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The past decade has witnessed a breakthrough in the gas exploration of deep marine carbonates of the central Sichuan Basin. Deep faults research has also attracted increasing attention, as faulting plays an important role in reservoir control. Previous studies have suggested a developed series of high-angle strike-slip fault systems in the central Sichuan Basin, but correlated exploration activities are limited, as distribution rules and dynamic mechanisms remain unclear. In this study, the spectral decomposition coherence method was used to describe the geometric and kinematic characteristics of these strike-slip faults. Using a comprehensive analysis technique to assess the strike-slip fault tectonic activity history, the formation and evolution processes of strike-slip faults and their control on hydrocarbon distribution were examined. The results showed that the deep strike-slip fault system, mostly distributed in the Dengying Formation, can be divided into four stages, three levels, and three groups of orientation, which controlled the structural framework and shape of the central Sichuan area, as well as the zoning from north to south, and blocking from west to east. The faults showed features of layered deformation and staged evolution in the vertical direction. The segmentation of strike-slip faults strongly controls the quality of fractured vuggy reservoirs. Reservoirs of the hard-linked zone of the strike-slip fault are the most developed, followed by those of soft-linked segments, with translational sections of the strike-slip fault being relatively undeveloped. Strike-slip faults are important hydrocarbon migration paths, and their multistage activities have different controlling effects on hydrocarbon accumulation.
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1 INTRODUCTION
Global carbonate formations are rich in hydrocarbon resources, and will likely be the most important area for future oil and gas exploration and development. Dedicated research in China has led to globally recognized discoveries in the marine carbonate formations of the Tarim, Sichuan, and Ordos Basins. Recently, carbonate oil and gas exploration has gradually moved into deep (burial depth >4500 m) and ultra-deep (>6,000 m) carbonates with increasing progress in exploration technology, resulting in new discoveries of various oil and gas resources (Liu et al., 2009; Li et al., 2020; He et al., 2021; Liu et al.,2010). Most marine carbonates in China are formed in the lower part of the superimposed basin, characterized by deep burial and ancient origin, and have undergone complex diagenesis along with multi-phase tectonic movements during its geological history. Faults and concomitant joints accompanying the multi-stage tectonic evolution could both act as passageways for oil, gas, hydrothermal, and volcanic fluids, as well as playing an important role in later reservoir transformations and hydrocarbon accumulation.
Since 2006, with the discovery of the Anyue gas field, the Gao Shi 1 and Moxi 8 wells in the central Sichuan area have been drilled and tested to obtain a high-yielding industrial gas flow from the Sinian-Cambrian dolomite reservoir, confirming the huge exploration potential of deeper layers in central Sichuan. Previous studies in this region have focused on tectonic evolution, sedimentary facies distribution, and hydrocarbon migration and accumulation. Influenced by the traditional concept of the stable central Sichuan block, previous studies on the deep fault system of the central Sichuan Basin remain incomplete. Currently, there is consensus on the development of deep strike-slip faults in the central area of the Sichuan Basin, but there are still controversies regarding the distribution pattern, nature, and formation period of said faults. Yin et al. (2013) suggested that deep fault systems formed during the Caledonian tectonic period, and experienced multiple stages of strike-slip fault activity in the Hercynian, Indosinian, Yanshan, and Himalayan epochs. According to Li (2017), strike-slip faults existed in two phases of development, at the end of the Sinian and the end of the Early Cambrian. However, Ma et al. (2018) suggested that the strike-slip faults in the Central Sichuan Uplift experienced two stages of activity: Early Caledonian and Late Hercynian. Su et al. (2020) proposed that the principal fault activity occurred during Himalayan formation, revealed by shallow high-steep faults cutting through the Jurassic strata in central Sichuan, and the deep strike-slip faults are in the same fault system. In the present study, the geometrical and kinematic characteristics of strike-slip faults are described based on filtering and spectrum decomposition techniques. The relationships between strike-slip faults, reservoir modification, and oil–gas accumulation are also discussed. This study has great scientific significance for finding out the development characteristics of the strike-slip faults and their control on hydrocarbon accumulation in stable parts of cratonic basins, including the Ordovician strike-slip faults in Tazhong and Tabei areas of Tarim Basin, and the Triassic Yanchang Formation strike-slip faults in Ordos Basin.
2 GEOLOGICAL SETTING
2.1 Regional geology
The Sichuan Basin covers an area of approximately 1.8–3.0 ×105 km2 in western China. It is a superimposed basin that developed on the Neoproterozoic crystalline basement of the Yangtze Craton, limited by the Animaqing-Mianlue suture in the north, the Longmenshan tectonic belt in the west, the Ganzilitang suture in the southwest, and the east Sichuan folded belt in the east (Figure 1A; Wei et al., 2019). According to the oil and gas resource evaluation from the China National Petroleum Corporation, the total geological reserves of natural gas in the Sichuan Basin are 3.818×1013 m3, and the total cumulative conventional gas production is ∼5.998× 1011 m3, making it the largest natural gas producing area in China. Based on the morphological and geometrical characteristics of the present-day top of the Sinian, the Sichuan Basin is divided into five primary tectonic units: the Central Sichuan Uplift, West Sichuan Depression, North Sichuan Depression, East Sichuan High-Steep Fold Belt, and South Sichuan low-steep fold belt (Figure 1A). The Central Sichuan Uplift is located in the central part of the Sichuan Basin, which is characterized by a giant long-axis anticlinal structure spreading to the northeast (Figure 1C), and the structure was fixed in the Yanshan–Himalayan period.
[image: Figure 1]FIGURE 1 | (A) Simplified distribution map of the tectonic units of the Sichuan Basin and the surrounding area showing sutures and faults. The map was modified from Wei et al. (2019). (B) Isoline of aeromagnetic anomalies in the Sichuan Basin. The map was modified from Gu and Wang. (2014). (C) Enlarged view of the central part of Figure 1A showing the distribution of strike-slip faults at the top of Sinian (Z2dn top) in the Central Sichuan Uplift.
The study area is located in the Central Sichuan Uplift and covers an area of 24,500 km2. Structural research shows that it contains the GaoShiti-Moxi paleo-uplift, and the Mianzhu-Changning Cratonic internal rifting to the west. The western boundary of the GaoShiti-Moxi paleo-uplift is the north-south striking synsedimentary normal fault F dipping to the west (Figure 1C). There is no other obvious tectonic boundary to the north, east or south, indicating a transitional relationship. The strike-slip fault system (Yin et al., 2013; Ma et al., 2018; Su et al., 2020; Liang and Li, 2022), a product of multiple tectonic movements on the periphery basin, was developed in the deep part of the study area.
Marine carbonates are mainly developed in the Sinian to Middle Triassic, and the Upper Triassic-Quaternary are terrestrial deposits (Figure 2). Taking into account the lithological differences between Sinian-Permian, the lower Triassic-middle Triassic, and upper Triassic, and the unconformities, the central Sichuan area was divided into a lower structural sequence (Sinian-Permian), a middle structural sequence (Lower Triassic-Middle Triassic), and an upper structural sequence (Upper Triassic and its overlying strata). The strike-slip faults in the study area are mainly distributed in the lower structural sequence. The majority of the exploratory wells in the central Sichuan area did not penetrate the Sinian. Industrial hydrocarbon flows revealed by the drilled wells are related to marine carbonates, including the Sinian, Cambrian, Carboniferous, Qixia-Maokou, Changxing, Feixianguan, Jialingjiang, and Leikoupo formations. The Sinian contains two sets of high-quality reservoirs, namely the second and fourth members of the Dengying Formation. Their lithologies are primarily algal-clotted dolomite, algal-stromatolitic dolomite, algal dolarenites, and oncolite, with a wide horizontal distribution stacked vertically against each other. The reservoir in the fourth member of the Dengying Formation has experienced strong karstification of weathering crust, leading to increased reservoir porosity and forming a fracture-void system due to multiple stages of dissolution and tectonic movement. The stratigraphic contacts between the fourth member of the Dengying Formation and overlying Lower Cambrian Qingzhusi Formation are unconformities. Karstification of the reservoir took place near the unconformity of the Dengying Formation, forming the largest deep marine carbonate gas field in China.
[image: Figure 2]FIGURE 2 | Comprehensive tectonostratigraphic column of Central Sichuan Uplift, Sichuan Basin.
2.2 Tectonic evolution of the region
Basement activity and pre-existing basement fractures in the Sichuan Basin are stress concentration zones (Nemcok et al., 2005; Tong et al., 2010), which not only control the development and evolution of sedimentary cover in the basin, but also are important factors triggering the development of faults within the sedimentary cover. Previous studies have shown that the central area of the Sichuan Basin is to the northeast, near the west–east magnetic anomaly belt (Figure 1B), whereas a negative magnetic anomaly belt developed between the two positive magnetic anomaly belts in the northeast and southwest. A negative magnetic anomaly belt developed between the positive magnetic anomalies in Jianyang and Dazu, and weak positive magnetic anomalies developed to the south of the strong positive magnetic anomalies in Nanchong; therefore, the basement of the central area of the Sichuan Basin is not a unified block, but rather comprises several large tectonic weak zones based on aeromagnetic anomalies (Gu and Wang, 2014). As weak tectonic zones, the basement faults are prone to be active under the regional stress field, which may form the basis of the development of the west-east and north-east strike-slip faults in the central area of the Sichuan Basin.
The fault evolution of the Sichuan Basin is closely related to basin basement activity, and the remote effects are generated by the convergence or divergence of the surrounding plates. From the Late Neoproterozoic to the Cambrian, the paleo-Qinling oceanic crust to the north of the Yangtze Plate was subducted below the Yangtze plate by the influence of the breakup of Rodinia. With an increasing dip in the subduction zone, the dynamic mechanism of the South Qinling Plate changed from a subduction–convergence mechanism to one of retreat–extension (Zhu et al., 2014; 2015; Hu et al., 2015; Xiang et al., 2015; Wang et al., 2017; Zhang et al., 2018), forming an interior rifting of the Yangtze Plate due to the tensional setting (Niu et al., 2003; Stein and Stein, 2013). Simultaneously, the western margin of the Yangtze Plate converged to the northern margin of East Gondwana by subduction (Moghadam et al., 2013; Chen et al., 2018), resulting in a transtensional setting within the Yangtze Plate due to slab pull. Based on the above two factors, the western margin of the Yangtze plate developed the north-south Mianzhu-Changning intracratonic rift (Zhu et al., 2007; Jiang et al., 2011; Liu et al., 2013; Li et al., 2019). The central area of the Sichuan Basin, located at the western margin of the Yangtze plate is influenced by the Mianzhu-Changning intracratonic rift, and includes a series of synsedimentary faults (Figure 3B).
[image: Figure 3]FIGURE 3 | (A) The displacement and rotation of the Yangtze Plate from the Sinian to Permian based on palaeomagnetic data by Luo et al. (2004); Feng et al. (2011) and Hou et al. (2014). (B) Tectonic evolution of the central area of Sichuan Basin with synsedimentary faults, serving as the east boundary of the Mianzhu-Changning intercratonic rift. (C) Tectonic evolution of the central area of Sichuan Basin with strike-slip faults.
The Yangtze plate drifted slowly northwards in the transtensional setting, reaching a maximum drift rate and rotating anticlockwise during the Ordovician, due to strong tectonic activity (Figure 3A; Feng et al., 2011; Hou et al., 2014). Owing to slab retreat and mantle uplift, the margin and interior of the Yangtze Plate have both extensional and uplift dynamic mechanisms (Figure 3C). Based on the pre-existing tectonic weak zone, the central Sichuan area is subject to oblique transtension near west-east and north-east strike-slip faults.
Under the influence of the hot doming of mantle uplift, and the opening of the ancient Tethys Ocean, the Sichuan Basin started to rift from the Middle Devonian within the Yangtze Plate, and the Emei basalt eruption reached its maximum in the Late Permian. At the end of the Early Permian, the subduction of the Qiangtang terrain resulted in southwest-northeast transpressional stress, causing north-west rifting of the Yangtze plate, and accelerating the up-arching of the deep “Emei Mantle Column,” resulting in rapid eastward movement (Figure 3A; Luo et al., 2004). Here, the coinciding tectonic activity was the strongest. The main faults in the central Sichuan area have undergone inherited development.
Beginning in the Late Triassic, the Upper Yangtze region, including the Sichuan Basin, was mainly influenced by peripheral compressional stress, ending the evolution of the intracratonic rift-style basin, and leading to the development of a series of foreland basins. The strike-slip faults of the central Sichuan area were adjusted and modified in a transpressional regime because of the collocation of the surrounding plates.
3 DATA AND METHODS
3.1 Database
Core data, well data, imaging logs, and 2D and 3D seismic data were used in the present study. Core samples were obtained from ten exploratory wells of the fourth member of the Dengying Formation, whereas well data, including conventional electrical log curves and lithological logs, were collected from 80 exploratory wells in the central Sichuan area. The post-stack time migration 3D seismic data covered an area of 8,000 km2 (Figure 1A), with a cell size of 20 × 20 m, a sampling interval of 2 m, an effective frequency band range of 12–49 Hz, and a deep dominant frequency of 30 Hz (Figure 12). Eleven (11) two-dimensional seismic lines totaled 1,300 km (Figure 1A).
3.2 Methods
As the depth increases, the resolution and dominant frequency of seismic data will decrease. The Strike-slip fault has the characteristics of small displacements and is difficult to identify. To enhance the sensitivity of different scales of faults from seismic data, this study used an improved coherence technique based on spectral decomposition to describe medium-small scale faults. The original full spectral-band post-stack time migration seismic data were decomposed into 15, 25, 35, and 45 Hz frequency-divided data. The results showed that the seismic profiles from the 35 Hz frequency-split data had higher resolution and clearer breakpoints; thus, the 35 Hz frequency band was identified as the dominant frequency for deep fault spectrum decomposition processing in this area. The edge-preserving filtering method (An et al., 2021) can effectively protect discontinuous boundary information, improve the signal-to-noise ratio, and enhance the continuity of seismic events. After spectral decomposition and filtering, the seismic data were used as a carrier to extract coherent attributes, curvature, and ant-tracking data along the target layer to characterize the faults and fractures (Ma et al., 2020).
When a significant acoustic impedance difference exists between the reservoir and non-reservoir rocks, the reservoir can be predicted using conventional post-stack seismic attributes. The porosity of the carbonate rocks of the Sinian Dengying Formation calculated from its logging curve decreased with increasing acoustic impedance, revealing a negative correlation; therefore, the porosity ranges can be used to define the acoustic impedance values of the reservoir and non-reservoir rocks. Compared with the post-stack seismic amplitude method, the principal component analysis (PCA) of the frequency-decomposed amplitude can significantly improve reservoir thickness prediction. The post-stack seismic data were subdivided into low-, mid-, and high-frequency panels, extending the amplitude tuning range, and improving the amplitude-thickness linear relationship (Zeng, 2017). The frequency-decomposed amplitude attributes extracted from the low-, mid-, and high-frequency panels were transformed into principal components, extracting most of the seismic attribute information (Chopra and Marfurt, 2007). The relationship between the frequency-decomposed amplitude principal components and reservoir thickness at the well site was fitted and calculated. In this study, 15 wells were used for the fitting calculation, and the correlation coefficient (R2) between the predicted and actual values was 0.78. The predicted results for the other five blind-testing wells fell within the predicted trend, indicating that the seismic prediction results were credible.
4 RESULTS
4.1 Strike-slip fault characteristics from seismic data
Based on the refined interpretation of the processed seismic data, three groups of deep strike-slip faults trending north-east, north-west, and west-east were identified in the study area, and the fault structure styles in both section and planar distribution patterns were clarified. At the eastern boundary of the Deyang-Anyue intracratonic rift, the nearly north-south trending synsedimentary fault F separated the western and eastern fields of the study area (Figure 1C). The region in the west primarily shows north-west and north-east trending strike-slip faults, whereas the eastern field is developed with north-east, north-west, and nearly west-east trending strike-slip faults. Fault F1 divided the study area into the northern Moxi structure and the southern Gaoshiti structure. Compared to the Gaoshiti structure, the Moxi structure shows more faults and stronger fault activity. In the Moxi structure and its northern slope, the strike-slip faults exhibit north-west, north-east, and nearly west-east trends that are roughly perpendicular to the central area of the Sichuan Basin. The entire major fault consists of several segmental faults with different dips and throws, and the planar structural characteristics vary along the strike. Together, with the coherent attributes extracted from the seismic data processed by spectrum decomposition and filtering (Figure 4), and fault characterization by the ant-tracking technique, the planar distribution pattern of strike-slip faults exhibits echelons, oblique intersections, and arc shapes. The Gaoshiti structure and its southern slope mainly developed northwest trending faults, and generally, the single north-west trending fault exhibited a short extension distance and vertically ended at the bottom of the Permian. The fine coherence map shows that secondary faults within north-west trending faults are distributed in an en-echelon arrangement, further confirming that the north-west trending faults are dextral strike-slip faults. In general, the number of faults in the southern belt (Gaoshiti structure and its southern slope) is markedly less than in the northern belt (Moxi structure and its northern slope). The structural pattern of the strike-slip fault assemblage is classified into three levels according to the activity periods, extension length, and horizon cut-through by fault (Figure 1C). For example, fault F1 serves as the boundary of the Moxi structure: it penetrates the basement, terminates upward in the Triassic, shows a large fault throw, a long distance of planar extension, a significant horizontal slip displacement, and multi-stage activity. It is therefore considered a first-grade fault. Second-grade faults present a smaller scale than the first-grade, generally extend across the Sinian, and end during the Cambrian, which controls the development of secondary fault blocks.
[image: Figure 4]FIGURE 4 | Fine coherent map of the top surface of the Dengying Formation in the 3D seismic area. See Figure 1A for location.
The seismic sections displayed in Figure 5 represent typical images of deep strike-slip faults mapped to 3D seismic volumes (Figures 1C, 4). These faults are characterized by steeply dipping, half-flower positive flower, and negative flower structures in the study area. Owing to the superposition of multistage structural deformations, multiple flower structures develop in local areas, forming a superposition of these structures on the seismic profile. The steeply dipping fault is characterized by the development of a single main fault without branch faults. Its fracture zone is narrow and steep, with small fault throws, most of which are transtensional. As a special vertical configuration style of the main and branch faults, the flower structure is one of the typical signs for the identification of strike-slip faults. The strike-slip faults in the central Sichuan area show a negative flower structure feature during the Sinian-Ordovician, similarly indicating that the nature of the faults is transtensional. Owing to the lithological differences between the Permian and its underlying strata, the influence of large unconformities formed by the superposition of multiple unconformities between the Permian strata and its underlying strata, as well as the structural deformation of strike-slip faults are characterized by layered deformation in the longitudinal fault systems in the study area. The faults in the Permian are in the form of small grabens or horsts, which partly converge downward in the boundary of the lower flower structure, and partly in the middle main sliding surface, revealing that the fault development position and strength in the Permian are closely related to the lower strike-slip fault and later fault activity. Some of the strike-slip faults terminate upward in the Triassic, and develop a positive flower structure, forming a raised stratigraphic deformation along the faults, or exhibiting the characteristics of small horsts.
[image: Figure 5]FIGURE 5 | Interpreted 3D seismic section (A) A′ and (B) B′ showing the strike-slip faults. See Figure 1B for locations.
4.2 Linkage and segmentation of strike-slip faults
Previous studies have suggested that the growth of large faults does not evolve from an infinite extension of a secondary fault, but rather from a series of secondary splays (segments) that rupture, spread, grow, interact, and link in a similar orientation (Kim and Sanderson, 2005; Aydin and Berryman, 2010). According to the stress and strain in the overlapping and tip zones of the fault, the fault formation process is characterized by segmentation (Choi et al., 2016; Khalil and Mccday, 2016). Segments are isolated from each other at intervals of hundreds of meters, showing disconnection and no interaction, and can be considered as isolated fault segments. Soft-linked segments are generally subparallel and overlap in the map view. The overlapping areas of the soft-linked segments lack significant interaction and obvious deformation. The hard-linked zone shows complex fault networks, with a more complicated overlapping area in the seismic profile (Figures 6B, 7B, C), suggesting stronger interaction and deformation in the overlap zones. Based on the coherent attribute map extracted from the seismic data that was processed by spectrum decomposition and filtering, different parts of the strike-slip faults in the study area have different structural and planar configuration styles, showing obvious segmentation. To reveal the segmentation characteristics of the strike-slip faults in the study area, the north-west trending fault F3, and north-east trending fault F4 are described and analyzed in this study.
[image: Figure 6]FIGURE 6 | (A) The coherence horizon slice of the top of the Sinian, showing segmentation characteristics of the strike-slip fault F3. See Figure 1B for location. (B–D) are interpreted seismic sections of the strike-slip fault F3 from west to east. The location of the seismic sections is shown in Figure 6A.
[image: Figure 7]FIGURE 7 | (A) The coherence horizon slice of the top of the Sinian, showing segmentation characteristics of the strike-slip fault F4. See Figure 1B for location. (B–E) are the interpreted seismic sections of the strike-slip fault F4 from south to north. The location of the seismic sections is shown in Figure 7A.
Strike-slip fault F3 is located in the northern part of the study area (Figure 1C) and extends in a north-west direction. The seismic profile displayed in Figure 6 represents a typical image of F3, which is composed of multiple segments overlapping each other by different fault types to reveal different segmentation along the fault strike. Figure 6B shows the hard-linked zone, and the main fault is characterized by bifurcation and intertwining from the braided structure section in the plane, exhibiting a transtensional fault with a negative flower structure in the profile. The translational section is a linear extension in the plane, and a highly steep erect fault in the profile, showing few secondary splays, with smaller vertical fault displacements and transtensional features (Figure 6C). Figure 6D shows an overlapping zone with right-lateral and right-stepping arrangements in the plane. The interior part of the overlapping zone is in a stretching state, as revealed by the descending block or semi-flower structure in the profile.
The strike-slip fault F4 is a north-east trending fault located in the eastern part of the study area (Figure 1C), and the main fault shows different segmentation characteristics along the fault strike from south to north (Figure 7A). Figure 7B shows the hard-linked zone, segments connecting with each other in the plane, and secondary splays developed in a complicated manner in the overlapping zone, complicating the fault network, while several branch faults converge and merge into a surface in the profile, forming a positive flower structure. Similar to Figures 7B, C, the hard-linked zone segments in which the cut and left laterally displace the north-west trending fault, developed more fractures due to local stress concentration. Figure 7D shows a steep upright fault with linear extension in the plan, while Figure 7E shows the tip of the strike-slip fault, consisting of several branch faults and a main fault, the latter showing a horsetail splay structure in the plane and a semi-flower structure in the profile.
4.3 Analysis of strike-slip fault active periods
Several researchers have conducted extensive studies on the timing of these strike-slip faults (Yin et al., 2013; Li, 2017; Ma et al., 2018; Su et al., 2020); however, their results have been inconclusive. In this study, based on the investigation of the tectonic evolution of the Central Sichuan area, the active periods of strike-slip faults were determined by jointly using the differences in fault structural styles in different strata, and the fault-cut horizon.
The eastern boundary fault of the Mianzhu-Changning rift serves as the most important normal fault that controls the development of the Gaoshiti-Maoxi paleo uplift, and even the Sinian-Early Cambrian tectonic framework of the entire basin. From the Late Sinian to Early Cambrian, during the Tongwan movement and Xingkai taphrogenesis, strike-slip faults were initially formed in the study area. Due to the uplift and erosion of the Leshan Longnüsi Paleo-uplift that developed in the Early Paleozoic, the Ordovician-Carboniferous was missing in the central Sichuan Basin. Drilling revealed that the Ordovician in the study area was overlapped from southeast to northwest, which was retained only in the Gaoshiti structure area, and missing in the Moxi structure area (Figures 2, 5). As first-order faults, the southern boundary fault F1 of the Moxi structure, and the northern boundary fault F2 of the Gaoshiti structure had similar structural characteristics in the seismic profile, showing three periods of activity (Figure 2). The fault cuts through the Sinian to Lower Triassic strata from bottom to top, while appearing as a highly steep upright strike-slip structure in the Dengying Formation and diverging upward in the Cambrian and Ordovician into a positive flower-like structure. This structure of the Permian was superimposed on the Ordovician, and two flower-like structures were formed. Accordingly, it can be inferred that the strike-slip faults have experienced two fault activities during the deposition of the Ordovician and Permian. The faults formed during the process of fold deformation appear to be perpendicular to the strata (Su et al., 2014a; Su et al., 2014b); therefore, it is speculated that the small horst of the reverse faults perpendicular to the strata in the Triassic may be related to the activities of the Indosinian-Himalayan period subjected to compressional stresses around the basin, which was the third stage of the strike-slip fault.
5 DISCUSSION
5.1 Superimposed, transformed, reservoir beds
Previous studies have considered that, influenced by diagenetic compaction and cementation, the porosity in carbonate rocks gradually decreases with increasing burial depth. It is difficult to form effective reservoirs in ultradeep formations larger than 6,000 m (Schmoker and Hally, 1982; Ehrenberg et al., 2010; Ehrenberg et al., 2009); however, since the 1990s, China has discovered several deep or ultra-deep large-scale carbonate reservoirs in the Tarim and Sichuan Basins, which have often later undergone significant transformations. Therefore, fault activity and the associated fracture development are particularly important for the formation of high-quality ancient carbonate reservoirs. For example, the fracture-void karst reservoir is developed in the Sinian Dengying Formation of the Sichuan Central Region, and multi-phase fault activities have a strong impact on the late modification of the reservoir, promoting the formation of fractures and increasing the storage space of the reservoir.
Prior research has shown that fractures are composed of both fault cores and fault damage zones (Caine et al., 1996; Aydin, 2000; Kim et al., 2004; Childs et al., 2009; Faulkner et al., 2010; Matonti et al., 2012; Choi et al., 2016; Ostermeijer et al., 2022; Kim et al., 2000). Specifically, fault-damage zones develop branching faults and fractures, while their corresponding degree of development and width are influenced by various factors, such as fault size, stratigraphic lithology, and diagenesis (Tondi, 2007; Agosta et al., 2012; Rotevatn and Bastesen, 2012; Michie, 2015; De Graaf et al., 2017). Typically, the greater the distance from the fault core, the less is the fracture development (Mitchell and Faulkner, 2009; Faulkner et al., 2010; Torabi and Berg, 2011; Johri et al., 2014a). For deep carbonate formations, fault-associated damage zones can effectively improve reservoir performance. Indeed, previous researchers have studied fracture frequency and fault damage zone boundaries at three scales of fracture systems—macro-, medium-, and micro-fractures—based on logs, cores, and thin sections (Wu et al., 2019; Shi et al., 2022). Numerical simulation models with reservoir fracture parameters have been used to calculate the influence range of major faults that can reach 600–2000 m, and the fracture within the influenced zone is characterized by high density (Xu et al., 2019). The prediction map of fractures based on 3D seismic attributes in the eastern part of the study area reveals the relationship between the distribution characteristics of the fault damage zone and major faults (Figures 8, 9). There are well-developed fractures closer to the major faults owing to stronger tectonic deformation. Many strike-slip faults are composed of multiple segments overlapping each other by different fault types to show different segmentation along the fault strike. The degree of fracture development in different segment types varies according to differential structural style and stress state. On the plot in Figure 10, fault F4 can be divided into five segments horizontally, with the highest throw values, and highest seismic attribute values, reflecting that fractures occur in the hard-linked zone. This suggests that the higher fault throws absorb far more deformation and strain, promoting development of micro-cracks and fractures which are crucial for reservoir transformation. The southern segment I of fault F4 includes soft-linked segments with various displacements. Because they offset the north-west trending faults, the intersection shows significant displacement and greater fracture development. Segments II and IV are linear extensions of the fault plane with less displacement. Secondary splays and fractures in the translational section of the strike-slip fault are less developed, as the structural deformation is mainly concentrated in the main faults, indicating that the surrounding fault damage zones and fractures are limited in development. Segment Ⅲ shows a braided structure of intersecting transpressional and transtensional faults, maintaining high fracture density, which are the most developed fault damage zones. The northern segment Ⅴ has mainly transpressional faults which offset the north-west trending faults, displaying great displacement. The intersection between north-east and north-west faults in the study area shows strong fault activity, producing a wider range of influence, and developing more branch faults and fractures. Faults and their associated fractures serve as high-speed channels for fluid migration, increasing the permeability of reservoirs and enhancing the fluid flow. During the Late Neoproterozoic to Early Cambrian, the faults were active and broke through the surface, providing channels for atmospheric fresh water to flow downward along the fractures. Simultaneously, atmospheric fresh water caused dissolution of the rocks surrounding the fractures and cracks, forming a 3D fracture-void network. The secondary pores in the reservoir are often too scattered to form an effective interconnection; therefore, unfilled or partially filled fractures can create an interconnected network for isolated pores and form a fracture-pore system at a certain scale, thereby increasing reservoir permeability (Figure 11). The reservoir exhibits low frequency, medium amplitude, and medium continuity reflection characteristics on the seismic profile (Figure 12). The 3D seismic attributes were used to describe the planar distribution of the carbonate reservoir of the Fourth Member Dengying Formation in the eastern part of the study area (Figure 13). It was found that the reservoir is mainly distributed along the strike-slip fault. The closer the main fault was, the more fractures developed, providing more channels for fluid migration. Differential segmentation of the strike-slip fault is associated with varying reservoir quality. The hard-linked zone, such as the braided structure section, formed by bifurcation and interweaving of branch faults where fractures are developed, is conducive to the development of high-quality reservoirs. Such development is attributed to faults and fractures serving as downwelling channels for shallow groundwater, and upwelling channels for deep hydrothermal fluids, which increases the contact area between the fluids and the original rock, thus creating favorable conditions for the development of karst reservoirs. The soft-linked segments include few secondary splays, forming moderate quality reservoirs. Compared to other sections, few fractures developed in the translational sections of the strike-slip fault, suggesting poor reservoir quality.
[image: Figure 8]FIGURE 8 | Prediction map of fractures of the top of the Sinian based on 3D seismic attributes. See Figure 1B for location.
[image: Figure 9]FIGURE 9 | Conceptual model showing the damage zone fault and fracture network (A) and fracture intensity (B). See Figure 1C for location.
[image: Figure 10]FIGURE 10 | (A) The fault segmentation and variations of fault throw along strike-slip fault F4. (B) Distance versus Seismic attribute reflecting fractures (see the fault location in Figures 1C, 9A).
[image: Figure 11]FIGURE 11 | Typical photos showing the fractured rocks from the cores (A, B) and thin sections (C, D) in the Dengying reservoir in Central Sichuan Basin. (A) High angle dissolved fracture in clotted dolomite, filled with the saddle dolomite and bitumen, Well M51, 5358.83 m; (B) Reticulated structural fractures with dissolution cavities developed. Well M39, 5254.71 m; (C) Partially filled structural fractures connecting intergranular pores, Well G20, 5184.4 m, plane polarized light; (D) Saddle dolomite vein filling along the fractures, Well M105, 5329.5 m, plane polarized light.
[image: Figure 12]FIGURE 12 | (A) Reservoir response characteristics of seismic profile crossing the key well. The range of the orange circle corresponds to (C). (B)Seismic bandwidth map. (C)The drill columnar section of Well M23 in Dengying Formation.
[image: Figure 13]FIGURE 13 | The fracture and fracture-void reservoirs are represented by the colors of P-impedance attribute from red to yellow. The P-impedance attribute of 3D seismic data was processed with the Jason Poststack module between the 10 ms below the top of Dengying Formation (left) and 10–30 ms below the top of Dengying Formation (right).
5.2 Hydrocarbon migration pathway
The Sichuan Basin has deposited huge amounts of sedimentary rock since the Sinian and has developed several hydrocarbon source rocks and source-reservoir-cap rock assemblages. Research has shown that the three main hydrocarbon source rocks are the Cambrian Qiongzhusi Formation mudstone, Silurian Longmaxi Formation mudstone, and coal-bearing mudstone of the Xujiahe Formation, as well as others, such as the mudstone of the Shisantuo Formation, Lower Permian mudstone, Upper Permian mudstone, and Lower Jurassic mudstone. There are many hydrocarbon-bearing formations, covering almost all formations from the Sinian to the Jurassic. The Sinian source-reservoir-cap rock assemblages are the first, and the oldest marine formation source-reservoir-cap rock combinations in the central Sichuan area, with mudstone of the Doushantuo Formation, the Third member Dengying Formation, and the Cambrian Qiongzhusi Formation mudstone comprising the main hydrocarbon source rocks, algal dolomite of the Second member and Fourth member Dengying Formations serving as the reservoirs, and the Lower Cambrian mudstone as the main cap rock, containing three types of combinations: Upper-Source and Lower-Reservoir, Upper-Source and Lateral- Reservoir, and Lower-Source and Upper-Reservoir (Figure 14).
[image: Figure 14]FIGURE 14 | The transport and accumulation model of oil and gas in central Sichuan Basin. The oil/gas migrated from the deeper hydrocarbon sources into the multiple reservoirs. Early dense oil accumulation and late condensate gas accumulation developed due to migration along the strike-slip faults.
Based on the seismic interpretation results of the whole study area, and oil and gas shows from the exploration, the development of high-quality dolomite reservoirs and fault activity in the central area of the Sichuan Basin determines hydrocarbon migration and accumulation (Figure 14), whereas the development of faults and prolonged active periods are conducive to communicating with the effective source rock, serving as favorable conditions for the production of oil and gas pathways. When source rocks start to produce hydrocarbons, the reservoir of the Sinian Dengying Formation already has storage space, which provides favorable conditions for the formation of paleo-oil reservoirs and crude oil cracking in situ. Many studies have been conducted on the oil and gas charging time, as well as the hydrocarbon accumulation period of the Sinian Dengying Formation in the central area of the Sichuan Basin (Liu et al., 2009; Luo et al., 2015; Wang et al., 2016; Shen et al., 2021), and concluded that there were three periods of hydrocarbon accumulation: The first peak period of oil accumulation occurred at the end of the Silurian, but the hydrocarbon supply from source rocks was a continuous process that could have advanced to the early-middle Ordovician at the earliest. This may be the main reason why various scholars considered oil accumulation to have occurred during the Ordovician-Silurian, when a series of strike-slip faults formed with inherited activities in the Late Sinian-Early Cambrian across the central area of the Sichuan Basin. The Wuyi-Yunkai orogeny in the whole Yangtze region occurred due to regional extensional stress, thereby developing secondary splays, and fault damage zones around the main strike-slip faults. Simultaneously, the uplifting stratum suffered significant weathering and denudation, resulting in a wide range of reservoirs being created, with large-scale oil charging. In the late Permian-Early Triassic, the uplift and denudation of formations caused by the rise of the Emeishan mantle plume and the massive eruption of basalts reactivated the faults. The hydrothermal event related to the eruption of the Emeishan basalts caused a large amount of thermal fluid upwelling along these faults and fractures, leading to dissolved carbonate reservoirs, and improved reservoir performance. With the maturation and charging of hydrocarbons, peak oil accumulation occurred during the second stage. During the Yanshan–Xishan epoch, the crude oil in the Sinian Dengying Formation cracked into gas at great depths and high temperatures, creating the peak period of natural gas accumulation.
6 CONCLUSION

(1) Based on 2D and 3D seismic data in the central area of the Sichuan Basin, systematic interpretation of the deep fracture system suggests that steeply dipping faults and flower-like structures were mainly developed in the study area. The three groups of north-west, north-east, and nearly west-east striking faults in the study area exhibit differences in the structural patterns of the southern and northern regions. The planar combination styles of strike-slip faults consist of an en-echelon arrangement, oblique intersection, and arc shape. The slip faults are classified into three levels according to their activity duration, structural deformation degree, and extension length. Owing to the differences between the upper and lower structural styles of the fault system, location of the fault cut-through layer, and deformation characteristics of the strata, the active stage of strike-slip faults is considered to have occurred in four phases: Late Archean-Early Cambrian, Ordovician, Permian, and Triassic. Generally, a strike-slip fault consists of several segments with different dipping and fault throws, leading to planar structural characteristics that change along the fault strike. The interior of the strike-slip fault is composed of linear translational, overlapping, and braided segments. The translational section is a linear extension of the fault plane with a steep upright fault profile. The overlapping section includes an extensional or contractional segment controlled by its rotational direction relative to the step, whereas the braided section contains interlocking transtensional or transpressional structural segments.
(2) The control of strike-slip faults on fracture development in the study area is significant, including the control of main faults on secondary splays and fracture development. The degree of intensity and period of fault activity impacts the development of the surrounding fracture zones, with a greater distance from the fault resulting in lower density and intensity of fracture. Segmentation of strike-slip faults governs the distribution of karst reservoirs in the Sinian Dengying Formation. The most developed reservoirs are in the overlapping and braided sections, and relatively undeveloped reservoirs are in the linear translational sections.
(3) Deep strike-slip faults have great significance for oil and gas exploration in the central Sichuan Basin. Small fault and fracture systems induced by major fault activities can form interconnections for isolated pores, effectively improving reservoir properties, and increasing oil and gas production. Deep fault activities cause tectonic deformation of the surrounding rock, which can control the formation of traps. These serve as favorable channels for oil and gas migration, effectively communicating with hydrocarbon source rocks and reservoirs, and resulting in the formation of oil and gas reservoirs.
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