2020; Jia et al., 2009). A LVZ with a velocity of 5.90 km/s appears in the upper crust, the depth of it approximately is 12 km (Figure 6). The corresponding lower boundary of the upper crustal structure shows a slight uplift. The Ms 4.5 Heyuan earthquake occurred at the edge of the LVZ1, same as the historical earthquakes at the position where the velocity gradient changes in the upper part of the LVZ.In the upper crust of this area, two distinct types of LVZs are identified. Among which, LVZ1 is a nearly horizontally oriented LVZ at the base of the upper crust. The LVZ1 is closely related to geological structures, fault zones, and stress environments (Zhou et al., 2020; Cheng et al., 2012). The second type is the fault zone, which extends from the surface towards deeper layers, constituting the LVZ2. These two LVZs spatially configure a triangular ring of low-velocity material on three sides, while the central area is relatively composed of high-velocity material compared to the surrounding three sides. The LVZ2 correspond to the NW-dipping Daping-Yanqian and Renzishi faults and the SE-dipping Heyuan fault, respectively. Considering the material fragmentation within the fault zones, the relatively lower P-wave velocities observed from the surface to the shallow upper crust can be interpreted as the fault-fractured zone exhibiting an inverted “V” shape. The fractured fault system facilitates the infiltration of reservoir water, and under the influence of water pressure and infiltration, the permeation along the fault channels leads to localised uneven fluid pressure increases (Guo et al., 2022; Dong et al., 2022). This alteration in the behaviour of regional fault sliding has, to some extent, induced regional strain instability.
The differential physical properties of the brittle upper crust rocks and formations play a crucial role as essential medium conditions for the incubation and occurrence of earthquakes (Zhang et al., 1994; Jia et al., 2006; Xu et al., 2017; Xia et al., 2021). This unique annular triangular-shaped LVZ in the upper crustal may contribute to the favourable conditions for the occurrence of small to medium-sized earthquakes in the Heyuan region. In the high-low-velocity transition zone of the rock, where the strength is relatively higher, stress accumulates more easily. The adjacent relatively high-velocity region to the LVZ provides the conditions for brittle deformation in the upper crust, while the LVZ facilitates the accumulation of regional strain energy, acting as a stress transfer medium. As a zone of mechanical weakness in the crust, the LVZ plays a role as a lower boundary and decoupling zone during the movement and interaction of blocks (Yang et al., 2003; Wan et al., 2022). Under the same tectonic stress field, the upper crustal block on the side with the LVZ is more prone to slipping, furthermore, it may serve as a regulator for regional stress balance in the process of regional strain energy accumulation (Cao et al., 2014). However, .the true geological condition cannot be determined from a 2D section and out-of-plane reflections can lead to misinterpretations of in-plane features (Westgate et al., 2022). The subsequent detailed analysis of the shallow seismic structure in this area needs more favorable three-dimensional geophysical data to demonstrate.
4.2 Deep structural configuration
The C1 interface, the C2 interface and the Moho interface occur at depths of 15 km, 25 km, and 31 km (Figure 7), respectively, which is close to the results of previous studies (Figure 8)on the crustal structure of the Cathaysia Block (Lin et al., 2021; Li et al., 2015; Li et al., 2013). The Moho is at a depth of 30.0 km in the East Cathaysia Block, and that gradually deepens to the Weat Cathaysia Block to 32.0 km at position 220 km along the profile. From the East Cathaysia Block to the West Cathaysia Block, there is an apparent uplift of the C3 and Moho interfaces, accompanied by pronounced ductile deformation in the lower crust (Figure 8). Notably, the extent of extensional deformation in the ductile lower crust is greater than that in the brittle upper crust. This phenomenon may be correlated with deep-seated magmatic activity in the Cathaysia Block. Considering the rich geothermal resources distributed along the Heyuan fault zone in this region, it is speculated that there might be deep-seated thermal material flow.The interaction between the mantle and the crust, facilitated by magmatic processes, may compensate for the thinning effect on the lithosphere caused by extensional tectonics (Dong et al., 2023; Zhou et al., 2020). This process results in a relatively gentle and flat Moho interface. The upwelling material has also contributed to the modification of the lower crust, promoting crustal extensional thinning and enhancing the fluidity of the lower crust (Dong et al., 2020). In the region beneath the Heyuan fault zone, delineated by the fault itself, a discernible lateral variation in velocity structure is observed from the basement to the Moho interface. Proximal to the Heyuan fault zone, significant lateral velocity structure discrepancies are evident in the mid-to-upper crust. Moreover, this lateral heterogeneity extends consistently toward the vicinity of the Moho interface, providing robust deep-seated data support for the incision of deep-seated faults through the middle crust in this region. Along this deep-seated structural zone, geothermal resources are abundant, and the convergence zones of faults serve as major conduits for the ascent of thermal springs (Nazeri et al., 2023). Field exposures reveal multiple episodes of activity along the footwall of the Heyuan fault, characterised by fractured silicified zones and the intrusion of multiple generations of quartz veins (Tannock et al., 2019). Considering the presence of a soft asthenospheric uplift beneath the deep fault zone, it is inferred that the Heyuan fault zone, similar to other NE-trending deep-seated fault zones within Guangdong Province, serves as a pathway for the upward migration of deep-seated thermal material (Cao et al., 2022; Li, 2021).
[image: Figure 7]FIGURE 7 | Crust structure velocity of Heyuan area. The red dot are Mw > 2.0 earthquakes that occurred from 2000 to 2023 in this region, which downloaded from the Incorporated Research Institutions for Seismology (IRIS) website (http://ds.iris.edu/ieb/).
[image: Figure 8]FIGURE 8 | Comparison of the results of the present and previous studies in Cathaysia Block. 1. Wanzai-Hui’an deep seismic sounding profile (Lin et al., 2021); 2. Shaowu-Nanping-Pingtan deep seismic sounding profile (Li et al., 2015).
5 DISCUSSION
The P-wave velocity in the fracture zone is usually lower than that in the surrounding rock, while the mean velocity below the river source is obviously lower (Figure 9). Due to the development of surface hot springs in this region, and the predecessors pointed out that the low crustal average velocity corresponds to the development of high-temperature magma (Wang et al., 2015), and deep and large faults developed here, suggesting that there was multiple fracturing and fluid flow events occurred. Given that the deep seismic sounding profile is two-dimensional, it is imperative to ensure the presence of low velocity bodies beneath the earthquake’s location in Heyuan region. To accomplish this, we utilize results from previous studies for velocity slice analysis (Yang et al., 2021). It can be seen that in the two horizontal slices shown in Figure 10, the Heyuan area exists at the juncture of high and low velocities. Furthermore, there are low velocity bodies situated south of the middle upper crust river source area, which may be related to magmatic-hydrothermal activity. The Cathaysia Block has undergone multiple episodes of mantle thermal activity, with deep-seated faults providing conduits for the flow of deep-seated thermal material (Lin et al., 2023; Xia et al., 2021; Xie et al., 2001). Approaching the phenomenon from various geophysical perspectives, scholars have presented evidence for deep-seated thermal material flow in this region (Huang et al., 2014; Xi, 2021; Wang et al., 2022). Deep-seated thermal material migration towards the lower crust generates upward-directed vertical tectonic stress (Zeng et al., 1985). A certain correlation exists between the vertical tectonic stress and the seismic location (Zhang et al., 2022; She et al., 2017). Hence, the upwelling of thermal material inducing vertical tectonic stress might provide the deep-seated dynamic environment for the occurrence of small to moderate shallow earthquakes in the Heyuan region. In the meantime, the two lower LVZs may play a role in facilitate upward migration of magma.
[image: Figure 9]FIGURE 9 | Average crustal velocity structure of the Lianping-Heyuan-Shantou profile.
[image: Figure 10]FIGURE 10 | Vs. velocity slice from Multi-Observable Probabilistic Inversion study (Yang et al., 2021). (A) 14 km, (B) 24 km. The red pentagrams are shot-point, the blue triangles are receiver, and the red lines are faults.
The structural relationship between secondary shallow faults and regional deep-seated faults plays a crucial role in determining the seismic hazard potential of the region. The upward vertical tectonic stress generated by the upwelling of deep-seated thermal material is a significant characteristic of the middle crust, marked by two horizontally oriented LVZs at depths of 20 and 25 km (Figure 10). These LVZs often coincide with weakened geological layers in the region, allowing for the control of present-day intra-plate deformation and seismic activity by adjusting the local-scale strain distribution (Zhou et al., 2020; Tarayoun et al., 2019). The LVZs developed in the middle crust, however, play a role in concentrating strain. The middle crust is prone to diffuse creep deformation (Willis et al., 2019), displaying characteristics of brittle-ductile transition zones. The middle crust does not accumulate strain energy but concentrates the vertical tectonic stress generated by the upwelling of deep-seated heat sources (Zeng et al., 1985). This concentrates necessary energy for seismic events, potentially promoting the localisation of strain in adjacent shallow-seated seismogenic structures (Zuza et al., 2022). Consequently, strain energy accumulates rapidly and is released in the brittle upper crust (Sibson, 1983). In summary, the shallow crust provides the environmental conditions for seismogenic structures, while the deep structures offer the dynamic background for seismic nucleation.
Localized thinning of the crust derived from the wide-angle data correlates with previous imaging of low-Vs anomalies in the middle to lower crust (Figure 10), suggesting a possible conduit for the upward migration of hot material, contributing to stress closer to the surface, and the region’s geothermal resources provide direct evidence of heat sources at depth. The relatively strong crust enables the elevated stresses within the triangular zone reactivating pre-existing faults with it and subsequently triggering earthquakes. A similar mechanism has been documented in other intraplate seismicity areas such as the Flinders Ranges in SE Australia (Balfour et al., 2015). The deep fluids may serve as conduits that gather and channel these fluids from the mantle and the lower crust into the brittle crust, where they increase pore-fluid pressure and trigger seismic events (Nyamwandha et al., 2016). Whether the intraplate seismicity are triggered by tectonic loading or by local stress perturbation remians an open question (Craig et al., 2017). This mechanism may not documented in other intraplate areas, require local tectonic strssess or strain accumulation to interpret intraplate seismicity. The controlling factor appears to be a localized thinning of the lithosphere that focuses stress within the brittle part of the subsurface in the New Madrid fault zone (Leclère and Calais, 2019; Zhan et al., 2016). Elsewhere in the central U.S., some intraplate seismicity has been associated with steep gradients in gravity inferred to mark the edges of mafic intrusions (Braile et al., 1982; Hildebrand and Easton, 1995). It can be seen that researchers have different definition of the genetic mechanism of intraplate shallow seismicity in different plates. On the one hand, it is the lack of direct understanding of the source medium environment and dynamic process in geophysical exploration. On the other hand, it is the complex diversity of the tectonic causes of different plates.
6 CONCLUSION
This study utilizes the velocity structure model obtained from controlled-source seismic depth sounding to provide insights into the deep structural characteristics of the Heyuan region.
6.1 Medium properties of the hypocentre area
The region exhibiting the most significant variation in crustal velocity along the profile is situated to the north of the Heyuan region. Within the lower part of the upper crust, at a depth ranging from 10–12 km, there exists a horizontally-oriented LVZ. This LVZ, in conjunction with a fractured fault zone, collectively forms an annular triangular-shaped LVZ. Previous research has indicated that earthquakes of moderate intensity often occur in regions where there is a transition between low- and high-velocity zones, with a tendency to favor the side of the high-velocity body (Liu et al., 2003). Therefore, it can be inferred that lateral variation in the physical properties of the upper crust within our study area provides conducive medium conditions for occurrences such as the Heyuan Ms 4.5 earthquake and other small to moderate seismic events within this region. Future studies could focus on areas of strain instability within regional upper crusts and include integrated detection and evaluation of seismic environments through various geophysical means. At the same time, quantitative source parameter calculation should be carried out in future related research (Nazeri et al., 2023).
6.2 Dynamical background of the hypocentre area
The Heyuan Fault region is rich in geothermal resources, as indicated by geochemical analyses showing the presence of intermediate-acidic syntectonic rock veins at various intervals within the extensional detachment zone (Tannock et al., 2020). It is hypothesized that the ductile shear zone actively contributes to the deformation process, creating deep thermal disturbance dynamics conducive to minor earthquakes in this area. The decoupling effect between deep and shallow faults establishes a profound tectonic context for the nucleation and initiation of earthquakes. The deep thermal disturbances induce direct or indirect alterations in local strain rates, placing the brittle upper crust in a state of critical strain instability highly susceptible to triggering and forming earthquakes. Building on previous analysis (Zeng et al., 1985), it is inferred that deep-seated thermal disturbances contribute to stress energy accumulation, providing dynamic force for seismic events.
6.3 Seismogenic structure and tectonics
The region’s frequent seismic activity is intricately linked to the pronounced heterogeneity of its regional media and the multifaceted context of seismic structural construction. The region’s unique crustal structural feature, the annular triangular low-velocity body, combined with the decoupling effect between deep and shallow faults, forms the triggering structure for these frequent seismic events (Figure 11). These junctions between faults are prone to experiencing concentrated regional stress and strain distribution. The decoupling effect between deep and shallow faults establishes the structural background for seismic genesis and release. Faults converging in the upper crust, where strain energy is prone to accumulate, may lead to localized stress concentration, triggering a state of strain instability and giving rise to small to moderate earthquakes. The reservoir acts as a triggering factor for these seismic events. In the reservoir area and its surroundings, hydraulic permeation increases pore pressure, thereby weakening rock strength (Mackwell et al., 1998). This process intensifies the occurrence of small to moderate earthquakes in the region by unfavourably affecting regional strain energy accumulation. In future work, further studies are needed that pay more attention to understanding deep tectonic backgrounds before constructing a reservoir. However, only using two-dimensional exploration data to reflect three-dimensional underground media is one-sided. The subsequent detailed analysis of the shallow seismic structure in this area needs more favorable three-dimensional geophysical data to demonstrate in the future.
[image: Figure 11]FIGURE 11 | Simplified structural map of small and medium earthquake generation and inception in Heyuan area.
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