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Introduction: The genesis mechanism of cratonic strike-slip faults in the Sichuan basin is not yet fully resolved, largely due to the lack of comprehensive characterization of fault distribution, which constrains the understanding of the relationship between fault development and tectonic events.Method: In this study, we supplement extensive three-dimensional seismic data from areas beyond central Sichuan to delineate fault distribution across the entire basin. By integrating these findings with regional tectonic processes, the genesis mechanisms of these faults are proposed.Result: The results reveal that cratonic strike-slip faults are exclusively concentrated in central Sichuan and the Weiyuan area, with no such faults observed elsewhere in the basin. This spatial restriction suggests that their formation was governed by the unique tectonic evolution of central Sichuan.Discussion: Furthermore, three lines of evidence prove that multi-stage uplifts played a pivotal role in fault development: (1) Faults of varying orientations exhibit distinct development periods, aligning with regional uplift phases; (2) Fault orientations correlate with the bending directions of strata induced by uplifts; and (3) Additional examples of analogous faults in Jurassic strata near the foreland front uplift further corroborate the link between fault orientation and strata bending caused by uplift processes. The central Sichuan region, characterized by superimposed multi-phase paleo-uplift evolution, thus serves as the focal zone for these faults. It is also inferred that the so-called “cratonic strike-slip” fault system in central Sichuan is not a genuine strike-slip system but rather a composite of normal faults with different directions and periods. The genesis of these normal faults is attributed to the tensile strain resulting from strata bending during uplift events. This study not only provides a more comprehensive characterization of fault distribution but also introduces a novel genetic model for these faults, which provides crucial data and new ideas for improving the theory of the fault system within the basins.Keywords: Sichuan basin, cratonic strike-slip faults, genesis mechanism, tensile strain, middle-late triassic, jurassic-cretaceous
INTRODUCTION
Cratonic strike-slip faults occur within plates or sedimentary basins. This new structural phenomenon was discovered in the Sichuan Basin and has significant importance in structural research and oil and gas exploration (Yin et al., 2013; Su et al., 2021; Huang et al., 2022; Zhang et al., 2022; Fu et al., 2023; He et al., 2023; Tang et al., 2023; Lu et al., 2024). Based on the three-dimensional seismic data in the central Sichuan Basin, several studies have provided detailed deformation features of these faults, making significant progress (Ma et al., 2018; Guan et al., 2022a; 2022b; Jiao et al., 2022; Li C. et al., 2023; Liang et al., 2023; Ma et al., 2023; Wu G. et al., 2023). Current studies have a consistent understanding of the features of these faults in seismic sections. Most of the faults are highly dipped and some are almost vertical, with little normal fault displacement. The faults primarily extended from the bottom of the Sinian to the Lower–Middle Triassic. Several studies have suggested that the faults in the Middle–Lower Triassic and Jurassic strata are controlled by deformation related to these cratonic strike-slip faults (Su et al., 2023; Guan et al., 2024). Based on these studies, the distribution of cratonic strike-slip faults in the central Sichuan Basin, primarily striking NE, NEE, NWW, and EW, was described in detail through seismic interpretation (Figure 1). However, except in the central basin, the entire-basin-scale distribution of these faults has not been well studied. Only a few studies have been conducted in other areas, including the southern Sichuan structural belt, eastern Sichuan high-steeped structural belt, and western and northern Sichuan foreland depressions. Su et al. (2021) considered that strike-slip faults developed on the western slope of the Weiyuan structure and the central area of the Sichuan Basin and proposed that these faults did not develop in other areas according to typical seismic sections. Wu Y. et al. (2023) proposed that NW-striking strike-slip faults developed near the southeastern margin of the Kaijiang–Liangping Trough, located in north-central Sichuan Province. Two types of strike-slip faults are found in the Luzhou–Yunjin area of the southern Sichuan Basin; however, these faults show characteristics distinct from those in the central Sichuan basin (Tian et al., 2024a). One is a single high-steep strike-slip fault under the Cambrian detachment layer and the other is a complex fault system consisting of EW-, NS-, and NE-striking faults between the Gaotai Formation and the Triassic strata. NNW-striking high-dipped faults are also found in the eastern Sichuan high-steeped structural belt (Li et al., 2024), however, these faults are more closely related to the anticline above.
[image: Figure 1]FIGURE 1 | Superimposed map of strike-slip fault distribution and current structure of the bottom of the Cambrian in the Sichuan Basin and locations of three-dimensional seismic zones.
The lack of understanding of cratonic strike-slip faults in other areas of the basin restricts our understanding of the overall framework of the fault system and the rationality of the existing genesis mechanism. Most studies have proposed a multistage evolution controlled by pre-existing faults and subsequent tectonic events (Jiao et al., 2022; Guan et al., 2022a; 2022b; Fu et al., 2023; Liang et al., 2023; Ma et al., 2023; Lu et al., 2024). It is suggested that EW-striking faults developed during the Sinian Tongwan movement by adjusting the faults related to the formation of the Deyang-Anyue Rift, and new faults developed along the existing EW faults during the subsequent Caledonian (Ordovician to Early Devonian), Indosinian (middle-late Triassic) and Yanshanian-Himalayan (late Jurassic-Early Cretaceous and Cenozoic) orogenies. Pure and simple shear modes related to compressional deformation caused by thrust belts have been proposed (Huang et al., 2022; 2025). It has also been suggested that faults formed under a transtensional stress field, according to fault structural analysis and physical analog modeling (Su et al., 2021). These understandings regard the development of cratonic strike-slip faults as a result of a uniform stress field over the entire basin range. Therefore, it is necessary to establish the distribution law and structural characteristics of strike-slip faults in the entire basin to implement a genesis mechanism. If there is a particularity in the distribution range or a significant change in the fracture structure, this may become the key to solving the genesis mechanism problem.
In view of the above problems, this study uses multi-block three-dimensional seismic data from outside the central Sichuan Basin to explain and analyze the distribution characteristics of high-steep strike-slip faults. Its development was limited to the central region of the basin and Weiyuan area. This is considered to be controlled by the special structural conditions in the central region. Based on this, a new interpretation scheme for the genesis mechanism is proposed that better explains the characteristics of the diffuse distribution, multi-period, and multi-direction of strike-slip faults in the Sichuan Basin, which differ from the traditional strike-slip mode.
Data and method
Based on 11 areas with three-dimensional seismic data, the distribution and features of cratonic strike-slip faults were identified in different structural units. Two standards were followed to avoid incorrect identification. First, considering the typical characteristics of the strike-slip fault in central Sichuan as the standard, the faults should have evident event-axis dislocations that can be identified in coherent body slices. Second, the chosen study areas should be far from high-steep structures or gypsum-salt rock distribution areas because of their presence may affect the reliability of the seismic event horizons in the underlying strata. Considering that the cratonic strike-slip faults in the Sichuan Basin have a dispersed and even distribution, areas with a stable structure and good imaging quality were selected for identification, which did not affect the identification of whether the faults existed.
Coherence slices along layers are a critical technique in 3D seismic data processing for fault interpretation. Their core principle lies in identifying stratigraphic discontinuities by calculating the coherence between seismic traces (Bahorich and Farmer, 1995; Tingdahl and Rooij, 2005; Wu, 2017). This method enables rapid acquisition of the distribution and orientation of faults across different horizons within a 3D seismic zone. Subsequently, seismic profiles can be selected based on fault orientations to analyze fault characteristics and genesis mechanisms.
Geological setting
The Sichuan Basin was divided into five units: a low-gentle tectonic belt in the central basin, a western Sichuan foreland depression in front of the Longmenshan thrust belt, a southern Sichuan low-steep tectonic belt, an eastern Sichuan high-steep tectonic belt, and a northern Sichuan foreland depression in front of the Micangshan–Dabashan thrust belt (Figure 1). The Longmenshan thrust belt at the western margin of the basin began to develop during the Late Triassic and was uplifted violently again during the Cenozoic, which controlled the formation of the western Sichuan foreland depression (Jia et al., 2003; Chen et al., 2008). The northern foreland depression and fold belt were controlled by the evolution of the Micangshan–Dabashan thrust belt. Previous studies on deformation time have provided two understandings of the Yanshanian–Cenozoic and Indosinian–Yanshanian–Cenozoic three-stage deformations (Wang et al., 2006; Zhang, 2009; Xiao et al., 2011). The fold-thrust belt in eastern Sichuan was primarily formed during the Late Jurassic–Early Cretaceous of the Yanshan period and uplifted again during the Cenozoic Himalayan period (Mei et al., 2010; Wang et al., 2010; Zhang et al., 2012). The southern Sichuan low-steep tectonic belt was formed after the Early Cretaceous, and the apatite fission track indicates that the anticlines mostly formed rapidly during the Early Cenozoic.
RESULTS
North-central sichuan
North-central Sichuan is located between the central Sichuan area and the Dabashan foreland depression in northern Sichuan and is adjacent to the high-steep fold belts in eastern Sichuan. As shown in the coherence slices (Figures 2a–c), faults with two directions, NNE and almost N-S striking, developed in the Sinian–Paleozoic strata in the Longgang and Pingchang areas (locations see one and two in Figure 1), which are closer to the central Sichuan Basin. Typical thrust faults occur in both directions (Figure 2d), and their directions are consistent with those of the high-steep fold belts in eastern Sichuan, indicating that these faults formed as a result of compressive stress in the east (Figure 2d). In addition to the NNE-striking thrust faults, another group of NW-striking thrust faults developed in the Qingcaoping area to the north (Figure 2c, location see three in Figure 1). The NW-striking faults were controlled by the thrust deformation of the Dabashan thrust belt. It should be noted that no high-steep strike-slip faults have developed in any direction in these areas.
[image: Figure 2]FIGURE 2 | (a) Coherent slice of the bottom of the Ordovician Wufeng Formation in the Longgang three-dimensional seismic zone; (b) Coherent slice of the bottom of the Permian Longtan Formation in the Pingchang three-dimensional seismic zone; (c) Coherent slice of the bottom of the Permian Longtan Formation in the Qingcaoping three-dimensional seismic zone; (d) Fault interpretation result in the Pingchang three-dimensional seismic zone. Horizon A Bottom of Triassic Xujiahe Formation; Horizon B Bottom of Permian Longtan Formation; Horizon C Bottom of Ordovician Wufeng Formation; Horizon D Bottom of Cambrian Gaotai Formation.
Western Sichuan foreland depression
The Daxingchang and Dongguachang areas shown in Figure 3 are located in the southern section of the western Sichuan foreland depression (locations see four and five in Figure 1). The deformation was primarily controlled by the Longmenshan thrust belt to the west. Faults in two directions primarily developed in the Daxingchang area (Figure 3a), including NNE-trending faults represented by F1a–c and NE-trending faults represented by F2a–b. As shown in Figure 3c, these are thrust faults (Figure 3c). NNE-striking thrust faults are dominant in the Dongguanchang area, and we identified only one short NWW-striking normal fault. Similar to north-central Sichuan, we found no cratonic strike-slip faults in the central Sichuan Basin. Some other studies, through the analysis of the scale of fractures, have also found that reverse faults are mainly developed in the Western Sichuan foreland depression (Li et al., 2019).
[image: Figure 3]FIGURE 3 | (a) Coherent slice of the bottom of the Permian Longtan Formation in the Daxingchang three-dimensional seismic zone; (b) Coherent slice of the bottom of the Cambrian Qiongzhusi Formation in the Dongguachang three-dimensional seismic zone; (c) Fault interpretation result in the Daxingchang three-dimensional seismic zone. Horizon A Bottom of Triassic Xujiahe Formation; Horizon B Bottom of Permian Longtan Formation.
Weiyuan area
The three-dimensional seismic zone is located on the southern slope of the Weiyuan structure (location six in Figure 1), on which three types of faults have developed. One is an almost EW-striking, high-steep strike-slip fault (F1 in Figure 4d); however, only one fault was identified. The second type comprises thrust faults controlled by thrust belts in various directions, including NE-striking thrust faults controlled by the Longmenshan thrust belt in the west (F2a–b in Figure 4a), NW-striking thrust faults controlled by the Cenozoic thrust belt in the west-southern margin of the Sichuan basin (F3a–c in Figures 4a,d), and NE-striking thrust faults controlled by the decollement thrust deformation of cap rock in southern Sichuan (F5 in Figures 4b,d). The last type comprises NWW-striking normal faults (F4a–b in Figures 4b,d,f). These NWW-striking faults have features similar to those in central Sichuan, with short extensions, high steepness, and little normal fault displacement. As shown in Figure 4b, three left-step en echelon faults may have developed on the southern side of the F4a fault, reflecting a dextral shear process under extensional conditions.
[image: Figure 4]FIGURE 4 | (a) Coherent slice of the bottom of the Cambrian Qiongzhusi Formation in the Weiyuan three-dimensional seismic zone; (b) Coherent slice of the bottom of the Ordovician Wufeng Formation in the Weiyuan three-dimensional seismic zone; (c) Coherent slice of the bottom of the Permian Longtan Formation in the Weiyuan three-dimensional seismic zone; (d) Fault interpretation result of seismic line C-C’; (e) Typical transtensional fault in seismic line D-D’; and (f) Typical transtensional fault in seismic line E-E’. Horizon A Bottom of Triassic Xujiahe Formation; Horizon B Bottom of Ordovician Wufeng Formation; Horizon C Bottom of Cambrian Qiongzhusi Formation.
Southern sichuan low-steep tectonic belt
The Luzhou area is located in the central region of the southern Sichuan low-steep tectonic belt (location seven and eight in Figure 1). Multiple rows of NNE-striking anticlines developed in the Lu203 three-dimensional seismic zone and open synclines lie between the anticlines. Three groups of faults were identified in the Ordovician Wufeng Formation: NEE-striking faults represented by F1a–c, NS-striking faults represented by F2a–b, and NE-striking faults represented by F3a–b (Figures 5a,d). According to the features of these faults in the seismic section (Figure 5d), all three groups are thrust faults that developed from the Cambrian detachment layer. The faults in the Cambrian Qiongzhusi Formation are consistent with those in the Ordovician Wufeng Formation and have almost the same position and direction as the overlying anticlines. We consider this to be the result of the influence of the overlying structures on seismic quality. This is similar to the Yang101–Yunjin three-dimensional seismic zone in the north, where thrust faults in various directions have developed (Figure 5c). As discussed above, thrust faults were dominant in the southern Sichuan Basin, and no cratonic strike-slip faults were found. Other studies have also found that reverse faults are mainly developed in southern Sichuan basin according to the analysis of fractures (Li et al., 2022; Li J. et al., 2023).
[image: Figure 5]FIGURE 5 | (a) Coherent slice of the bottom of the Ordovician Wufeng Formation in the Lu203 three-dimensional seismic zone; (b) Coherent slice of the bottom of the Cambrian Qiongzhusi Formation in the Lu203 three-dimensional seismic zone; (c) Coherent slice of the bottom of the Permian Longtan Formation in the Yang101-Yj three-dimensional seismic zone; (d) Fault interpretation result in the Lu203 three-dimensional seismic zone. Horizon A Bottom of Ordovician Wufeng Formation; Horizon B Bottom of Cambrian Qiongzhusi Formation.
Eastern sichuan high-steep tectonic belt
A typical Jura-type fold developed in eastern Sichuan, consisting of multiple rows of banded NNE-striking folds with narrow anticlines and wide synclines. The Bandong (Figure 6a, location nine in Figure 1) and Longmen three-dimensional seismic zones (Figure 6c, location 10 in Figure 1) are located separately in the southern and northern region of eastern Sichuan. Two groups of faults developed in the Ordovician Wufeng Formation in the Bandong area (Figure 6a), including NE-striking faults (F2) with greater length and NWW-striking faults (F1, and F3) with shorter lengths. According to the interpretation results (Figure 6d), both groups were thrust faults. This is similar to the Longmen area in the north, where NE- and NNW-striking thrust faults have developed. As discussed for the other areas above, we found no evidence for the development of cratonic strike-slip faults with features similar to those in central Sichuan.
[image: Figure 6]FIGURE 6 | (a) Coherent slice of the bottom of the Ordovician Meitan Formation in the Bandong three-dimensional seismic zone; (b) Coherent slice of the bottom of the Permian Longtan Formation in the Bandong three-dimensional seismic zone; (c) Coherent slice of the bottom of the Ordovician Wufeng Formation in the Longmen three-dimensional seismic zone; (d) Fault interpretation result in the Bandong three-dimensional seismic zone. Horizon A Bottom of Permian Longtan Formation; Horizon B Bottom of Ordovician Wufeng Formation.
DISCUSSIONS
Relationship between limited distribution and local tectonic evolution
As discussed above, cratonic strike-slip faults are found solely in the Weiyuan area and central Sichuan Basin, and no evidence of strike-slip fault development is found in other areas; that is, the distribution of these faults is limited rather than widespread across the entire basin. We propose that a distinctive tectonic evolutionary process may be the key controlling factor for cratonic strike-slip faults in the central Sichuan Basin for two reasons.
First, a uniform stress field or tectonic movement in the entire basin rarely forms a fault system with such a limited distribution. For example, previous studies have attempted to explain these faults using simple and pure shear modes under stress from plate boundaries; however, they cannot explain why faults occur solely in the center of the basin unless pre-existing structures are found and proven to change the uniform stress field. The tectonic movements in the Sichuan Basin can be considered the genesis of cratonic strike-slip faults only if they result in different deformations between the central Sichuan Basin and other regions. Taking the Sinian Tongwan movement as an example, it resulted in the uplift of the Sichuan Basin and development of the Deyang–Anyue Rift, which runs through the entire basin in a north-south direction. The coverage of the basin uplift and the Deyang–Anyue Rift is much greater than that of central Sichuan; therefore, it is difficult to explain the limited distribution of these faults.
Second, the central Sichuan area has a unique tectonic evolutionary and geological structure that differs from those of other areas and can form a fault system with multiple stages and directions. A unique feature of central Sichuan is its stable structural environment since the Triassic Indosinian movement. As a result of continuous compression during the Indosinian–Yanshanian–Himalayan movements, foreland depressions occurred in the western and northern Sichuan Basin, and complex fold belts developed in southern and eastern Sichuan; however, the central Sichuan area remained relatively stable. Therefore, previous studies suggest that the formation of strike-slip faults occurred later than the emergence of these tectonic units (Su et al., 2021), that is, during the Himalayan period. However, this does not adequately explain the diversity of the fault directions. An additional unique feature is the multi-stage uplift in the central Sichuan area from the Caledonian to the Himalayan period. During the Caledonian movement, the Leshan–Longnvsi paleo-uplift developed and the central Sichuan–Weiyuan area was located in the slope region. During the Indosinian movement, relative subsidence occurred in the western and northern Sichuan foreland depressions, causing relative uplift in the central Sichuan area. During the Yanshanian–Himalayan movements, as a result of the reactivation of the Longmenshan and Micangshan–Dabashan thrust belts, the foreland depressions continued to subside, and the central Sichuan area continued to uplift. This multistage upliftment process created a central Sichuan area that differs from the other areas, which explains the limited distribution of these faults. However, the uplifts developed during different periods and under compression from different directions, which could explain the diversity of fault directions and periods. Considering that most of the cratonic strike-slip faults in the central Sichuan area are transtensional faults (Li et al., 2018; Ma et al., 2018; Su et al., 2021) and tensile strain occurs during the upliftment and folding process, it is inferred that multistage uplifts may be the genesis of the faults in the central Sichuan Basin.
Relationship between fault development and multi-stage uplifts
This study provides three aspects of evidence to prove the influence of multistage uplifts on fault development: the consistency of development time between faults and uplifts, the directional correlation between faults and uplifts, an example of similar faults near another uplift.
Fault periods and multi-stage uplifts
The cratonic strike-slip faults in the central Sichuan area consist of three groups of faults in different directions (Figure 1). These groups of faults have different development periods, which are consistent with the uplift development periods. Taking the Yongtan three-dimensional seismic zone as an example (Figure 8, location 11 in Figure 1), two groups of faults primarily developed. One is a NW-striking fault, which is very steep, extends to the bottom of the Permian, and has almost the same minimal displacement in both the upper and lower regions, indicating that a normal fault formed during one period (Figures 8a,c). The fault displacement disappeared below the bottom of the Permian, and the strata thickness and seismic facies showed clear changes on the hanging walls and footwalls (Figure 8c). It is inferred that these normal faults developed and the subsidence region was filled before the Permian. Associated with tectonic evolution, these NW-striking faults resulted from the Ordovician Caledonian movement when the Leshan–Longnvsi paleo-uplift developed in the west of the Sichuan Basin (Liu et al., 2021; 2024). Caledonian NW-striking faults were also found in the Weiyuan area (Figures 4e, f). These faults extend to the bottom of the Ordovician Wufeng Formation, resulting in subsidence of the hanging wall strata. As shown by the arrow position, an extra seismic event was identified and regarded as filled strata, indicating the Caledonian development period. The other group is a NE-striking fault (Figures 8b, d), extending from the Cambrian to the Triassic strata. As there is no clear thickening and filling of the strata, the development time can be limited to after the early Indosinian period. During the Indosinian period, the Longmenshan thrust belt began to develop and caused the formation of the western Sichuan foreland depression and relative uplift in the central Sichuan area (Yong et al., 2003; Yan et al., 2011; Zhou et al., 2023). Except for the consistent development period, the direction of these NE-striking faults was parallel to that of the Longmenshan thrust belt.
Fault directions and multi-stage uplifts
According to the example in the Yongtan area, faults in different directions have different development periods related to the evolution of paleo-uplifts, and the fault direction may correspond to the direction of the thrust belt. We attempted to analyze the correlation between the fault distribution and paleotectonic morphology of each period by superimposing them. As shown in Figure 7a, three groups of faults developed in central Sichuan, including NW-, NE-, and EW-NEE-striking faults. As discussed above, the NW-striking faults developed during the Caledonian movement, and the fault direction was parallel to the striking strata on the northern slope of the paleo-uplift (Figure 7b). NE-striking faults began to occur during the Indosinian period. As a result of compression from the Longmenshan thrust belt, a northeastward uplift formed in the basin, which is consistent with the direction of the faults during that period (Figure 7c). However, we propose that the development of NE-striking faults may have lasted until the Himalayan period because the compression from the northwest was reactivated in the Yanshanian–Himalayan period, and the foreland depression continued to subside. EW-NEE-striking faults were expected to develop as a result of the relative uplift during the Yanshanian–Himalayan period. During that time, the Longmenshan, Micangshan, and Dabashan thrust belts were reactivated, causing further subsidence of the foreland depressions in the western and northern Sichuan Basins. In central-north Sichuan, the impact of the Micangshan thrust belt was the most significant, and the strata in the slope area near central Sichuan were further bent and finally distributed in the EW-NEE-striking direction, which is parallel to that of the Micangshan thrust belt. As shown in Figure 7d, the EW-NEE-striking faults were parallel to the nearby strata. Therefore, based on the consistency of their direction, we propose that the development of faults is related to multistage uplifts. The development sequence of the three fault groups is suggested to be associated with that of the uplifts. The NW-striking faults initially occurred during the Caledonian period. Subsequently, the NE-striking fault began to form during the Indosinian period. The EW-NEE-striking faults finally developed during the Yanshanian–Himalayan period.
[image: Figure 7]FIGURE 7 | (a) Coherent slice of the bottom of the Cambrian Qiongzhusi Formation in the Yongtan three-dimensional seismic zone; (b) Coherent slice of the bottom of the Permian Maokou Formation in the Yongtan three-dimensional seismic zone; (c) Interpretation result of a typical Caledonian normal fault; (d) Interpretation result of a typical Indosinian normal fault. Horizon ABottom of Triassic Xujiahe Formation; Horizon BBottom of Permian Longtan Formation; Horizon CBottom of Cambrian Qiongzhusi Formation.
Example of similar faults near the foreland front uplift
We found another example of similar faults in the Jurassic strata in front of the Micangshan thrust belt. These faults have features similar to those in central Sichuan (Su et al., 2023; Su et al., 2025), including high steepness, little normal displacement, short length, even distribution, and multiple directions. According to the coherent slice at the bottom of the Jurassic Shaximiao Formation in the Longgang three-dimensional seismic zone (Figure 8a, location 2a in Figure 1), four groups of faults developed: NEE-, NW-, and NNE-striking normal faults, and a NW-striking thrust fault (Figure 8b).
[image: Figure 8]FIGURE 8 | Cratonic strike-slip faults developed during each period related to uplift. (a) Superimposed map of multi-direction strike-slip fault and current structure of the bottom of the Cambrian in central Sichuan; (b) Paleo-tectonic map of the top of the Sinian before Permian sedimentation; (c) Paleo-tectonic map of the top of the Sinian before Jurassic sedimentation; (d) Structure map of the current Sinian top boundary.
In this case, the fault direction was also consistent with the direction of the uplift, and multistage uplifts were recorded by a combination of faults. Among these faults, NEE-striking faults were dominant and parallel to the direction of the current strata. This is a consequence of the thrust deformation of the Micangshan thrust belt during the Yanshanian–Himalayan period, which resulted in subsidence of the foreland depression, relative uplift, and strata bending within the basin. The development of the fault was more concentrated in strata with greater curvature and was slightly deflected with the change in the strata strike in the center of the work area. The NW-striking normal fault corresponds to later compression from the Dabashan thrust belt in the northeast. The NNE-striking normal fault corresponds to compression from the Longmenshan thrust belt to the west.
Genesis mechanism of uplift-related faults
The consistency of the development time and directional correlation between faults and uplifts indicates that uplifts may be the key factor for the faults in the central Sichuan area. The mechanism of these faults is the tensile strain caused by strata bending during uplift development. During this process, the outer arc strata extend, and the inner arc strata shorten and squeeze (Figure 9a). Tensile fractures or faults occur when the tension of the outer arc exceeds its tensile strength. At the fracture scale, longitudinal fractures parallel to the fold hinge typically develop in the core and wings of the fold (Engelder and Peacock, 2001; Smart et al., 2009). Although there is a scale difference between the tensile fractures and faults, this indicates the existence of tensile strain related to strata bending.
[image: Figure 9]FIGURE 9 | (a) Coherent slice of the bottom of J2s2in the Longgang three-dimensional seismic zone; (b) Fault distribution and structural map of the bottom of J2s2.
At the fault scale, some studies have found similar faults and named them bending-moment normal faults (Livio et al., 2019; Xu, 2022). In the Guman area of the West Kunlun foreland thrust belt, normal faults corresponding to the axial direction of the anticline were observed in the field at both the wings and core of the fold (Xu, 2022). The primary function of a bending-moment fault is to adjust the length or shorten strata (Burbank and Anderson, 2012). Analog experiments were used to evaluate the shape and deformation process of bending-moment normal faults during strata bending (Livio et al., 2019). In the simulation results (Figure 9b), the faults were characterized as grabens consisting of two or more high-steep normal faults with little normal displacement, similar to the faults in Figure 10. The simulation results also show that the greater curvature of strata bending is not an essential factor in fault development, that is, these faults could develop in wide and gentle uplifts or folds.
[image: Figure 10]FIGURE 10 | (a) Strain distribution during strata bending (modified after Ramsay et al., 1987; Xu, 2022); (b) Features of bending-moment normal faults in analog experiments (modified after Livio et al., 2019).
CONCLUSION

(1) Based on abundant seismic data analysis, cratonic strike-slip faults are not found in other parts of Sichuan basin, including the north-central Sichuan, western Sichuan foreland depression, southern Sichuan low-steep tectonic belt and eastern Sichuan high-steep tectonic belt. Cratonic strike-slip faults have a limited distribution in the central Sichuan and Weiyuan areas, indicating that these faults were controlled by the unique tectonic evolution of central Sichuan.
(2) It is proposed that these cratonic strike-slip faults are actually a combination of normal faults with different directions controlled by multi-stage uplifts inside the basin. The fault system in central Sichuan composed of three groups of faults with different directions. The three groups are respectively developed during the Caledonian period, the Indosinian period and the Yanshanian–Himalayan period, which are consistent with the development of paleo-uplifts inside the basin. And the fault directions are also parallel to the striking strata of the paleo-uplifts.
(3) Tensile strain during strata bending is the genesis mechanism of fault development. When the uplifts develop, the outer arc strata extend and normal faults occur when the tension of the outer arc exceeds its tensile strength. The central Sichuan region is characterized by superimposed multi-phase palaeo-uplift evolution, and that is the reason why the faults are concentrated here.
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