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The complex deformation styles of large intraplate strike-slip fault systems in the multi-stage superimposed basin are hot topics worldwide. This article proposes structural models and evolution processes for such strike-slip fault systems in the Tarim Basin based on high-resolution 3D seismic data and deep wells. Our analyses reveal that strike-slip fault in the Tarim Basin formed with different structural styles in five tectonic layers from the Sinian to the Permian that accompanies the Sinian rift systems and uplift, the Lower–Middle Cambrian reversed faults and salt tectonics, the Ordovician fault-karst systems, the Silurian to the Carboniferous en-echelon transtensional faults, and the Permian volcanic structures. Influenced by the multi-tectonic layers and complex evolution history, the strike-slip faults performed as multi-layer flower structures and various fault types. The evolution history of paleo-uplifts also influenced the distribution characteristics of strike-slip faults, such as X, diamond, and V shapes in the Tabei uplift and T shapes in the Tazhong uplift. The strike-slip faults formed in late Cambrian stage were associated with unconformities, inverted structures, and growth strata in deep layers. The different tectonic evolution models of the Tabei and the Tazhong uplift were built, which shows pre-existing structures, the lithological combinations from the rift basin to the marine basin, and the change of regional tectonic stress from the Cambrian to Permian are controlling factors of the strike-slip fault systems. These models provide a new interpretation method for intraplate strike-slip fault systems worldwide.
Keywords: strike-slip fault system, deformation styles, ultra-deep layers, multi-stage evolution history, Tarim Basin
1 INTRODUCTION
The intraplate strike-slip fault system has been documented in detail by field studies (Woodcock and Fischer, 1986; Cunningham et al., 1996; Pluhar et al., 2006; Faulkner et al., 2003), seismic interpretation (Harding, 1974; Nicholson et al., 1986; Wu et al., 2020a; Deng et al., 2019), and analog experiment (Basile and Brun, 1999; Mcclay and Bonora, 2001; Dooley and Schreurs, 2012). Most strike-slip faults have experienced several evolution stages from initial fractures to large fault zones with complex structural patterns and internal architectures such as stepovers, fault ramps, overlap zones, and secondary fault systems (Sylvester, 1988; Little, 1995; Aydin and Berryman, 2010). Some are caused by pre-existing structures such as paleo-continental plate boundaries as transform faults and trench-linked and indent-linked strike-slip faults due to the complex evolution history of the plate boundaries (Woodcock and Fischer, 1986; Storti et al., 2003). Others have initiated from earlier basin discontinuities such as basement thrusts, normal faults, block boundaries, and regional joints or fracture systems (Nur et al., 1986; Davis et al., 2000; Storti et al., 2003; Berglar et al., 2010). The change of the regional tectonic stress field and basin structural evolution history also have a significant effect on fault patterns. If basins experienced long and complex evolution histories, zones of pre-existing structures could be reactivated many times (Sutton and Waston, 1986; Storti et al., 2003; Rolland et al., 2013). The presence of a weak body, such as a thick salt layer, mud layer, and volcanic layer, along a developing strike-slip fault zone has a profound influence on patterns of strike-slip fault in vertical and map view (Zouaghi et al., 2005; Mathieu and Vries., 2011; Dooley and Schreurs, 2012). The strike-slip faults also influenced the locations, architectures, and subsidence histories of associated sedimentary basins, many of which are rich in hydrocarbons (Morley, 2002; Storti et al., 2003).
A large strike-slip fault system was distributed widely in the Paleozoic carbonate and clastic rock layers in the Tarim Basin (Figure 1A). The geometry, kinematics, and dynamics of such intraplate strike-slip fault systems become a research focus, since these characteristics of the strike-slip fault systems were evidence to investigate the long plate tectonic movement history of north-western China (Jia et al., 1998; Li et al., 2012; Han et al., 2017; Neng et al., 2018; Wu et al., 2018; Deng et al., 2019; Wu et al., 2020a; Wu et al., 2020b; Deng et al., 2021). The Tarim Basin is characterized as a superimposed basin, which consists of rift systems, salt tectonics, thrust fault systems, paleo-uplifts, and strike-slip fault systems in sequence in a long and complicated evolution history spanning from the Precambrian to the Quaternary (Figures 1B, 2) (Carroll et al., 1995; Li et al., 2013a; Lin et al., 2015; Neng et al., 2016), due to micro-craton breakup from Rodinia and re-matched together from the Caledonian Movement to the Himalayan Movement (Jia and Wei, 2002; Wu et al., 2018). High-resolution 2D/3D seismic data and deep wells have revealed details of the large strike-slip fault systems, ranging from the Tabei uplift to the Tazhong uplift (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Geological map of the Tarim Basin (modified from Laborde et al., 2019). It is surrounded by the Tian Shan, Kunlun Shan, and Altun Shan Orogenic belts. Thrusts and strike-slip fault systems were found in the mountain belts. (B) Regional profile of the Tarim Basin (L1 line in Figure 1).
[image: Figure 2]FIGURE 2 | Stratigraphical chart of the Tarim Basin. Seismic data reflecting surfaces, tectonic movements, petroleum geology, basin, and fault types in different periods are shown (modified from Yu et al., 2014; Deng et al., 2019).
Past research has focused on the distributions and characteristics of strike-slip fault systems and developed a basic framework for them (Figure 3). The strike-slip faults can be divided into three types: positive flower structures, negative flower structures, and liner shear structures (Wu et al., 2020a; Deng et al., 2019; Han et al., 2017, Deng et al., 2021). In map view, strike-slip faults also occur in linear, oblique, feather, en-echelon faults, conjugated faults, and horsetail types. The strike-slip fault formed different types in the Tabei and Tazhong uplift, which performed like X, diamond, V shapes in the Tabei uplift and Tshapes in the Tazhong uplift based on the combination style (Neng et al., 2018b; Wu et al., 2020a) (Figure 1A). The X-type fault represents that two groups of faults with different strikes cut each other, and the angle between the two faults is between 30 and 45°, The diamond-type fault is composed of two groups of the X-type faults, and the plane pattern presents a diamond shape in map view. The V-type fault is half of the X-type fault. The Y-type fault is composed of a main fault and branch faults, which is Y shaped on the plane. The T-type fault represents that two groups of faults with different strike cut each other, and the angle between the two faults is between 60 and 90°. The criterion of the fault-type determination and the supplementary coherency attribute maps are given in Figure 8G. Most current research has focused on the deformation of strike-slip faults on top of the Ordovician carbonate layers and younger layers above them (Yuzhu and Zhihong, 1996; Pang et al., 2013; Zhiqian and Tailiang, 2015; Yu et al., 2016; Lu et al., 2017; Shen et al., 2019; Haijun et al., 2020; Wang et al., 2020, Figures 3A–C). The influence on strike-slip fault by pre-existing structures and multi-stage evolution histories was also discussed from the Middle Ordovician to Permian (Wu et al., 2020b; Deng et al., 2019; Deng et al., 2022; Han et al., 2017), but research on the relationship between the strike-slip fault system and Sinian rift system, the Middle Cambrian evaporite rock layers, and the Permian volcanic structure is insufficient. Latest studies (Deng et al., 2022) have shed light on contrasting characteristics and formation mechanisms of the two strike-slip faults in the Tabei and the Tazhong uplift, still proposing a distinct evolution model for the strike-slip faults of these two uplifts is essential to enhance the understanding of the coupling effect between the strike-slip fault evolution history and surrounding plate tectonic movements. Evidence from recently acquired 3D seismic data shows that some deformations within strike-slip fault belts are distributed in the Lower Cambrian and the Sinian tectonic layers (Figure 4). These structures are various between the Tabei uplift and Tazhong uplift, which are key to understanding the evolution history of strike-slip faults and the change of regional stress field. This paper applied recently acquired 3D seismic data from the Tabei uplift and Tazhong uplift to reveal the various deformation styles of strike-slip fault systems in different tectonic backgrounds. Structural models were also built for 3D seismic interpretation. The main aims of this study are 1) to build the models of strike-slip faults in different tectonic layers with other structures from the Sinian to the Permian, 2) to explain the formation mechanism of different types of faults in the Tabei uplift and Tazhong uplift, and 3) to provide new evolution models for the intraplate strike-slip fault system in the central Tarim Basin during the Paleozoic.
[image: Figure 3]FIGURE 3 | Models of strike-slip faults in the central Tarim Basin of the previous research (modified from Han et al., 2017; Wu et al., 2020a; Deng et al., 2019): (A1–A2) models of the evolution history of strike-slip faults from the Manxi low uplift (modified from Deng et al., 2019), (B) model of strike-slip faults from the Tabei uplift (modified from Wu et al., 2020b), (C1–C2) models of the stages of evolution of strike-slip faults from the northern slope of the Tazhong uplift (modified from Han et al., 2017), and (D) model of strike-slip fault from the Tazhong uplift (modified from Neng et al., 2018).
[image: Figure 4]FIGURE 4 | Models of the strike-slip fault and typical seismic profiles and coherence cube slices of the main reflecting surface: (A) five-layer strike-slip fault model, (B) typical seismic profiles of the Manxi low uplift, (C) typical seismic profiles of the Tazhong uplift, and (D) coherence cube slice of the main reflecting surface of the Tazhong uplift.
2 GEOLOGICAL SETTING
2.1 Tectonic Evolution History
The Tarim Basin is located in NW China. It is a typical superimposed basin that has experienced multi-stage evolution from the Neoproterozoic to the Quaternary closely related to the continental breakup and assemblage (Jia et al., 1998; Jia and Wei., 2002; Li et al., 2013a; Gao and Fan, 2014; Wu et al., 2018; Laborde et al., 2019; Qiu et al., 2019; Wu et al., 2020c; Qiu et al., 2022). This region encompasses an Archean-to-Early Neoproterozoic crystalline basement (Zhu et al., 2017; Wu et al., 2018) with very local distributed small rifts, which were trigged under the extension caused by the breakup of the Rodinia supercontinent. In Cambrian and Early Ordovician, the Tarim Basin was bounded by the South Tianshan Ocean to the north, North Altyn Ocean to the southeast, and Kudi Ocean to the southwest, respectively, and generally developed a succession of marine carbonate deposits. In the Late Ordovician and Silurian, the amalgamation of the Altyn–Qilian and the South Kunlun Terrane to the south Tarim Basin brought about the subsequent orogeny (Jia, 1997; Yang et al., 1998; Jia and Wei, 2002; Chen and Shi, 2003; Jin et al., 2009; Gao and Fan, 2014). The South Tianshan Ocean to the north of the Tarim Basin was mostly studied to be closed in Carboniferous (Gao et al., 2006). The tectonism in Permian is crucial to the basin evolution: for one thing, the Tianshuihai-Terrace amalgamation close the Tarim Basin forms an intracontinental basin and for the other, the plume beneath the Tarim Basin has strong activities in the Early Permian, forming a large igneous province in the central Tarim basin which was proved by the seismic data, wells, and aeromagnetic data (Yang et al., 1996; Chen et al., 2006; Yang et al., 2013; Li et al., 2014; Xu et al., 2021). The foreland basin dominated the basin Meso–Cenozoic evolution history which has three evolution stages: 1) the Triassic peripheral foreland basin caused by the southward migration and continuous uplift of the Tianshan Mountain (Li et al., 2012); 2) the Jurassic–Paleogene intracontinental depression basin (Zhang et al., 2021), and 3) the Neogene–Quaternary rejuvenated foreland basin due to the collision between the Indian and the Eurasian Plates (Lu et al., 1994; Jia and Wei, 2002; Laborde et al., 2019) (Figure 2).
2.2 Stratal Units and Tectonic Layers in the Central Tarim Basin
The Tarim Basin is divided into several structural units (Figure 1A). The first of these comprises three-fold-thrust belts, including the Kuqa and the Southwest Tarim fold-thrust belts on the margin of the Tarim Block and the Madong fault belt at the central part. Second, four major uplifts are present—the Bachu, the Tazhong, the Tabei, and the East Tarim uplifts. Third, two low uplifts are also located in the area between the Tazhong and the Tabei uplifts, as well as the Manxi and the Gucheng low uplifts in the northern part of the Tazhong uplift and the southeastern part of the Manjiaer Depression (Jia, 1997; Yang et al., 1998; Jia and Wei, 2002). Large and wide strike-slip fault systems have been found in the central Tarim Basin, including the Tabei uplift, the Manxi low uplift, and the Tazhong uplift (Figure 1A). Affected by the regional tectonic movements, the Paleozoic can be divided into several regional tectonic layers (Figure 1B). Regional extension from the Late Sinian to Mid–Early Cambrian formed rifts, aulacogens, a passive continental margin, and a carbonate platform, where clastic rock, carbonate rock, and evaporite rock deposited. A regional extension to slight compression from the Late Cambrian to Mid–Early Ordovician resulted in weak fault activities and formed a cratonic carbonate platform and slope where dolomite and limestone deposited. Strong regional compression in the Late Ordovician to Silurian formed a series of thrust, uplift, and strike-slip with thick mud rock deposited. From the Devonian to the Carboniferous, cratonic margin depression controlled the marine clastic rock and carbonate rock deposited. In the Permian, due to the intracratonic rift basin and plume, wide volcanic rock formed (Gao and Fan, 2014) (Figures1B, 2, 4).
2.3 Strike-Slip Fault System in the Central Tarim Basin
Large strike-slip fault systems developed from the Tabei uplift to the Tazhong uplift in the central Tarim Basin (Figure 5). Several regional strike-slip faults extend from the Tabei uplift to the Tazhong uplift, such as fault FⅠ5, which divided the strike-slip fault systems into two parts. In the east, most strike-slip faults are in the NE–SW orientation; by contrast, the western part of fault FⅠ5 is in the NW–SE trend. The faults in the Tabei uplift are performed like X, diamond, and V shapes, which consists of two sets of faults in the NNE and NNW strike directions (Han et al., 2017; Deng et al., 2019; Wu et al., 2020a). The strike-slip faults in the Tazhong uplift extend in the NE direction in the west part and NEE in the east part, and some of them cut the Tazhong No.1 fault and disappear into the Manjiaer Depression and others ended in the southwest part of the No.1 fault and formed cross and T shapes. In the Manxi low uplift, strike-slip faults connect the Tabei and the Tazhong uplifts, forming Y and V shapes (Figures 3, 5).
[image: Figure 5]FIGURE 5 | Diagram of a strike-slip fault system of the Ordovician carbonate rocks (based on the seismic reflecting surface of the Ordovician Yijianfang Formation, To3).
3 DATA AND METHODS
In this study, three typical 3D seismic surveys over a total area of 15,00 km2 were chosen for comparative research on strike-slip faults in the Tabei uplift and the Tazhong uplift (Figure 5), which were obtained from Tarim oilfield company. The 2D/3D seismic data were in post-stack time migration processing and loaded into Halliburton’s Landmark Decision Space Geosciences software for interpretation. Several deep wells were used in this area for horizon calibration, which was completed by the Tarim oilfield company. The main seismic reflection surfaces were determined from the Sinian to the Quaternary. They were interpreted carefully (Figures 4B,C) such as the bottom of the Sinian (TZ), the bottom of the Cambrian (TЄ1), the bottom of the Middle Cambrian (TЄ2), the bottom of the Upper Cambrian (TЄ3), the bottom of the Ordovician (To1p), the bottom of the Upper Ordovician (To3), the bottom of the Silurian (Ts), the bottom of the Carboniferous (Tc), and the bottom of the Permian (Tp). These reflection surfaces provide lithological information and constrain the interpretation method of strike-slip faults in different layers. In the section view, strike-slip faults can be recognized through the cut-off, bending, or deformation of the main reflectors. Some areas with chaotic seismic reflection configuration also indicated the existence of fault damage zones. A fault-karst reflection was the evidence for secondary faults in the fault belt. Such related structures as reverse faults, grabens, salt tectonics, and volcanic structures were found in special layers, and their relationships with the strike-slip faults were examined. A 3D coherence cube sliced along the reflector surface was used for the 3D interpretation of the strike-slip fault systems in map view (Figure 4D).
Depending on the seismic interpretation, unconformities, growth strata, and fault displacements in different layers were used to determine the evolution stages of strike-slip faults. For example, if positive and negative flower structures were superimposed along the same strike-slip fault in different layers in the section view, it indicated a two-stage evolution history of the given strike-slip fault (Figures 3C1–C2).
4 CHARACTERISTICS OF STRIKE-SLIP FAULTS IN THE CENTRAL TARIM BASIN
4.1 Characteristics of Strike-Slip Fault Deformation Styles in Different Layers
Based on 3D seismic data, deformations in different layers from the Sinian, Cambrian, Ordovician, and Silurian identified along with the major strike-slip fault system were recognized including reverse faults, normal faults, salt tectonics, and volcanic structures. These findings indicate that strike-slip fault systems occurred due to different tectonic movements and formed mixed structures consisting of various structural styles in different layers (Figures 4, 6).
[image: Figure 6]FIGURE 6 | (A) Characteristics of layered deformation of typical 3D seismic profiles across strike-slip faults within the Tabei uplift (for location, see Figure 5). (B) Characteristics of the layered deformation of typical 3D seismic profiles across strike-slip faults within the Tazhong uplift (for location, see Figure 5). (C) Seismic line location map and fault system of the Tabei uplift. (D) Seismic line location map and fault system of the Tazhong uplift. Please refer to the supplementary materials for the uninterpreted seismic data.
Strike-slip faults in the Tabei uplift performed various structural styles from the west to the east (Figures 6A, 8A). In the section view, the Ordovician went up to the west owing to tectonic lift; reverse faults (F1 and F2) were found in the western part in the Lower Cambrian superimposed on normal faults in the Sinian in orange (Figure 6A). The faults colored in blue, such as F1, were distributed in the Sinian to the Middle Cambrian layer and disappeared in the Middle Cambrian evaporite rock layer (TЄ2–TЄ3). The faults exhibited different structures, such as single-fault planes (F5 and F11), V-shaped faults (F4, F6, and F10), positive flower structures (F6, F8, and F9), and negative flower structures (F3 and F10). Some faults in orange located in the Sinian, which cut into the basement, acted like normal faults and influenced faults F1, F2, F6, and F7. Faults F5, F6, and F9 grew upward and were connected to the Ordovician faults, while others were disconnected, such as faults F4, F7, F10, and F11. The strike-slip faults in red from the Upper Cambrian–Ordovician carbonate rock layer occurred as flower structures on top of the carbonate rock layer (To3). Some secondary faults were located between F1 and F3, hanging in the upper part of the Middle Ordovician carbonate layer with some fault-karst reservoirs. Transtension fault in the Silurian (Ts) formed V-type grabens in the clastic rock layer, shown in green, that disappeared upward below the unconformity between the Permian and the Triassic. The Permian became thicker to the east, and the activities of strike-slip fault systems also became stronger, with wider flower structures and longer fault planes than those in the western part. The major faults have some common features. First, the strike-slip fault consists of several deformation layers, from the basement to the Mesozoic. Second, normal faults in the Sinian, reverse faults in the Lower Cambrian, and salt tectonics, such as salt sheets, mini-salt anticlines, and mini-salt sags, in the Middle Cambrian developed with the major strike-slip faults. Third, wider flower structures in the Middle Ordovician carbonate layer influenced the fault-karst reflection distribution. Finally, transtensional faults in the Ordovician–Silurian clastic rocks and fault anticlines in Permian magmatic rock performed various structures styles.
The strike-slip fault system in the Tazhong uplift has stronger layer deformation than that in the Tabei uplift (Figures 4, 6B). In the basement, normal faults controlled the distribution of the Sinian rift system. Some normal faults exhibited strong activities, with the hanging wall thicker than the footwall (F2, F6, F11, and F15), and others performed like transtensional fault systems with a vertical fault plane (F7 and F8). Several faults located in Lower and Middle Cambrian layers, in blue, represent deformation during the Late Cambrian to Mid–Early Ordovician with a slight compression. Some faults had vertical fault planes and cut into the Sinian, while others were gentler and were detached into the Middle Cambrian salt layer. Most faults in this layer ended in the salt layer with strong salt tectonic deformation; for example, salt pillow, salt anticline with detachment thrust, and lens-shaped structures can be recognized through 3D seismic. In the Upper Cambrian–Ordovician carbonate rock layer, strike-slip fault systems were distributed more widely in the west than those in the east. Both negative and positive structures can be found from west to east. In the Upper Ordovician and Silurian clastic rock layers, most faults were transtensional faults and performed V-shape faults or single, vertical faults. In the Permian, most faults stopped; only faults F6 and F11 kept moving upward and formed positive and negative flower structures at the same layer.
Compared with the Tabei uplift, strike-slip faults in the Tazhong uplift exhibited stronger layer deformation, especially in the Sinian and the Lower–Middle Cambrian layer. The following common features were observed. First, basement structures, such as the Silurian rift, influenced the strike-slip fault activities and distribution. Normal faults, reverse faults, and strike-slip faults were found in the Lower and Middle Cambrian layers. Second, salt tectonics played an important role in different deformation styles in the supra-salt layer and subsalt layers. A thick salt layer led to strong varied deformation styles among strike-slip faults. Third, strike-slip faults formed flower structures in different layers that were superimposed vertically (F6); some faults were connected directly (F6, F8, F11, and F14), while others were disconnected or vertically incorrectly positioned (F2, F11, and F15).
4.2 Multi-Layer Deformation Models of Strike-Slip Faults
Based on the 3D seismic data interpretation, a total of five deformation layers were identified (Figure 3A): a Sinian–Lower Cambrian structural layer (layer 1), a Middle Cambrian salt-related deformation layer (layer 2), a layer of deformed carbonate rocks from the Upper Cambrian to the Middle Ordovician (layer 3), a layer of deformed clastic rocks from the Upper Ordovician to the Carboniferous (layer 4), and a Permian volcanic rock layer (layer 5). Structural styles along the strike-slip faults varied from deep to shallow (Figure 7).
[image: Figure 7]FIGURE 7 | Styles of layered deformation of strike-slip fault systems: (A1–A3) Permian volcanic rock deformation layer, (B1–B3) Upper Ordovician–Silurian clastic rock deformation layer, (C1–C3) Upper Cambrian–middle Ordovician carbonate rock deformation layer, (D1–D3) Middle Cambrian salt-related deformation layer, and (E1–E3) Sinian–Lower Cambrian deformation layer.
Layer 1 represented the subsalt structural layer consisting of a Sinian rift system and reverse faults in the Sinian and the Lower Cambrian. Three types of structural styles were found: normal faults in the Sinian rift system, reverse faults, and paleo-uplifts caused by the tectonic inversion during the Late Cambrian to Mid–Early Ordovician. The seismic data show that strike-slip faults followed the pre-existing fault plane (Figure 7E1) or cut through a pre-existing fault (Figure 7E2). The paleo-uplift reactivated and induced several strike-slip faults (Figure 7E3).
Layer 2 was salt related. The distribution of evaporite rock layers in the Middle Cambrian varied in the central Tarim Basin. A thick salt layer always induced complex deformation styles such as salt sheets, salt anticlines, and complex salt flow structures (Figure 7D1). When a strike-slip fault occurred, a thick salt layer caused layered deformation and disconnected fault planes (Figure 7D3). When the salt layer became thinner, the strike-slip fault cut through it into the Lower Cambrian (Figure 7D2). Three types of structures named salt flow structures, salt sags, and salt anticlines represent different tectonic backgrounds when the salt layer deformed (Figure 7D2, D3).
Layer 3 was an Upper Cambrian–Ordovician carbonate rock layer. On top of the Ordovician carbonate layer, the strike-slip fault had a strong deformation style, such as well-developed flower structures and a wide, straight fault belt (Figure 7C2) in the map and section views. Secondary faults mainly developed along major faults and connect to the fault planes at depth to form negative (Figure 7C2) and positive (Figure 7C3) flower structures. When the strike-slip fault underwent weak transpression or transtension deformation, it performed as a liner shape in map and section view. The fault-karst caves were widely distributed close to the strike-slip faults. These karst caves became smaller from the fault belts to the undeformed rock wall. The fault anticlines and fault blocks always had strong deformation amplitudes, especially in the overlapping zones in map view (Figure 7C3).
Layer 4 consisted of the Upper Ordovician mudstones and Silurian clastic rocks. Single en-echelon fault, overlapping en-echelon faults, and inherited folds are three typical styles in this layer. Most strike-slip faults acted like extensional en-echelon faults to form half-grabens (Figure 7B1) and grabens (Figure 7B2). Inherited folds were found in the Silurian, where the fold formed in the Late Ordovician continued to be activated, and the en-echelon faults were not developed (Figure 7B3).
Permian volcanic structures were widely distributed in layer 5 including volcanic flow structures (Figure 7A1), detachment thrusts (Figure 7A2), and fault anticlines (Figure 7A3) which were the three typical structures formed because of the magmatic eruption and intrusion from deep layers along strike-slip faults. Complex deformations were recognized inside the layers and appeared as explosive volcanic facies, effusive facies, and volcano-sedimentary facies that erupted from deep layers into the Permian along strike-slip faults.
4.3 Characterization of Strike-Slip Faults in Map View
Strike-slip faults of different structural styles in map view were observed in the central Tarim Basin. These included X-, diamond-, V-, Y-, cross-, and T-shaped faults in deep layers at barrier depths greater than 7,000 m (Figure 8). The characteristics of the strike-slip faults in different layers were obtained from 3D seismic coherence slices of Ts, To3, TЄ3, and TЄ1 with the seismic lines (Figures 8–11) in the Tabei uplift and the Tazhong uplift.
[image: Figure 8]FIGURE 8 | Interpretations of strike-slip fault systems from 3D coherence cubes (To3, reflection surface; for location, see Figure 5): (A) 3D coherence cube slice from the Tabei uplift, (B) method of interpreting strike-slip fault systems for the Tabei uplift, (C) 3D coherence cube from the Tazhong uplift (for location, see Figure 5D, and (D) method of interpreting strike-slip fault systems for the Tazhong uplift. (E) Models of the strike-slip fault in map view. (F) Criteria for fault-type determination used in this study with the corresponding coherency attribute maps.
4.3.1 Strike-Slip Faults Within the Tabei Uplift
Strike-slip faults were well developed within the Tabei uplift. In this region, severe faults interacted to form a net shape comprising X, V, and diamond shapes. Thus, F5 and F4, as well as F8 and F9, were X-shaped faults, while F3, F4, F2, and F1 were diamond-shaped faults. The X-shaped faults were recognized as conjugate faults (Davis et al., 2000; Wu et al., 2020b). However, the faults, which formed an X shape, performed different activities in different layers (Figure 9). The NW trend faults dominated the surfaces of TЄ1 and TS with the weak activity of NE strike faults (Figure 9D). On the surfaces of To3 and TЄ3, the NE strike faults had longer fault planes than the NW trend faults (Figures 9B,C). Some common features were noted. First, fault systems on top of the Ordovician carbonate rocks (To3) did not comprise a single fault but several fault segments. The fault segments were expressed in en-echelon forms (F8), feather types (F4), and horsetails (F1) (Figure 9B). Second, two fault sets were shown to have opposite strike directions and interacted together, including F1 and F4. The first of these, in the west, operated as a right-lateral strike-slip fault (F1) (Figure 8A), while its eastern counterpart was expressed as a left-lateral fault (F4). The angles between these sets of faults were measured over a range from 26.5° to 40.1°; thus, faults F8 and F9 formed larger angles in the north and smaller angles in the south. These data show that the fault planes were not straight (Figure 8A). Third, the Riedel shear zone was well developed along the major fault, while a left-stepped minor fault array also occurred on the right-lateral strike-slip (F1 and F3) alongside a right-stepped array on the left-lateral strike-slip fault (F6, F4, and F9) (Figure 8A). Finally, several secondary faults had occurred inside the blocks between major faults (Figure 8A). Some fault-karst reservoirs that appeared round and black in map view and as a beaded reflection in pink in the section view were distributed along with the strike-slip fault system. The density of the fault-karst reservoirs decreased as they moved from the main fault to the secondary faults and the rock wall (Figures 8A, 10A).
[image: Figure 9]FIGURE 9 | Uninterpreted coherence slices (images to the left in A1–D1; for location, see Figure 5) and interpreted fault systems (images to the right in A2–D2) of different seismic reflection surfaces of the Tabei uplift: (A1) Ts reflection surface (bottom of the Silurian), (B1) To3 reflection surface (bottom of the Upper Ordovician), (C1) TЄ3 reflection surface (bottom of the Upper Cambrian), and (D1) TЄ1 reflection surface (bottom of the Lower Cambrian).
[image: Figure 10]FIGURE 10 | 3D seismic profiles of the Tabei uplift (for location, see Figure 9): (A) 3D seismic line of the northern part (L-1), (B) 3D seismic line in the central part (L-2), and (C) 3D seismic lines of the southern part (L-3). Please refer to the supplementary materials for the uninterpreted seismic data.
The 3D seismic coherence slices show the styles of layered deformation due to the strike-slip faults (Figure 9). In the Cambrian subsalt layer (TЄ1) (Figure 9D), most faults had segmented and led to weak deformation, such as left-stepped en-echelon faults or arcuate faults (F1, F3, F8, and F9). Strike-slip faults mainly developed in the NW–SE strike direction; F1, F2, F3, and F8 had clear and longer traces than those in the NE–SW direction, such as F6, F9, and F10. Above the Cambrian salt layer (Figure 9C), the strike-slip faults become longer than those in the subsalt layer, two opposite strike-slip fault systems intersected, and some NW–SE strike faults were cut by NE–SW strike faults. For instance, F9 was cut by F8, which indicates that F8 was a left-lateral strike-slip fault. However, on the To3 reflection surface, F8 performed as a right-lateral strike-slip fault (Figure 9B). The directions of movement of fault F6 were opposite on the reflection surfaces of TЄ3 and To3, which verified the strike-slip fault experienced two evolution stages. On the Ts reflection surface, only the NW–SE strike direction faults continued to be activated, forming an en-echelon fault system (Figure 9A).
Layered deformation styles were noted through the 3D seismic profiles (Figure 10; for location, see Figure 9). The faults in the Sinian have weak activities (F1, F5, F4, and F9) with small normal faults, low amplitude sags between F3 and F10, and low uplifts on its west side between F1 and F3. Some faults shown in blue (Figure 10) were distributed in the Middle and Lower Cambrian layers that disappeared into the Middle Cambrian layer (F2, F6, F8, and F9). The strike-slip faults were more active in the Ordovician carbonate layer performing wider flower structures, long fault planes (F1, F3, and F4), and bigger fault-karst caves (in pink). With the fault activities decreasing to the south (Figures 10A–C), the fault-karst caves become lower and smaller. Some fault-karst caves were distributed inside or along with fault belts, and others were distributed between major faults such as the east side of F6 (Figure 10B). The faults in green, distributed in the Silurian–Carboniferous layers, were transtensional fault systems that acted as normal faults in the seismic profiles. F1, F2, and F6 cut into the Carboniferous and ended in the Permian. Others had weak deformations in the Silurian. From the north (Figure 10A) to the south (Figure 10C), the fault activities weakened. Permian faults in violet were influenced by volcanic rock. Reverse faults, fault anticlines, and vertical and rotational faults were identified inside the volcanic layer.
4.3.2 Strike-Slip Faults in the Tazhong Uplift
A series of cross-shape fault systems had developed in the Tazhong uplift along with the NW–SE striking directional thrusts (Figure 8D, blue color) and NE–SW strike-slip fault (red color). First, the angle between the NW–SE fault and the NE–SW faults was larger than that between the X- and Y-shaped faults, between 38.6° and 87.5° (F16, F17, F18, and F19). Second, based on movements of the fault walls, the NE–SW-trend strike-slip fault performed left-lateral movements and cut the NW–SE striking thrusts (F15, F16, and F19). Third, a strike-slip fault also developed like a straight fault plane with a feature type or an en-echelon fault tail (F14, F15, F18, and F19). Secondary faults were influenced by these NW–SE striking thrusts and were formed mainly in the western side of the strike-slip faults (F15, F18, and F19). Fourth, based on the location of these strike-slip faults, three types were identified: boundary, cut, and foot/hanging wall types. The boundary types were located along the transfer zones of the thrusts, such as F18, F15, and F14. By contrast, cut types, including F16, F17, F19, and F20, were formed in the middle part of the thrusts, cut through thrusts, and generated displacements. The foot/hanging wall types were located on the footwall or hanging walls, intersected, or ended on the thrust fault planes, for example, F22 and F23.
The Tazhong uplift had a strong layered deformation style than the Tabei uplift and the Manxi low uplift (Figure 11). In the Cambrian subsalt layer, thrusts dominated and performed like the NW-direction trend, dipped to the NE. Strike-slip fault eventually formed in transfer zones between different thrusts in the southwest part of the uplift (Figure 11D). The strike-slip faults become longer and stronger in layers above the Cambrian salt layer (Figure 11C). Faults F16 and F17 cut the NW strike direction thrust to form a large intersecting angle ranging from 60° to 85°, like cross shaped. The left-lateral strike-slip faults were determined from the movement direction of the cut thrust segments (Figure 11C). On the top surface of Ordovician carbonate rocks, the strike-slip faults and thrusts dominate; secondary faults along the major fault formed feather-type, toothbrush-type, braided-type, and small en-echelon faults (Figure 11B). On the bottom surface of the Silurian, such faults also performed as right-stepped en-echelon strike-slip faults, varying from the Tabei uplift; most en-echelon faults were developed from linear strike-slip fault planes in the southwest to the en-echelon faults in the northeast (F15, F16, and F19). Thrusts remained active in the southeastern part (F20, F21, F22, and F23).
[image: Figure 11]FIGURE 11 | Uninterpreted coherence slices (top images in A1–D1; for location, see Figure 5) and interpreted fault systems (bottom images in A2–D2) of different seismic reflection surfaces of the Tazhong uplift: (A1) Ts reflection surface (bottom of the Silurian), (A2) To3 reflection surface (bottom of the Upper Ordovician), (A3) TЄ3 reflection surface (bottom of the Upper Cambrian), and (A4) TЄ1 reflection surface (bottom of the Lower Cambrian).
The stronger layered deformation styles were controlled by the complex evolution history, salt tectonics, and several unconformities (Figure 12). Most faults in the subsalt layer performed like reverse faults. Some faults (No. 1 fault, F15, F17, and F19) with thicker hanging walls proved that the faults are normal faults during the Sinian period. Others performed like a strike-slip fault with large flower structures in the subsalt layer. Because of the thick Cambrian salt layer, two fault systems were generated. The detachment thrust above the salt layer and the basement involved thrust in the subsalt layer. F14, F15, and F19 were mainly distributed in the supra-salt layer (Figure 12), influenced by the basement thrust faults. Some strike-slip faults were cut into the basement where the thrust fault was not active (F16 and F18). From the north (Figure 12A) to the south (Figure 12C), the deformation belts of strike-slip faults become narrow, such as F14, F15, and F18. The salt tectonics exhibited as the salt pillows, welt salt rollers, salt anticlines, salt walls, and salt sheets in the Middle Cambrian. The detachment thrusts always detached from the thick salt layer, where the strike-slip faults accompanied the thrusts (F14 and F19) or cut-thrusts (F15). On top of the Ordovician carbonate reflection surface (To3), flower structures were widely distributed. A large deformation belt was observed where the strike-slip fault and thrust intersected, such as in F15 (Figure 12A) and F18 (Figure 12C). Positive and negative flower structures were found in the same profiles, as in the case of F15 forming positive flower structures and F17 and F19 forming negative flower structures (Figure 12A). Some strike-slip faults had opposite activities in different layers, including positive structures in the Cambrian and negative flower structures in the Ordovician. Exemplars include fault F19 (Figure 12C), the negative flower structures in the Cambrian, and positive flower structures in the Ordovician, such as F18 (Figure 12D). From north to south, the strike-slip faults changed from en-echelon faults to liner-type faults on the bottom surface of the Silurian. The number of faults in the Permian decreased. Only one normal fault and two reverser faults were observed in this area and were superimposed on strike-slip faults F15 and F16 (Figures 12A–C). These indicated that the tectonic movement became stronger in the Tabei uplift than in the Tazhong uplift, during the Permian period.
[image: Figure 12]FIGURE 12 | 3D seismic profiles of the Tazhong uplift (for location, see Figure 11): (A) 3D seismic line of the northern part (L-4), (B) 3D seismic line of the central part (L-5), (C) 3D seismic line of the southern part (L-6), and (D) 3D seismic line along an S–N direction (L-7). Please refer to the supplementary materials for the uninterpreted seismic data.
4.4 Factors Controlling Deformation Styles of the Strike-Slip Fault
Based on the seismic data interpretation, three factors were found to control the deformation styles of strike-slip faults. They are the multi-stage history of tectonic evolution from the Sinian to the Permian, the lithological combinations from the rift basin to the marine craton basin and rift basin, and the change of regional tectonic stress.
The 3D seismic data show that strike-slip fault belts underwent several deformation stages from the Sinian to the Permian period. In the Sinian deformation layer, sags and paleo-uplifts were recognized below the Cambrian, accompanied by strike-slip faults as a boundary fault in the Manxi low uplift and the Tazhong uplift (Figures 13A,B,D,E). The Middle Cambrian salt layer was a key tectonic layer for strike-slip fault deformation. Some transpressional faults, with a high dip angle formed in the Cambrian subsalt layer (Figures 13A,D), were distributed wider than the strike-slip faults in the Ordovician layer, which showed that tectonic movement had occurred during Late Cambrian to the Middle–Early Ordovician. Some unconformities with the salt tectonics were also found in the Cambrian (Figures 13D,E). Because of the change of tectonic stresses from the Late Cambrian to the Middle Ordovician, the flower structures acted like opposite superpositions in different layers, such as the positive follower structures in the Cambrian salt layer and the negative flower structures in the Middle Ordovician layer (Figures 13A,E). The displacements of the strike-slip faults decreased from the Cambrian to the Ordovician, indicating that fault activities weakened during different evolution stages (Figure 13C). Some folds and fault-karst reflections were recognized above the reflection surface, which indicates that tectonic movements had occurred in the Early Ordovician (Figures 13B,C,E). Unconformities (Figures 13D,E), volcanic intrusiveness (Figures 13A,B), and growth strata (Figure 13C) above and below the To3 reflection surface indicated that several tectonic movements had occurred during the Late Ordovician Period. These had induced strong strike-slip fault layered deformations.
[image: Figure 13]FIGURE 13 | 3D seismic profiles of the central Tarim Basin (for location, see Figure 5): (A) Opposite superposition of strike-slip fault from the Cambrian to the Ordovician in the Manxi low uplift, (B) earlier sag in the Cambrian layer in the Manxi low uplift, (C) larger fault in the Cambrian layer in the Tabei uplift, (D) strong deformation in the Cambrian salt layer and unconformity in the Ordovician layer in the Tazhong uplift, and (E) opposite superpositions and strong deformation in the Cambrian salt layer in the Tazhong uplift. Please refer to the supplementary materials for the uninterpreted seismic data.
The lithological combinations were also a significant factor controlling the styles of the strike-slip faults. When the lithology varied significantly—for example, a transformation from clastic rocks to carbonate or volcanic rocks, from evaporite rocks to dolomite rocks, or carbonate rocks to clastic rocks—flower structures are always generated in the relevant layers. The weak bed like a salt rock layer and mudrock layer could also induce brittleness when the strain rates are high (Davison 2007, 2009) and cause the different fault systems above and below them which also influence the fault types of the strike-slip fault system. Also, a latest study (Bian et al., 2022) regarding the strike-slip salt tectonics in the Tarim Shunbei oilfield has demonstrated that the strike-slip faults in Cambrian weak salt bodies could connect the subsalt source rocks and supra-salt reservoirs, which had imposed significant impacts on petroleum migrations and accumulations.
5 DISCUSSION
Former studies have made great achievements in the geometry and kinematics of the strike-slip faults of the Tarim Basin (Jia et al., 1998; Han et al., 2017; Wu et al., 2018; Neng et al., 2018; Deng et al., 2019; Wu et al., 2020a; Wu et al., 2020b), while their conclusions are not consistent. The research on the relationship between strike-slip fault and other tectonics is still insufficient, especially in the Cambrian and Permian evolution stage.
A key period of tectonic change refers to a period when the basin dynamic characteristics and sedimentary environments change greatly which influenced not only the thrust faults and salt tectonics but also strike-slip faults. In this study, the regional stress fields of different periods that responded to periphery plate tectonic movements were mainly concluded from previous research (Jia et al., 1998; Wu et al., 2018; Qiu et al., 2019; Deng, et al., 2021; Qiu et al., 2022). The evolution model of the strike-slip faults was built to associate strike-slip fault evolution with the regional stress field alternations (Figures 14, 15).
[image: Figure 14]FIGURE 14 | Evolution model of the strike-slip fault system of the Tazhong uplift: (A) fault evolution stage in the Sinian–Early Cambrian, (B) fault evolution stage in the Late Cambrian–Early Ordovician, (C) fault evolution stage in the Late Ordovician, (D) fault evolution stage in the Silurian–Devonian, and (E) fault evolution stage in the Carboniferous–Permian.
[image: Figure 15]FIGURE 15 | Evolution model of the strike-slip fault system of the Tabei uplift: (A) fault evolution stage in the Sinian–Early Cambrian, (B) fault evolution stage in the Late Cambrian–Early Ordovician, (C) fault evolution stage in the Late Ordovician, (D) fault evolution stage in the Silurian–Devonian, and (E) fault evolution stage in the Carboniferous–Permian.
Previous studies show that the Tarim Basin experienced several tectonic cycles and the regional tectonic stress changed several times (Jia and Wei, 2002; Liu and Wang, 2012). In the Early Sinian, most of the Tarim Basin was repeatedly uplifted with some small rift basin and aulacogen in the northeastern and western part of the Tarim Basin under the extension stress field (refer to Tian, et al., 2020 and Bai et al., 2020 for the location of the rift). In the late Sinian, the Tarim Basin became a cratonic depression. At this stage, Manjiaer depression and Awati depressions were cratonic marginal basins (Jia and Wei, 2002). The normal faults and grabens dominated this tectonic layer. Influenced by the Kuluktak-Manjiaer aulacogen, the Tabei and Tazhong area had more normal faults in the eastern part than in the western part (Figures 14A, 15A). During the Early–Middle Cambrian, the central Tarim experienced an extensional tectonic background with a passive continental margin developed in the southwest and northeast, followed by a short episode of weak localized compression which lead to the compressive-reverse movements and foldings after the Early–Middle Cambrian (Gao and Fan, 2014). Some pre-existing faults were reactivated, and initial rupture of the strike-slip fault formed (Figures 14A, 15A). From the Late Cambrian to the Middle Ordovician, the ocean basins surrounding the Tarim Basin evolved dramatically: The north Tianshan Ocean began to subduct southwards beneath the Central Tianshan Microcontinent, generating compressive stress to the South, and the North Kunlun Ocean subducted to the North forming compressive stress (Jia and Wei 2002; Gao and Fan, 2014). These compressive stresses formed the initial strike-slip faults and reverse faults, foldings, and salt tectonics in the central Tarim Basin. The fault activities in the Tazhong area were stronger than those of the Tabei area during this period (Figures 14B, 15B). In the latest Middle Ordovician, regional compression strengthened and the Tarim craton became an active continental margin. The southwest Tarim, Tabei, and Tazhong areas uplifted. In the Late Ordovician, thrust faults formed accompanied with strike-slip faults. The thrust activities weakened from south to north as a result of the Kunlun, Altun ocean closure, and orogenies in the southern part of the Tarim craton (Gao and Fan, 2014). Fault segments were connected to form kinds of fault patterns along the fault belt. The thrusts formed together with the strike-slip faults, which also had stronger activities in the Tazhong uplift than in the Tabei uplift. The X, V, diamond type formed in the Tabei uplift, while the T and cross type formed in the Tazhong area (Figures 14C, 15C). During the Silurian–Devonian, Late Caledonian movements, and Hercynian movements caused the collision between the Tarim block and the Central Tianshan–Yining block. Also, the South Tianshan narrow ocean transformed into a foreland basin. Transtension en-echelon faults formed in this time, which weakened from the south Tazhong uplift to the north Tabei uplift (Figures 14D, 15D). From the Carboniferous to the early stage of the Permian Period, the southern margin of the Tarim continental plate was a passive continental margin, which became an active continental margin in the late stage of the Early Permian–Late Permian when the Paleo–Tethys closed to the south of the Tarim continental plate and triggered the isle arc volcanic activity. The northern margin of the Tarim Basin was an active continental margin, as the oblique collision between the Tarim continental plate and the Middle Tianshan block occurred. The igneous activity of the intracratonic rift of the Tarim Basin occurred in the Early Permian. The volcanic activity in the Tabei uplift was stronger and more complex than that of the Tazhong uplift (Figures 14E, 15E). In this study, the strike-slip fault deformation and fault patterns in the Sinian, the Early–Middle Cambrian, and the Permian were addressed and associated with the regional tectonic evolution studies (Jia et al., 1998; Li et al., 2007; Han et al., 2017; Neng et al., 2018; Wu et al., 2018; Deng et al., 2019; Wu et al., 2020a; Wu et al., 2020b), which was not systemically documented in previous studies.
6 CONCLUSION
A large strike-slip fault system was widely distributed in the Paleozoic layer of the central Tarim Basin, which formed X-, V-, Y-, diamond-, cross-, and T-shaped deformation styles on the top of the Ordovician carbonate layer. The X-, V-, and diamond-shaped deformation styles were mainly observed in the Tabei uplift, and the cross- and T-shaped deformation styles dominated the Tazhong uplift.
The strike-slip fault system consists of a five-layered architecture. They are normal faults and transtensional faults in the Sinian and reverse, transtensional, and transpressional faults with salt tectonics in the Lower–Middle Cambrian. Wider flower structures and fault-karst were found in the Ordovician carbonate rock layer. The en-echelon transtension system mainly developed from the Late Ordovician to the Carboniferous. Volcanic structures along the strike-slip fault formed thrusts, normal faults, and folds in the Permian.
The multi-stage tectonic evolution history from the Sinian to Permian, lithological combinations from the rift basin to the marine basin, and regional tectonic stresses were the main factors influencing layered deformation structural styles. The evolution history of the strike-slip fault started from the earlier Cambrian and ended in the Mesozoic.
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