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Understanding the structural style, kinematic process, and timing of superimposed structures worldwide is often difficult due to complex structure deformation process. Fortunately, the newly acquired high-quality seismic reflection data and geological observations covering the Tongnanba anticline provide an excellent chance to characterize such structures. Here, we used geological and seismic data from the Tongnanba region to evaluate the structural style and deformation sequence of Tongnanba anticline. In this regard, we propose a new model of the northeastern Sichuan Basin, which are different from the model that deep structures formed earlier than shallow structures demonstrated by previous studies, and we also discussed the implications of this new model for the deep oil and gas exploration. Compressed by Micangshan and Dabashan thrust belts and controlled by three detachment layers, the Tongnanba anticline shows a complex multi-stage, multi-directional, and multi-level superimposed structure. There were three deformation layers vertically, leading to the multi-level detachment thrust structure style. Specifically, the upper and middle deformation layers were mainly controlled by South Dabashan thrust belt in the early stage, forming long-distance detachment thrust structure extended in the NW-SE direction. A series of pop-up structures propagated toward the upper and middle detachment layers. On the other hand, the lower deformation layer was primarily controlled by the Micangshan thrust belt in the late stage, forming complex basement faults extended in the NE-SW direction, which was consistent with Trishear fault-propagation fold. Along the basement detachment developed multiple branch slopes spread from northeast to southwest. The middle and upper deformation layers was transformed by the basement faults, thus forming the complex superimposed structure of north-south zonation and east-west segmentation at present. It was such complex superimposed structure that control the process of hydrocarbon accumulation and adjustment in each deformation layer, and the deep-ultra-deep ancient oil and gas reservoirs may be worth of exploring.
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INTRODUCTION
There are large number of superimposed structures develop orogenic belts and continental crustal deformation areas. Multiple phases compression causes the deformation formed in the early stage being modified by the deformation formed lately (Kusky and Loring, 2001; Saha, 2002; Dario et al., 2010; Shah et al., 2013; Deng et al., 2015; Zhang et al., 2019; Hou et al., 2020). For instance, in the core zones of the Alpi Apuane metamorphic complex in the northwest Tuscany Italy, the switch from the crustal scale contractional regime to the extensional one has been documented (Molli et al., 2022). Two phases of deformation of Paleozoic accretion of the orogenic belt are reported based on the analysis of folds on the northern margin of the North China Craton (Hou et al., 2020). Zhang (2019) report that NE-near EW trending fold superimposed NW-NNE trending fold in the Jianchi area of western Dabashan according to field investigation and identification.
However, the study of these superimposed structures pay attention to outcrop- and regional-scale, which ascertain the fold interference patterns which are influenced by two phases of orthogonal or oblique deformation. Therefore, a serious of interference patterns are proposed for the single-layer superimposed folds (Ramsay, 1962, 1967; Ghosh et al., 1992; Grasemann, 2004). Otherwise, a serious of numerical simulation and physical simulation experiments are fully used in the study of superimposed structures (Deng et al., 2016; Long et al., 2021; Ma et al., 2023).
Unlike most superimposed structures investigated currently, there are always multi-level folds superimposed vertically in front of the foreland thrust belt. And been subjected to Mesozoic-Cenozoic multi-phase, multi-directional compression, the superimposed structures are different with the conventional one. This makes us not only understand the superimposed structure in single-layer or in planar, but also comprehend it vertically.
This article chooses Tongnanba anticline as the research object to discuss the structural styles and evolution process of multi-phase, multi-directional and multi-level superimposed structure. The Tongnanba anticline is intersection zone in the fronts of the Dabashan and Micangshan fold thrust belts. Decades have been spent studying the structural style, evolutionary processes (Wu et al., 2006; Hu et al., 2012; Shi et al., 2012; Dong et al., 2013; Wen et al., 2013; Chen, 2015, Chen et al., 2016; Li et al., 2015) and oil and gas exploration (Jin et al., 2012; Li et al., 2016; Jiang et al., 2020) of the Tongnanba anticline and peripheral thrust belt. It is commonly believed that the Tongnanba anticline was compressed by Micangshan in the early stage to form the NE-SW striking deep thrust fold deformation and experienced the Dabashan over-thrusting to form the NW-SE striking compressive thrust deformation in the middle and upper parts in the late stage (Dong et al., 2006; Wu et al., 2006; Jiang et al., 2008; Li et al., 2008; Xu et al., 2009; Zhang et al., 2010; Zhang et al., 2011; Li et al., 2013; Wang et al., 2013; Chen et al., 2015; Chen et al., 2016). And a multi-detachment deformation system is formed under the control of multiple sets of detachment layers, which incorporate a classic incorporate a classic decoupled deformation model. But the regional seismic profile indicates that different tectonic deformation layers exhibit local coupling, which contradicts the notion that early deformation occurs in the lower deformation layer and late in the upper and middle deformation layers. Therefore, it is necessary to redefine the structure style and deformation sequence.
In this study, the structural style was discussed by a serious of region seismic profiles in different directions. Based on seismic profile interpretation results, a new tectonic evolution process of the study area is restored. Finally, we discussed the adjustment and modification of hydrocarbon by the new tectonic evolution process.
GEOLOGIC SETTING
The Tongnanba anticline, located in northeastern part of the Sichuan Basin, is a major part of Micangshan-Hannan Uplift and the Southern Dabashan arc thrust belt, with a general trend of NE to NNE (Figure 1). It experienced an orogenic collision between the Yangtze Plate and the North China Plate and uplift of the eastern margin of the Qinghai-Tibet Plateau since the late Triassic, forming a series of underground structures with northeast and northwest trends (He et al., 2011; Jia et al., 2013). From Cretaceous-Cenozoic, exhumation formed the relief at present. It composed two stratigraphic units on a Precambrian crystalline base: 1) Marine sedimentary sequences from the Sinian to Middle Triassic formed in the Marine Craton rift basin to the craton depression basin; and 2) terrestrial sedimentary sequences from the Late Triassic to the Neogene developed in the continental depression basin to foreland basin (He et al., 2011; Huang et al., 2021). The absence of an angular unconformity and the development of multiple parallel unconformities in the region are notable. Due to intense denudation, the strata exposed on the surface are mainly Jurassic and Lower Cretaceous (Figure 2).
[image: Figure 1]FIGURE 1 | (A) A simplified structure map of the North China plate, the South China plate, the Qinling Mountains orogenic belt and the location of the study area (modified from Chen et al., 2016). HD, Hannan uplift; SD, Shennongjia uplift. (B) A simplified geologic map of Tongnanba anticline and its adjacent thrust belts.
[image: Figure 2]FIGURE 2 | A simplified stratigraphic column of the Tongnanba anticline, indicating multistage tectonic activities (modified from Chen et al., 2016).
The Micangshan and Southern Dabashan FTB
The Micangshan FTB is connected and intersected with several structural belts, including the Sichuan Basin, the Songpan-Ganzi orogenic belt, the Longmenshan FTB and the south Dabashan FTB. It comprises Mesoproterozoic metamorphic rocks, with Paleozoic and Mesozoic sedimentary rocks surrounding it. Micangshan FTB underwent multiple phases of tectonic movement, forming a complex structural system (Wu et al., 2011; Sun et al., 2011). Two rapid uplift events occurred in Micangshan uplift, respectively during the Early Jurassic-Early Cretaceous and Late Miocene to present, which are related to the collision of the Yangzian-North China and Indo-Eurasian plate (Li et al., 2010; Zhang et al., 2022).
Located at the northern margin of the Yangtze Craton, the Southern Dabashan FTB is a curved tectonic belt in the southern Qinling orogen formed by the Late Triassic collision of the Qinling microplate and the Yangtze plate. Due to the Late Triassic collision and structural superposition during the Late Jurassic to Early Cretaceous, it experienced foreland folding and thrusting (Dong et al., 2006; Zhang et al., 2011). The Southern Dabashan FTB is mainly characterized by the multi-detachment structures. Governed by the Lower Triassic Jialingjiang Formation and Cambrian detachment layers, the multi-level and multi-stage detachment deformation are formed (Li et al., 2017; Huang et al., 2021).
Detachment layers in the Tongnanba anticline
Gypsum rock, mud, and shale demonstrate the characteristics of plastic flow upon subjection to compression deformation, which is easily transformed into a detachment layer. Other rock strata, such as limestone and dolomite, are primarily distinguished by their brittle fracture. Multiple detachment layers are recognized in the study area, including the pre-Sinian basement detachment layer, the Silurian mudstone detachment layer and the Triassic Jialingjiang-Leikoupo Formation gypsum detachment layer (Jin et al., 2006; Zheng et al., 2013). The gypsum detachment layer in the Leikoupo Formation has a chaotic seismic event feature, thickens locally under strong extrusion, according to the high-quality seismic profile (Figure 3). It is buried between 4,500 and 5,500 m deep. The Silurian detachment layer shows weak and discontinuous seismic reflection, with no obvious thickness change. Its depth is 6,000–6,500 m. The depth of the pre-Sinian basement detachment layer is currently controversial. Local detachment layers are not discussed in detail here. According to the analysis of the detachment layer in the study area presented above, three structural deformation layers (upper, middle, and lower) are formed in the upper portion of the pre-Sinian basement detachment layer, exhibiting inconsistent deformation in different deformation layers.
[image: Figure 3]FIGURE 3 | Seismic reflection characteristics of the detachment layer. (A) NE-SW regional seismic profile Hctrace710. (B) Enlarged area of seismic profile shown the Lower Triassic (Leikoupo Formation) detachment layer. (C) Line-drawing of Figure 3B. (D) Enlarged area of seismic profile shown the Lower Silurian detachment layer. (E) Line-drawing of Figure 3D.
DATA AND METHODS
Comprehensive seismic data on the Tongnanba region form the basis for studying its structural geometric features in this paper. This study employs twenty NE-SW trending and twenty-eight NW-SE trending time-migrated 2D seismic profiles. The approximate depths are converted based on an average velocity of 4,000 m per second. Although this time-depth conversion method is simple compared to the reality, the vertical stretching and compression do not affect our analysis of structure style in the study region.
We primarily employed fault-related fold, balanced section restoration technique, and forward modeling analysis to characterize the Tongnanba anticline’s superimposed deformation pattern, evolution process, and spatial structure characteristics. To constrain the underground structural model while interpreting seismic reflection profiles, we projected 1:200,000 regional geological mapping results onto seismic profiles. Two NE-SW 2D seismic profiles and five NW-SE 2D seismic profiles are chosen as examples for this explanation. Otherwise, the Trace710 seismic profile was constructed to investigate the evolution process and variations in shortening. Its tectonic strike is perpendicular to Micangshan FTB and parallel to Dabashan FTB, containing the maximum structural features. Finally, the relationship between regional geological structure, evolution processes, and petroleum is discussed. We divided the characteristics of source-reservoir-cap assemblages into those of the upper, middle, and lower tectonic deformation layers by investigating the characteristics of source-reservoir-cap assemblages of different tectonic deformation layers.
STRUCTURAL GEOMETRY OF THE TONGNANBA ANTICLINE
The regional seismic profiles’ structural analysis clarifies the structural characteristics of the piedmont area of South Dabashan and Micangshan FTB, respectively. In this paper, use two NE-SW and five NW-SE 2D seismic profiles are interpreted explain the typical tectonic features of the southern Dabashan and Micangshan front regions, with the location of the seismic profile is shown in Figure 1. The interpreted results explains that the Tongnanba anticline belt is characterized by the NW-trend long-distance detachment thrust deformation of the upper and middle deformation layers, and NE-SW trending deep basement fold structural deformation of the lower structural deformation layer, which is evidence of the prominent vertically stratified multi-detachment thrust deformation pattern of the Tongnanba anticline (Figure 4).
[image: Figure 4]FIGURE 4 | NE-SW seismic profile (A1-A1’) in the Tongnanba anticline shown the structure of Dabashan thrust system. (A, B) Seismic profile and its interpretation result for (A1-A1’). The basement faults are distributed in SE-directing, which are flat in the NE-SW striking section.
Structural analysis of NE-SW directed seismic profiles
Three deformation layers are displayed from bottom to top in the NE-SW seismic profiles: 1) The chaotic reflection with depths greater than 8 km, representing the Precambrian crystalline basement; 2) the strong continuous reflection with depths approximately 8–4 km, representing the Cambrian-Permian; and 3) the shallow, weak continuous reflection with depths approximately 4 km, representing the Triassic-Cretaceous (Figures 4A, 5A).
[image: Figure 5]FIGURE 5 | NE-SW seismic profile (A2-A2’) in the Tongnanba anticline shown the structure of Dabashan thrust system. (A, B) Seismic profile and its interpretation result for (A2-A2’). The basement fault is distributed in SE-directing, which are flat in the NE-SW striking section.
NE-SW directed seismic profiles reflect the detachment thrust deformation in the upper and middle deformation layers. On the whole, the deformation distribution is wide, but the fault displacement is small. Because of differences in the shorting strength, different styles of structures are exposed from South Dabashan to the Sichuan Basin. In the upper deformation layer, it is revealed that multiple small folds and pop-up structures developed along the upper detachment layer on both limbs, showing the unequal distance distribution of structures. There are large-scale detachment structures near the Huangcaogou and HBC area, forming the subsidiary anticline with large amplitude (Figures 4B, 5B). Also, it can be seen that multiple NE-dipping thrust faults distributed in the Shapin area and numbers of pop-up structures near the South Dabashan. Closed to the Southern Dabashan FTB, the structural deformation becomes complicated and the upper detachment layer gradually uplift. In addition, salt accumulation occurs in the upper detachment layer, resulting in the thickening of the detachment layer in the local place (Figures 4A, B).
Because of the strong thrusting, different types of structures are developed in the middle deformation layers. Like the upper deformation layers, thin-skinned thrust fold structures distributed on the two limbs of the anticline, and the position of deformation is the same as the upper deformation layers locally. Deformation close to the South Dabashan is characterized by an imbricate thrust structure, which involved the Sinian, Lower Paleozoic, and Permian and a small portion of Triassic units. Continuous imbricate structure resulted in obvious thickening of strata (Figures 4B, 5B). There are also several thrust fault and back thrust fault appear near the region of Hebachang, with the strata in the upper deformation uplifting locally.
The deformation in the lower structure deformation layer is controlled by Micangshan FTB, which form the SE-directing thrust faults. Therefore, in the NE-SW seismic profiles, these SE-directing faults are showed as several branch fault flats superimposed one by one. And there are different fault flats in different seismic profiles.
Structural analysis of NW-SE directed seismic profiles
NW-SE seismic profiles reflect the deformation formed by Micangshan FTB, with the basement anticline of the Tongnanba area (Figures 6, 7). There are also three parts to the reflections, but unlike the NE-SW profile, there is no discernible dislocation of the reflection axis in the shallow layers. On the contrary, obvious reflection axis deformation occurs in the middle and deep layers, which reveals the basement fold structure and its control over the upper strata. The seismic profile also reveals that the shallow, middle, and deep structure deformation layers exhibit partially synchronous deformation in the NW-SE direction, indicating that the deep structure deformation time is later than that of the middle and shallow long-distance detachment thrust structural layers.
[image: Figure 6]FIGURE 6 | NW-SE seismic profile in the Tongnanba anticline shown the structure of Micangshan thrust system. From NW to SE showed the Seismic profile and interpretation result for B1-B1’, B2-B2’, and B3-B3’.
[image: Figure 7]FIGURE 7 | NW-SE seismic profile in the northeastern Tongnanba anticline shown the structure of Micangshan thrust system. From NW to SE showed the Seismic profile and interpretation result for C1-C1’ and C2-C2’.
Generally, from NW to SE, the Tongnanba anticline is a broad anticline whose shape changes from monocline to asymmetric anticline from northeast to southwest, and it can be seen that there are two types of basement anticlines arise in the study area (Figures 6, 7). One is single basement anticline controlled by one basement fault (Figure 6). According to 2D move-forward modeling, it is inferred in this paper that the pre-Sinian basement detachment layer has a significant burial depth about 17 km and maybe a weak layer in the middle-lower crust. From SW to NE, the anticline transited from broad gentle anticline to monocline. The basement fault disappeared downward into the lower detachment, and terminated in the upper detachment layer locally, showing that the middle structure deformation layer is severed by basement faults (Figure 6 B1-B1’, B3-B3’). It is worth noting that the fault displacement decreases gradually from Sinian to the upper detachment layer. In specific profiles, the basement fault does not cut through the upper strata, and SE-dipping faults appeared in the middle and upper deformation layers, representing the NW-strike faults from Dabashan FTB which cause the stratum to thicken. Under the adjustment of the upper detachment layer, the upper deformation layer has no noticeable thrust faults, and the strata in the upper deformation layer is relatively continuous and complete. Moreover, due to compression, the upper detachment layer thickens close to the Micangshan.
Another one is double basement anticline controlled by two basement faults (Figure 7). Like the anticline which is controlled by one basement fault, the upper detachment layer thickens because of compression from Micangshan FTB. And near south Dabashan, a series of NW-strike thrust faults cause the middle deformation layer to thicken (Figure 7 C1-C1’b). However, the difference is that the lower and middle deformation layer are double anticlines, while the upper tectonic deformation is simple anticlines, which illustrate that in the vertical it is decoupled locally. According to the planar distribution of the NW-SE seismic profiles, it can be seen that the single basement anticline and the complex basement anticline appear alternately, which represented the transitional location of two basement faults.
According to the seismic profile interpretation and balanced cross-section restoration, it is confirmed that the basement faults in the lower structure deformation layer conforms to the Trishear fault-propagation fold model (Suppe J and Medwedeff D A, 1984; Erslev, 1991; Allinendinger R W, 1998). It is known that the Trishear fault-propagation fold model has the characteristics that the shape of the anticline is asymmetric, whose front wing is narrow and the rear wing is wide. Besides, the fold becomes more and more tightly closed with the increase of depth and the deformation cannot be transmitted forward. The fault displacement gradually increases from bottom to top. In this paper, the NW-SE seismic profiles have the same feature. Firstly, the seismic profile shows asymmetric anticline in Figures 6, 7, with the front limb being steeper than the back limb. The dip angle of the front limb decreasing gradually from bottom to top (Figure 7). Otherwise, the fault displacement gradually decreases from Sinian to the lower Triassic. Furthermore, there is no discernible deformation propagated towards the basin, indicating that the basement deformation the basement deformation from Micangshan FTB is no longer transmitting forward. All the above proved that the basement faults are consistent with the Trishear fault-propagation fold model.
Characteristics of fault distribution
To comprehend the fault distribution and geometric style of the Tongnanba anticline systematically and comprehensively, we analyze the planar fault distribution characteristics of the different structure deformation layers using regional seismic profiles (Figure 8).
[image: Figure 8]FIGURE 8 | Fault distribution map of Tongnanba anticline dominated by different detachment layers.
In the upper structure deformation layer, under the compression of South Dabashan, it forms a series of NW-SE and NS striking pop-up structures which were primarily formed in Fuyangba and Xindianzi area. Near the Hebachang area develop three groups of NW-trending thrust and back-thrust faults, and faults with slight displacement dominate the Fuyangba. On the southern side of the Well M-2 forms two near-NS faults. Multiple large-displacement faults distribute near Xindianzi and Lianghekou area, illustrating the intense compression in the vicinity of the Southern Dabashan (Figure 8A).
The middle structure deformation layer, also under the compression from South Dabashan, develops a series of NW and near-EW trending fault groups. Compared to the upper structure deformation layer, no faults have formed near the well HB-101 and HB-2, indicating that the compression from South Dabashan has yet to be transmitted here. In the Hebachang region, there are three groups of NW-trending thrust and back-thrust faults whose positions corresponded to those of the upper structure deformation layer. Fuyangba area is devoid of small faults, whereas in the Xindianzi and Lianghekou area exhibit near-EW imbricate structures which structural strike consistent with the western section of the Dabashan FTB (Figure 8B).
Compared to the upper and middle structure deformation layers, the lower structure deformation layer has the opposite fault distribution direction. A group of NE-trending thrust faults form a pattern of lateral spread. The F1 fault has the smallest distribution range, which terminates north of Lianghekou. Fault F2 extends northeast from HC-1, while Fault F3 extends northeast to the Shaping region. These faults are stacked on top of one another in a piggyback fashion (Figure 8C), which controlled the structure of the lower structural deformation layer.
Under the compression along the South Dabashan and Micangshan, the planar distribution of faults reveals that faults of different stages have diverse distribution characteristics. The faults in the upper and middle structural deformation layers parallel or obliquely intersect the structural trend of South Dabashan, resulting in groups of thrust and back-thrust faults of varying scales. The NE-SW striking faults in the lower structural deformation layer are nearly parallel or oblique to the trend of the Micangshan thrust belt. These faults traversed the entire Tongnanba anticline, forming a structural combination of NW and NE striking faults stacked vertically.
Restoration of tectonic evolution
The complex deformation of the Tongnanba anticline can be attributed to the multistage regional tectonic activities. This article, the NW-SE seismic profile is restored under the analysis of structure deformation in the Tongnanba anticline for clarifying the structure deformation process of different stages in the Tongnanba region. Different stages of the compression generated by the Micangshan and South Dabashan FTB were transmitted to the Tongnanba region, resulting in the multi-detachment thrust structure (Figure 9).
[image: Figure 9]FIGURE 9 | Multi-stage deformation of the Tongnanba anticline (see Figure 1A–A’ for the profile).
This article suggested that the upper and middle structure deformation layers formed earlier than the lower structure deformation layer, which means that the deformation from South Dabashan FTB is earlier than Micangshan FTB. Firstly, it is evident that three structure deformation layers are coupled locally in the NE-SW and NW-SE seismic profiles, which have consistent axes in some seismic profiles. Otherwise, Sandbox simulation experiment indicates that the structure trace of shallow deformation if the paleo-uplift was formed first (Marshak, 2004; Long et al., 2021). And we believe that the middle and shallow structures could not spread forward across the paleo-uplift. In addition, there is no significant regional unconformity in the stratigraphic sequences, which may imply that the development of the anticline is in the late stage. Therefore, the deformation from south Dabashan FTB is early than Micangshan FTB.
In the early stage, a series of thrust and back-thrust faults were formed during the early stage that South Dabashan produced NW-SE compression (Figure 9B). The deformation traveled long distances along the upper detachment layer. Several imbricate thrust structures develop near the front of South Dabashan during the middle stage (Figure 9C). And there are a series of thrust and back-thrust faults occur far from South Dabashan. The upper structure deformation layer is further folded due to the substantial folding deformation of the middle structure deformation layer. In the late stage, under the compression of Micangshan FTB, three forward thrust fault were formed which were characterized by laterally-arranged piggyback thrust structures. In the meantime, these faults modified the deformation which is generated earlier (Figure 9D).
According to the above analysis, the Tongnanba anticline is subjected to two long-distance detachment thrust formations above the Silurian mudstone detachment layer, producing near-EW and NW-SE striking faults in the shallow and middle structure deformation layers. Subsequently, basement structure produced by Micangshan FTB modified the upper deformation. These tectonic processes combine to form the Tongnanba anticline’s multi-level superimposed structure.
DISCUSSION
A new model explains the superimposed structure
The lateral extension-superposition model of the deep basement detachment thrust structure
We use 2D MOVE for the forward modeling of basement faults to verify the validity of the model of the basement fault structure. In the model, the dip angle of the faults is 20.5°, the trishear angle is 80°, and the fault propagation slip ratio is 1 (Figure 10).
[image: Figure 10]FIGURE 10 | Sequential model of the growth Tongnanba anticline controlled by lower detachment. F1: dip angle is 20.5°, trishear angle is 80°, propagation/slip ratio is 1; F2: dip angle is 20.5°, trishear angle is 80°, propagation/slip ratio is 1.
As depicted in Figure 10, the fault F1 developed in the basement, with its lower endpoint in the pre-Sinian detachment layer and its upper endpoint in the basement (Figure 10A). When the displacement is transmitted along F1, the rear limb bends and slides along the fault, forming a broad anticline. At this time, the displacement of the fault is the distance between the inactive axial plane and the active axial plane projected onto Fault F1 (Figure 10B). The anticline core contracted when the displacement was increased, and the high point of the anticline roes at the same time (Figure 10C). This model resembles the single anticline in the Tongnanba region.
When the fault F2 is created along the basement detachment layer in the front limb direction of a previously formed anticline, it manifested two forward thrust faults, with fault F2 controlling the deformation and generating new displacement along the fault F2. And the fault F1 deformed passively in response to the fault F2 (Figure 10D). The anticline formed previously was altered and reflected the double anticline with one anticline high point (Figure 10E). With the displacement increasing, the folds become more tightly closed. This model is consistent with the double anticline of the Tongnanba anticline, which is controlled by two branch faults.
Based on the analysis and forward modeling, we established the basement fault spatial distribution of Tongnanba anticline (Figure 11). It is clear that three faults, developed from NE to SW, result in the broad anticline. While two faults which is stacking between the fault slopes displays a double anticline. Under the influence of basement faults, it is showing that the Tongnanba anticline has a complex geological structure, which is segmented from NE to SW.
[image: Figure 11]FIGURE 11 | Distribution pattern of the basement fault.
Implications for oil and gas explorations
Complex segmentation is developed in the Tongnanba anticline due to the multi-detachment superimposed structure. The structural segmentation and tectonic evolution are closely related to hydrocarbon accumulation. Consequently, it is necessary to analyses the hydrocarbon accumulation in the vertical and horizontal direction (Figure 12).
[image: Figure 12]FIGURE 12 | The relationship between hydrocarbon generation and structural trap formation of multilayer source rocks in Tongnanba Anticline.
In the upper structure deformation layer, the shallow Triassic Xujiahe Formation, such as the continental 2nd and 4th Members, are the focus of shallow exploration. The source rocks are the 3rd and 5th Members of the Xujiahe Formation, and the regional caprock is the upper mudstone. Consequently, the advantageous source-reservoir-cap combination is formed (Du et al., 2019; Jiang et al., 2020). In the Late Jurassic, the source rock reached the peak of hydrocarbon generation (Wang et al., 2014) (Figure 12). During the Late Cretaceous, intense compression is produced from South Dabashan, resulting in crude oil and natural gas generation. Thus, structural hydrocarbon reservoir is formed, in which the shallow structural traps is corresponded with the oil and gas generation of the source rocks. Otherwise, faults in the upper structure deformation layer enhance the physical properties of the reservoir and connect the source rocks and reservoir effectively. Therefore, the reconstruction of shallow layers from late basement faults may alter or destroy previously formed oil and gas reservoirs.
In the middle structure deformation layer, it develops the gas reservoirs of the granular beach facies in the 3rd Member of the Lower Triassic Feixianguan Formation and the reef-beach facies of the Upper Permian Changxing Formation. Permian Wujiaping Formation and Dalong Formation are primarily source rocks. In addition, older source rocks like Silurian may also contribute to the middle trap. The Jialingjiang Formation’s gypsum rocks serve as a high-quality regional caprock (Lan et al., 2019; Wang and Ji, 2020). During the Early to Middle Jurassic, oil production peaked in the Permian source rocks. The paleo-lithologic reservoirs may be taken shape in the Feixianguan Formation and Changxing Formation On the premise that no paleo-structures existed at the time. In the Late Jurassic, the crude oil cracked to produced gas, leading to paleo-gas reservoir (Zhang et al., 2013; Liu et al., 2019). The structural trap of the middle structure deformation layer was formed after the Late Cretaceous because of Dabashan compression, which corresponded to the stage of thermal cracking and gas generation in crude oil. There is some possibility that structural-lithologic or structural hydrocarbon reservoirs are existed. Besides, these hydrocarbon reservoirs are difficult to be modified by the basement faults in the late stage. So special consideration must be given to these reservoirs during exploring the middle layers.
Dengying Formation in the Sinian is the exploration focus in the lower structure deformation layer, which consists primarily of alga-rich microbial dolomite. The source rocks consist of mudstone and shale from the Qiongzhusi Formation and Doushantuo Formation, with Silurian mudstone serving as the regional caprock (Jia et al., 2015; Lan et al., 2019; Guo et al., 2020; Guo et al., 2020). During the Late Silurian, with the burial depths increasing, the source rocks of the Qiongzhusi Formation and Sinian began producing oil, but the paleo-reservoir was initially formed during the Middle Permian (Liu et al., 2021). It may migrate laterally into the platform margin at the higher elevation to form lithologic reservoirs under the condition of no significant paleo-structures. In the Late Triassic, the crude oil in the Sinian paleo-reservoirs cracked into gas and paleo-gas reservoirs were formed because of the increased formation temperature (Liu et al., 2021) (Figure 12). The crude oil completed the oil-cracking process before the Jurassic and the basement deformation occurred after oil-cracking process, which means that no structural traps is matched with the hydrocarbon. Therefore, early-formed paleolithic reservoirs in deep layers may be the key to oil and gas exploration.
CONCLUSION

(1) Due to the multi-stage uplift tectonic events of Micangshan and South Dabashan, the Tongnanba anticline is primarily controlled by three sets of detachment layers: the pre-Sinnian basement, Silurian mudstone, and Lower Triassic gypsum salt rock to form a complex multistage, multi-directional and multi-level superimposed structure. As a result, the Tongnanba anticline is vertically stratified and differentiated.
(2) The NW-SE striking long-distance detachment thrust structures develop in the upper and middle structural deformation layers of the Tongnanba anticline because of the early stage thrusting of South Dabashan, which forms a series of thrust and imbricate thrust structures. In the late stage, the Micangshan uplift produces three basement faults in the lower structure deformation layer that are laterally arranged in a piggyback fashion. The early-formed deformation is reconstructed by basement faults. Consequently, the Tongnanba anticline is segmented and planarly differentiated.
(3) The Tongnanba anticline has hydrocarbon accumulation that is vertically stratified and laterally segmented. The formation of shallow gas reservoirs corresponds well with the emergence of structural traps. Nevertheless, the formation of deep oil and gas reservoirs temporally mismatches the formation of structural traps, making a complex process of reservoir formation. The exploration may be given to pay attention to early paleo-oil and gas reservoirs.
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