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Located on the Songnen block of the Northeast Asia block group, the Songliao Basin is sandwiched by three major plates in Siberia, North China, and the Pacific Ocean. The recognition of the basin's properties and the dynamic processes of formation, evolution, and late reformation of the Late Paleozoic–Early Mesozoic Basin (LP-EMB), which has suffered from intense multi-stage, and various types of late reformation, are always controversial. On the basis of previous research on the regional tectonic geological background, combined with petrochemical and chronological data from core samples and seismic data, the attributes, evolution process, and late reformation of the LP-EMB and its dynamic environments have been deeply analyzed. Since the Late Paleozoic, it has successively experienced the development of Late Hercynian to Early–Middle Indosinian rifts and subsequent multi-stage superimposed transformation stages, which can be divided into the near-north-trending thrust reformation in the Late Indosinian, the near-west-trending thrust reformation in the Early Yanshanian, the differential extensional reformation in the early Late Yanshanian, the strike-slip shearing and deep burial reformation in the middle Late Yanshanian, and the strike-slip compression fold transformation in the late Late Yanshanian to the early Himalayan. The formation of the LP-EMB was mainly controlled by back-arc extension caused by the subduction and retreat of the paleo-Pacific Plate and partly by the closure of the Paleo-Asian Ocean between the North China Plate and the Northeast Asia micro-block group. The later reformation stages were closely related to the collision extrusion, strike-slip activity, and deep mantle activity caused by either the relative convergence movement between Songnen and other micro-blocks in the Northeast China micro-block group or by the remote collision effect of the Northeast China micro-block group and the surrounding plates. The inner fault zone (body), which was formed by multi-phase fault cutting, and the top weathering and denudation unconformity surface, are potential sites of hydrocarbon accumulation, from which natural gas has been transported along the fault and fracture belt into the weathering crust and the inner fracture zone in the Upper Paleozoic–Lower Mesozoic (UP-LM). This study significantly expands our knowledge of the tectonic evolution and gas exploration of the Songliao Basin.
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1 INTRODUCTION
The Songliao Basin, on the Songnen block in the middle of the Northeast Asia block group, is surrounded by the Siberia, North China, and Western Pacific plates (Figure 1). The pre-Paleozoic folded-crystalline basement of the basin was formed by the multi-phase collage of intra-ocean island arcs, or micro-block, which was rifted from the Siberian Plate or the subducting island arc in the Paleo–Asian Ocean through three collages: 1) the collage of early Caledonian combined with the Erguna and Xing’an blocks along the Xigutu suture zone in the early Early Paleozoic, 2) the collage of late Caledonian combined with the Songnen and Jiamusi–Xingkai blocks along the Mudanjiang suture in the pre-Devonian, and 3) the collage of late Hercynian combined with the Songnen and Erguna–Xing’an blocks along the Nenjiang suture in the late Early Carboniferous to early Late Carboniferous (Liu et al., 2019).
[image: Figure 1]FIGURE 1 | Structural characteristics and tectonic setting of Songliao Basin. Paleogeographic maps modified from Scotese (2016).
The present Songliao Basin is mainly composed of the middle to lower parts of the Lower Cretaceous rifted strata, the upper part of the Lower Cretaceous to Upper Cretaceous depression strata and the Cenozoic depression strata (Figure 2). Among them, the Lower Cretaceous rifted strata are composed of the Huoshiling Formation (K1h), the Shahezi Formation (K1sh), the Yingcheng Formation (K1y), and the Denglouku Formation (K1d), which were unconformably covered by the Lower Cretaceous Quantou Formation (K1q), the Upper Cretaceous Qingshankou Formation (K2q), the Yaojia Formation (K2y), the Nenjiang Formation (K2n) and the Sifangtai Formation (K2s). The Mingshui Formation (K2m) and the Cenozoic depression strata, composed of Paleogene, Neogene and Quaternary, are unconformably overlaid on the underlying strata (Figure 2) (Di, 2013; Du, 2017).
[image: Figure 2]FIGURE 2 | Synthetical histogram of strata in Songliao Basin.
Between the Cretaceous strata and the basement, it is a set of Upper Paleozoic–Lower Mesozoic (UP-LM) sedimentary strata of the Songliao Basin (Figures 2, 3). The precise age (Huang et al., 2019), lithological composition (Chen, 2016; Guo et al., 2019; Zhang et al., 2020), structural characteristics (Zhang, 2006; Wang, 2016; Du, 2017), evolution process (Liu et al., 2003; Zhang et al., 2006), reservoir characteristics (Chen, 2016; Du, 2017; Guo et al., 2019), and hydrocarbon accumulation laws (Du, 2017; Zhang et al., 2019) have been discussed in previous studies. It has been shown that the rock series, composed of metamorphic sandstone, marble, slate, and phyllite, have developed multiple sets of thrust faults in different directions among them, through long-term weathering and denudation, thermal metamorphism, dynamic metamorphism, and other late transformations since the Late Paleozoic (Wu et al., 2000; Chen, 2016). There remain differing opinions on the formation age, formation evolution, and later transformation of this set of rock series due to the lack of a systematic understanding of the process and its dynamic environment, which restricts in-depth promotion of petroleum exploration and development.
[image: Figure 3]FIGURE 3 | Structural profile of SL-1 and SL-2 in Songliao Basin (locations of the section are shown in Figure 1).
In analyses of the formation time of the LP-EMB and its basin properties, formation, evolution and reformation processes, the dynamic environment and hydrocarbon accumulation conditions are of greatly significant in enriching the theoretical understanding and improving the scientific guidance of petroleum exploration. They can also be used as references for petroleum exploration in other Upper Paleozoic basins and superimposed reformation basins in China (Guo et al., 2021; Fang et al., 2021; Niu et al., 2021).
2 MATERIALS AND METHODS
The data involved in this study include 2D/3D seismic data, well loggings, and borehole core analysis test data such as geochemical, chronological, and thin-section identification data. In addition, numerous previous research results have been collected and used in this study, especially recent regional geological survey results (Zhou et al., 2018; Liu et al., 2019; Wang et al., 2021), oil field deep drilling data (Du, 2017; Guo et al., 2019; Hou et al., 2018; Huang et al., 2019a; Huang et al., 2019b) and regional geological background research results (Maruyama and Seno, 1986; Maruyama, 1997; Han et al., 2015).
To understand the basin properties, the processes of formation, evolution and late reformation and the hydrocarbon conditions of the LP-EMB, we comprehensively interpreted seismic data, analyzed structural evolution based on the equilibrium profiles of L1 and L2, analyzed the dynamic process of basin formation, evolution and late reformation and combined these with previous research results.
To highlight the accuracy and rationality of the understandings, we integrate the data from different sources and scales into the same figures to emphasize the coupling relationship between the basin’s evolution and late reformation, as well as its deep and regional structures. Therefore, a comprehensive analysis was generally used in this study.
3 FORMATION AND EVOLUTION
3.1 Deposition age
Drilling on the paleo-central uplift of the Songliao Basin has revealed that the UPLM lithology is complex, composed of sedimentary rocks, metamorphic rocks and syntectonic magmatic rocks. It is mainly composed of volcanic rocks or volcaniclastic rocks, as evidenced by the deposition of rhyolite and andesite revealed in the cores of wells Ss 10, Fs 3, Xs 17, Xushen 33, and Ss 201, and the location of volcanic rock areas in an A-K original rock lithology discrimination map of schist samples from wells Lt 1 and Lt X3 (Figure 1).
It was mainly composed of volcaniclastic rocks (Figures 4A, B) from the Permian to the middle Triassic, developed in the strongly volcanic activity of the late period of the Late Hercynian to the middle Indosinian period, as evidenced by the range of chronological data (from 308 to 245Ma, peak at 270 Ma) from volcanic rock samples of wells Lt 1, Ss 10, Ws 2, Ss 201, Fs 10, Lt X3, and Zs 3; the two Permian volcanic events erupted at 282.5 ± 2.8 Ma and 255.4 ± 2.6 Ma, as evident from andesite samples from well Ss 10 (Huang et al., 2019). In addition, volcanic rocks (264 ± 3Ma, 287 ± 5Ma, 274 ± 3Ma, Ding et al., 2007), intrusive rocks (305 ± 2Ma), granodiorite (well DuI-4, Wu et al., 2011), and quartz diorite (236 ± 3Ma, well T6- 1, Gao et al., 2007) have also been found in the periphery of the paleocentral uplift of the Songliao Basin.
[image: Figure 4]FIGURE 4 | Lithologic photos and discrimination map of volcanic rocks in Songliao Basin.
The Nenjiang Ocean, between the Songnen and Erguna–Xing’an blocks, was closed in the late Early Carboniferous and the early Late Carboniferous (Liu et al., 2019). In the western margin of the Songliao Basin, Permian in outcrops is unconformable over Carboniferous (Li, 2019). Therefore, the set of rock series should be reasonably assumed to have been deposited during the Late Paleozoic to Early Mesozoic.
3.2 Basin properties, formation, and evolution
3.2.1 Back-arc extensional rifting stage
The distribution of UPLM volcanic-bearing clastic rocks is controlled by normal faults, mainly in the nearly north–south rift trough (Figures 3, 5A, 6A). A discriminant map of the geochemical tectonic environment of TiO2-(Fe2O3+MgO) and Al2O3/SiO2-(Fe2O3+MgO) (Bhatia, 1983) shows the characteristics of the continental region and rift environment, which are similar to the East African Rift (Huntsman-Mapila et al., 2009) (Figures 4C, D). It indicates that the Mudanjiang Ocean was reopened on the east side of the Songnen block in the Permian, as evidenced by the intrusion age (251 ± 1 Ma) of metamorphic gabbro samples and the eruption age (252 ± 1 Ma) of metamorphic pillow-like basalt samples, with the characteristics of paleo-oceanic crust fragments, in the Mudanjiang ophiolite melangite belt in Pingan Village, Yilan County (Liu et al., 2019). The paleo-Pacific Ocean crust on the east side of the Jiamusi Block began to subduct during the late Carboniferous, as evidenced by the Zhenzishan Formation deposited in the continental margin sedimentary environment in the Upper Carboniferous (Liu et al., 2019). In addition, the Songnen block drifted rapidly from west to east during the Late Paleozoic (Scotese, 2016).
[image: Figure 5]FIGURE 5 | Structural evolution of east–west section of SL2 in Songliao Basin (location of the section is shown in Figure 1).
[image: Figure 6]FIGURE 6 | Schematic diagram of dynamic background of formation, evolution, and later transformation of Songliao Basin. Paleogeographic maps modified from Scotese (2016).
The aforementioned evidence indicates that the Mudanjiang Ocean was reopened under a back-arc extension background caused by the rapid subduction and retraction of the Paleo-Pacific plate. Therefore, the Songnen block and its adjacent areas were also rifting under the back-arc extension background starting in the late Hercynian and possibly lasting until the middle Indosinian (Figure 6A).
3.2.2 Collision rift stage
The Xilamulun suture zone began to close in the late Permian to Early–Middle Triassic (Wang et al., 2016) and began to provide provenance for the Linxi Formation in the Linxi area, as evidenced by the Permian pillow lava in the ophiolite (∼260 Ma, Miao et al., 2007); the Permian Radiolaria in the semi-deep-sea or deep-sea siliceous rocks of the ophiolite belt in Linxi County (Wang and Fan, 1997); the syn-collision granite in Dayushan, Jilin Province (248 Ma, Sun et al., 2004); and the Early Mesozoic detrital zircon composition in the Linxi Formation sandstones in eastern Inner Mongolia (238 Ma, Han et al., 2015; 249∼233 Ma, Wang et al., 2021).
The aforementioned evidence reveals that the east–west crustal extension rifting events in the Songnen block and the surrounding areas may have been partly influenced by the collision of the North China Plate and the Northeast Asia block group (Figures 5B, 6B) and was in a collisional rifting stage in the Early and Middle Triassic.
3.2.3 Tectonic evolution
Under the back-arc east–west direction extension caused by the subduction of the Paleo-Pacific plate, the crust was extending east to west; rifts were developing in the Northeast Asia block group in the Permian and were filled with volcaniclastics from 308 Ma to 245 Ma (peak at 270Ma) (Figures 2, 4–6).
From the end of the Late Permian to the Early-to-Middle Triassic, the Songliao Basin entered the stage of collision rift caused by north–south extrusion as the North China Plate collided with the Northeast Asia block group. The Middle Triassic andesite (242.6 ± 0.77 Ma, Hou et al., 2018) drilled from the core of well Songke II also supports the volcanic rift events in this period.
4 LATE BASIN REFORMATIONS
Since the late Triassic, the LP-EMB has experienced complex late tectonic evolution, in which different interwoven properties and occurrence faults developed in the UP-LM (Figures 3, 5, 6). Among these, the inner east–west thrust faults and the near north–south thrust faults successively developed, followed by the negative flower strike-slip faults developed and controlled by the former and lower fault.
4.1 Extrusion thrust reformation
4.1.1 North–south-directed thrust transformation in the late Indosinian
South-dipping thrust faults developed in the UP-LM (Figure 3). In the Late Triassic, the southern margin of the Songnen block was strongly squeezed by the south–north-directed continental collision of the North China Plate and the Northeast Asian block group, as proved by evidence such as the metamorphic events of the Changchun–Panshi–Huadian–Kaishantun metamorphic complex in the eastern section of the Xilamulun suture zone (230 Ma, Zhou et al., 2019), the presence of Late Triassic granite intrusion in the central Jilin Province (216 ± 3 Ma, Sun et al., 2005) and the distribution of the Indosinian S-type granitic zone in the northern margin of the North China Plate (Xie, 2016).
The aforementioned evidence indicates that in the Late Indosinian, under the tectonic background of north–south-directed continent-continental compressional collision caused by the closure of the paleo-Asian Ocean along the Xilamulun suture (Figure 6B), the UP-LM experienced extrusion and thrust transformation from south to north, with the development of south-dipping imbrachial fan-type thrust faults (Figures 3, 5B) and magmatic intrusion in the late Triassic, such as the late Indosinian granite from wells Zs 11 (214 Ma) and Zs 10 (224 Ma).
4.1.2 East–west-directed thrust transformation in the early Yanshanian
East-dipping thrust faults developed in the UP-LM (Figure 3) and indicate that the collision between the Jiamusi and Songnen blocks occurred in the early Yanshanian, as evidenced by the formation of ophiolite melange in the Heilongjiang Group between the Jiamusi and Songnen blocks in the early Jurassic (Wu et al., 2007); the metamorphic age of its internal structural melange was from 165 to 180 Ma in the Jurassic (Wu et al., 2004).
Numerous Jurassic granites intruded into the central Jilin Province and the Zhangguangcai rise (Sun et al., 2005; Wu et al., 2007) and the Jurassic granites (192–168 Ma, Zhang et al., 2004) in Yanbian County, on the eastern margin of the Songnen block, should be considered the result of this subduction collision.
The aforementioned evidence indicates that in the Early-to-Middle Jurassic, under the tectonic background of the compressional collision between the Jiamusi and Songnen blocks along the Mudanjiang suture (Figure 6C), east-dipping thrust-napper structures were developed in the UP-LM due to the intense east–west-directed tectonic compression (Figures 3, 5B). At the same time, the early Yanshanian granitic magmas intruded into the UP-LM, resulting in the hydrothermal transformation of these rift systems. Therefore, wells such as Zs 3 (170 Ma), Zs 7 (170 Ma), C403 (172 Ma), and Fs 901 (180 Ma) were drilled into early Yanshanian granite.
4.2 Difference in burial transformation
The Northeast Asia block group migrated northward (Hou et al., 2009) from the Early Cretaceous Huoshiling period through the Denglouku period (Lin et al., 2003), and multiple rifts (such as the Xujiaweizi and Gulong fault depressions) experienced multiphase rifting under the influence of right-handed strike-slip extension in Northeast Asia (Lin et al., 2003). Meanwhile, the Nujiang Ocean between the Gangdise and Qiangtang blocks was closed (Scotese, 2016).
These findings indicate that the influence of right-lateral strike-slip extension led to the closure of Nujiang Ocean, the extension of the near-SN fault formed in the former stage, and subsequently, the UP-LM undergoing differential rise or burial transformation. With the rapid subsidence of the Xujiaweizi and Gulong fault depressions, the paleocentral uplift in the Songliao Basin rose rapidly (Figures 3, 5C, 6D), accompanied by mantle upwelling and volcanic eruption.
Intermediate acid rhyolite volcanic rocks (108–116 Ma, peak 111–113 Ma) in the Xujiaweizi fault depression recorded the dextral strike-slip extensional rifting event (Zhang, 2007).
4.3 Shear-deep burial transformation
The time between the Early Cretaceous Qingshankou period and the Nenjiang Period was characterized by plastic crustal thinning, volcanic eruption, intense thermal subsidence, and the extensive development of a small, negative flower-like normal fault system in Songliao Basin (Figures 3, 5D). At the same time, it was occurred the closure of the Nujiang Ocean, the closure of the Mongolian–Okhotsk Sea, the southwest-directed subduction of the Plaeo-pacific Plate (Izanagi plate) (Figure 6, Maruyama, 1997; Maruyama, 1997), and the clockwise rotation of the Northeast Asia block group, which drifted rapidly to the south (Hou et al., 2009).
The aforementioned evidence indicates that strong subsidence with right-lateral strike-slip shearing, under the tectonic background of dextral strike-slip and mantle convergence upwelling, caused the closure of the Nujiang Ocean, the closure of the Mongolian–Okhotsk Sea and the southwest-directed subduction of the Plaeo-pacific Plate(Izanagi plate) (Figure 6E).
As a result, the UP-LM was covered by the super-thick strata of the second member the Denglouku Formation and it’s overlying layer and suffered a certain dextral strike-slip shear transformation (Figures 3, 5). The volcanic rocks of the Nenjiang Formation in well Songke 2 (83.35 ± 0.11 Ma, 83.498 ± 0.052 Ma, Hou et al., 2018) recorded this tectonic-thermal event.
4.4 Strong squeeze reformation
From the late Nenjiang Period to the Mingshui period of the Late Cretaceous, the depositional center of the lake basin moved westward and gradually shrank (Song, 2010). Finally, a series of NE-trending folds and NW-trending small normal fault systems was formed, including the Daqing placanticline (Huang et al., 2019).
In the meantime, the Siberia plate was drifting southward and colliding with the Northeast Asia block group, and the Mongolia–Okhotsk sea trough was eventually closed (Scotese, 2016), while the Pacific-Izanagi plate was subducting nearly westward and retreating south-eastward (Scotese, 2016) (Figure 6F).
The aforementioned evidence indicates strong sinistral strike-slip shear-extrusion from the end of the Yanshanian to the Early Himalayan (Figures 3, 5E), caused by NWW-SEE-directed compressional convergence between the Siberia plate and the Northeast China block group along the Mongolia–Okhotsk suture.
The aforementioned evidence demonstrates that, under the tectonic background of NWW-SEE-directed sinistral compression mainly driven by the Siberia plate drifting southward and colliding with the Northeast Asia block group, the UP-LM was transformed by shear-extrusion from the end of the Yanshanian through the early Himalayan, and a series of NNE-trending folds was formed in the overlying strata (Figures 3, 5). Afterward, the Songliao Basin was formed, and only a molasse formation with a thickness of less than 150 m was deposited on the underlying eroded unconformity in the Late Himalayan (Figure 3).
5 SIGNIFICANCE OF PETROLEUM EXPLORATION
Potential source rocks were developed in the Upper Paleozoic to Early Mesozoic rifted strata, with TOCs ranging from 0.017% to 0.198% (Zhang et al., 2019). In addition, dark argillaceous source rocks of the Shahezi Formation were widely distributed across the Early Cretaceous fault depression (Pei, 2008). The methane gas reservoir in the UP-LM is mainly from the Shahezi Formation (94.71%) (Zhang et al., 2008), whose carbon isotope distribution of methane in natural gas (−31‰∼−23.9‰) is essentially consistent with that in the dark mudstone adsorption gas of the Shahezi Formation (−30.2‰∼−24.8‰) (Li et al., 2006; Wang et al., 2014).
The UP-LM was affected by multi-stage thrust and multi-stage shear, so that the dense fractures developed along the fracture plane formed the inner fracture zone or fracture body. The oil and gas generated in potential hydrocarbon source rocks in the UP-LM and in the source rock of the Shahezi Formation migrated along the inside fracture and fracture belt into the top-weathering crust trap and the inside fracture zone, or fracture belt trap, to form gas reservoirs under the mudstone seal of the second segment of the Lower Cretaceous Denglouku Formation (Figure 7). The gas measurement results of multiple internal fracture sections in wells Lt 1, Lt 2, and Ch102 are good, which fully proves that the internal fracture gas reservoir has important exploration potential.
[image: Figure 7]FIGURE 7 | Natural gas accumulation model diagram.
6 CONCLUSION
The formation, evolution, and late transformation processes of the UP-LM and its petroleum accumulation are discussed. The complex splice process between the Songnen block and other blocks or plates resulted in multi-period magmatic activity and superimposed transformation of metamorphic deformation in the UP-LM of the Songliao Basin.
The rifts developed in the Songliao Basin from the Permian through the Middle Triassic are filled with pyroclastic rock series. Therein, the back-arc extension rifts developed in the Late Hercynian belong to the west-dipping subduction and retreat of the Paleo-Pacific plate along the Siholt–Arin suture belt; subsequently, the rifts continued to develop in the Early and Middle Indosinian causedby the north–south- directed convergence collage of the North China Plate and the Northeast Asia block group along the Xilamulun suture zone. Since then, the UP-LM has experienced multiple intense transformations: the late Indosinian north–south-directed compressional thrust transformation causing the closure of the Paleo-Asian Ocean; the Early Yanshanian east–west-directed compressive thrust transformation caused by the closure of Mudanjiang Ocean; the shear differential burial transformation in the early Late Yanshanian and, subsequently, the shear-deep burial transformation in the late Late Yanshanian causing the closure of the Nujiang Ocean between the Gangdise and Qiangtang blocks; and the compression-shear transformation primarily originating from the closure of the Sea of Okhotsk from the end of the Yanshanian through the Early Himalayan.
The multiple groups of faults and fractures developed in the UP-LM through multi-stage thrust and shear transformation. The natural gas migrated from the inner stratum and source rock of the Shahezi Formation along the unconformity plane and fault plane to the top-weathering crust gas reservoirs and internal fracture gas reservoirs. The weathering crust reservoir and inner fracture reservoir at the intersection of multiple fault groups are favorable targets for petroleum accumulation.
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