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The Cambrian source rock is a key indicator that will guide future hydrocarbon explorations in ultra-deep strata. Despite its importance, the characteristics of paleotopography on the Precambrian basement and the distribution of source rocks above it remain unclear. The seismic and borehole data, isopach data, and the unconformity analysis are used to study the relations of the Cambrian source rock distribution to the paleotopography. The consistency of the strata thickness distribution maps of the Nanhua–Cambrian sequences show that the extensive thermal subsidence lasted the whole Sinian period, and makes the paleotopography of the Precambrian basement inherited from the landform after the Nanhua continental rifting. A major transgression caused by rapid subsidence of the Tarim Basin took place during the Cambrian. Shales were deposited offshore along the slopes of a paleo-uplift on the inherited paleotopography and formed the onlap in seismic profiles. The onlap on the inherited paleotopography reflects the distribution range of Yuertusi source rocks in the Cambrian.
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INTRODUCTION
The Tarim Basin is located in northwestern China (Figure 1A) and is the third-largest petroliferous basin in China (He et al., 1998). It has undergone numerous episodes of complex and multi-stage tectonic movements (Yu et al., 2016; Jin et al., 2017). The Sinian–Cambrian system includes important petroleum plays. However, because this system is deeply buried, the distribution of source rocks and reservoirs remains controversial (Xu et al., 2013; Zhu et al., 2018; Yang et al., 2020). The palaeomorphology has a great geological significance because it is controlled by the Neoproterozoic tectonic evolution and it has considerably influenced the distribution of the Lower Cambrian source rock in the Tarim Basin. Furthermore, the Cambrian source rock is a key indicator that will guide future hydrocarbon explorations in ultra-deep strata (Zhu et al., 2016; Zhu et al., 2018).
[image: Figure 1]FIGURE 1 | (A) Location of the Tarim Basin; (B) Simplified tectonic map of Western China showing the major plate tectonic setting (modified from Yu et al., 2016); (C) Tectonic units of the Tarim Basin. 1. Plate sutures; 2. Uplift; 3. Thrust fault belt; 4. Major fault; 5. Strike slip fault; 6. Tectonic unit boundary; and 7. Reverse fault.
Whether or not the Cambrian source rock distribution is possibly due to the effect of inherited structures is a current debate (Zhu et al., 2018; Yang et al., 2020). Whether the formation of inherited paleotopography on the Precambrian basement has been continuously deposited, eroded, or bypassed is a subject of debate. Some studies have found that the deposition occurred in an extensional tectonic setting in the Tarim Basin (Jia, 1997; He et al., 1998; Zhou et al., 2012). However, observations of the stratal truncations in seismic data (see below) suggest that an unconformity exists between the Sinian and the Cambrian intervals, implying that erosion existed from the Sinian to the Cambrian intervals (Wu et al., 2012; Yan et al., 2018). In order to address these issues, it is important to understand the tectonic evolution of the Nanhua–Cambrian system and the relations of onlap on the inherited paleotopography to the Cambrian source rock.
With these in mind, we used the seismic and well data, lithology and stratigraphy data to study the formation and properties of the paleotopography. The contact relations between the Sinian and Cambrian were determined by analyzing structures of the Neoproterozoic basin and by comparing the thickness of the lower Cambrian Yuertusi Formation with those of the Neoproterozoic strata. And we developed the onlap type on the paleotopography to study the distribution of the source rocks in the lower Cambrian.
GEOLOGICAL SETTING
The Tarim Basin is located in the Xinjiang Uygur Autonomous Region, China (Figure 1). The basin covers an area of 5.6 × 105 km2 and is bounded by the Tianshan fold belt, Kunlun fold belt, and Altyn fault zone. Four sets of source rocks have been identified in the basin: lower Cambrian, upper–middle Ordovician, Carboniferous–Permian, and Triassic–Jurassic rocks (e.g., He et al., 1998; Jin and Wang, 2004; Lu et al., 2020; Tang et al., 2006; Cai, 2007; Gao and Fan, 2015; Wu et al., 2016). Among these, the black shales of the Yuertusi Formation at the base of the lower Cambrian (Figure 2) have attracted interest as potential sources of petroleum for the deep Neoproterozoic, Cambrian, and possibly Ordovician reservoirs (Gao and Fan, 2015; Zhu et al., 2016).
[image: Figure 2]FIGURE 2 | Nanhua–Cambrian sequences and reservoir–seal assemblages in the Tarim Basin and its adjacent areas (modified from Xinjiang BGMR, 1993).
Tectonic Setting of the Tarim Basin
The Tarim Basin is composed of Pre-Neoproterozoic metamorphic basement rocks overlain by sedimentary rocks of the Neoproterozoic–Cenozoic age (He et al., 2006; Feng et al., 2015; Jiang et al., 2016). The Kazakhstan and Siberian plates are located to the north, the Chaidamu Plate to the southeast, and the Qiangtang Plate to the south (Figure 1B). The inner Tarim Basin is divided into the Southwest Depression, Tangguzibasi Depression, Bachu Uplift, Tazhong Uplift, Awati Depression, Manjiaer Depression, Tabei Uplift, Southeast Uplift, and Southeast Depression (He et al., 2006; Zhang et al., 2013; Yu et al., 2016; Figure 1C).
The collision of the northern margin of the Tarim Plate with the Kazakhstan Plate formed the Tianshan fold belt during the late Paleozoic. The Kunlun fold belt is located at the southwestern margin of the Tarim Plate, and the Kangxiwar fault belt is adjacent to the northern margin of Kunlun. The Kangxiwar suture zone forms the southwestern boundary of the Tarim Plate (Yu et al., 2016; Figure 1B), while the Altyn fault belt, a large strike-slip fault active during the Mesozoic and Cenozoic ages, forms the boundary between the Tarim Basin and the Qaidam Plate (Ren et al., 1999; Figure 1B).
The Tarim Basin developed on the pre-Nanhua continental metamorphic basement (Ge et al., 2016), and has subsequently undergone three primary extension–convergence cycles during its tectonic evolution. These cycles have lasted from the Neoproterozoic (Nanhua) to the Middle Devonian, from the Late Devonian to the Permian, and from the Mesozoic to the Cenozoic (He et al., 2016). Particularly in the Cenozoic, the collision between the Indian and Eurasian Plates caused thrusting, strike–slip, and compression in the Tarim Basin and adjacent regions (Li et al., 2010; Xu et al., 2013; Xu et al., 2013; Zhang et al., 2013; Yu et al., 2016).
Nanhua-Cambrian Stratigraphy
The Nanhua and Sinian sequences are exposed in the Tiekelike, Keping, and Kuruktag areas along the southwestern, northwestern, and northeastern margins of the Tarim Basin, respectively (Xu et al., 2009; Turner, 2010; Figure 2). The Nanhua strata primarily consist of clastic rocks of littoral-neritic facies, tillite rocks of glacial facies, and volcanic rocks. In the Kuruktag area, the volcanic rocks of the Nanhua intervals consist of tuff, basalt, and rhyolite. Moreover, mafic dykes exist in the Nanhua strata in Well YL1 (Figure 3), all of which are indicative of continental rifting (Zhang et al., 2013; Yu et al., 2016). In the southwest zone, the Nanhua Formation includes the Yutang, Kelixi, Bolong, Yalaguzi formations, which have a combined thickness of 2,500 m.
[image: Figure 3]FIGURE 3 | Wells, seismic lines, and outcrops used in this study.
The lower Sinian strata in the northern Tarim Basin consist of sandstones and mudstones deposited on the continental shelf. The lower Sinian in the southern Tarim Basin consists of deltaic facies rocks and carbonaceous detrital rocks. The differences in the sedimentary environments between the southern and northern parts of the Tarim Basin of the Upper Sinian gradually decrease with decreasing age. A carbonate-rich continental shelf facies is present in the northern Tarim Basin, whereas a dolomite tidal flat facies is present in the southern Tarim Basin (Feng et al., 2015; Shi et al., 2016; Wu et al., 2016; Zhang et al., 2019). Previous scholars have used the U–Pb zircon age to determine the ages of the Nanhua–Sinian strata in the wells of the Tarim Basin. In Well T1, Neoproterozoic pyroclastic rocks have a U–Pb zircon age of 716 ± 9.3 Ma, which is the age of the Dongqiaoenbulak Formation in the Nanhua Formation (Xu et al., 2013). Similarly, the volcanic rocks of the Nanhua Formation from Well YD1 have a U–Pb zircon age of 722 ± 3 Ma (Wu et al., 2012), very similar to those in Well T1 in the northwestern Tarim Basin. In the central Tarim Basin, the Lower Cambrian rocks in wells MB1, YL6, TC1, and ZS2 overlie the pre-Nanhua metamorphic basement, and the granitic gneiss in Well TC1 has a U–Pb zircon age of 757 ± 6 Ma (Guo et al., 2003). In the northern Tarim Basin, Nanhua Formation rocks are missing in Well XH1, while the gneiss below the Sinian strata has a U–Pb zircon age of 832 ± 4 Ma (Han et al., 2016).
Drilling data show that the Sinian sedimentary areas are overlain by the Cambrian Yuertusi Formation (Figure 3). The lower Yuertusi strata are composed of black mudstones and littoral–shallow marine siliceous rocks. After the Sinian, a major transgression occurred (possibly due to rising sea levels), and the Cambrian succession in the eastern Tarim Basin exhibits an open platform facies and is mainly composed of marine carbonate rocks, sandstones, and mudstones (Luo, 1998; Shi et al., 2018; Zhang et al., 2019). There was no significant igneous activity during the Sinian–Cambrian, and in the southwest, the Cambrian strata are eroded.
The oil and gas reservoirs related to the lower Cambrian are designated as the lower hydrocarbon-bearing assemblage. These source rocks occur in the Nanhua–Sinian Formation and the Yuertusi Formation (Wu et al., 2016; Zhu et al., 2016). This lower hydrocarbon-bearing assemblage consists of two sets of regional reservoir and seal combinations. The Shayilik–Wusongeer Formation dolomite is sealed by evaporites (gypsum and halites) of the middle Cambrian Awatage Formation (Figure 2), and the upper Sinian Qigebulak Formation dolomite is sealed by the shale of the lower Cambrian Yuertusi Formation (Gao and Fan, 2015; Yang et al., 2020). The mudstone in the Yuertusi Formation is the highest-quality marine source rock, with a thickness of 15–40 m and a total organic carbon (TOC) content of 2–16% (Zhu et al., 2016). The mudstone in the Yuertusi Formation is a high-quality source rock for the upper reservoir and a seal rock for the lower reservoir (Luo et al., 2014; Zhu et al., 2016; Cui et al., 2017; Figure 2). Consequently, the distribution of the Yuertusi Formation is crucial for exploration in both the upper and lower hydrocarbon-bearing assemblages.
DATA AND METHODS
The Exploration and Production Research Institute, SINOPEC, provided the 2D seismic reflection data. The seismic data covered the entire Tarim Basin (area of 1.4 × 104 km; Figure 3). These data were reprocessed using 2D pre-stack depth migration in 2017 by SINOPEC. Fifteen wells drilled into or through the Sinian or Nanhua strata (Figures 3,4) were used to calibrate the interpretation of the seismic data from the Nanhua–Sinian–Cambrian sedimentary sequences and the Middle–Late Proterozoic metamorphic crystalline basement (Table 1). In addition, the thickness maps of the Nanhua, Sinian, and Cambrian strata were produced by petrel software after the seismic interpretation.
[image: Figure 4]FIGURE 4 | Interpreted seismic profiles with the synthetic seismograms of wells YL1, T1, and XH1.
TABLE 1 | U-Pb zircon age data from the Tarim Basin.
[image: Table 1]The seismic reflection terminations can be used to delineate unconformities and distinguish seismic facies units (Veeken, 2006). The seismo-stratigraphic data within the Neoproterozoic–Cambrian succession provides insight into the paleo-geomorphic and tectonic evolution of the Tarim Basin. Combined with well data (lithology, U–Pb zircon ages of rock cores, and logging curves), such as those from wells T1, YL1, and XH1 (Figure 4), the characteristics of the seismic reflectors can be determined.
RESULT
Seismic Stratigraphic Interpretation
The lower Cambrian Yuertusi Formation is composed of mudstones and siltstones, and typically displays parallel and continuous, high-frequency, and high-amplitude seismic reflections (Figure 4C). The upper Sinian Qigebulak Formation consists of dolomite and is characterized by mid-parallel and lower-continuous, low-frequency, and medium-amplitude reflections (Figure 4A). The lower Sinian Sugaitebulak Formation consists of sandstones, mudstones, tillites, and volcanic rocks and displays discontinuous, high-frequency, and medium-amplitude seismic reflections (Figure 4B). In the seismic data, the Cambrian–Sinian sequence boundary is seen as a very high-amplitude and continuous reflector, and the Cambrian sequence is seen as low-amplitude reflectors (Figure 4C). The Nanhua strata are predominantly composed of sandstones, mudstones, tillites, and clastic rocks, whose seismic facies units are similar to those of the lower Sinian strata. However, some areas exhibit layered seismic reflections. Both the Sinian and Nanhua Formations are easily distinguished from the Late Proterozoic metamorphic crystalline basement, displaying discontinuous and low-amplitude seismic reflections and chaotic seismic reflection units in some areas (i.e., profile A-A’; Figure 4A).
Types of Unconformities on the Inherited Paleotopography
Types of unconformities reflect both the tectonic movements and the paleo-geomorphology in a region (McKenzie, 1978; Christie-Blick, 1991). Thinning and truncations in the seismic profiles of the base of the Cambrian intervals indicate unconformities in the basin. Three types of unconformities are observed on the inherited paleotopography of the base of the Cambrian intervals: onlap (unconformities), angular unconformities, and disconformities.
In most areas of the Tarim Basin, lower Cambrian siliceous shales overlie Sinian dolomites (Figure 3). Using the seismic reflection characteristics of the Nanhua–Cambrian Formations, onlaps were identified in the seismic profiles (Figure 5). These seismic reflections show the lower Cambrian sequences onlaping the paleotopography on the Precambrian basement along profiles E-E’, F-F’, and G-G’ (Figure 5). This phenomenon illustrates that the younger sediments are progressively overstepping onto the older strata. The Qigebulak Formation dolomite rocks were onlapped by the lower Cambrian mudrocks, which were in turn onlapped by the lower–middle Cambrian dolomites. Onlap is most prominently developed in two areas, the inner platform of the basin and the basin margin (Figures 5E,F). The onlap is typically characterized by the gradual overstepping of younger sediments on each other along the paleoslope. The onlap of the inner platform mainly appears on the substratum of the lower Cambrian, and it occurs primarily along both sides of the Bachu and Tazhong uplifts. The onlap of the margin of the basin mainly appears on the lower Cambrian. It occurs along the northern and southwestern margins of the basin (Figure 6).
[image: Figure 5]FIGURE 5 | Onlap unconformities on seismic profiles in the Tarim Basin (see Figure 3 for locations). O–P: Ordovician to Permian sequence.
[image: Figure 6]FIGURE 6 | Distribution of unconformity types on the paleotopography in the Tarim Basin.
Progradational reflection geometries and onlaps are widely distributed in the Tarim Basin. The thickness of the lower Cambrian strata increases from the point of the onlap toward the northwest on the right side of the profile D-D’ (Figure 5D), which is a characteristic of the onlap on the inner platform. The outer margin of the basin is identified on the NE–SW-trending profile E-E’, which runs nearly parallel to the seismic profile F-F’ and across the largest sag in the basin. The depositional extent of sedimentation in the Sinian sequences is greater than that in the Nanhua sequences, and the lower parts of the Cambrian strata gradually thicken from the point of onlap to the center of the graben (profile E-E’; Figure 5E). In the northern part of the basin, the progradational reflections in the lower part of the Cambrian strata (profile G-G’; Figure 5G) can be seen to gradually thicken from the point of onlap toward the southern Tarim Basin.
Paleo-uplifts are observed between the grabens and half-grabens of the Nanhua interval (profile E-E’; Figure 5E). The shapes of some paleo-uplifts indicate that they continued into the Cambrian strata. Three major paleo-uplifts (referred to as the Tabei Uplift, Bachu-Tazhong Uplift, and Maigaiti Low Uplift) are observed in the Cambrian strata in the Tarim Basin (Figure 6), and all of them played an important role in the sedimentary and tectonic evolution of the Cambrian interval. The occurrence of the onlap was found on the slop paleotopography of the paleo-uplift. And the outer margin onlap occurs primarily along both sides of the Maigaiti Low Uplift and the southern part of the Tabei Uplift (Figure 6). Along both sides of the Maigaiti Uplift, the onlap unconformities are NW–SE-trending, while they trend more easterly in the eastern part. The maximum distance between the onlap points is about 100 km, and the minimum distance is about 70 km; the paleo-uplift lies between these points. Along the Tabei Uplift, the onlap unconformity is E–W trending, and the northern onlap point marks the northern ancient margin of the Tarim Basin (Figure 6). Moreover, the inner onlap unconformity connects with the ancient platform. Based on these observations, the Bachu and Tazhong uplifts formed the ancient platform during the Sinian interval. The onlap onto the inner platform occurs primarily along both sides of the Bachu and Tazhong uplifts, both of which are E–W-trending. The middle part of the inner platform onlap includes the Bachu Uplift, Tazhong Uplift, and Awati Depression at present. The onlap unconformity shows two nearly E–W-trending grabens and an inner basin platform on the paleotopography.
Angular unconformities can be seen along the SW–NE-trending seismic profile H-H’ (Figure 7) along the southeastern margin of the Tarim Basin (Figure 6). This phenomenon is related to thermal subsidence, which limited exposure and erosion along the margin of the Tarim Plate and led to a high contact angle on the base of the Cambrian strata on the seismic profile, resulting in the formation of “tilting–truncating” unconformities. However, in most of the basin, especially the interior regions of the Tarim Plate, the Cambrian strata are generally conformable with the Sinian and Nanhua strata.
[image: Figure 7]FIGURE 7 | Interpreted seismic profile of the angular unconformity (see Figure 3 for locations).
The Sinian Sugaitebulak Formation and the Aksu Group are angularly unconformable in the Aksu area (Figure 8A). Lower Cambrian reflectors in the basin (e.g., Figures 4,5, and 7) generally appear to be widely distributed and possess good continuity. Seismic data and field observations show that the contacts between Cambrian strata and the dolomites of the Sinian strata appear to be disconformities in many places (Figure 8). The outcrops of paleo-weathering crusts at the northwestern margin of the Tarim Basin in the Aksu area (He et al., 2010a; Shang et al., 2020; Figures 8B,C) indicate the sub-aerial exposure of the upper surfaces of the exposed Sinian sediments in the Aksu region. Other indicators include mud cracks, color, and lithology changes at the SCB (Figure 8C), karst breccias, dolomites, and thin soil layers with weathered crusts (Figure 8D). Weathered crusts are also observed between the Cambrian and Sinian sequences in the Kuruktag area (Shang et al., 2020). Such weathered crusts are closely related to the process of angular unconformities forming.
[image: Figure 8]FIGURE 8 | Field photographs of the Sinian–Cambrian boundary (the SCB) in the Aksu region (Figure 3 for locations). (A) Aksu and Sugaitebulak formations; (B) Yuertusi Formation; (C) Yuertusi and Qigebulak formations; (D) Yuertusi and Qigebulak formations.
Sedimentary Thicknesses of the Nanhua and Sinian Successions
The distribution of the Sinian interval and lower Cambrian strata appears to be correlated with the range of distribution of different types of unconformities (Figures 6,9). The Nanhua–Sinian depositional sequence appears to behave as a typical rift-to-post-rift (thermal subsidence) succession. The rift basin in the Nanhua sequence contains two sub-basins. The first is the Awati-Manjiaer Graben, whose depocenter is defined by an approximately E–W trending, 600–800 km, long ribbon-shaped, sub-basin developed within the Nanhua graben in the northern Tarim Basin, while a second depocenter occurs in the Kunlun Half-Graben in the south (Figure 9A). In addition, the Maigaiti Graben and Tanggu Half-Graben occur as a ca.350 m thick sequence in a sub-elliptical and rhombic depocenter. The isopach map of the Sinian sequence also suggests the occurrence of two sub-basins (Figure 9B). The Awati–Manjiaer Graben contains a ca.650 m interval of Sinian sediments in an approximately E–W trending depocenter, which is similar to the structures observed in the isopach map of the Nanhua sequence (Figure 9A). The maximum thickness in this area reaches ca.1,600 m in the southwest part of the Kuluketage Uplift. The second sub-basin is the Kunlun Half-Graben, which is defined by the NW–SE trending, 300–400 km long, ribbon-shaped depocenter developed along the Teklic fault block.
[image: Figure 9]FIGURE 9 | Isopachs of the strata in the Tarim Basin. (A) Thickness variations within the Nanhua interval; (B) Thickness variations within the Sinian interval; (C) Thickness variations within the Yuertusi Formation of the Lower Cambrian.
The depositional extent of the Sinian is greater than that of the Nanhua succession and gradually decreases from west to east (Figure 9B). The NW–SE-trending Maigaiti Low Uplift is located between the Kunlun Half-Graben and the Maigaiti Graben (at the location of the marginal fault to the north of the Kunlun Half-Graben in Figure 9A), where Sinian strata were not deposited. More importantly, the sedimentary thickness of the Lower Cambrian Yuertusi Formation gradually decreases along the Teklic fault block to the north (Figure 9C), which indicates that the Maigaiti Low Uplift also occurs in the Lower Cambrian interval in the southern Tarim Basin. This is consistent with the distribution of onlap unconformities (Figure 6). As for the interior of the Tarim Basin, the NW–SE trend of the Bachu-Tazhong Uplift continues into the Early Cambrian (Figures 9B,C). Seismic profiles (Figure 5) show that the onlap unconformity of the Lower Cambrian sediments covers the Sinian strata along the margin of the Maigaiti Low Uplift and the Bachu–Tazhong Uplift. These structures and the stratigraphic thicknesses suggest that sedimentation occurred over an expanded area after the Nanhua continental rifting. Widespread deposition of post-rift Sinian sediments occurred in this area and caused the burial of the Nanhua grabens or half-grabens. As previously stated, the Maigaiti Low Uplift and Bachu–Tazhong Uplift strongly controlled the sedimentary distribution and the migration of the depocenter in the Tarim Basin during the Nanhua–Early Cambrian intervals.
DISCUSSION
Tectonic Evolution of the Sinian-Cambrian Successions and the Inherited Paleotopography
Based on the aforementioned study, the Nanhua sequence is a rift basin. Seismic profiles demonstrate that the structure and sedimentation in the Nanhua system were controlled primarily by normal faults (Figures 5,10). And the rift period was characterized by rapid tectonic subsidence and the infilling of large amounts of sediments (e.g., Allen and Allen, 2013) (Figure 10). The overlying Sinian sequence is a post-rift basin, and the lateral extent of Sinian deposition over the Nanhua sedimentary sequences has increased (Figure 10). Moreover, the similarities between the relative thicknesses of the Cambrian and Sinian strata suggest that the paleotopography of the Cambrian was similar to that of the underlying Sinian sediment. The similarity of stratum thickness indicates that the paleotopography on the Precambrian basement inherited the surface morphology after the active tectonic subsidence during the rifting period.
[image: Figure 10]FIGURE 10 | Seismic profile across the Tarim Basin showing the structural framework (Figure 3 for locations).
The initial continental rifting of the Rodinia supercontinent is thought to have occurred at ca. 800 Ma (Xu et al., 2005; Tang et al., 2006; Lu et al., 2008; Zhang et al., 2009; Xu et al., 2011; Tang et al., 2016), and to have led to the sedimentation of the Nanhua sequence. The occurrences of the continental rifting events are consistent with the ages of the volcanic rocks (722 ± 3 Ma; Wu et al., 2012), which are intercalated with coeval sedimentary rock units in the Tarim Basin (Xu et al., 2009; Wang et al., 2010; Xu et al., 2013; Ren et al., 2018; Zhang et al., 2019). There was one rift system including two rift axes in the Tarim Basin during the Nanhua period, the Awati–Manjiaer Graben, and the Kunlun Half-Graben (Figure 9A). In seismic profiles, the Nanhua sequence demonstrates an angular unconformable relation with the pre-Neoproterozoic basement (Wu et al., 2016; Ren et al., 2018; Figures 5, 10). The two rift axes in the Nanhua period are fault-controlled; they are characterized by the accumulation of magmatic and clastic rocks and multi-episodic magmatism. This multi-episodic magmatism is consistent with the multi-phase rifting at 740–760 Ma, 660–681 Ma, and 635–650 Ma (Xu et al., 2005; Lu et al., 2008; Zhang et al., 2009). Zhu et al. (2008) and Wen et al. (2017) identified a rifting extension in the northern Kuruktag area occurring from ca. 650 to 630 Ma. These tectonic movements resulted in extensive rifting in the Tarim Basin during the early Nanhua period, which led to the development of the rift grabens in the Nanhua strata (Figure 10).
After intense extension and rapid subsidence during the rifting stage, the basin entered the post-rifting stage, i.e., the thermal subsidence stage (Figure 11). Compared with the tectonic subsidence during the rifting, the most important feature of the thermal subsidence is the slow subsidence rate (Figure 11). The thermal subsidence is generally fairly long-lived (Jarvis and McKenzie, 1980; Meng et al., 2011). And this thermal subsidence lasted the whole Sinian in the Tarim Basin. With the exception of wells MB1-YL6-TC1-ZS1 on the Tazhong Uplift, most wells in the Tarim Basin penetrated at least some Sinian sediments (Figure 3), which shows that the Sinian sediments were deposited over a wide area. The broad geographic extent of the deposition can also be observed in the seismic profiles (Figures 5,7,10). This increase in the geographic extent of Sinian deposition due to extensive thermal subsidence is a principal feature of sedimentation during the Sinian (Figure 12B). The average rates of subsidence for the Awati–Manjiaer Graben and Maigaiti Graben are similar (12.9 and 13.5 m/my, respectively). The Kunlun Half-Graben, which has a higher subsidence rate (16.31 m/my), is located at the margin of the Tarim block. The subsidence rates for the Awati–Manjiaer Graben and Maigaiti Graben during the Sinian are nearly half those during the Nanhua period (8.4 and 8.0 m/my, respectively). During this thermal subsidence process, the original paleo-uplift morphology was retained, and the Sinian strata were eroded there (Figures 5,12). The distribution of angular unconformities mainly along the southeastern margin of the Tarim Basin illustrated that the thermal subsidence was the dominant phenomenon, and it caused the down-warping of the lithosphere and affected much broader areas (e.g., Royden and Dövényi, 1988; Corver et al., 2009).
[image: Figure 11]FIGURE 11 | Simplified subsidence curves and the average rate of subsidence for three locations in the Tarim Basin. Locations of the grabens and half-grabens are shown in Figure 6.
[image: Figure 12]FIGURE 12 | Sequential tectonic diagrams depicting the geological evolution of the Tarim Basin (Figure 3 for locations).
Since the Early Cambrian, carbonate rocks grew rapidly upward owing to the rapid transgression and sufficient sediment supply (e.g. Wolstencroft et al., 2014; He et al., 2017). A major transgression caused by rapid subsidence of the Tarim Basin took place during the Cambrian, which gave rise to extensive shallow epicontinental seas defined as platforms (Figure 6). And the Awati–Manjiaer Graben had the highest subsidence rate of 51.97 m/my (Figure 11).
The Tarim Basin was located on a stable craton during the late Sinian to the Early Cambrian, and it is characterized by stable sedimentary structures (Meert and Van Der Voo, 1997; Kröner and Stern, 2005; Zhang et al., 2019). Consequently, the strata thickness distribution maps of the Nanhua–Cambrian sequences (Figures 9A,B) are very consistent and show that the depocenters and sedimentation patterns of the Sinian and Nanhua sequences are closely related. And the Tarim Basin did not experience a change in its tectonic and sedimentary frameworks during this period. The Bachu–Tazhong Uplift was denuded, after which sedimentation occurred on the platform due to the relative sea level rise. The seismic profiles (Figure 5) indicate that the paleotopography of the early Cambrian was inherited from the late Sinian, after which the strata underwent rapid subsidence during the early Cambrian (Figure 12C). In addition, the lower Cambrian strata thickened from the onlap point in the direction of the inner graben (Figure 5).
Relations of Onlap and Yuertusi Source Rock
It was found that the total organic carbon (TOC) of marine argillaceous source rocks could be high, and Yuertusi source rock also have similar characteristics (Zhu et al., 2016; Cui et al., 2017). We found that the TOC content of Yuertusi source rocks on the intra-platform slop is high. For example, the TOC values of the Yuertusi source rocks are in the range of 2–16% in the Aksu outcrops; in the Shiairike outcrops, TOC values can be as high as 4–16% (He et al., 2010b; Zhu et al., 2016). TOC values of the samples from Well XH1, LT-1, and TS-1 were in the range of 4–16% (Wu et al., 2016; Zhu et al., 2016; Yang et al., 2020). In addition, the black shale of the Yuertusi source rock was formed in a weakly alkaline environment during a widespread transgression (Wu et al., 2021). The intra-platform slop is an ideal place for shale deposition (Ngozi. 2017). So, the high TOC values of the Yuertusi source rock is related to the intra-platform slop in a relatively shallow marine environment (Ofuebe, 2015).
The time of rapid subsidence in the Tarim Basin corresponds to the highest paleoheat flow and the rapid rise of paleogeotemperature during the Cambrian (He et al., 2017). The significant increases in the thickness of the mudstones and siltstones in the lower Cambrian in the vicinity of Well XH1 in the northern part of the basin indicate that the water depth was increasing at this time (Shi et al., 2017; Wen et al., 2017; Figure 4). During this period, the widespread transgressions formed the continental deposits along the slope of the paleotopography. And the sediment onlap patterns were recorded by the onlap unconformities (Figures 6,9C). The organic-rich mudstones and siliceous rocks of the Yuertusi Formation were deposited in the inner Tarim Basin and at the southwestern margin of the Tarim Basin as a result of the transgressive events associated with tectonic stability, gentle slope, and post-glacial sea level rise (Figure 12C). The basin was tectonically stable during these transgressional events; this stability lasted until at least the early Ordovician (He et al., 2007; Zhao et al., 2011; Zhang et al., 2019), during which time extensive marine carbonates were deposited.
The bottom of the Cambrian Formation in wells YL1 and XH1 (Figure 4), located in the southern portion of the onlap unconformity, is mainly composed of siliceous rocks and shales. The petrological characteristics of the rocks indicate that the Yuertusi shales were deposited on a gently sloping carbonate platform with coastal upwelling (Zhao et al., 2011; Zhu et al., 2016; Zhu et al., 2018; Zhang et al., 2020). Transgression is represented by the increase in the water depth at a constant rate, and in this case, the Tarim Basin margin is maintained as two segments, a horizontal shelf with eustatic fluctuations and a gentle slope with a fixed angle (e.g., Christie-Blick, 1991; Figure 9). Under the transgressive system during the Early Cambrian, the position of the onlap unconformity is marked by the zone of transition between the gentle slope of the Awati–Manjiaer Graben and the Tabei Uplift (Figure 6). This suggests that the gentle slope of the Awati–Manjiaer Graben in the southern part of the onlap unconformity is conducive to the deposition of shales, which can be high-quality source rocks (Figure 13). In the central uplift, the Yuertusi Formation is absent in wells BT5-MB1-TC1-ZS1 (Figure 3). When combined with the stratigraphic framework, it appears that inherited paleotopography controlled the distribution of the Yuertusi source rocks. Yuertusi source rocks in the southwestern part of the basin will be located in the southwest onlap unconformity (Figures 6,13), while the W–E margin of the southern uplift is consistent with the inner platform onlap unconformity zone. In summary, the gentle slope of the fixed-gradient region is conducive to the deposition of shales, which are good source rocks with a suitable deep-water environment and stable sediment supply. The Yuertusi source rocks are interpreted to onlap the inner platform of the inherited paleotopography. And we accurately determined the distribution range of the Yuertusi source rockss in the Awati–Manjiaer Graben according to the distribution range of onlap on the paleotopography (Figure 13).
[image: Figure 13]FIGURE 13 | Distribution of the Yuertusi source rocks at the Sinian–Cambrian boundary (modified from Jin et al., 2017; Shi et al., 2018).
CONCLUSION

1) There was a one rift system including two rift axes in the Tarim Basin during the Nanhua period, the Awati–Manjiaer Graben, and the Kunlun Half-Graben. The extensive thermal subsidence lasted the whole Sinian period, and makes the paleotopography on the Precambrian basement inherited the landform after the Nanhua continental rifting.
2) The source rock deposits forming the inner platform onlap and outer margin onlap on the inherited paleotopography. And the onlap reflects the distribution range of the Yuertusi source rocks in the Cambrian.
3) A major transgression caused by the rapid subsidence of the Tarim Basin took place during the Cambrian, which has formed the Yuertusi source rocks on the inherited paleotopography.
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