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Editorial on the Research Topic 
Continental basin and orogenic processes: Deep structure, tectonic deformation, and dynamics

Continental basin and orogen systems result from interactions among active (or previously active) plate boundaries, relatively stable and usually rigid continental interiors, and deep mantle tectonics, with deformation sometimes distributed far into the plate interior. These systems are rich in mineral and hydrocarbon resources, and their structure, tectonic evolution and dynamic processes provide important information to understand how plate tectonics along plate margins exerts an influence in continental interiors. To better understand continental basin and orogen systems, we have gathered 23 papers in this Research Topic that report on recent advances in 1) stratigraphy, 2) structural deformation and tectonic evolution, 3) geophysical architecture and geodynamics, and 4) physical and numerical modeling.
STRATIGRAPHY
Guan et al. investigated the petrography, heavy mineral content, conglomerate component, and detrital zircon U-Pb geochronology of late Mesozoic sediments in the southern Junggar Basin, northwest China, to establish its tectonic and climatic evolution. They observed a significant change from a paludal deltaic and fluvial deposition to an alluvial and aeolian setting in Late Jurassic, which was interpreted as a result of aridification. Detrital zircon U-Pb geochronology analysis showed that the Tian Shan and Bogda orogenic belts shed sediments to southern Junggar Basin during Late Jurassic to Early Cretaceous, suggesting uplift of the orogenic belts at this time, which likely resulted from far field effect of accretion of Lhasa terrane onto the Eurasia Continent. Based on existing seismic, gravity, radar, and magnetic data, in combination with the subglacial bedrock relief from the BEDMACHINE project, Baranov et al. established an updated map of the sediment thickness in Antarctica. Their results showed that West Antarctica has wide sedimentary basins with depositional thicknesses of ∼2–12 km, whereas East Antarctica develops shallow basins with merely ∼2–7-km thick sedimentary deposits. They proposed that the sedimentary thickness depends on the degree of crustal extension, which is larger in West Antarctica than East Antarctica. These results shed new light on the basin stratigraphic evolution and its governing mechanisms in Antarctica.
STRUCTURAL DEFORMATION AND TECTONIC EVOLUTION
Li et al., using the area balancing technique and geometrical relationships, developed a 2D model to calculate the pore space of fractures associated with fault development. They proposed that the development and distribution of fault detachment voids or fault fracture pore space are controlled by the physical properties of the deforming medium, mechanics of deformation, and geometry of a fault-ramp structure. Their theoretical model gain supports from natural cases in the Daba Shan foreland fold-and-thrust belt in the Southern Qinling Orogen, China. Based on interpretations of seismic reflection profiles, Neng et al. analyzed an intraplate strike-slip fault system in the Tarim basin, northwest China. They showed the structural characteristics of the strike-slip fault system in both cross-section and planar views, and further analyzed its evolution and forcing mechanisms. These two papers show significant progresses in the quantitative prediction of fractures, particularly valuable for hydrocarbon exploration and development.
To understand intracontinental deformation across the North China Craton in response to tectonic processes along its plate boundaries, Yang et al. performed geological investigations and fault-slip vector analysis of the Shanyi Basin, north China. They observed three phases of deformation in the basin, including Late Jurassic to earliest Cretaceous NW-SE contraction, middle-late Early Cretaceous NW-SE extension, and post-110 Ma NE-SW contraction. They suggested that the main structural architecture of the basin is dominated by the first phase, i.e., the NW-SE contraction in Late Jurassic to earliest Cretaceous. They attributed these three phases of deformation to the subduction of Paleo-Pacific plate to the east and closure of the Mongol-Okhosk Ocean to the north, destruction of the North China Craton possibly linked to roll-back of the Paleo-Pacific subducted plate and post-orogenic collapse of the Mongol-Okhotsk belt, and the collision between the Qiangtang and Lhasa terranes, respectively. Chang et al. analyzed the Meso-Cenozoic paleo-tectonic stress fields of the Kexueshan Basin along the northwestern Ordos block, north China. They observed Middle Jurassic, NE-to NNE-trending folds and thrust faults superimposed by late Cenozoic, NW- to NNW-trending folds, with the former attributed to a combined influence of southward convergence of the Siberian block and northwestward subduction of the Paleo-Pacific plate, while the latter to northeastward growth of the Tibetan Plateau.
Based on outcrop investigation and analysis of seismic reflection profiles, Zhao et al. identified five Mesozoic unconformities in eastern Heilongjiang Province, northeast China. They attributed these unconformities to the Mongol-Okhotsk suturing to the north and the subduction of the Paleo-Pacific plate to the east. Zhang et al. investigated the disruption of the Dasanjiang unified basin, northeast China, by using fission-track thermochronology. The results showed three stages of exhumation at ∼100–90 Ma, ∼73–40 Ma, and ∼23–5 Ma, respectively. They proposed that these uplift/exhumation events disrupted the initially unified Dasanjiang basin into isolated basins. By comparing these events with the Paleo-Pacific subduction, they suggested that the varying speed, direction and subduction angle of the Paleo-Pacific plate caused the formation and destruction of the Dasanjiang unified basin. To establish the relationship between supradetachment basins and metamorphic core complexes, Sun et al. analyzed the stratigraphy and structural geology of the Fuxin basin in northeast China. They divided the stratigraphy into syn-rift volcanic sedimentary and post-rift clastic rock sequences. The basin evolution is characterized by four stages (i.e., proto-rift, fault subsidence, transition, and compression), whereas the Yiwulvshan metamorphic core complex underwent an earlier faulting-dominated stage and a later exhumation stage. They proposed that the rollback of the Paleo-Pacific plate and retreat of the subduction trench governed the evolution of this rift and metamorphic core complex system. Li et al. analyzed seismic reflection profiles and outcrops along southern Tarim Basin in northwest China, and identified Late Triassic compressional and Jurassic-Cretaceous extensional structures. They attributed the compressional structures to the collision between North Qiangtang and Tarim terranes, while the extensional ones to post-collision extension of the Paleo-Tethys evolution. These six studies demonstrate that the tectonics along plate margins exerts a decisive role in shaping the intracontinental basin structures and governing their evolution.
Besides these studies, another two papers addressed the initial formation of intracontinental orogens. To investigate the accretionary processes and continental growth of the Altaids in middle Asia, Mao et al. conducted comprehensive analyses of lithology, geochemistry, chronology and structural mapping of the Huaniushan complex in the Beishan orogen along the southern Altaids. The results revealed a prolonged subduction history of the Liuyuan Ocean from late Mesoproterozoic to late Triassic (∼1,071–234 Ma), with a series of seamounts and/or oceanic plateaus emplaced onto the Liuyuan accretionary complex. Abuduxun et al. investigated the geochemistry and geochronology of A-type granitoids from South Tianshan along southern Altaids. They proposed that these ∼298–272 Ma A-type granitoids resulted from a high-temperature gradient in a subduction-related extensional setting, possibly triggered by southward rollback of the South Tianshan oceanic lithosphere and upwelling of asthenospheric mantle. These results indicated a broad magmatic arc in the southern active margin of the Yili-Central Tianshan in the Permian. These two studies show these intracontinental orogens were initially formed in a plate-margin setting.
GEOPHYSICAL ARCHITECTURE AND GEODYNAMICS
To investigate the thermal structure of the Tarim craton in northwest China, Xu et al. analyzed the aeromagnetic dataset and calculated the Curie point depth (CPD). They observed a minimum magnetic CPD zone in NW Tarim craton that they attributed to the Permian Tarim plume-lithosphere interaction. They also suggested that the transition zones of the CPD surfaces play a significant role in controlling present seismic activities. To investigate the effect of reservoir water load on earthquakes, Wu et al. carried out density structure analysis in the Zigui Basin of the Three Gorges area, middle China, by using 3D gravity inversion method. The results, combined with focal mechanism solutions of earthquakes, led them to infer that the ∼5–10 km depth of the basin partly comprise limestone that has a chance to be dissolved and subsequently triggers earthquakes. These two papers establish a link between the deep geophysical architectures and the seismic activities.
Kuang et al. used magnetic gradient-processing methods to map the location of basement faults in eastern Tarim Basin, northwest China. The results in combination with seismic reflection profiles revealed that the Tarim Central Highly Magnetic Anomaly Belt was mainly caused by the Archean crystalline basement; while the Northeastern Mangal Domain was equipped with a Neoproterozoic rifting-modified Archean crystalline basement that was originally the same as the Central Tadong Domain. The weakly magnetic Southeastern Domain was inferred to be sutured to the highly magnetic Central Tadong Domain along the Tadong South Fault during the Paleoproterozoic. Zheng et al. obtained the magnetic and gravitational structures of West Junggar along southwestern Central Asian Orogenic Belt (CAOB) by integrating aerial magnetic-gravity data. They observed a prominent Bouguer gravity high between the Darbut and Karamay-Urho faults that was interpreted to be a trapped oceanic slab. The Tacheng Basin, characterized by high-frequency magnetic signals and gravity highs, was interpreted to be a back-arc basin. These results provided a renewed tectonic model consisting of trench-arc-basin system related to the fossil Late Paleozoic intra-oceanic subduction. Chang et al. investigated the crustal structures of the eastern CAOB by an integrated magnetic-gravity analysis. The results revealed the upper crustal Chifeng-Baiyan Obo fault bounding the CAOB from the North China Craton to the south. This boundary extended northward to the Xar Moron fault in the middle and lower crust. They speculated unexposed Mesozoic granites extensively in the mid-lower crust along the Solonker suture zone. Lei et al. analyzed the magnetic structures of the Longmenshan fault zone and surrounding regions, southwest China. The results showed that the Longmengshan fault zone displayed as a transition zone between the positive anomalies in the Sichuan Basin to the east and the negative anomalies in the Sonpan-Ganzi fold belt to the west. Han et al. investigated the crustal structure and anisotropy of the Middle-Lower Yangtze Metallogenic Belt (MLYMB) in south China by teleseismic receiver functions in combination with previous velocity structure. The results revealed a ∼2–4 km uplifted Moho and relatively high Poisson’s ratio, which were consistent with predictions of underplating model. They suggested that the significant local anisotropy of the MLYMB and the Dexing porphyry copper deposit was a result of upwelling and underplating of mantle-derived materials or local lateral ductile shear in the lower crust. The consistent NE-SW fast polarization direction and the SKS splitting results indicated coupling deformation in a lithospheric scale. These four studies demonstrate that the lithospheric architectures formed by previous tectonics can last for a long time and exert a significant role in later tectonics and metallogenesis.
Another study by Zhao et al. shows the lithospheric architecture is decisive in controlling the geodynamics of the modern intracontinental tectonics. They used inversion method to obtained the magnetic and electrical structures of the Songpan-Aba terrane and surrounding areas via analyzing magnetic and magnetotelluric data. They observed a low-resistance and weakly magnetic zone below ∼20 km in the West Qinling, Songpan-Aba, and Longmenshan areas, which they attributed to the molten crustal materials that extruded from the eastern edge of the Tibetan Plateau. These results are significant in understanding the mechanism of the uplift of the eastern Tibetan Plateau.
PHYSICAL AND NUMERICAL MODELING
Physical and numerical modeling is useful in determining the geodynamics of intracontinental tectonics. To investigate the factors that control the tectonic evolution of the Yinggehai Basin in south China, Liu et al. performed sandbox analog experiments with conditions of a preexisting basal velocity discontinuity boundary, rotation of crustal blocks, and syntectonic sedimentation. The modeling produced two-phase evolution of the Yinggehai Basin, with an early phase of deformation characterized by nucleation of the main internal faults above the velocity discontinuity boundary and segmented en echelon border fault systems, and a late phase of deformation localized along the boundary and secondary internal faults. Similarities between the modeling results and the natural case led them to propose that transrotational tectonics governs the evolution of the Yinggehai Basin. Chen et al. successfully reproduced the spatiotemporal development of the fold-and-thrust belts in Jiudong Basin northeast Tibetan Plateau by using 2D elastic-plastic numerical finite element modeling. The results demonstrated that different geometries and materials will produce different deformational sequences, such as in- or out-of-sequence deformation. These results provided geodynamic explanations for the growth of the mountain ranges along the NE margin of the Tibetan Plateau. Chen used 2D numerical models to investigate the role of the lower crust rheology in lithospheric delamination during orogeny. He observed that delamination occurs only if the lower crust rheology of the orogen is represented by the weak end-member flow law. With these results, he suggested that the subvertical high-velocity mantle structures in southern and western Tibet may exemplify localized delamination of the mantle lithosphere due to rheological weakening of the Tibetan lower crust. These three studies show how boundary conditions govern the tectonics.
AUTHOR CONTRIBUTIONS
XL wrote the manuscript. HC, AZ, LW, SW, and PS revised the manuscript.
FUNDING
This Research Topic is supported by the Second Tibetan Plateau Scientific Expedition and Research of China (2019QZKK0708), the National Natural Science Foundation of China (Grants 41720104003 and 41972217), and the Fundamental Research Funds for the Central Universities of China (Grants 2021XZZX005, 2019FZA3008, and 2019QNA3013).
ACKNOWLEDGMENTS
We appreciate the efforts of the Editorial Office in facilitating the development of this Research Topic. We are grateful for all the reviewers for their comments that significantly improve these contributions.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Chen, Lin, Zuza, Wu, Wei and Sternai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









	
	ORIGINAL RESEARCH
published: 13 May 2021
doi: 10.3389/feart.2021.683439






[image: image2]

Pure Void Space and Fracture Pore Space in Fault-Fractured Zones

Xiaogang Li1*, Guoqiang Xu2*, Chen Wu3, An Yin4, Shihu Wu5, Andrew V. Zuza6, Gang Chen7, Zhiwu Li2, Shaohua Xu1 and Yiwen Li1


1Chongqing Key Laboratory of Complicated Oil and Gas Field Exploration and Development, Chongqing University of Science and Technology, Chongqing, China

2State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Chengdu University of Technology, Chengdu, China

3State Key Laboratory of Tibetan Plateau Earth System Science (LATPES), Institute of Tibetan Plateau Research, Chinese Academy of Sciences, Beijing, China

4Department of Earth, Planetary and Space Sciences, University of California, Los Angeles, Los Angeles, CA, United States

5Exploration and Development Research Institute of Southwest Oil and Gasfield Company, PetroChina, Chengdu, China

6Nevada Bureau of Mines and Geology, University of Nevada, Reno, NV, United States

7School of Resources and Environmental Engineering, Yibin University, Yibin, China

Edited by:
Derek Keir, University of Southampton, United Kingdom

Reviewed by:
Junpeng Wang, China University of Geosciences Wuhan, China
 Wei Shi, Academy of Geologi-cal Sciences (CAGS), China

*Correspondence: Xiaogang Li, xg_lee@cqust.edu.cn
 Guoqiang Xu, xuugq0@163.com

Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science

Received: 21 March 2021
 Accepted: 22 April 2021
 Published: 13 May 2021

Citation: Li X, Xu G, Wu C, Yin A, Wu S, Zuza AV, Chen G, Li Z, Xu S and Li Y (2021) Pure Void Space and Fracture Pore Space in Fault-Fractured Zones. Front. Earth Sci. 9:683439. doi: 10.3389/feart.2021.683439



Fault-fractured pore space is complex and difficult to predict and evaluate. For a single independent ramp-flat fault-bend fold structure, the pure void space between two fault walls equals the integrated fracture pore spaces within the fault damage zone if it were concentrated on the fault plane. Using an area balancing technique and geometrical relationship, we have developed a two-dimensional (2D) model to calculate the pore space of fractures associated with fault development. The development and distribution of fault detachment voids or fault fracture pore space are controlled by the physical properties of the deforming medium, mechanics of deformation, and geometry of a fault-ramp structure. We demonstrate how concordant or discordant folding of the fault wall rock affects the nature of fault-fracture pore space. The pure void space and fracture pores in the fault zone can be quantitatively described by the following parameters: initial ramp angle and height, overlap ramp length, throw and slipping displacement, stack thickness, curvature and derivation of the angle between bed and fault plane (Rθ), and dip isogons. Rθ reflects the conformity of two opposite fault sections and the folding accordance of two walls, and it is a key element for the development and distribution of fracture pore space in a fault zone. Furthermore, we observed natural outcrops supporting and validating our model assumptions in the foreland fault system, Central China.

Keywords: pure fault detachment void space, fracture pore space, fault fractured zone, quantitative description, fault-related fracture porosity, derivation of angle between bed and fault plane


INTRODUCTION

Understanding and quantitatively predicting the formation, location, orientation, intensity, porosity, and permeability of natural fractures within a fault damage zone (Caine et al., 1996; Kim et al., 2004; Choi et al., 2016; Peacock et al., 2017) are not only important for hydrocarbon exploration and production planning activities (Aydin, 2000; Nelson, 2001; Smart et al., 2009; Feng et al., 2018) but also for site selection for large engineering projects and earthquake prevention and disaster reduction (Beach et al., 1999; Scholz, 2002; Huang and Li, 2009). Over the last few decades, a number of studies have focused on the prediction of fault-related fractures (Walsh and Watterson, 1988; Gross et al., 1995; Caine et al., 1996; Aarland and Skjerven, 1998; Nelson et al., 1999; Nelson, 2001; Xu et al., 2006; Li et al., 2012; Reyer et al., 2012; Choi et al., 2016; O'Hara et al., 2017; Liu et al., 2018). Here, we present a new perspective to quantitatively predict and evaluate the volume of fracture pore space for a single fault zone. Fracture pore space is the pore space between separated fracture walls or opening cracked rock surfaces, which has not been filled by external mechanical media during deformation. It is a different term to that defined by Howard (1990), whose definition referred to the present pore space. In this study, it refers to the pore space produced by deformation, which can be filled by hydrocarbon, water, and solid minerals. The term “pure void space” is an imaginary physical space that refers to the fault-ramp detachment void space at the particular ramp segment where rigid rock contacted with rigid rock, and it is an equivalent physical space which equals to the total space of fracture pores in the fault damage zone, so that it is a restored expression of fracture pores in the fault zone and is different from the real void space in the present-day fault fracture damage zone.

In general, the following elements have been proposed to address the development and position of fracture pore space: (1) the rigidity of strata located on both sides of the fault; (2) the fault scale; (3) the degree of folding of the hanging wall and the spatial relationship between folding and faulting; and (4) folding of the footwall rocks, and the relationship between fault dip and the folded strata (e.g., Nelson et al., 1999; Nelson, 2001; Xu et al., 2006). We cannot directly calculate the fracture porosity, or lack thereof, but quantitative description of the fault fracture is possible through the space transformation between the fault fracture space and the pure void space.

For a fault developed within rigid strata, a perfect fault-bend fold system results in no space issues and does not require any void space (Figure 1B). However, if there is differential curvature of the hanging wall strata relative to the footwall, such as if the footwall beds remain straight and the hanging wall curves upward like a tile buckled on the slope, a theoretical void space should be formed assuming area balance (Figure 1C). This void space is the sum of all structural fracture spaces around the fault plane. Conversely, if footwall and hanging wall rocks deform together, negligible void space may be required (Figure 1D). In this contribution, we develop a space transformation model between the fault fracture space and the fault void space through the classification and sequence analysis of fault fractures. We show that the development of the fault fracture is controlled by the derivative of the angle between the fault and the bedding surfaces. Our model assumptions are also observed and validated with scaled outcrops observed in the foreland fault system in the Daba Shan, southwest China.


[image: Figure 1]
FIGURE 1. Schematic cross section of a pure fault detachment void space. (A) A rigid bed between two soft beds showing the location of a future fault. (B) A typical model of fault-bend fold. (C) Model showing the development of fault detachment void space in a fault-bend fold due to curvature of the hanging wall. (D) Example illustrating how concordant folding of both the footwall and hanging wall does not result in void space.




PURE FAULT DETACHMENT VOID SPACE


Model of Pure Fault Detachment Void Space

A model is set up for the description of pure fault detachment void in a single fault-ramp structure (Figure 1A). The main assumptions for this model are as follows: (1) Each bed maintains a uniform thickness and experiences no area or volume loss; (2) deformation occurs entirely by interbed slip; (3) there is no non-homogeneous shear between adjacent beds (Mitra and Nanson, 1989); and (4) the rigid bed has an initial planar fault ramp and is located in two soft beds. We assume that the pure rigid bed and/or geological rigid strata have a constant length, incompressible and inextensible by plastic deformation such as rearrangement or reconstruction of particles, but it is contractible and extendable by elastic deformation such as rearrangement of rock pieces.

Some geometrical parameters in Figure 1 were originally defined by the previous researchers, such as Suppe (1983) and Shaw et al. (1994), where θ0 is the ramp angle; Hr is the thickness of rigid rock; A1, A2 (for front limb) and B1, B2 (for back limb) are the axis-projected points on the top surface, respectively; D1 and D2 are the front and back slipping displacement, respectively. We here define that O1 and O2 are the upper and the lower onlap points on the ramp, respectively; the ramp section of O1 and O2 is called the overlap ramp, and L denotes its length; Hf is the fault throw; ΔD is the slip displacement consumed (John et al., 1994) in the fold; Hs is the stack thickness from the top crest to the bottom confined in the zone of overlap ramp; Hv is the height of pure void. These parameters satisfy the following relations (Figure 1):

[image: image]

For a purely rigid bed, a relative bigger-scale void would not be produced between two slipping thrust walls with the accommodation of strata at depth, as shown in Figure 1B (John et al., 1994). The height of the largest void we have observed in outcrops or subsurface drilling, which filled by calcite, was ~1 m (see the below as an outcrop case), but a restored “fault detachment void space” extracted from the fracture pores should exist between two translated walls (Figure 1C). In such a case, the top crest was arched (instead of a flat top crest in Figure 1B), the footwall maintains the original form on cross section, and there is no deformation on the in-line section; the stack thickness (Hs) is larger than the sum of throw and rock thickness (Hs > Hf + Hr); the front displacement is less than the back displacement (D1 < D2) because of the slip displacement consumed in the fold, and such displacement is closely related to the fault detachment voiding. This “fault detachment void space” can be derived from kinematic and geometrical analyses of fault-ramp structure, and it might be filled by foreign mechanical medium, or inner rock pieces combined with scattered fracture pores or a mixture of them during the stage of fault movement, so that the relationship between void space and fracture pore space on cross section can be written as:

[image: image]

where Sv(x) is the area of “void space,” Sm(x) is the void space occupied by foreign mechanical media, and Sf(x) represents the total fracture pore space in the fault zone. If there are not foreign mechanical media carried into this “fault detachment void,” then Equation (1) can be written as:

[image: image]

This implies that the “detachment void space” between two slipping walls is equal to the sum of fracture pore spaces in the fault zone. The “fault detachment void” does not exist in physical form on large scale, but its derived space does exist. It is substituted by the fracture pore space scattered in the fault-fractured zone, which here is named pure detachment void (or imagined equivalent detachment void), referring to the sum of the fracture pores by the way of extracting the pore space from the fault-fractured zone. Such a transform is an inverse restoration process for the pore space.



Mechanism of Fault Detachment Voiding

There are two possible ways of void formation in a fault-ramp structure: (1) bed surface detachment voiding and (2) fault surface detachment voiding (Figure 2). Bed surface voiding refers to the voiding between two rigid bed surfaces in the vicinity of the fault section where one wall is dragged by the other with friction resistance (Figure 2B). This fault drag involves rotational movement and may originate from a kind of “nail effect.” The nail here is a striking point or segment on the slipping fault section, which fixed the two translated blocks as a nail by the friction resistance. Other non-fixed beds would continuously move forward or backward and pull away from the nailed point or segment under the progressive push of the powerful tectonic pressure so that the bed surface detachment void was produced (Figure 2B). Each point on the fault section might be a nail. Bed surface void in a footwall is caused by forward friction resistance, which results in upward rotation, and by backward friction resistance, which results in downward rotation for the hanging wall.


[image: Figure 2]
FIGURE 2. Schematic cross section showing the mechanics of pure fault detachment void space. (A,B) Bed surface detachment void space produced by a ramp nail and left expanding rotation; (C,D) ramp detachment void produced by a front nail and right expanding rotation of hanging wall.


Fault-ramp detachment voiding refers to the detachment void between two slip fault walls, which is caused by single discordant folding of hanging wall or footwall during fault slip (Figures 2C,D). The thrust front may be fixed relative to deforming, softer hanging wall beds (Figure 2C), causing the hanging wall to bend under a one-axial compressive stress. The continuous movement of the other free termination and bend body leads to a single arching of a hanging wall because the slipping between the two walls made it possible for the hanging wall to detach from the footwall. This generates an ideal fault detachment void space between the two walls (Figure 2D).

Therefore, the mechanism of fault-ramp detachment voiding is similar to that of the detachment void at the kink of a fold structure between two slipping bed surfaces formed by buckling; it is different from the bed surface detachment void beside the fault with the origin of fault dragging. However, both mechanisms were almost simultaneously substituted by smaller fracture pores with the accommodation of strata at depth, and it is difficult to distinguish these two void spaces in a present fault-ramp structure, which often occur at the same place.



Typical Types of Pure Void Space

Four typical patterns of pure detachment void are recognized on the basis of location and scale (Figure 3) (Nelson et al., 1999; Nelson, 2001). The properties of geometric parameters are defined in Table 1 (e.g., Nelson, 2001; Xu et al., 2006; Li et al., 2012; Choi et al., 2016; O'Hara et al., 2017; Liu et al., 2018).


[image: Figure 3]
FIGURE 3. Schematic cross section showing typical kinds of pure fault detachment void space. (A) Pure void developed in hanging wall; (B) pure void space developed in footwall; (C) void space developed in both of the fault walls; (D–F) non-pure void space between two fault walls. Their properties are given in Table 1; the dip isogons lines within (A–C) are curved, but these are straight lines within (D–F).



Table 1. Geometric parameters of single fault-ramp structure corresponding to Figure 3.

[image: Table 1]


Hanging Wall Detachment Void

It is the most typical pattern. In this case, the hanging wall was considerably folded resulting in the form of a front-peak anticline or a double-peak anticline. The front peak (labeled as A1 in Figure 3) is usually above the upper overlap (labeled as O1 in Figure 3) and the back peak is often departure forward from B1 in Figure 3. The footwall maintains the original form or is slightly folded synchronously to the hanging wall (Figure 3A).



Footwall Detachment Void

In this case, the footwall was downward arched and involved into a syncline, but the hanging wall kept the original form as a monocline. The void developed in the footwall. The geometric image of such a fault structure is an inverse image of a hanging wall voided fault-ramp structure (Figure 3B).



Double-Wall Detachment Void

The pure detachment void might occur in both of the walls, which can be further divided into three styles: (1) symmetric double-wall detachment void, which is referred to a similar symmetric distribution of detachment void in which detachment voids occur at the core of inverse arched walls—it is a very rare case; (2) oblique symmetric double-wall detachment void, which is referred to an oblique symmetric development of void in which the hanging wall void occurs at the front (behind O1) and the footwall void is developed around O2; and (3) complex double-wall detachment void, which is referred to the distribution of detachment void that might occur at any places in the overlap ramp.



No Detachment Void

In this case, there is none or a very small detachment void developed between two walls (Figures 3D–F). It also has the three basic structure configuration types: (1) both of the walls deformed into anticline (Figure 3D); (2) both of the two walls deformed into syncline (inverted image of Figure 3F); and (3) both of the top and bottom walls show as monocline (see the details in Figure 1B).




Two Simple Field Cases From the Daba Shan

The Daba Shan is located along the southern margin of the Qinling orogen, Central China (Liu et al., 2006; Dong et al., 2013, Shi et al., 2013; Figure 4A). Three main faults can be traced from north to south along the entire strike of the Daba Shan foreland thrust system as follows: (1) the Ankang fault (F1), (2) the Chengkou fault (F2), and (3) the Zhenba thrust (F3), respectively (e.g., Dong et al., 2013; Li et al., 2015; Figure 4A). The Chengkou fault is defined as the boundary between the Northern Daba Shan foreland thrust belt and the Southern Daba Shan foreland fold-and-thrust belt (Liu et al., 2006) (Figure 4A). The inferred Tiexi thrust fault (F4) to the south places at the boundary between the Southern Daba Shan and foreland Sichuan Basin (Liu et al., 2006) (Figure 4A). Our outcrop study areas are closed to the Tiexi thrust fault and Chengkou thrust fault (Figures 4A,B, 5A).


[image: Figure 4]
FIGURE 4. (A) A simple geological map shows the tectonics of the Daba Shan and Sichuan Basin, where the red lines represent the thrust fault and the red triangles point out the location of the hanging wall; the five-pointed stars show the outcrop location of (B) and Figure 5; note: Pt3–Neoproterozoic strata; ϵ-O—Cambrian–Ordovician strata; S—Silurian strata; P-T—Permian–Triassic strata; J-K—Jurassic–Cretaceous strata. (B–F) An outcrop case from the Sichuan foreland basin showing the fault fracture void space; see the details in the text. The blue arrows show the location of the possible void spaces.



[image: Figure 5]
FIGURE 5. An outcrop case occurred within the Cambrian strata located in north of the Chengkou thrust fault in the Daba Shan foreland thrust belt (see Figure 4A for location). (A) Original photo; (B) Interpreted photo showing the geometries for fault and top and bottom surfaces of hanging-wall and footwall; (C) Interpreted photo showing the fault-related fracture system, note the yellow circles show the development of the possible void spaces.


The Jurassic sedimentary outcrop of Figure 4B is located at the south of the Tiexi thrust fault developed within the Sichuan Basin, which consists of gray sandstones and yellow-brown mudstones. Figure 4C shows the complex fault zone with multiple fracture surfaces, which suggests the existence of the possible remaining voids. The occurrence of the upward arched top surface with the straight and flat bottom surface in the hanging wall suggests the development of the void space (Figures 4D,E) as the model of Figures 1C, 3A. Although the top and bottom surfaces can be either downward or upward arched (Figures 4E,F), the presence of a void space depends on the curvature differences between the two surfaces. When the curvature of the arched bottom surface is greater than that of the arched top surface, the existence of void spaces is favored (Figure 4E). However, another fault shows no void, or very small voids, perhaps because the fault juxtaposes interbedded strong and weak layers that deform to remove potential void space (Figure 4F).

The outcrop shown in Figure 5 is located along the Chengkou thrust fault, 30 km east of Chengkou city (Figure 4A). The fault is developed within thin Cambrian limestone layers (Figure 5A). The top surface of the hanging wall shows the feature of upward arched, whereas the bottom surface of the footwall is downward arched (Figure 5B). We observe more than nine possible void spaces with different scales and shapes (Figure 5C) as the “double-wall remaining void” model of Figure 3C. We interpret that these observed discontinuity void spaces are consistent with the heterogeneity of fault fracture development (e.g., Xu et al., 2006). Void spaces appear to be larger on the hanging wall of this outcrop (Figure 5C), which may be related to lithologic variations and differential strain partitioning with the deforming wall rock during faulting.




FAULT FRACTURE PORE SPACE


Fracture Sequence Analysis


Fracture Sequence

Almost all broken rock surfaces, regardless of whether they are macroscale bedding surfaces or microscale lattice defect surfaces, can be the boundaries of fracture pores in a fault-fractured zone. The fractures in a complex fracture system may appear randomly, but they would be in order if we observe them with the idea of fracture sequence. The concept of fracture sequence is defined as a series of concessive listed fractures of a particular space configuration with the same or related origin and similar initial occurrence. For example, the parallel shear, radial joint, pinnate joint, and en-echelon cracks are the common patterns of fracture sequences. A complex fracture system often consists of many kinds of fracture sequences. Composition of fracture pores in the fault zone allows us to better understand the relationship between the fracture pores and the geometry of the thrust structure.



Dual Composition of Fracture Pore Space

All the fracture pore space in a complex fracture system can be classified into two main fracture sequences (Dual composition, Figure 6), by merging all the bedding extended fracture pore components into the longitudinal fracture (joint) and the longitudinally extended fracture pore space into bedding fractures (Figures 6A-1, A-3, B-1, B-3). It has an equal effect on the entire fracture system in the quantitative estimation of fracture pore space.


[image: Figure 6]
FIGURE 6. Schematic section showing the space exchange models for void space between bed surfaces (A) and void space between fault surfaces (B). The forward process: fracture pore space abstracted to pure fault detachment void space, which is (A-1)–(A-3) or (B-1)–(B-3), respectively; The inverse process is pure fault detachment void space distributed to the fracture, which is (A-3)–(A-1) or (B-3)–(B-1), respectively.





Models of Space Transformation

A model of fracture pore space framework is set up for linking the pure void space to the fracture pore space, as shown in Figure 6, which illustrates the forward and inverse transformations between fracture pore space and pure fault detachment void space. The forward transformation is the process of distributing the pure fault detachment void space into fracture pore space; the inverse transformation is the process of extracting the pure void space from the fracture pore space and recovery of strata.

Figure 6A-1 is an ideal model of fracture pore framework that originated by fault dragging during the bed surface detachment formation process (e.g., Figure 2B). Figure 6A-2 is the result of composed fracture sequence after processing of dual fracture sequence analysis. There are two separate main fracture sequences: the longitudinal and bedding fracture sequence. If all the fracture pore spaces are closed, then it should give a concentrated void space, which would be the bed surface detachment void space (Figure 6A-3). The void space can also be filled by the bedding fracture pores, together with rock pieces by the way of bedding extension, further substitution of void space is by the interfingering of panel-like rock pieces cut by fractures originated from fault friction and other fractures such as planar joints and shears.

Figure 6B shows a model of fracture pore space framework associated with fault-ramp detachment voiding (e.g., Figure 2D) under compressive stress. In this case, the pure void space is occupied by rock pieces together with fracture pore space by means of double-direction extending under the squeeze stress in inner arch of folded wall on the cross section. The term “double-direction extension” refers to the movement of square-like rock pieces cut by the two sets of shears in the inner arch of fold toward the other wall along each dip of the shear. The total fracture pore space can be further decomposed into two oblique fracture sequences (Figure 6B-2). These two pore-bearing oblique fracture sequences were derived from two sets of shears with the sharing of pure void space during the single folding of one wall. Otherwise, the inverse extraction process is that these fracture pore spaces can be transferred into pure fault detachment void spaces by the way of double-direction contraction.



Estimation of Fracture Pore Space

Fracture porosity is the most direct and sensitive parameter for the description of fracture pore space. The decomposition of the fracture system gives out the individual fracture sequence, which is suitable for the quantitative calculation with the available geometrical parameters. We can obtain the equivalent fracture porosity for each point through the stack of components. Fracture porosity can be divided into two basic types: the longitudinal fracture porosity and the bedding fracture porosity. The former is already defined by Murray (1977), whereas the latter can be derived from the model given in Figure 6.


Longitudinal Fracture Porosity

For a pure rigid stratum between two soft beds, the bulk longitudinal fracture porosity above the neutral surface for the fold structure on cross section is:

[image: image]

The longitudinal fracture porosity Fl(x) is a function of curvature (c) and the longitudinal distance between the top surface and the neutral surface (T) (Murray, 1977).



Bedding Fracture Porosity

Figure 7 shows the parallel quadrilateral unit model for the estimation of fracture pore space, where the short side refers to the fault section and Δl1 is the initial length of fault segment, θ0 is the ramp angle (i.e., the initial angle between the bed and the fault surface), the long side refers to the bedding surface, and T denotes the fracture propagated length (Figure 7A), Δl2 is the fault segment length in the final stage, β1, β2 are the two final adjacent angles between the bed and fault plane beside the bedding fracture, θ denotes the finial fault dip, and Δβ is the fracture extending angle (Figure 7B). S1 is the void between the rotated rigid bed and the main fault surface, the area of fracture (Sf), initial area of unit (Sm) is defined as:

[image: image]

Since the area S1 is often filled by fault clay and to be brecciated, there is often no pore space developed area, and thus, S1 <  < Sf. If we take S1=0, equation of Fz (x) can be rewritten as:

[image: image]

Let Rθ = Δβ/Δx2, then

[image: image]

Since Δl1 ≤ Δl2 ≤ Δl1 + Δβ·T; Δβ < < Δl1, then Δl1 ≈ Δl2, we have:

[image: image]

where α, θ, β are the bed dip, fault dip, and the angle between bed and fault plane on the cross section of x-axial, respectively.


[image: Figure 7]
FIGURE 7. Schematic model for calculating the bedding fracture pore space. (A) Void space occurred between bed surfaces. (B) Initial model with no void space.


As shown in Equation (6), the bedding fracture porosity is a function of the derivation of the angle between bed and fault plane (Rθ), the fracture propagated length (T), initial and final fault dips (θ1, θ2), and ramp angle (θ). Rθ is the most dominant parameter controlling the development of bedding fracture pore space, just as the curvature in controlling the development of longitudinal fracture pore space.

For model 1 (Figure 6), on the basis of stacking rule, the fracture porosity (F(x,z)) is:

[image: image]

For model 2 (Figure 7), Equations (5) and (6) are also valid for the calculation of fracture pore space. On the basis of stacking rule, the only difference between these two models is that θ2 in model 2 denotes the angle between the shear and the fault plane. The space transform models illustrate that the pure void space is a kind of longitudinally extended pore space and it could be entirely substituted by the bedding fracture pore space. The longitudinal fracture pore space does not seem to take part in the sharing of the pure void space based on our observation; therefore,
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Since in the initial stage of void space development, the opportunities for developing longitudinal fracture pore space are few because the strata is located at the inner arch of a contracted zone. Large amounts of fractures in this case are the shear, bedding fractures, and shallow fissures. Slight movement or fracture of rock pieces toward the pure void space was often completed by the longitudinal extension of bedding fractures and low dip fractures. Subsequently, this movement of the pure void space also gives a space for the bedding extension of longitudinal fracture and other high dip fractures or cracks, no matter the initial state void space sharing involved fractures is open or closed. Hence, we integrated all the pore spaces into the bedding fractures or oblique fractures in order to investigate the distribution of fracture pore space with the available geometrical parameters.





DISCUSSION

From Equation (6), we know that the change rate of angle between fault and bed (Rθ), fracture propagated length (T), initial and final fault dips (θ1, θ2), and ramp angle (θ) are the main geometrical parameters that control the fault fracture pore space. Below, we discuss these parameters.


Conformity of Folding

The geometrical meaning of Rθ can be expressed by the curvature of dip isogons (as illustrated in Figure 3), and defined as the indicator of conformity between two fault sections or the accordance of folding between the two opposite walls. The geological and geometric means can be expressed clearly using dip profile (Bengtson, 1982). Figure 8 indicates that the dips of bed and fault surfaces are the functions of horizontal distance along the line of fault plane on cross section. All the dip lines are smoothed. The relationships between Hv and Fz (x,z) in particular cases of fault-ramp structure are as follows:


[image: Figure 8]
FIGURE 8. Diagram showing the geological and geometry means of the derivation of angle between fault and bed plane to the horizontal distance. (A) Model with curved isogon lines suggesting well-developed fault detachment space; (B) Model with straight isogon lines suggesting none fault detachment space.



Case A

This is the most typical example of hanging wall fracture pore space (or pure void space) (Figure 8A), where we assume that the top crest is arched and the footwall maintains the primitive form. We have:
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hence Rθ > 0; Fz(x, z) > 0

Therefore, in this case, the pure void space or the fault fracture pore space is the result of disharmonic folding of two fault walls.



Case B

There is no pure void space or fault fracture pore space between two translated blocks (as illustrated in Figure 8B), or the void produced by the hanging wall was completely filled by the footwall because both of the walls folded discordantly, which implies that:

[image: image]

Therefore, Fz(x,z) = 0.

Hence, the fold structure displays a concentric folding between two walls, and the dip isogons are displayed as straight lines.

From the discussion above, we suggest that the geometrical meaning of Rθ is expressed by the curved degree of isogons, and its geological meaning reflects the folding accordance of two walls.




Fracture-Propagated Length

The bedding fracture-propagated length (T) depends on many factors, which include the elastic properties, the thickness of strata between two slipping planes, and the structural stress and energy. Similar to longitudinal fracture-propagated length, it depends more on the thickness of rigid strata between two slipping surfaces than any other external factors.



Ramp Angle

The relationship between the ramp angle and the fracture porosity based on Equation (6) indicates that the ramp angle is inversely proportional to the fracture porosity. The smaller the ramp angle is, the larger the fracture porosity will be. That is, a low-angle fault has the potential to produce larger fracture porosity.




CONCLUSIONS

For a fault-ramp structure developed within rigid strata, pure void space is predicted to form along the fault depending on the relative curvature of the hanging wall and footwall wall rock. This void space equals the sum of fracture pore space and filled-in void space around the fault zone; we herein quantify this void space assuming simple area balance. Two basic models of deformation were established: (1) bed surface detachment and (2) fault-surface detachment void space. The first involves dragging of the bedded strata to produce fracture pore space, whereas the second involves detachment of the fault surface from folded wall rock to produce void space. The development and distribution of pure fault detachment void or fault fracture pores are controlled by physical conditions, mechanics of deformation, and the geometry of the fault-ramp structure. The degree of discordance between the hanging wall and the footwall along a single fault plane influences the geometry of this void space.

Our model to qualify void space involves the following parameters, including initial ramp angle (θ0) and height (Hr), overlap ramp length (L), throw (Hf) and slipping displacement (D1, D2), stack thickness (Hs), curvature and derivation of the angle between bed and fault plane (Rθ), and dip isogons. For a constant ramp angle and height and rigidity, the most important prerequisites for fracture pores developing fault segment are (1) L > 0 and (2) Rθ > 0. The ramp angle also plays an important role in fracture porosity, and an inverse relationship between angle and pore space is predicted.

The derivation of angle between the fault and the bed to distance reflects the conformity of two opposite fault sections and the folding accordance of two walls. Just like the curvature for controlling longitudinal fracture pore in the external arch, it is a key element for the development and distribution of fracture pore space in the fault zone.
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The main formation of the Yinggehai Basin has been related to the rotation of the Indochina block, resulting in large-scale strike-slip motion along the Red River Fault Zone (RRFZ). Transrotational tectonics played a key role in the evolution of the Yinggehai Basin. In this study, we present analog experiments with a preexisting basal velocity discontinuity boundary, rotation of crustal blocks concerning vertical axes, and syntectonic sedimentations to evaluate how the transrotational tectonics controls the evolutionary process of the Yinggehai Basin. Particle image velocimetry (PIV) was used to monitor the deformation of the model surface. Four successive poles of rotation have been applied to the model. The basin evolution underwent two phases. An early phase of deformation is characterized by the nucleation of the main internal faults above the velocity discontinuity boundary and segmented en echelon border fault systems. In the early phase, the internal and boundary faults mainly accommodated large-scale strike-slip displacement. During progressive extension, the main internal faults deactivated, and tectonic activity is localized along the boundary and secondary internal faults in the late phase. The boundary faults in the rotating block play a dominant role in the widening and deepening of the rift zone at an accelerating rate. The model surface morphology shows similarities to the Yinggehai Basin, which is wide in the middle and converges toward the northwest and southeast. In addition, experimental profiles have been compared with seismic profiles in the Yinggehai Basin. The model results also indicate that the rotation of the Indochina block combines with strong strike-slip motion. The similarities between modeling and nature provide support for ∼250 km sinistral displacement along the RRFZ between ∼32 and ∼21 Ma.
Keywords: sandbox modeling, Yinggehai Basin, transrotational tectonics, poles of rotation, Indochina block
INTRODUCTION
The Indochina block has been extruded to escape toward the SE along the Red River Fault Zone (RRFZ) relative to the stable South China block as a result of the Cenozoic Himalayan collision and the indentation of the rigid Indian plate into the Asian continent (Tapponnier et al., 1982). The NW–SE trending RRFZ, one of the most important strike-slip faults between the Indochina and South China blocks, controls the lateral extrusion of Southeast Asia. The onshore segment of the RRFZ extends for more than 1,000 km from Tibet to the Hanoi Basin, while the offshore segment of RRFZ is proposed to connect with the South China Sea (SCS) via the Yinggehai Basin, spreading in the center southern SCS. There is transpression along the NW, pure strike-slip in the middle, and transtension along the SE portions of the RRFZ (Tapponnier et al., 1986; Briais et al., 1993; Leloup et al., 2001; Sun et al., 2003).
The Yinggehai Basin is located in the southeast portion of the RRFZ, and is bounded by the offshore Red River Fault (Figure 1A). Recently, based on a dense grid of regional, high-quality reflection seismic and well data, the basin structures have been well recognized in the Yinggehai Basin.
[image: Figure 1]FIGURE 1 | (A) Tectonic map showing the tectonic units and faults in the Yinggehai Basin. Rectangular frame in the top right corner large-scale map is our study area. The four red dots represent four rotational poles (P1, P2, P3, and P4); (B) seismic profile of the Yinggehai Basin (modified after Lei et al., 2015).
It is widely accepted that the RRFZ has played a key role in the formation of the Yinggehai Basin (Zhu et al., 2009; Lei et al., 2011; Lei et al., 2015). The transrotational tectonics, a kinematic model which includes compression, extension, and strike-slip deformation induced by plate rotation, has been proposed to explain the NW transpression and SE transtension portions of the RRFZ (Briais et al., 1993; Harrison et al., 1996; Leloup et al., 2001; Mazur et al., 2012). In this case, one key question emerged: how have transrotational tectonics controlled the evolution and formation of the Yinggehai Basin? Spurred by this, we performed analog sandbox modeling to test the applicability of the transrotational model for the Yinggehai Basin.
GEOLOGICAL BACKGROUND
The Age and Displacement Along the Red River Fault Zone
Two opening mechanisms were proposed for the formation of the South China Sea (SCS): opening as pull-apart basin (Tapponnier et al., 1982; Briais et al., 1993) versus opening due to slab-pull (Taylor and Hayes, 1983; Huchon et al., 1994) (Figure 2). Both models have direct implications for the kinematics along the RRFZ and the Yinggehai Basin.
[image: Figure 2]FIGURE 2 | Two potential models for the opening of the South China Sea (modified after Mazur et al., 2012): (A) the pull-apart model and (B) the slab-pull model. LL, Lupar Line; ML, Mersing Line, RRFZ, Red River Fault Zone, WBL, West Baram Line.
On the one hand, regarding the pull-apart model, the age and displacement along the RRFZ should be similar to the opening timing of SCS and compatible with its width. By using large-scale geological markers such as ophiolite belts, Mesozoic basins, Permian basalts, Triassic arc volcanic, Cretaceous granites, and Permian gabbro, Leloup et al. (1995), Leloup et al. (2001) estimated the total left-lateral offset along the RRFZ to be 700 ± 200 km. Further, the sinistral strike-slip motion was constrained to have occurred at ∼35–17 Ma by mica 40Ar/39Ar (Leloup et al., 2001). Based on the fit of SCS magnetic seafloor anomalies and plate tectonic reconstructions, Briais et al. (1993) suggested that a total amount of 560 km left-lateral movement would be needed to open the SCS as a pull-apart basin, and the opening of the SCS was alternatively considered to take place at ∼30–16 Ma (chrons 11 to 5C) with an estimated left-lateral strike-slip rate of 35 mm/year (Briais et al., 1993).
On the other hand, the displacement of the RRFZ in the slab-pull model is quite different from that in the pull-apart model. Mazur et al. (2012) used 2-D gravity modeling and 3-D gravity inversion to reconstruct plate models. They suggested that the lateral displacement of the RRFZ is only 250 km and should have occurred between 35 and 20.5 Ma. The limited displacement along the RRFZ requires an additional mechanism that triggers the opening of the Yinggehai Basin. A slab-pull on the southwest was therefore suggested (Mazur et al., 2012).
There is a consensus that the total right-lateral offset on the RRFZ is approximately 6–50 km (Allen et al., 1984; Leloup et al., 1995; Rangin et al., 1995; Leloup et al., 2001; Replumaz et al., 2001; Schoenbohm et al., 2006) or several meters (Zhu et al., 2009) after 5 Ma. However, evidence for such a young right-lateral motion is not obvious in the structure of the Yinggehai Basin (Lei et al., 2011; Lei et al., 2015).
Geological Evolution of the Yinggehai Basin
The Yinggehai Basin is one of the largest strike-slip basins in the world and is filled with up to 17-km-thick sediments. The structures of the offshore RRFZ in the Yinggehai Basin have recently been captured by high-quality seismic images (Lei et al., 2011; Lei et al., 2015). In the Chinese literature, boundary fault trends along the northeast are named the Yingdong fault and Number One fault, and the southwest margin is called the Yingxi fault. To the north, the Yinggehai Basin is separated by the structural high of the Lingao Uplift (Figure 1) (Zhu et al., 2009; Lei et al., 2015).
According to seismic reflection and drilled well data, the evolution process of the basin can be divided into four successive stages (Lei et al., 2011; Wang et al., 2013; Lei et al., 2015). In the first stage between 55 and 32 Ma, the basin began to open, and the basement of the basin subsided (Lei et al., 2011; Lei et al., 2015). In seismic profiles, there are a series of normal faults below the ∼32 Ma unconformity (Rangin et al., 1995; Clift and Sun, 2006; Lei et al., 2011; Lei et al., 2015). The mechanism for the initial opening of the Yinggehai Basin is, however, not clear. Since 32–21 Ma, the basin experienced rapid subsidence, which is approximately synchronous with the rotation of the Indochina Block, sinistral motion along the RRFZ, and opening of the South China Sea (Briais et al., 1993; Yang and Besse, 1993; Leloup et al., 1995; Leloup et al., 2001; Gilley et al., 2003; Barckhausen and Roeser, 2004; Wang et al., 2013). The third stage is represented by thermal subsidence from 21 Ma to 5.5 Ma (Lei et al., 2011; Lei et al., 2015). The final stage refers to a further rapid subsidence after 5.5 Ma. Although the onshore RRFZ is assigned as a dextral strike-slip fault, there is no evidence indicating that the RRFZ extends into the Yinggehai Basin (Zhu et al., 2009; Lei et al., 2011; Lei et al., 2015). It is observed that the primary evolutionary stage of the Yinggehai Basin is between 32 and 21 Ma, which is coeval with the clockwise rotation of the Indochina Block and relative movements between the two blocks along the RRFZ (Rangin et al., 1995; Sun et al., 2003; Clift and Sun, 2006). Our analog experiment also focuses on this evolutionary stage (32–21 Ma).
Transrotational Tectonics
Basins have several types of subunits, for example, transtensional basin with releasing bends and transpressional basins with constraining bends (Crowell, 1974). Basins related to the rotation of crustal blocks around vertical axes within strike-slip fault systems are termed “transrotational,” and may combine extensional, compressional, and strike-slip components (Ingersoll, 1988). The Los Angeles Basin is recognized as an example of a transrotational basin as a result of clockwise crustal rotation of the transverse ranges (Dickinson and Wernicke, 1997; Rumelhart and Ingersoll, 1997; Ingersoll and Rumelhart, 1999). Previous studies generally interpreted the formation of the Yinggehai Basin with a zipper tectonic model (Figure 3A) (Briais et al., 1993; Harrison et al., 1992; Harrison et al., 1996; Leloup et al., 2001; Mazur et al., 2012). For example, if the RRFZ followed a small circle of the Euler rotation pole between the Indochina and South China blocks in the strictest sense, the RRFZ would be purely strike-slip, and there was only localized denudation in restraining or releasing bends. However, the RRFZ did not follow a small circle, and transpression and transtension in the NW (Xue Long Shan and Dian Cang Shan) and SE (Ailao Shan, Day Nui Con Vo and the Yinggehai Basin) parts could take place along large portions of the RRFZ (Figure 3A) (Briais et al., 1993; Harrison et al., 1996; Leloup et al., 2001; Mazur et al., 2012). The formation of the Yinggehai Basin related to the rotation of Indochina blocks around vertical axes within strike-slip fault systems combined extension, compression, and strike slip. In fact, the Yinggehai Basin can be regarded as a transrotational basin, with the zipper model being a special case of the transrotational model. Therefore, the terminology “transrotational model” is adopted in this article.
[image: Figure 3]FIGURE 3 | Transrotational tectonics: (A) zipper tectonic model: the fault trace does not follow a small circle, resulting in transpression pure strike-slip and transtension (modified by Leloup et al. (2001)), and (B) analog model of the transrotational tectonics in the Yinggehai Basin.
The Yinggehai Basin is situated in the SE parts of the RRFZ and belongs to the transtensional segment of the transrotational model (Figure 3B). The pole and angle of rotation describe the relative motion between the South China and the Indochina blocks (Mazur et al., 2012). Paleomagnetic studies of Cretaceous sedimentary rocks in the Khorat Plateau of Thailand suggest that the Indochina block experienced clockwise rotation of 14°–25° since the Late Cretaceous (Yang and Besse, 1993; Otofuji et al., 2012). Mazur et al. (2012) constrained the amounts of E-W extension perpendicular to the eastern Indochina margin by gravity data. According to the results of plate tectonic reconstruction, a succession of Euler poles is needed, and a total of four stages can be differentiated: 1) rotational angle of 10° (positive is clockwise) at 16.2°N, 101.6°E between 34.1 and 30.1 Ma; 2) rotational angle of 2° at 17.3°N, 101.4°E between 30.1 and 28.4 Ma; 3) rotational angle of 3° at 18.5°N, 102.4°E between 28.4 and 25.1 Ma; and 4) rotational angle of 5° at 19.2°N, 103°E between 25.1 and 20.5 Ma (Mazur et al., 2012). The reason why we adopted their Euler poles is that they used the transrotational tectonic model to restore its original plate position prior to extension, confirming a succession of Euler poles of Indochina block. Hence, we simulate this succession of pole rotations in our analog model.
EXPERIMENTAL METHODS AND MATERIALS
Experimental Setup and Construction
Our experiment was performed in an apparatus composed basically of two different shapes of box with dimensions of 52 cm × 63 cm × 4 cm. The blocks simulating the South China block remained stable, while the other one (Indochina block) was actively rotated. In order to impose transrotational kinematics, one wall was fixed to the baseplate and the other wall was pulled by a linear actuator at a controlled rate (Figures 4A,B). Mazur et al. (2012) thought that 500 or 700 km left lateral displacement exceeded the width of the South China Sea plate; there were no opening spaces available for the proto–South China Sea while 250 km left-lateral displacement along the RRFZ was consistent with values of ENE-WSW extension. Rangin et al. (1995) suggested the displacement along the RRFZ to be less than 100 km in the Gulf of Tonkin after 30 Ma. The Yinggehai Basin experienced thermal subsidence from 21 to 5.5 Ma (Lei et al., 2011; Lei et al., 2015). Few or no left-lateral displacement was assumed on the RRFZ after 21 Ma. The partitioning of offset was based on the estimation of Mazur et al. (2012), who implemented a succession of four poles of rotation (Figure 4A) and a strike-slip rate. According to the four poles of rotation, the experimental process fell into four stages: 1) 10° of rotation around P1 with a strike-slip rate of 0.03 mm/s, 2) rotational pole was changed into P2 and the rotational angle was 2° with the same strike-slip rate, 3) 3° of rotation around P3 with a strike-slip rate of 0.01 mm/s, and 4) 5° of rotation around P4 with a strike-slip rate of 0.1 mm/s (Figure 4A; Table 1). During progressive subsidence of the rift zone, syntectonic accumulation of sediments was simulated in the experiments. Sedimentation rates were fast during 32–23.3 Ma (Lei et al., 2015). This was achieved by qualitatively filling the rift depression at irregular time intervals with dry quartz sand. Syntectonic sediments were filled at 40 min (green), 60 min (gray), 79 min (green), and 122 min (gray). At the end of the experiment, we poured green quartz sand into the basin to simulate post-tectonic accumulation.
[image: Figure 4]FIGURE 4 | Experimental setup: (A) graphical summary of the boundary conditions for the laboratory experiments presented in this article and plan view sketch of the rotational boundary condition, imposed by fixing a pivot (P1, P2, P3, and P4) at one side of a moveable wall and pulling from the opposite side with a linear actuator; the dashed rectangle is monitored by a camera; (B) 3-D sketch of how the laboratory experiment was constructed; and (C) profile of the analog model (left represents the thickness of the crust in nature, and right represents the scaled down thicknesses for our models) and representative strength profiles of the model lithospheres. Below the lower crust, there is a rigid plate, and the thickness of the plate is 2 mm.
TABLE 1 | Pole of rotation.
[image: Table 1]The experiment consists of a three-layer, brittle-ductile model crustal plate. Previous experimental setups for simulating crustal-scale extensional tectonics usually contain four types, including foam base, rubber base, rigid plates, and conveyor base (Zwaan et al., 2019). In our analog experiment, we chose rigid plates as experimental apparatus; a 2-mm-thick rigid plate driving the rotation of the crust was placed below the lower crust (Figure 4C). The previous experimental design placed the rigid basal plate above a fixed support table, where the bottom of the basin was limited, and natural subsiding was not allowed. We applied less viscous material below the rigid plates to act as a reservoir, allowing more realistic subsidence of the involving basin in the region where the two plates diverge. First, we sliced the rigid plate at the irregular curvature to simulate the initial track of the RRFZ. Therefore, a velocity discontinuity boundary between the fixed wall and moving wall was produced. The linear actuator was connected to the rigid plate and moved together with a steady velocity. Then, we placed PDMS below the rigid plate and finally placed PDMS on top of the rigid plate. Each process was performed for ∼48 h to dissipate air bubbles in the silicone. After the upper crust layer was deposited by sand, enough time (∼10 h) was left to achieve isostatic equilibrium. The moving wall was able to create a free edge in the upper left and lower right corners of the model. We used sand to seal in the experimental process, and the undesired boundary condition only affected a small area that was outside the region of interest, where the surface area was selected for deformation monitoring processing. This was considered to minimize other boundary effects.
Materials and Scaling
Geometrical and kinematic similarities (e.g., lengths, time, and forces) are scaled down in analog experiments to produce an appropriately sized model that behaves in a mechanically similar way to nature.
Our experimental model is 63 cm × 52 cm, which represents 1,050 km × 920 km in nature (Figure 4A). The length scale ratio, L* = Lm/Ln, where subscripts n and m refer to the natural prototype and the model, respectively, was fixed by setting the model crustal thickness and size. Lm = 21 mm represented a crustal thickness in nature Ln = 35 km, so L* = 6 × 10−7 (Table 2). This length scale ratio is suitable for the simulation of large areas on Earth. However, the spherical nature of Earth at its scale was neglected here.
TABLE 2 | Material properties and scaling parameters between the model and nature.
[image: Table 2]We used dry quartz sand and PDMS to simulate the upper and the lower crust, respectively. The dry quartz has a homogeneous grain size distribution of 0.2–0.4 mm. Its sieved bulk density is 1,297 kg/m3, and the coefficient of internal friction is close to 0.7, which is similar to that of other sands used for analog modeling. In our modeling, a natural upper crust has density ρ n ≈ 2,400 kg/m3 (Klinkmüller et al., 2016), and we set a density scaling factor ρ* = ρ m/ρ n= 0.54.
PDMS (polydimethylsiloxane) in our laboratory was used to model the ductile lower crust, which has a viscosity of ƞ m = 3.6 × 104 Pa s (Rudolf et al., 2016) and corresponds to a natural lower crust viscosity of ƞ n ≈ 2 × 1021 Pa s (Ranalli, 1995). Therefore, the viscosity scaling factor is ƞ* = ƞ m/ƞ n = 6×10−18. All experiments are carried out in the normal field of gravity (1 g), so the scale ratio for gravity acceleration is g* = g m/g n = 1. Accordingly, the stress ratio is σ* =ρ*× g* ×l* =3 × 10−7.
The strain rate ratio is ε̇* = σ*/η* = 1.7×1010. Accordingly, the velocity ratio (V* = L* ε̇*) is close to 1,000, which means that 0.01 mm/s in the modeling represents ∼1 cm/year in nature. The time rate ratio, t*= ƞ*/(ρ* · g* · L*), is 2 × 10−11, and 1 h in the model represents ∼6 Ma in nature. Reservoir below the rigid plates is also composed of PDMS, whose effective viscosity is 2.2 × 104 Pa s.
Deformation Monitoring and Analysis
Stereoscopic particle image velocimetry (PIV) is able to monitor the deformation of the model surface. PIV can provide an accurate measurement of the instantaneous velocity (incremental-displacement) field, horizontal shear strain rate (Eyx), and area strain (Exx+Eyy). This allows not only a precise, instantaneous, and quantitative analysis of the deformation details but also a better comprehension of the kinematics, mechanics, and dynamics of the simulated geological process (Adam et al., 2005; Shen et al., 2012; Shen et al., 2015). We used a Canon 80D camera to record the deformation process. Successive PIV images were taken at 30 s intervals during the experimental process. The spatial and temporal resolution (Δs and Δt) of each tracer particle is limited by the amount and accuracy of the analyzed images. The apparent velocity can be calculated by using the following function.
[image: image]
Then, the horizontal component of the velocity in the X and Y directions of the PIV system can be calculated (U, V). The horizontal shear strain rate (Eyx) and area strain (Exx+Eyy) can be calculated as follows:
[image: image]
[image: image]
PIV results are similar as long as the pole is fixed. Accordingly, we chose a shorter time period to show the whole process.
EXPERIMENTAL RESULTS
Comparison With Previous Modeling
Previous works on rift analog modeling emphasized that the presence of weakness zones, achieved by linear rheological heterogeneities with obliquity in experiments, had a profound influence on the extension of the continental lithosphere (Molnar et al., 2017). The presence of inherited structures or rheological heterogeneities controlled the evolution, pattern, and partitioning of deformation during oblique or rotational continental rifting (Agostini et al., 2009; Brune et al., 2017; Molnar et al., 2017). Our experiment made a difference in which a velocity discontinuity boundary exists below the ductile lower crust, localizing deformation more effectively. The preexisting velocity discontinuity boundary localized strain in the initial stage, resulting in the nucleation of stretching deformation above the velocity discontinuity boundary. As the blocks move apart, two new separate main boundary faults were developed. Increasing extension led to the abandonment of the main internal fault and the successive development of new faults along the depression boundaries. These were different from the modeling of inherited lithospheric heterogeneity with emerging boundary faults at the beginning and propagating to the interior. Moreover, during progressive extension, boundary faults lose their activity, and new faults developed within the depression (Agostini et al., 2009). Cross sections showed symmetrical and asymmetrical fault arrays from northwest to southeast.
Stage 1
The first increments of extension produced strike-slip faults above the velocity discontinuity boundary whose nucleation and connection gave rise to main internal faults. As the moving wall continued rotating, arrays of linear extensional faults formed in the west and east rift margins. Well-developed en echelon grabens were defined by conjugate faults along the west and east boundary fault system. Linkage between individual grabens was accommodated by breached relay ramps (Figures 5Ai, 6Ai). After the first syntectonic accumulation of sediments (Figures 5Aii,iii, 6Aii,iii), the fundamental architecture of the rift system was established on the basis of the previous fault system. At this stage, extensional fault systems predominantly accommodated the strong strike-slip component of motion imposed by the rotation of the Indochina block.
[image: Figure 5]FIGURE 5 | Evolution of deformation with stages 1 (A), 2 (B), 3 (C), and 4 (D). The four panels in (A–D) represent a primitive image without interpreted fault lines.
[image: Figure 6]FIGURE 6 | Line drawing of structures for stages 1 (A), 2 (B), 3 (C), and 4 (D).
The direction of displacement velocity was almost subparallel to the velocity discontinuity boundary, transferring from SE (in the northwest) to SSE (in the middle) and evolving into SN (in the south) (Figure 7Ai). There were three different velocity bands, including the high velocity band (orange-red), middle velocity band (green), and low velocity band (light green), where main boundary faults and internal fault were developed (Figure 7Ai). Secondary normal faults developed within the same velocity band. Boundary faults and main internal faults had a positive horizontal shear strain rate (Figure 7Aii), which revealed extensive transrotational or sinistral shear movement. The area strain was positive in the large-scale grabens (Figure 7Aiii).
[image: Figure 7]FIGURE 7 | PIV results for stages 1 (A), 2 (B), 3 (C), and 4 (D). The four panels in (A–D) represent (i) the calculated velocity, (ii) the horizontal shear strain rate component, and (iii) the area strain rate component.
Stage 2
After the second syntectonic sedimentations, the large-scale main internal fault almost cut through the rift center, accommodating most of the far-field slip-strike displacement (Figures 5Bi–iii, 6Bi–iii). Major boundary faults for each rift margin continued to grow. Conjugate rift-parallel faults formed grabens in the block boundary zones. Small secondary normal faults developed inside part of the grabens. Compared with Stage 1, the rift grew in width as the pole of rotation moved northward.
The displacement field had a substantial change. The direction was NW trending, while it converted to NS trending in the middle and SW in the southern end of the rift zone. From NW to SE, three different velocity bands consistently existed (Figure 7Bi). This was also recorded in the horizontal shear–strain rate contour. Horizontal shear strain rate bands noticeably emerged in the depression boundaries and centers (Figure 7Bii), indicating a significant sinistral strike-slip movement. The area strain presented extensional stress either in the center or in the boundary (Figure 7Biii).
Stage 3
In the initial deformation phase of stage 3, an increase in extension caused further deepening of the rift and further propagation of boundary faults (Figures 5Ci, 6Ci). Continuing NE-SW extension resulted in the abandonment of the main internal faults and the development of secondary internal faults within the rift zone (Figures 6Cii,iii). The main boundary fault activation was based on preexisting fault systems. Newly formed NW-trending grabens in the rotating boundary zone increased the width of the rift zone.
In the northwest (Figure 7Ci), the displacement field was subparallel to the main boundary faults. The N-S trending displacement field transferred to the northwest, and the SW trending field appeared in the middle of the depression. It was important to note that the high-velocity band (orange-red) disappeared in the northwest and moved southward. As a result, the horizontal shear strain rate did not appear in the depression center. The transrotational horizontal shear strain rate was located along the depression boundaries (Figure 7Cii). In general, the area strain was positive in this stage (Figure 7Ciii).
Stage 4
The eastern rift border consisted of a segmented boundary fault system, while the western rift border developed well-developed arrays of small en echelon linked faults, bordering a serial of NW–SE grabens (Figures 5D, 6D). Secondary internal faults were subparallel to the rotating boundary faults. It is noted that the increase in extension led to the widening of the depression and increasing vertical displacement on the boundary faults. An increasing amount of transrotational deformation was accommodated by boundary and secondary internal faults. After syntectonic accumulation, the structural pattern almost developed on the basis of early formed faults (Figure 5Diii).
The turning point of the displacement field migrated to the northwest, and the high-velocity band (orange-red) only appeared in the south of the moving wall (Figure 7Di). It was observed that the rotating boundary formed a strong long narrow horizontal shear strain rate band (orange-red), recording higher strain, especially in the middle and south of the depression, in comparison with that of the fixed block (Figure 7Dii). This area appeared as a series of grabens and horsts, leading to the widening of the depression. In addition, the depression also showed extensively positive area strain because of the increasing extension in the area (Figure 7Diii).
Cross Sections
Serial cross sections illustrated an asymmetric rift system (Figure 8). Basin boundaries always gave rise to marginal grabens and large-scale extensional faults, mainly because these faults were active at the early stage.
[image: Figure 8]FIGURE 8 | Serial sections through the transrotational model. Location of sections is indicated in the inset (left corner).
From NW to SE, the basin structure showed both symmetrical and asymmetrical fault arrays. This differs from the brittle-viscous plate base model with asymmetric extension, which showed symmetrical stepped graben structures (Figure 11G from Zwaan et al. (2019)). In the northwest, sections showed conjugate fault arrays and symmetrical graben-horse structures (profiles 1 and 2), in which extensional faults cut through basement. Few faults developed within syntectonic sedimentations. Toward the southeast, cross sections showed asymmetrical graben structures. The east of the basin developed some small-scale grabens, especially in profile 5, in contrast with the west of basin that gave rise to large-scale extensional faults. The interior of the basin developed not only extensional faults cutting through basement but also small faults within syntectonic sedimentations.
DISCUSSION
Comparison With the Yinggehai Basin
The Yinggehai Basin is a transrotational basin. Our final surface deformation pattern shows the occurrence of large-scale boundary faults, delimiting an arc-shaped extensional basin. It is wide in the middle and converges toward the northwest and southeast of the basin, and a sequence of normal faults appear in the moving block boundary, which is similar to the geometry of the Yinggehai Basin (Figures 9A,B). Its shape is controlled by the initial curvature of the fault trace. As the rotational pole moves northward, transrotational deformation is first accommodated by the boundary and main internal faults, and then transferred to two block boundaries. Therefore, the geometry and deformation of the basin depend not only on the arc-shaped curvature of the velocity discontinuity boundary but also on the position of the rotational pole.
[image: Figure 9]FIGURE 9 | Comparison between the model results and the Yinggehai Basin: (A) primary faults of the study area, (B) key features of the analog model, and (C) the comparison of the cross-sectional structure between analog modeling and seismic profile (Lei et al., 2011; Lei et al., 2015).
We chose profile 1 to compare with the seismic profile of the Yinggehai Basin, whose position is presented in Figure 1. Considering that other seismic profiles cannot reveal the deeper structure in detail because of thick sediments, we selected the seismic profile located in the Linggao uplift. Compared with the seismic profile, it is observed that the main faults in the Yinggehai Basin, such as the Yingxi, Dongfang, and Yingdong faults, are well developed in our experimental profile (Figure 9C). Our model results also show grabens and horsts in the center of the basin, which is similar to the Linggao uplift. In addition, the experimental profile can also be divided into the West Slope, Linggao Uplift, and East Slope, although the fault patterns display small differences.
Despite the simplifications, the analog modeling results provide useful hints of the evolutionary processes of the Yinggehai Basin, such as a two-phase evolution. The model reveals two-phase basin evolution. At early phase (including Stages 1 and 2), the main internal and boundary faults accommodated the strong strike-slip component of motion imparted by Indochina Block rotation, which accounts for the relatively low speed of rift growth. Subsequently, increasing extension resulted in the abandonment of the main internal faults and the development of secondary internal faults within the rift zone. The largest part of extensional deformation was accommodated by the rotating block boundary faults in the latter deformation phase (including Stages 3 and 4). An increase in extension led to further deepening and widening of the basin at a faster rate. A change from strike-slip motion to extension-dominated deformation was clearly visualized by the PIV results. Accordingly, at an early phase, the displacement field was almost subparallel to the velocity discontinuity boundary, leading to slightly extensional transrotational shear at the boundary and center of the depression. In the later phase, the displacement field was significantly oblique to the boundary faults. The deformation migrated to the south, and transrotational shear was only accommodated at the depression boundaries, in particular along the Indochina Block boundary zones. Area strain was always spread over the boundary and internal faults in the two phases. Zhu et al. (2009) used detailed seismic reflection and borehole data to reveal structures of the offshore Red River Fault system. Two boundary faults (Number 1 fault and Yingxi fault) and two basin-center faults (named Fault B and C) in the Yinggehai Basin are likely the major offshore extensions of the RRFZ. They proposed that two boundary faults have been active between 32 and 21 Ma, while Fault B diminished upward until around 26 Ma in the northern basin. However, Fault C adjacent to the west border of the basin stopped its deformation around 16 Ma. Experimental results showed the western rift border gave rise to well-developed arrays of small en echelon linked faults at a faster rate. Fault C may form because faults migrate toward west. Thus, this may document the migration of the faulting in the Yinggehai Basin.
Syntectonic sedimentation may have an influence on fault migration (Corti et al., 2010). The main internal faults lose their activity after the third syntectonic accumulation of sediments. Horizontal shear strain rate before and after the third syntectonic sedimentation is identical in Stage 3, implying that syntectonic sediments cannot promote the rapid abandonment of the main internal faults. Ninety-nine kilometers of SW–NE maximum crustal extension was calculated (Mazur et al., 2012). The inactivation of main internal faults could explain why the basin did not juxtapose oceanic crust, while crustal thickness is only 6 km in the thinnest area (Zhang et al., 2008).
Implication for Regional Tectonics
Otofuji et al. (2012) reported Cretaceous paleomagnetic results from Late Cretaceous red beds of the Dak Rium Formation, and the Indochina block experienced clockwise rotation (before 32 Ma) prior to the movements of the Red River Fault Zone. Through our transrotational model, the start of the rotation of the Indochina Block always accompanies sinistral movement of the Red River Fault Zone. The left-lateral motion on the Red River Fault Zone dated back to 35 Ma by interpretation of the radiometric ages from metamorphic rocks along the Red River Fault Zone (Leloup et al., 2001; Gilley et al., 2003). In addition, independent evidence from the Yinggehai Basin constrains sinistral motion since 32 Ma. The rotation of the Indochina Block and left-lateral motion are concurrent and may not be independent. In addition, if the Indochina block moves southward, large-scale left-lateral offset will lead to compressive uplift because of the initial curvature of the fault, rather than the extensional basin that contracts the fact.
The model evolution displayed fault migration and propagation in the west of the basin are faster than those of the eastern basin. Deformation is mainly accommodated by minor western grabens, and faults in the east of the basin grow slowly. Opening of the SCS requires the resultant ∼550 km of N–S extension (Tapponnier et al., 1982; Briais et al., 1993; Lee and Lawver, 1994; Lee and Lawver, 1995; Leloup et al., 1995; Leloup et al., 2001). If the RRFZ provides a direct kinematic link with the SCS, faults should propagate toward the east at a faster rate than the west. Apparently, model results are contrary to the hypothesis. The model results similar to the Yinggehai Basin in surface and profiles provide support for 250 km sinistral displacement of the RRFZ between 32 and 21 Ma.
CONCLUSION
In order to elucidate what impact the transrotational model has on the evolution of the Yinggehai Basin, we conducted a crustal-scale analog experiment. Based on the comparison of the experimental results with natural and particle image velocimetry (PIV) analyses, the following conclusions can be drawn.
The Yinggehai Basin has a two-phase evolution of rifting. Deformation nucleated in the velocity discontinuity boundary, forming main internal faults, and main boundary faults emerge in two block boundaries at the early phase. Progressive extension results in the abandonment of main internal faults and the development of new faults in the rift boundaries lead to the widening and deepening of the basin at a faster rate at the late phase. Strain becomes highly localized in the Indochina block. Main boundary faults have been active from beginning to end. Changing poles make the main internal faults lose activity, rather than syntectonic sediments. From cross sections, conjugate faults develop in the basin, bordering grabens and horsts. Our model results are comparable in surface and profile. The success of our model highlights the importance of the preexisting velocity discontinuity, the initial curvature of the fault traces, and changeable poles. Our results also indicate that the rotation of the Indochina block always integrates with large-scale strike-slip motion, which is a dependent process. Our modeling suggests that 250 km left-lateral displacement is consistent with basin geometries and kinematics in the Yinggehai Basin between 32 and 21 Ma.
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The lateral distribution of the magnetic layer beneath the Tarim Craton and its environs was estimated from spectral analysis using the newest high-resolution aeromagnetic dataset of mainland China, which is enlarged by EMAG2. As a proxy, the Curie point depth (CPD) provides a comprehensive view of a crust-scale thermal regime, accounted for the depth at which magnetite becomes paramagnetic, and the correspondence of the CPD with the tectonic regime indicates that the CPD is useful for delineating the regional crustal thermal structure. Furthermore, lateral variations in CPD provide useful insights into the lithospheric thermal state of the Tarim Craton and its surrounding areas and can be related to ancient and active tectonics, such as geothermal activity, seismicity, and mineral-petroleum generation. In the Tarim interior, the NW domain covering the Bachu Uplift and its surrounding areas corresponds to the minimum magnetic CPD signature geometry of this area, which is most likely linked to the Permian Tarim plume-lithosphere interaction. In contrast, the other domains are characterized by large CPD values (up to 50 km), which are floored by a Precambrian basement without the Permian magmatism modification. Moreover, the estimated CPD values are consistent with surface heat flow measurements with an inverse correlation, which can assist in identifying the potential area for mineral deposits and hydrocarbon fields. Earthquakes are mostly concentrated in the gradient and transition zones of the Curie surface, suggesting that these abrupt variation domains in the crustal thermal structure act as a secondary mechanism for earthquake generation.
Keywords: curie point depth, thermal structure, aeromagnetic data, plume-lithosphere interaction, Tarim Craton, Northwest China
INTRODUCTION
The Earth’s crustal thermal structure is related to ancient and active tectonics such as volcanism, intrusion, mountain uplift and earthquakes (e.g., Turcotte and Schubert, 2002a; Li et al., 2009; Li et al., 2012a; Correa et al., 2016; Wang et al., 2018), and constrains the lithospheric tectonic processes in response to the dynamics of the Earth, as the mechanical/physical properties of the crust and lithosphere are temperature-dependent (Afonso et al., 2005). The thermal structure is commonly described by the Curie point depth (CPD), which is used as a proxy for the regional thermal structure (Okubo et al., 1985; Tanaka et al., 1999; Ross et al., 2006; Li et al., 2009; Li et al., 2012b; Correa et al., 2016). It is widely accepted that the CPD may be interpreted as the isotherm surface where ferromagnetic magnetized minerals, which are responsible for the magnetization of crustal rocks, become paramagnetic due to the temperature (CPD), generally approximated at 580°C (Bhattacharyya and Leu, 1975; Frost and Shive, 1986; Lorwrie, 2007). The depth of this surface depending on temperature can be accurately used to infer the regional thermal structure within the lithosphere. Generally, surficial heat flow variations have been used to infer the deep thermal structure (e.g., Liu et al., 2016). However, considering the influence of irregularly distributed measurements, shallow geothermal circulation, and local tectonic activity (e.g., Davies, 2013; Li and Wang, 2016; Andrés et al., 2018), the thermal regime can be better constrained overall via the CPD, which is derived from magnetic anomalies; the CPD is viewed as an alternative to circumvent the thermal configuration of crust and lithosphere (e.g., Tanaka, 2007).
The CPD corresponds to the depth to the bottom boundary of the crustal magnetic layer estimated by magnetic anomaly data spectral analysis. Such a spectral approach in the Fourier domain is assumed to be independent of the directional attributes of the magnetized sources, as it is used to statistically average the source depths over a region with complex tectonic patterns (e.g., Tanaka et al., 1999; Tanaka, 2017). In the past forty years, many studies have focused on determination of the CPD in various geological regions and have found a link between this parameter and tectonic evolution and dynamics (e.g., Bhattacharyya and Leu, 1975; Okubo et al., 1985; Tanaka et al., 1999; Turcotte and Schubert, 2002b; Ross et al., 2006; Li et al., 2009; Li et al., 2012a; Correa et al., 2016; Wang et al., 2018). For the first time, based on the spectral approach originally proposed by Spector and Grant (1970), Bhattacharyya and Leu (1975) developed a method to estimate the centroid depth over Yellowstone National Park in the United States assuming a constant parallelepiped magnetization model. Later, Okubo et al. (1985) and Tanaka et al. (1999) further developed this method to account for random magnetization. Recently, a revised centroid method, which assumes that the magnetic layer responds to a fractal distribution of sources, has been widely applied in different scenarios (e.g., Maus et al., 1997; Bouligand et al., 2009; Bansal et al., 2011; Li et al., 2013; Wang and Li, 2015; Li and Wang, 2016). Among all the available methods that have been used to compare the depth of the magnetized layer based on the azimuthally averaged spectra of the magnetic data, Ravat et al. (2007) stated that it would be difficult to assess the approach that yields the best results, although the spectral method in the Fourier domain may be the only way to determine the statistically averaged depth over a complex region with an ensemble of magnetic sources (e.g., Odegard and Dickson, 2004). This spectral method remains contentious, as the Curie surface may be caused by a lithologic contact rather than a thermal boundary (Tanaka, 2017). However, further literature reveals that the expected inverse correlation between the estimated basal depth of the magnetic layer and surface heat flux exists universally in various regions (e.g., Tanaka et al., 1999; Li et al., 2013; Wang and Li, 2015; Li and Wang, 2016), suggesting that the Curie depth can be likely used to infer crustal thermal structure.
The Tarim Craton, expressed as a largest sedimentary basin in the China mainland (e.g., Carroll et al., 2010), has remained a research focus since the great discoveries of petroleum resources in the late 1950s (e.g., Jia, 1997). The Tarim Basin is a gigantic cratonic basin divided by several tectonic units and bounded by several active orogens, e.g., the Tian Shan, Altyn and West-Kunlun. Several significant geological processes control the basin’s tectonics, including the Permian Tarim large igneous event (e.g., Yang et al., 2007; Li et al., 2014; Xu et al., 2014) and the collision of the India-Australia plates with Eurasia (e.g., Yin, 2010; Yin and Harrison, 2000). Due to the complex tectonics and dynamics, it is important to infer in detail the CPD distribution for the entire Tarim Basin and its surrounding areas to better understand the deformation and evolution of the lithosphere. To date, only a few studies on CPD variations have been carried out. Li and Xu (1999) estimated the average CPD of the Tarim Basin by adopting the calculation from the moment spectrum analysis of aeromagnetic. Based on the geomagnetic field model NGDC-720-V3 (Maus 2010), Gao et al. (2015) and Shi et al. (2018) calculated the spatial variations in CPD across the Tarim Basin and its environs. In addition, recent studies on the CPD distribution and its anisotropy over the Tarim domain and its environs have been performed on both global and Chinese mainland scales by Li et al. (2016) and Xiong et al. (2016), respectively. These researchers suggested that it would be difficult to infer the fine thermal structure from a Curie-isotherm depth map with low resolution due to the large geographic scale (Li et al., 2016; Xiong et al., 2016) and satellite-derived magnetic data (Gao et al., 2015; Shi et al., 2018). Another perplexing difficulty is the interpretation of the geological meanings of the Curie surface. Resolving these dilemmas requires new datasets and related processing and interpretation schemes.
The primary aim of this study is to use the newest aeromagnetic dataset to calculate the depth to the bottom of the magnetization (indicated by the CPD) by undertaking the spectral method in the Fourier domain as described by Tanaka et al. (1999). Lateral variations in the topography of the CPD provide useful insights into the thermal structure of the Tarim Basin and can be correlated with ancient and present tectonics. By systematically processing the high-resolution aeromagnetic data and thoroughly integrating and comparing the estimated CPD with all the available geophysical and geological information, including outcrop, surface heat flow, electrical resistivity, Mohorovičić discontinuity (Moho) and earthquake records, we can answer some key scientific questions concerning the abnormal thermal structure beneath the Tarim Craton, the crustal composition heterogeneity of Tarim Large Igneous Province, the correspondence between the Curie surface and heat flow, and the correlation between the crustal thermal structure and earthquake generation.
GEOLOGICAL AND GEOPHYSICAL FRAMEWORKS
Located in Xinjiang Province of northwestern China, the modern Tarim Basin is the largest sedimentary basin in China, occupying an area of ∼600,000 km2. The Tarim Basin is tectonically bounded by the Tian Shan orogenic belt to the north and the West-Kunlun and Altyn orogenic belts to the south (Lu et al., 2008; Zhang et al., 2013a, Zheng et al., 2013) (Figure 1A). These belts all originated from the Indian-Asia collision-driven compressional processes (e.g., Yin, 2010). Furthermore, the Tian Shan resulted from subduction-related accretion in the Junggar-Balkash and South Tian Shan Oceans during the Paleozoic (Şengör et al., 1993; Allen et al., 1999; Chen et al., 1999; Windley et al., 2007; Charvet et al., 2011; Xiao et al., 2013) and is the western portion of the Central Asian orogenic belt. The West-Kunlun is located along the northwestern margin of the Tibetan Plateau, marked by a passive margin from the Carboniferous to Early Permian (Bi et al., 1999; Xiao et al., 2002; Xiao et al., 2005) and extending from the Pamir syntax to the southern portion of the Tarim Basin. The Altyn acts as the prominent active tectonic southern boundary of the Tarim Craton during the India-Asia collision and extends along the northeastern edge of the expanding Tibetan Plateau (Sobel and Arnaud, 1999; Chen et al., 2001; Khain et al., 2003; Yin, 2010).
[image: Figure 1]FIGURE 1 | (A) Topography of the Tarim Basin and its environs. Inset map shows the location of study area. The black and purple circles represent earthquakes from 1964 to 2016, from the ISC data base (http://www.isc.ac.uk/). The blue arrows represent GPS velocities relative to Siberia (Zheng et al., 2017). The black line outlines the Tarim Basin, within which the dashed black lines are the boundaries of subdomains corresponding to basinal structural units marked and named as in the legend, and the red lines are major faults (B) Tectonic map of the Tarim Basin and its environs. The black lines represent major faults and sutures. These multi-colored patches on the digital elevation model are chronological geological bodies including Precambrian basement and igneous rocks, modified from XJBGMR (1993b), XZBGMR (1993a) and QHBGMR (1991). The purple line represents the Tarim Large Igneous Province (TLIP), modified from Yang et al. (2007). The yellow patches are Cenozoic layers. Abbreviations are as follows: A.T.F., Altyn-Tagh Fault; T.F.F., Talas-Fergana Fault; K.F., Karakorum Fault; E.A.F., East-Kunlun Fault; K.F., Karakorum Fault. The underlying topography is derived from the ETOPO1 model available from the NOAA database (http://www.ngdc.noaa.gov/mgg/global/global.html).
The Tarim Craton is also the least known of the continental blocks in Asia because of its extensive coverage by the Taklamagan desert (Xu et al., 2014), which is floored by a Precambrian crystalline basement and overlain by thick Late Precambrian to Phanerozoic sedimentary cover, locally exceeding 15 km (He et al., 2018; Wu et al., 2018). The Precambrian basement is believed to be related to the breakup of the Rodinian supercontinent (Li et al., 2003; Lu et al., 2008), while the origin of sedimentary strata may be traced to the Paleozoic or even farther back to the Neoproterozoic (Guo et al., 2015; Wu et al., 2018; He et al., 2018). In the Tarim interior, several regionally extensive unconformities corresponding to tectonic activities at different times have been drilled by industrial exploration wells and imaged by seismic reflection profiles. The Tarim basement is mostly buried beneath Neoproterozoic to Quaternary sediments (XJBGMR, 1993a; Jia, 1997; Zhang, 2003; Xu et al., 2014). It is widely known that the large-scale Permian magmatism marked by the large igneous province was the largest tectonic event in the Phanerozoic geological history of the Tarim Basin, covering an area >250,000 km2 (Yang et al., 1997; Xu et al., 2014). During this era, the Permian rocks outcropped as surface geology from the basin margins, and the drilled well cores in the basin are mainly composed of volcano-sedimentary sequences, including limestone, volcanic and related igneous rocks of 270∼300 Ma (Yang et al., 2007; Li et al., 2014; Xu et al., 2014). Owing to the far field effect of the Cenozoic India-Eurasia collision, the basement and Paleozoic strata are folded and faulted on a large scale, forming various E-W trending structural highs and lows (e.g., Jia, 1997), known geologically by uplift and depression, respectively (Figure 1B). According to Jia (1997), the basin-scale structure units have been preliminarily interpreted. With the enrichment of geophysical and borehole data in the 2000’s, the latest dividing scheme of structure units has been confirmed and prevails in the various literature. It is widely known that a Central Tarim Uplift extends nearly across the entire basin oriented from northwest to east, which includes the Bachu, Tazhong and southeastern Uplifts. The Central Tarim Uplift, approximately parallel to the Tabei Uplift in the North, has been surrounded by a series of depressions, such as the Kuche, Northern, Southwestern, Tanggu and southeastern Depressions (Figure 1B). Moreover, the modern Tarim Basin, termed the “walled basin” by Carroll et al. (2010), is surrounded by the Cenozoic uplift of mountain ranges such as the Tian Shan, West-Kunlun and Altyn and represents seismically active zones of rejuvenated intraplate deformation that began as early as the Permian (Hendrix et al., 1992; Carroll et al., 1995; Wartes et al., 2002). Modern seismicity in response to north-south shortening triggered by the ongoing collision between the Tibetan Plateau and the Indian subcontinent continues to be focused within the basin-bounding active mountain ranges, whereas the basin interiors are relatively aseismic and typically experiencing minor deformation (e.g., Zhang et al., 2013b) (Figure 1A).
Recent industrial and academic geophysical surveys in the Tarim Basin and surrounding areas, one of the best geophysically constrained areas within the Chinese continent, offer an ideal opportunity to better understand the basin subsurface strata and structure, especially the lithospheric structure, breaking the full coverage barrier of the Taklamagan desert (e.g., Kumar et al., 2005; An and Shi, 2006; Zhang et al., 2011; Teng et al., 2013; Teng et al., 2014). Wide-angle seismic profiles and high-resolution crustal thickness models have been presented (Teng et al., 2013; Teng et al., 2014). A high-resolution lithospheric structure imaged by Rayleigh-wave tomography was performed (Bao et al., 2015). Studies on the response of the lithosphere to tectonic processes, such as the thermal structure (Liu et al., 2016; Jiang et al., 2019) and effective elastic thickness (Chen et al., 2013), were developed. Furthermore, since the entire Tarim aeromagnetic survey was initiated in 1958, many surveys focusing on the Tarim Basin and its surrounding areas have been subsequently conducted to establish a structural framework to understand the hydrocarbon potential within this sedimentary basin (e.g., Wang et al., 2004; Xiong et al., 2013). However, studies based on large-scale magnetic data were overlooked and even neglected, and thus, the thermal structure of the overall basin and its environs is still loosely constrained overall based on CPD maps derived from low-resolution aeromagnetic data.
DATA AND METHOD
Magnetic Data
The total field magnetic anomaly data used in this study are based on a compilation provided by the China Aero Geophysics and Remote Sensing Center for Natural Resources (AGRS), an affiliate of the China Geological Survey, covering the northwestern China mainland from 35° to 43° N and from 72° to 93° E. These magnetic data were derived from 65 different airborne surveys during 1959 and 2004 with various parameters, including line spacings, altitude, reference fields and the data collection year. All data were adjusted to 1 km above Earth’s surface and sutured to be a continuous, merged dataset with a 1 km grid. A detailed description of these datasets, surveys and data processing methodology can be found in previous literature (e.g., Wang et al., 2004; Xiong et al., 2015). The EMAG2 (global Earth Magnetic Anomaly Grid) with a ∼3-km lateral resolution (Maus et al., 2009) has been used to fill the non-data areas, enlarging the broad domain of the data. It is extremely notable that there is a lack of aeromagnetic data or EMAG2 data in the SW corner of the study area. The two magnetic datasets were knitted together by the suture stitch method in Oasis Montaj software (Geosoft), and finally, a large-scale total field magnetic anomaly map was created (Figure 2A).
[image: Figure 2]FIGURE 2 | (A) Total-field magnetic anomalies dataset in the digital elevation model at an altitude of 1 km, comprising wholly aeromagnetic data within China (cell size, 1 km) and partly magnetic grids of EMAG2 (http://www.geomag.org/models/emag2.html) with ∼3-km resolution outside the dashed grey-black line. The black line outlines the Tarim Basin. (B) Magnetic anomaly map with reduction to the pole (RTP). White patches are the regions without magnetic data.
Such a merged dataset was projected to Ellipsoidal Transverse Mercator coordinates with the central meridian equal to 81°, which has been corrected from the International Geomagnetic Reference Field model by the reduction to pole (RTP) approach in the Geoprob software (http://www.agrs.cn/cgzt/xxcp/448.htm). As a result, the processed magnetic anomalies illustrate a slight northward shift in the RTP-corrected anomaly map (Figure 2B). To remove the effects of shallow magnetic bodies and to increase the accuracy of calculating the bottom depth of the magnetic layers, the aeromagnetic data were continued upward to a constant 4 km above the terrain, and these two data were gridded into 347 × 189 bins with equal sizes of 5 km × 5 km. Moreover, this process provides good consistency between the aeromagnetic and EMAG2 datasets. Due to the existence of long wavelength magnetic anomalies residing within the crust and contributed by the lithospheric mantle (Idoko et al., 2019), the resultant magnetic anomaly data used to estimate the CPD in this study is processed by first-order trend filtering.
Depth to the Bottom Boundary of the Magnetization Layer
Different techniques have been proposed to calculate the bottom of the magnetic sources (CPD), where the ferromagnetic rocks lost magnetization due to a Curie temperature of 580°C (853 K), which is found at the CPD and below this point, all rocks are nonmagnetic (Lanza and Meloni, 2006; Martos et al., 2017; Andrés et al., 2018); this provides an estimate of the magnetic Curie depth and hence the 580°C isotherm, with the Fourier spectral approach being the main tool.
The method of estimating the depth to centroid (Zc) of a parallelepiped constant magnetization was originally proposed by Bhattacharyya and Leu (1975) and further developed by Okubo et al. (1985) and Tanaka et al. (1999), assuming random magnetization and employing the logarithm of the Fourier power spectrum. Via the simplified calculus of Blakely (1995), the radial average power-density spectra of the total field magnetic anomaly have been formulated by Tanaka et al. (1999) as follows:
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where k is the wavenumber in rad/km, A is a constant, and Zb and Zt are the depths to the bottom and top boundary of the magnetic layer, respectively. This equation was simplified as follows:
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and
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where [image: image] is the radially averaged amplitude power spectrum of the total field magnetic anomalies; [image: image] is the wavenumber; Zt, Z0, and Zb are the top, centroid and bottom depths of the magnetic source or layer, respectively; and B and C are constants.
By fitting a straight regression at middle-low and low wavenumber parts of the radially averaged spectrum of [image: image] and [image: image] in linear Eqs. 2, 3, the top and centroid depths of a magnetic source, Zt and Z0, can be estimated, respectively. Finally, the basal depth of the magnetic layer (Zb) followed a simple mathematical expression, as shown in Eq. 4.
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Assumptions and Limitations
Although the spectral analysis method has been successfully applied in many previous studies (i.e., Chiozzi et al., 2005; Maden, 2010; Bansal et al., 2011, 2013; Aboud and Ibrahim Selim, 2014; Hsieh et al., 2014; Bilim et al., 2016; Correa et al., 2016; Mickus and Hussein, 2016; Saada, 2016; Gailler et al., 2016) (Table 1), there are assumptions and limitations in computing the CPD that correspond to the behavior of the magnetization (random or fractal) and suitable window size, respectively. For instance, in East and Southeast Asia, Tanaka et al. (1999) divided the magnetic data into overlapping blocks with a window size of 200 km × 200 km. Chiozzi et al. (2005) divided Central-Southern Europe into subregions (320 km × 320 km) and estimated the power spectrum for each window. Bansal et al. (2011) mainly divided the study area into thirty-two square blocks with a 100 km × 100 km size in Germany, partly integrated with two 200 km × 200 km windows. Ravat et al. (2007) concluded that the largest possible size of the window may need to be up to 10 times the depth to the bottom. Additional cases about the selection of window size are presented in Table 1. It is certain that there are no unique criteria to determine the optimum size of the window, even though some authors used multiple window sizes to yield the average CPD variation (e.g., Wang and Li, 2015; Wang and Li, 2018). It is noted that there is a trade-off between windows large enough to encompass long-wavelength anomalies and those small enough to contour a detailed Curie surface plot. Selecting a window that is too small will miss the magnetic signal containing enough information from the deepest magnetization variations, whereas the spatial resolution of the CPD could decrease and the local depth anomalies may not be discernible because a window that was too large was selected. It was recently found in eastern Asia that varying window size has little effect on the estimated CPD but reforms its resolution (Li et al., 2010; Li et al., 2011). Furthermore, Gailler et al. (2016) systematically addressed the influence of window and cell size on Curie surface calculations, suggesting that the estimated CPD fluctuates slightly, but an overall tendency remains clearly preserved. According to Maus et al. (1999), a window with dimensions of 100 km × 100 km is large enough to calculate the depth to the average CPD, providing an overall uncertainty of approximately 5 km in CPD calculation, which is appropriate for our CPD estimation.
TABLE 1 | Previous Curie-point depth estimations using the centroid approach based on aeromagnetic data.
[image: Table 1]We must keep in mind the assumptions of the spectral technique originally presented in Spector and Grant (1970) and all of its succedent variants (i.e., Okubo et al., 1985; Tanaka et al., 1999; Maus and Dimri, 1995; Bansal et al., 2011). The method of Tanaka et al. (1999), originally developed by Okubo et al. (1985), as used in this study, inherently assumes that the behavior of magnetization is completely random with an uncorrelated distribution of magnetic sources. In contrast, the spectral approach with the assumption of fractal magnetization has been widely applied in different publications (i.e., Maus and Dimri, 1995; Maus et al., 1997; Li et al., 2009; Bansal et al., 2011; Li et al., 2010; Li et al., 2011; Bansal et al., 2013). In this case, the amplitude spectrum of magnetization [image: image] follows the relation [image: image], in which [image: image] is termed by spectrum or scaling exponent, which is a parameter related to lithology and heterogeneity of the subsurface (Bansal et al., 2010). The simultaneous estimation of depth and spectrum exponent [image: image] is difficult in practice owing to the interrelation of these parameters (e.g., Li et al., 2010; Li et al., 2011). Generally, the centroid Z0 and top depth Zt of magnetic sources could be calculated by fixing the spectrum exponent [image: image] as a constant, which refers to a special geological scenario, such as 1.0 for the basins and tectonic regions in Germany (Bansal et al., 2011), 2.0 for volcanic regions in the Cascade Range of America (Bouligand et al., 2009), 2.5 for tectonic units in western North America (Wang and Li, 2015), 3.0 for the Songliao basins in northeast China (Wang et al., 2018), or 3.0 for the Colorado plateau of America (Bouligand et al., 2009). As claimed and mentioned in previous literature, fractal behavior can represent real magnetization distributions. However, owing to the complexities of geologic and geophysical scenarios, the real behavior of magnetization is very difficult to compatibly represent with a constant fractal parameter, and further systematic research is needed. A comparison of the random magnetization with fractal magnetization for the assumption of spectral method reflects that it would be difficult to conclude which method leads to the better results (Ravat et al., 2007). According to the assumption in the centroid method of Tanaka et al. (1999), which is widely and globally accepted, the nonfractal (random) behavior of magnetization is not only valid for the Chinese mainland but also for the various topic research regions all over the world (i.e., Chiozzi et al., 2005; Maden, 2010; Hsieh et al., 2014; Gao et al., 2015; Aboud et al., 2016; Bilim et al., 2016; Correa et al., 2016; Mickus and Hussein, 2016; Saada, 2016; Gailler et al., 2017) (Table 1).
CPD Estimation
To calculate the CPD and obtain a map of the spatial variation in the Curie surface, the corrected magnetic anomaly map of the entire study area, spanning approximately 2090 km in the E-W direction and 880 km in the N-S direction, was subdivided into a series of square subregions, corresponding to overlapping windows. A single Curie depth point is estimated from a spectral window (Figures 3A,B). Finally, the center of the window is moved for a specific distance each time until the calculations are repeated to cover the entire area (Figure 3C). Checking the window size and selecting the appropriate wavenumber range are superior to calculating the CPD for each window.
[image: Figure 3]FIGURE 3 | Examples of power spectrum amplitude for estimations of Curie depth using the 2D upward-continued magnetic anomaly data, covering the 100×100 km Curie-Zb calculation windows (A,B) centered on 400000 m/4400000 m and 800000 m/4500000 m, marked by black crosses with bounded black circles, respectively. The black crosses locate the center of each grid bin within 5×5 km (Panel A,B). According to Tanaka et al. (1999), Z0, Zt and Zb are defined as the centroid, the top and bottom depths for a selected grid with a size of 100×100 km (windows A,B), respectively. |k| is the wavenumber, and Ф△T(|k|)1/2 and [Ф△T(|k|)1/2]/|k| are the amplitude spectrum and scaled amplitude spectrum of the magnetic anomaly, respectively (Panel a,b). The corrected magnetic anomaly map of the whole study area has been subdivided into 1,274 estimated windows with a size of 100×100 km and a shift between windows of 33.33 km (C).
The window size determining the resolution of the estimated CPD is a critical parameter in the calculation of the bottom of the magnetic source because it constrains the wavelength that will be captured in the calculating window. Generally, a smaller window size is appropriately chosen in the volcanic or active areas marked by tectonic or geothermal geological processes since the Curie surfaces are expected to be shallow, whereas the windows with larger sizes could enhance the calculative stability and accuracy in tectonically stable geological environments (Li et al., 2009; Li et al., 2013). Empirically, windows ranging from 60 to 300 km have been studied and used by research pioneers (e.g., Maus, et al., 1997; Lin et al., 2005; Nuri et al., 2005; Ravat et la., 2007). After reviewing the literature, it is stated that there are no unique criteria to determine the optimum size of the window selected to estimate the CPD that is in a trade-off relationship with the spatial resolution of the CPD. Thus, we performed various tests using three different windows to calculate the depth to the bottom of the magnetization. The move step length in the CPD calculation with three windows of 100 × 100 km2, 120 × 120 km2, and 150 × 150 km2 are 33.33, 40 and 50 km, respectively, as shown in Figure 4. Although locally the CPD values may be different, these values demonstrate the same spatial trend: the high CPD appears in the stable domains marked by old cratonic basement, e.g., the Northern depression, Southwestern depression, and Tanggu depression, while the low CPD mainly corresponds to the orogenic or tectonic areas, e.g., the Bachu Uplift and Tian Shan and West-Kunlun orogenic belts. Clearly, a small window can effectively recover many short wavelength variations, such as the small-scale CPD variations in the Tarim Basin. In contrast, a large window can reliably recover the long wavelengths, whereas detailed local information marked by the short wavelengths is generally erased due to averaging. It should be noted that increasing the window size could ensure that the longest wavelengths are captured, but the resolution of the resulting Curie map has accordingly decreased. Moreover, the CPD values estimated with the 120 and 150 km windows are generally lower than those estimated with the 100 km window. However, the Curie surface variations from the 100 km window appear to be more consistent and reliable, not only due to perfectly random, normally distributed CPD values but also due to the spatial resolution. Therefore, we selected the window size of 100 km to estimate the depth to the bottom of the magnetization in this work, although several authors have taken the averaged CPD as the final illustrated results, which emerged by using different window sizes in previous literature (e.g., Wang and Li et al., 2015; Andrés et al., 2018).
[image: Figure 4]FIGURE 4 | The spatial variations in the CPD over the Tarim Basin and surrounding areas using three different windows with two wavenumber bands selected for linear fitting by using least square method to calculate Zt and Z0: ca. 0.0237∼0.0334 and ca. 0.015∼0.033 km−1(A); ca. 0.0237∼0.0334 and ca. 0.0335∼0.0526 km−1(B), respectively. Window sizes: (1) 100×100 km2, (2) 120×120 km2, (3) 150×150 km2. The distributions of estimated CPD values from the centroid method in these tests have been plotted below the corresponding Curie surface illustrations.
There are no strongly reasonable criteria to select the wavenumber range to be used for the proper Z0 and Zt depths, as the depth to the bottom would vary laterally among the Tarim Craton and its surrounding orogenic belts. To select the optimal wavenumber ranges to recover the centroid (Z0) and top (Zt) depths, various tests were carried out, which is partly illustrated in Figure 4. The comparisons could provide reliable results. For example, two groups of wavenumber ranges have been evaluated in three different windows, showing that the CPD differences between the two series of wavenumber bands are remarkably expressed in the range of the CPD-value distribution (Figure 4), while the spatial variations present the same trend and consistency. Thus, considering the grid size used and the expected basal depth of the magnetic layers, which matches the results of previous studies (e.g., Li and Xu, 1999; Gao et al., 2015; Xiong et al., 2016; Li et al., 2016; Shi et al., 2018), both ranges between the upper and lower limit of wavenumber selected for straight-line fitting to calculate Zt and Z0 are specified as ca. 0.0237–0.0334 and ca. 0.015–0.033 km−1, respectively (Figure 4).
As mentioned above, the lateral variations in the CPD estimated by the moving windows are contoured and interpolated by the minimum curvature method (Briggs, 1974) and are illustrated in Figure 5D. It is pertinent to note that the CPD values in the southwestern corner of the map must be clipped due to the existence of a missing-data area and following an absurd continuous CPD interpolation for the data blank, reflecting the unreal characteristics of geological units.
[image: Figure 5]FIGURE 5 | (A) Estimated CPD map of this study compared to the previous maps from (B)Li et al. (2017), (C)Xiong et al. (2016) and (D)Gao et al. (2015). The bold and dashed lines represent geologic units as shown in Figure 1. The histogram of CPD value has been plotted below the corresponding CPD map.
RESULTS
Considering the Curie surface as an isotherm where rocks in a particular location reach their Curie temperature, the isotherm corresponds to the base of the magnetization estimated by the spectral approach of magnetic data, providing a link between magnetism and the thermal state of the lithosphere. In the Tarim Basin, the CPD calculated by the method presented in this paper is a surface located at depths between 20 and 50 km, with a median depth of 34 km, illustrating clear differences between within and outside basinal areas. Assuming that CPD is an isotherm, hot areas marked by shallow CPD and cold areas marked by deep CPD could be defined.
The NW Tarim domain, including the Bachu Uplift and Awati Depression, is obviously marked by a relatively shallow CPD, ranging between 24 and 32 km below topography. These shallow values extend to the area east of the Tanggu domain along an N-S orientation and reach the Altyn, being bounded by the deep CPD values, and extending westward to the westernmost end of the Tarim Basin. Northwestward of the western Tarim Basin, shallow values ranging from 34 km up to 20 km extend over the western Tian Shan and its environs, with the exception of the Issyk-Kul Lake domain characterized by high CPD values. A relatively deep (>5 km), NW-SE CPD zone is prominently located along the Kuluketage. Here, the geometry of the Curie surface follows the geometry of the Altyn-West-Kunlun orogenic system derived from the Tarim-Tibetan collision and continues to the Tian Shan. To the SE of the Altyn, in the northeastern Tibetan Plateau, the CPD decreases to more than 28 km. These shallow values are segmented by locally deep values. In the easternmost end of the Tarim Basin, minimum values appear locally over the NE basinal corner beside the Kuluketage (Figure 5).
In the interior of the Tarim Basin, deep CPD values (up to 50 km) appear widely over the Kuche, Northern, Tanggu, Southwestern and Tabei domains, with maximum values greater than 50 km. These deep values extend to the north, reaching Tian Shan and Kuluketage and reaching the interior of the NE southeastern domain to the east. A prominent feature is the deep, WS-NE CPD zone located between West Tian Shan and the Bachu domain. To the south of the Altyn, at the SE boundary of the Tarim Basin, the CPD values become shallower. In contrast, there is not a marked trend in the deep CPD values over the Tibetan Plateau, which are quite variable and locally distributed.
The pattern of the CPD variations in the Tarim Basin and its environs are in good agreement with the tectonic provinces. Obviously, the estimated results are also in good agreement with previous regional findings that the CPD of the old stable cratonic basin is much larger than that of the Phanerozoic tectonic orogens (e.g., Andrés et al., 2018). For the interior of the Tarim Basin, the estimated CPD spatial trend in this work agree well with those of previous studies (Li and Xu, 1999; Xiong et al., 2016; Gao et al., 2015; Li et al., 2016; Shi et al., 2018) but our CPD results exhibit remarkably greater detail (Figures 5A–C). In the spatial variations in particular, our CPD results are generally consistent with the Chinese mainland model of the Curie isotherm presented by Xiong et al. (2016) via the spectral method assuming random magnetization and in partial agreement with the global CPD model originated from Li et al. (2016), who used spectral analyses with a fractal magnetization, on account of the incomplete magnetic dataset with big data blank. However, with the comparison of CPD from Xiong et al. (2016) and Li et al. (2016) with our CPD estimation, the mean value of the misfit is 5 km with the CPD result presented here being deeper than that of Li et al. (2016) and Xiong et al. (2016); this finding presents the difference in the datasets used to estimate the CPD variation, such as the selection of β for the area, or the selection of wavenumber range or window size. Furthermore, it should be noted that previous studies suffer from low spatial resolutions, owing to the large geographic scale (Xiong et al., 2016) or relatively low resolution of satellite-derived magnetic data (Gao et al., 2015; Li et al., 2016; Shi et al., 2018) and the processing approach (Li and Xu, 1999).
DISCUSSION
To interpret the spatial pattern and its tectonic significance in the CPD variation is the dominant objective. Our results exhibit great variability in the CPD, with a range from 20 to 50 km over the Tarim Basin and its environs, indicating different geological implications, such as the modification of crustal composition, thickness and structure, the change in the thermal field or crustal thermal structure and the effect of deep geological dynamics. Thus, the CPD variations are comprehensively compared with various geological and geophysical data to check the reliability of the CPD estimates and to evaluate the geological implication of the Curie surface.
Geothermal Structure of the Tarim Basin and Its Environs
As shown in Figure 6, the recently published surface heat flow in the Tarim and surrounding environs are sparsely and unevenly distributed with only 80 data numbers (Liu et al., 2016; Jiang et al., 2019). The newest updated heat flow map of continental China is presented by Jiang et al. (2019), which shows a referable spatial distribution of heat flow for this study area, although the heat flow data remain scarce. The first-order distribution pattern of heat flow exhibits extremely low heat flow in this study area, where the values range from 26.2 to 77.0 mWm−2 with a mean heat flow of 44.2 ± 9.9 mWm−2 (Liu et al., 2016; Jiang et al., 2019). A detailed description of the heat flow pattern in the study area can be found in Liu et al. (2016) and Jiang et al. (2019). The Curie surface is sensitive to the crustal composition and thickness, where the lateral variation could generate information about the thermal state of the crust. As presented in various studies, there are many similarities between heat flow and the Curie isotherm surface, which are considered to be inherent physical properties of magnetic minerals and could generally show an inverse relationship (e.g., Li et al., 2012b). The estimated CPD is correlated with heat flow, aiding in understand the crustal evolution and thereby the geological domains.
[image: Figure 6]FIGURE 6 | (A) Shaded Curie surface of Tarim Basin and its environs and (B) CPD lateral variation in the digital elevation model. The red lines are major faults within the basin. The purple line represents the Tarim Large Igneous Province (TLIP), modified from Yang et al. (2007). The Yellow patches are the oil and gas fields. Abbreviations are as follows: LIP, Large Igneous Province; Awati D., Awati Depression. The frequency histogram showing the variations in Curie depths with Gaussian distribution estimated by this study illustrated in the lower right corner of Figure B. The CPD map is overlain on the shaded ETOPO model. Note that the CPD values in the southwestern corner of the map must be clipped due to the existence of a missing-data area and following an unreasonable continuous CPD interpolation for the data blank, reflecting the unrealistic characteristics of geological units. (C) Spatial variations of electrical resistivity (MT) at 2 km depth overlay on the digital elevation model within the Tarim Basin, originated from Yang et al. (2015). (D) Isogram of heat flow (ISO) in the elevation model in the Tarim Basin and its environs, derived from Jiang et al. (2019). The colored circles (Heat) distributed on the map are newest measured heat flow points, compiled from Jiang et al. (2019).
In the interior of the Tarim Craton, the central-northern and northeastern areas cover the Kuche and Northern depressions and the Tabei uplift (Figure 6A), exhibiting an extremely deep Curie surface (up to 50 km) associated with low heat flow. According to Xu et al. (2014), these regions are floored with supracrustal and Archean to Paleoproterozoic basement and covered by a large Phanerozoic cover, suggesting that there are no significant lithospheric dynamics compared to the other regions. This Curie pattern is confirmed by magnetotelluric investigation (Zhang et al., 2012; Yang et al., 2015) because the majority of domains have low resistivity (low heat flow), while the electrical resistivity increases toward the southeastern depression and Bachu Uplift (Yang et al., 2015; Zhang et al., 2020), which is associated with an increase in heat flow (Figures 4B, 5B). In the central-western domain covering the Bachu Uplift, the Curie depth varies from 20 to 32 km, while the heat flow has been confirmed by the variation of 50–65 mW/m2 (Figure 6B). There is a high electrical resistivity anomaly (high heat flow) (Figure 6C). This combination of different geophysical signatures indicates the presence of differences in crustal compositions. It is one of the regions with Permian volcanism characterized by the large igneous provinces (Yang et al., 2007; Xu et al., 2021) (Figure 6B), which could be expected to modify the crustal composition and thermal structures, which was previously found by seismic tomography (Yang et al., 2015). Compared with the central-western domain, the southwestern domain corresponding to the southwestern depression shows a NW-trending high CPD zone with a low CPD patch in the central (Figure 6A). A high correlation was observed with low heat flow (35–40 mW/m2) and electrical resistivity [−0.5–0.2 log (ρ/Ωm)]. In the southeastern portion of the Tarim Basin, the domain has a shallow Curie surface with depths of less than 30 km and high associated heat flow and electrical resistivity. In the NW Tarim Basin, both the CPD and heat flow show relatively similar patterns with large lateral variations in values, suggesting high complexity in the composition and thickness. This domain is marked by intercontinental active belts that have been repeatedly modified by large crustal deformations and mantle dynamics. Obviously, to the southwest and southeast, the same correlation was observed for the shallow Curie surface, which corresponds to high heat flow. To the northeast, although there are some poor correlations mainly due to the scarcity and limited resolution of heat flow data, similar variations have been partly exhibited, such as the inverse relationship between heat flow and Curie depth (Figures 6B,D).
The CPD associated with surface heat flow measurements could provide a well-constrained first-order regional crustal and lithospheric geothermal structure (e.g., Tanaka et al., 1999; Li et al., 2011; Li et al., 2012a). To better understand the correlation between surface heat flow (qs) and CPD in the Tarim Basin, observed heat flow data have been statistically fitted to various kinds of theoretical curves to further deduce the geothermal physical parameters. The 80 surface heat flow points varying from 31.4 to 77 mW/m2 are compiled from the published literature (Liu et al., 2016; Jiang et al., 2019), and the corresponding Curie Zb values have been extracted. The correlated plot of the CPD and surface heat flow points (qs) is illustrated in Figure 7. Assuming vertical thermal conduction only and taking the temperature at the Curie surface as a boundary condition, from the 1D steady heat conduction equation, the CPD (Zb) and surface heat flow (qs) can be related by the following equation (Maul et al., 2005; Li, 2011; Li et al., 2012b):
[image: image]
where k is the bulk average vertical thermal conductivity for the magnetic layer, H0 is the heat production rate at the surface, hr is the characteristic drop-off in heat production, and T0 and Tc are the temperature at the surface elevation Z0 and Curie surface Zb, respectively.
[image: Figure 7]FIGURE 7 | (A) Inverse correlation between Curie Zb and surface heat flow points qs. Blue dashed curves are theoretical predictions with different thermal conductivities. Solid pink curve is the optimal fitting model (in the least-squares sense) for heat flow, which gives k=2.7 W/(m°C), H0=3 μW/m3, and Hr=10 km. (B) The Curie depth points estimated from 1,274 moving windows and the corresponding points of heat flow. The solid red line is the linear trends of correlations between Curie Zb and surface heat flow points qs.
As expressed in Eq. 5, a nonlinear inverse correlation exists between the heat flow and Curie depths. Now, assuming that T0, Tc, H0, and hr are 0°C, 580°C, 3.0 μW/m3, and 10.0 km, respectively, which are within the ranges of commonly applied values (Turcotte and Schubert, 2002a; Stuwe, 2002), most surface heat flow (qs) and Curie Zb points are clustered between the two theoretical curves at 1.5 and 4 W/(m°C). By performing a nonlinear least-squares inversion on the data points in Figure 7A, the optimal value of bulk average vertical thermal conductivity (k) is estimated to be 2.7 W/(m°C). It should be mentioned that Eq. 5 and Figure 7 show that the surface heat flow (qs) is more sensitive to the conductivity value (k) than parameters H0 and hr in relation to the diverse geological settings. On a regional scale, the surface heat flow trend is modulated more by deep conductive contributions than by crustal radioactive contributions (Figure 7B). The former contribution is represented by the first term on the right-hand side of Eq. 5, while the latter corresponds to the last two terms.
Correlations Between Curie Surface and Intraplate Seismicity
Geologically, the Tarim Basin is a rigid craton bounded by active young orogens, such as the curved Tian Shan to the north and the West-Kunlun-Altyn to the south (e.g., Xu et al., 2011). It is a prominent feature that the majority of earthquakes are generated not within the Tarim Basin interior but in the orogens surrounding the basin. The causes of these seismic activities have been of widespread focus and interpreted in previous studies based on different hypotheses, and it has been argued that the earthquakes are located in weak tectonic zones of crust or that they are primarily distributed in regions with stress concentrations (Wittlinger et al., 2004; Gatinsky et al., 2011; Zhang et al., 2013a).
As shown in Figure 8, these craton-bounding orogens with many active thrust and strike-slip faults exhibit high concentrations of earthquakes, which as inferred from GPS observations, absorb most of the deformations and stress from the convergence of the India plate with the Tibetan Plateau (Wang et al., 2016; Zheng et al., 2017). While the crustal material moves northward with velocity roughly decreasing northward (Figure 8), an abnormally high seismic energy release (M > 5) occurs through intensive displacements along strike-slips and thrusts generated from the collision processes (Gatinsky et al., 2011). For example, in the orogenic belts near the Keping (Figure 8 AA′), Kuche (Figure 8 BB′) and northeastern Tabei domains (Figure 8 CC′), the majority of earthquakes occur in the transition zones of the Curie surface, especially the sharp CPD gradient zones. Furthermore, within the tectonically stable areas, it is interesting to note that nearly all of the earthquakes occurred not in the central part of the CPD gradient zone but within the area with the lowest offset between the Curie and Moho depths (Figure 8 AA′), although there are many transition zones. It is notable that so many strong earthquakes took place in Jiashi region and its surrounding domains (e.g., Yao et al., 2021), northwestern Tarim, marked by lowest Curie-Moho offset (Figure 8 AA′). To interpret the origin of such Jiashi strong earthquake sequence, the Curie-Moho offset is eligible to be a valuable indicator of crustal stability in the cratonic continent, except strong northward movement (high northward GPS velocity) (Figure 8 AA′), and could be further used to assess the potential earthquake hazards.
[image: Figure 8]FIGURE 8 | Interpreted transects AA’, BB’, and CC’ crossing the Tarim Basin and active orogenic belts. In the inset, the black and purple circles are earthquakes originated from ISC (http://www.isc.ac.uk/). The blue arrows represent GPS velocities relative to Siberia (Zheng et al., 2017). In the sections, the thick solid blue and green curves show the Curie surface and Moho surface (Figure 9B; Teng et al., 2014), respectively, and black curves are the topographic relief. The purple circles are earthquakes with focal depths after relocation. In contrast, the blue circles are earthquakes with focal depths of non-relocation. The probability plots of earthquakes in the Tarim Basin and its environs are exhibited in the sections. The red arrows represent the locations of active faults in the orogenic belts. The northward and eastward or westward velocities of GPS are marked by horizontal bars and circles with a fork or point in the center, respectively. The velocities of GPS in the sections are proportional to the size of labels.
In contrast, among the actively orogenic areas, the western Tian Shan and West-Kunlun orogenic belts present the highest offset between the CPD and Moho depths, as deep crustal roots have been proposed for both orogens, generating a large amount of earthquakes, much more than that of the Tarim Basin interior. This observation may imply that the correlation between the CPD and Moho depths will be crucial to understand the likelihood of earthquake generation and thus establish the tectonic settings where the earthquakes may occur. Tectonically, it has been interpreted that because the orogenic lithosphere located between rigid blocks experiences strong compression, marked by horizontal shortening-thickening and lithosphere heterogeneity, this result in low mechanical strength and consequent high active seismicity (Figure 8). Neil and Houseman (1997) proposed a simplified rheological model for the Tarim Basin and Tian Shan where the lithospheric temperature may positively affect the mechanical strength of the lithosphere. As dominated by the thermal state and structure, the lateral variation in crustal rheology structure may provide crucial constraints on understanding the intra- or inter-block deformation mechanism (Neil and Houseman, 1997; Zhang et al., 2013b), which can be expressed by the CPD and Curie/Moho offset that alter the crust-scale thermal regime and compositional structure (Figure 8).
Thereby, it is revealed that the craton is distributed by extremely high CPD (up to 50 km) and consequently by high mechanical strength. It is also extremely resistant to deformation, while, due to weakened tectonic essence and repeating orogeny, these young Phanerozoic orogens with intrinsically low mechanical strength are mainly characterized by CPD transition zones. Obviously, the latter make the crust more susceptible to generate earthquake than the former (Figure 8). As discussed above, an interpretation model could be proposed where the CPD is integrated with Moho depth and surface geological tectonics to assess the likelihood of earthquake generation. It is noted that earthquakes are generally concentrated in the CPD transition zones, especially sharp gradient regions, between hot and cold terrains, which suggests that the crustal rheology structure indicated by the crustal thermal structure acts as a secondary mechanism for the intra-continental seismicity compared with tectonic stress located on active faults.
Implications for the Plume-Lithosphere Interaction, Mineral and Hydrocarbon Systems
The CPD lateral variation at the base of the magnetic layer shows a heterogeneous feature throughout the Tarim Basin. A notable characteristic is the elongated large low-CPD region across the NW Tarim portion, which presents the minimum values for the entire basin. The CPD decreases significantly from 50 km to 20–30 km (Figure 9A). Moreover, the geometry of the maximum CPD/Moho depth offset (up to 20 km) presents a similar feature (Figure 9C). Compared with the NW Tarim Basin, corresponding to the Bachu domain and its envisons such as the Awati, the overall deeper CPD values (up to 50 km) prevail over the other parts of the Tarim Basin. This may imply that the area marked by overall high CPD values would be relatively stable, while the Archean lithosphere characterized by low CPD values, could be modified. The modification within the Tarim Basin occurs locally. There is a straightforward correlation between the shallow CPD zone and the area occupied by mafic-rock outcrops (e.g., Yang et al., 1996; Chen et al., 1997). Accordingly, we propose that this minimum geometry coincides with the position of the Tarim Large Igneous Province (TLIP) and the plume head (e.g., Yang et al., 1996; Yang et al., 2005; Chen et al., 1997; Li et al., 2008, Li et al., 2012a; Zhang et al., 2018; Xu et al., 2014; Xu et al., 2021), as shown in Figures 2B and 9C for a comparison of the short-wavelength magnetic anomaly and geology. With no significant posterior thermal events identified in this volcanic region, the massive magmatism event owing to plume-related volcanism during the Early Permian (270–300 Ma) may play a crucial role in the CPD signature within the Tarim Basin. The Tarim plume-lithosphere interaction will also be responsible for the configuration of the TLIP, expressed by a series of tectonic processes, including upwelling of the asthenosphere, crustal melting and magmatic eruption, followed by thermal relaxation (e.g., Xu et al., 2014; Xu et al., 2021). Furthermore, this proposed interpretation agrees well with the high heat flow observations (Liu et al., 2016; Jiang et al., 2019) and modified crust imaged by seismic tomography and deep seismic sounding profiles (Teng et al., 2013; Teng et al., 2014; Yang et al., 2015).
[image: Figure 9]FIGURE 9 | (A) Spatial variations in the CPD map in the digital elevation model. (B) Moho map (crustal thickness, CT), compiled from the datasets from Teng et al. (2014). The distribution of Moho depth values within the Tarim Basin are plotted below the corresponding Moho illustration. Transects AA’ and BB’ cross the Tarim Basin longitudinally and latitudinally, respectively. In the sections, the purple circles are earthquakes originated from ISC (http://www.isc.ac.uk/), the thick solid red curve shows the Curie depth, and thick green curve is the Moho depth. The purple circles are earthquakes with focal depths after relocation. In contrast, the blue circles are earthquakes with focal depths of non-relocation. The probability plots of earthquakes in the Tarim Basin and its environs are exhibited in the sections. (C) Curie-Moho Depth offset, with the distribution of these offsets illustrated below. (D) The tectonic and oil-and-gas-field maps. The legends are same as in Figure 1B. The solid, thick white curve in Panel A,C presents the regions marked by minimum values. The black dotted circle denotes the low-CPD path, corresponding to the Wajilitage V-Ti-Fe oxide deposit.
Investigations into the plume-lithosphere interaction will provide information regarding the vertical transfer of mantle materials and heat (Xu et al., 2014; Xu et al., 2021). As a result of the volcanism following with mantle upwelling, the Wajilitage V-Ti-Fe oxide deposit occurred in the central-western portion of the TLIP (e.g., Li Z. et al., 2012), showing a particularly good correspondence to a relatively low CPD patch (Figure 9D). This observation indicates a potential positive correlation between the occurrence of oxide deposits and low CPD around the TLIP. Interestingly, there is another exceedingly low CPD patch in the northeastern corner of the Tarim Basin. Moreover, this patch was determined to be Carboniferous and Permian igneous rock in the outcrops (Figure 1B).
As the largest sedimentary basin in China, the Tarim Basin has continued to receive a wide international focus for research since the discoveries of various oil-gas fields in the 20th century (e.g., Chen and Dickinson, 1986; Carroll et al., 2010). A notable phenomenon observed in the Tarim Basin is that the oil and gas provinces prevail over the regions with relatively high CPD values (Figures 6D, 9D), which is completely opposite to the mineral deposits characterized by notably shallow Curie surfaces. To optimally trace the cause of this obvious configuration, the abnormally high thermal flow followed with volcanic fluids was transmitted from the upper mantle to the upper crust and synchronously destroyed the hydrocarbon system, especially the existing source rock and petroleum reservoirs. Moreover, this interpretation has been corroborated by finite element thermal modeling for the Tarim Basin (Wang et al., 2018). However, there are three oil and gas fields distributed around the Bachu Uplift (low CPD) corresponding to the location of Tarim plume head (Figure 6B) (Xu et al., 2021). The plume-related thermal process would contribute to the thermal maturity of source rocks. Thus, the plume-related thermal effect on the hydrocarbon formation (destructed vs. facilitated) should be further revaluated, integrated with the detailed information of petroleum geology. As discussed above, the abnormal Curie depth point could be utilized as a potentially powerful proxy for identifying the mineral systems and indicating non-potential hydrocarbon provinces. The major crustal-scale modification originating from deep geological process, such as plume-lithosphere interaction, would be the predominant conduits for mineralization and thermal fluids to reach the upper crust, consequently forming mineral deposits and destroying the petroleum systems, respectively, which would show a variation in thermal state (Korsch and Doublier, 2016).
CONCLUSION
The centroid method based on the radially averaged amplitude spectrum has been applied to image high-resolution CPD map beneath the Tarim Basin and its surrounding areas. The newest high-resolution aeromagnetic dataset of the Chinese mainland acquired over the past 60 decades was used, and the no-data area corresponding to the abroad domain was enlarged by the EMAG2.
These new generation high-resolution magnetic datasets have been processed by RTP and upward continuation, which are used to accurately correct the locations of magnetic anomalies over corresponding causative bodies and eliminate the effect of shallow magnetic sources for CPD estimation, respectively. The processed magnetic dataset resampled to a 5 km × 5 km grid interval is carried out on the continuous upward magnetic map at 4 km to estimate the Curie surface. The calculated CPD variation from 20 to 50 km reveals complex deep crustal structures and compositions in the Tarim Basin and its environs. A large CPD up to 50 km dominates the majority of domains in the Tarim Basin, representing the remarkably stable tectonic regions floored by an intact Precambrian crystalline basement. Small CPD values of ca. 22–28 km are found separately, scattered and focally in the Tarim Basin, especially in its central-western domain, characterized by the Bachu Uplift, which was an area of strong plume-lithosphere interaction during the Late Permian. By integrating and correlating the Curie surface with the surface heat flow, an inverse correlation has been found, and via the 1D steady-state heat conduction algorithm, a bulk average vertical thermal conductivity has also been fitted for the crustal magnetic layer to obtain good alternative constraints on the crustal thermal structure.
Furthermore, the spatial distribution of CPD is eligible to serve as a potential guide to assess and choose the key regions of mineral and hydrocarbon exploration. Earthquakes in the Tarim Basin and its surrounding areas are mainly concentrated in Curie surface transition regions, where the stress field will be enlarged by the thermal stress triggered by the heat difference, which is exerted as a secondary mechanism of earthquake generation. The Curie surface imaged by high-resolution aeromagnetic anomaly data should be an important proxy in geological research. For more implications and details, further studies are required in the future.
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During the late Mesozoic, the East Asian continent underwent a complex tectonic history due to multiple episodes of plate convergence. How the crust responds to the multiple plate convergence in the North China Craton (NCC) remains unclear. Here we undertook field geological investigations and fault-slip vectors analysis of the Shangyi Basin in the western Yanshan fold and thrust belt, northern margin of the NCC. Combined with new geochronological data, we delineate three phases of intracontinental deformation in the area: 1) NW-SE compression during the Late Jurassic to earliest Cretaceous (ca. 151–141 Ma); 2) NW-SE extension during the middle–late Early Cretaceous (ca. 135–110 Ma); and 3) NE-SW compressional deformation later than 110 Ma. The early NW-SE compression controlled the present bulk architecture of the basin, and the subsequent two tectonic events only caused limited reworking of the previous structures. Through balanced cross-section restoration, we estimate the horizontal shortening ratio of the crust in the study area is over 27% due to the NW-SE compression. Moreover, the contribution of tectonic shortening from the north side of the basin is greater than that from the south side. NW-SE compressional deformation is consistent in time with the episode B of the Yanshanian movement (Yanshanian B), which may be influenced by the subduction of the Paleo-Pacific plate beneath East Asia and the closure of the Mongol-Okhosk Ocean. Subsequent NW–SE extension is likely to be associated with the destruction of the NCC during the Early Cretaceous. Extension may result from the roll-back of the Paleo-Pacific plate and post-orogenic collapse of the Mongol-Okhotsk belt. The last NE-SW compressional event may be linked to the remote effect of the final collision between the Qiangtang and Lhasa terranes.
Keywords: north China craton (NCC), Shangyi basin, late mesozoic, intracontinental deformation, yanshanian movement, paleo-Pacific plate subduction
INTRODUCTION
The North China Craton (NCC), located in the interior of the East Asian continent, has experienced a multi-phase intracontinental deformation since the Mesozoic (Liu, 1998; Liu and Yang, 2000; Zheng et al., 2000; Davis et al., 2001; Cui and Wu, 2002; Cope et al., 2007; Zhang et al., 2007; Li et al., 2012; Liu et al., 2013, 2018; Huang et al., 2015; Li et al., 2016; Y. Wang et al., 2018; Y. C. Wang et al., 2018; Yang and Dong, 2018; Clinkscales and Kapp, 2019; Meng et al., 2019; S. F. Liu et al., 2021). These deformations might be related with the convergence of several independent plates or blocks at the same time, including the Siberian Plate to the north, the Paleo-Pacific Plate to the southeast, and the Qiangtang–Lhasa block to the southwest (Figure 1A) (Dong et al., 2007, 2015, 2018; Shi et al., 2015). The Yanshanian intracontinental orogeny (Zheng et al., 2000; Davis et al., 2001; Cope et al., 2007; Zhang et al., 2007; Lin et al., 2013; Huang, 2019) and the subsequent large-scale lithospheric extension and thinning of the NCC (Meng, 2003; Zhu et al., 2011; Zhu and Xu, 2019; Wang et al., 2011, 2012; Lin and Wei, 2018; Liu et al., 2020) are the most representative during the complex Mesozoic tectonic evolution, attracting extensive attention from a large amount of geologists. Multiple research approaches, such as analysis of structural geometry and kinematics (Zhang et al., 2011; Li et al., 2016; Clinkscales and Kapp, 2019), study of palaeo-stress field based on fault-slip data (Zhang et al., 2003; Huang et al., 2015; Yang and Dong, 2018; B. Zhang et al., 2020), study on basin-mountain coupling (Liu and Yang, 2000; Cope et al., 2007; Liu et al., 2007, 2018; Y. C. Wang et al., 2018; Lin et al., 2019; Y. Zhang et al., 2020), geochronology (Wu et al., 2005; Wang et al., 2012, 2015), lithogeochemistry (Dai et al., 2016; Li and Wang, 2018), geophysics (Zheng et al., 2009; Zhu et al., 2011; Zhu and Xu, 2019) and numerical simulation analysis (Hou et al., 2010; Liu et al., 2017; Li and Hou, 2018), have been applied to try to reconstruct the history of intracontinental evolution of the NCC during the late Mesozoic. However, detailed structural analysis of key areas remains inadequate. The timing of the late Mesozoic tectonic regime transition within the NCC was defined on late Middle Jurassic (160 ± 5 Ma) (Zhao et al., 2004), the Late Jurassic-Early Cretaceous (ca. 150–140 Ma) (Zhai et al., 2004) and the Early Cretaceous (ca. 136 Ma) (Niu et al., 2003). Besides, the related geodynamic mechanisms was attributed to the subduction of the Paleo-Pacific plate (Ren et al., 2002; Zhu et al., 2011; Zhu et al., 2018; Zhu and Xu, 2019), a combined effect from the Paleo-Pacific subducting plate and the closure of the Mongol-Okhosk Ocean (Meng, 2003; Wang et al., 2011), and a multi-plate convergence around East Asia (Dong et al., 2015, 2018).
[image: Figure 1]FIGURE 1 | (A) Structural outline of the North China Craton and the surrounding. (B) Geological sketch of the northern margin of the North China Carton (modified after Zhang et al., 2006; Zhang et al., 2011). SP, Siberian plate; PPP, Paleo-Pacific plate; IP, Indian plate; NCC, North China Craton; SCB, South China block; QM, Qaidam block; TR, Tarim block; QT, Qiangtang terrane; LS, Lhasa terrane; SG, Songpan-Ganzi belt; CAOB, Central Asian Orogenic Belt; MOSZ, Mongol-Okhotsk suture zone; SSZ, Solonker-Linxi suture zone; YY, Yinshan-Yanshan fold-thrust belt; QD, Qinling-Dabie Orogen; QL, Qinlian belt; TH, Taihang Mountains; DL, Dahingganling; TF, Tan-Lu Fault Zone; BNF, Balihan-Nenjiang Fault Zone; CKF, Chifeng-Kaiyuan Fault; FLF, Fengling-Longhua Fault; JCT, Jianchang-Chaoyang Thrust Fault; SPF, Shangyi-Pingquan Fault; MQF, Miyun-Qinglong Fault; TLSF, Taiying-Lengkou-Shangying Fault; BSF, Banshen-Shuiquangou Fault; SB, Shangyi Basin.
In general, the tectonic evolution of the basins records the process of the regional stress propagation and transition (Shi et al., 2006, 2013, 2020; Li and Hou, 2018; B. Zhang et al., 2020; S. F. Liu et al., 2021). Abundant late Mesozoic intracontinental basins were developed along the northern margin of the NCC (He et al., 1998; Liu et al., 2004; J. Liu et al., 2015; Xu et al., 2016; Lin et al., 2019) and were considered as natural laboratories for studying on intracontinental deformation. In this paper, a multidisciplinary survey has been conducted in the Shangyi Basin, which is a typical area in the northern edge of the NCC that recorded late Mesozoic polyphase deformation events. A multi-technique approach, including field structural measurement, stress inversion of fault-slip vectors, cross-section restoration and balancing, and analysis of zircon U-Pb geochronology, has been performed with the aim to reconstruct the tectonic evolution history of the Shangyi Basin. The new results lead us to delineate at least three-phase of tectonic deformation for the study area during the Late Jurassic to Cretaceous. NW-SE compression in the Late Jurassic-Early Cretaceous controlled the basic tectonic framework of the basin. Furthermore, combined with previous studies, we also discussed the relationship between the paleostress regimes of the Shangyi Basin and different plate tectonic configurations and varying driving forces.
GEOLOGICAL SETTING
The Sino-Mongolian block formed due to the final closure of the Paleo-Asian Ocean along the Solonker–Linxi Suture during the late Paleozoic to early Mesozoic (Davis et al., 2001; Xiao et al., 2003; Eizenhöfer et al., 2014; Li et al., 2015). Meanwhile, the South China block in the south was also final collided with the NCC (Liu et al., 2005; Dong et al., 2011; S. F. Liu et al., 2015; Zhang et al., 2019). These large-scale tectonic events marked the beginning of intracontinental deformation of the NCC. During the late Mesozoic, located between the Sino-Mongolian block and the Siberian plate, the Mongol-Okhotsk Ocean began to close from west to east in a scissor-like fashion (Zorin, 1999; Metelkin et al., 2010). In the meantime, the NCC experienced a remarkable intracontinental orogeny, which is generally referred to as the Yanshan Movement (Dong et al., 2015, 2018; Y. Wang et al., 2018; S. F. Liu et al., 2021). The term Yanshan Movement, which was named by Wong (1927) and was initially employed to describe to Late Jurassic–Early Cretaceous unconformities, magmatism, and mineralization in the Yanshan area, is currently used to define a period of significant tectonism that affected East Asia continent during the late Mesozoic (Zhao et al., 2004; Dong et al., 2015, 2018; Y. Wang et al., 2018). The Yinshan–Yanshan fold and thrust belt in the northern margin of the NCC, which extend west–east from the western Inner Mongolia to western Liaoning province along over 1000 km (Zheng et al., 2000; Davis et al., 2001; Cope et al., 2007; Zhang et al., 2007; Lin et al., 2013), has been known as the most representative product of this intracontinental tectonic event. The Yanshan Movement can usually be divided into three sub-stages. The early stage (Yanshanian A) is marked by the disconformities at the base of the Tiaojishan Formation (Late Jurassic) and expressed by some gentle folds and local thrusts (Hao et al., 2021). The intermediate stage is characterized by the Tiaojishan Formation volcanic rocks (Zhao et al., 2004). And the last stage (Yanshanian B) is represented by a regional unconformity at the base of the Zhangjiakou Formation volcanic rocks (Early Cretaceous) and involved diffuse folding and thrust faulting (Y. Wang et al., 2018; Lin et al., 2019). Following the Yanshan Movement, the northern NCC has experienced widespread extension and thinning of the continental lithosphere during the Early Cretaceous, expressed by remarkable magmatism (Wu et al., 2011; S. H. Zhang et al., 2014; Wang et al., 2015), graben and half-graben basins (Zorin, 1999; Graham et al., 2001; Ren et al., 2002; Meng, 2003; Liu et al., 2004; Y. Q. Zhang et al., 2004; Li and Hou, 2018; B. Zhang et al., 2020) and low-angle detachment systems or metamorphic core complexes (MCCs) (Liu et al., 2008, 2021; Wang et al., 2011, 2012; Lin and Wei, 2018). Furthermore, a short phase of compression occurred after the late Early Cretaceous, which resulted in an extensive tectonic reverse of the Early Cretaceous faulted basin in Eastern China and adjacent areas (Y. Q. Zhang et al., 2004; B. Zhang et al., 2020). Some works consider this compressional event as the episode C of the Yanshanian Movement, which indicates termination of the NCC peak destruction (Zhang et al., 2008; Zhu et al., 2012).
The Shangyi Basin in the northwest of Hebei province, China, is situated on the intersection area between the ∼E-W-trending Yinshan–Yanshan fold and thrust belt and NNE-trending Dahingganling (or Greater Khingan Range) –Taihang Mountain structural belt (Figure 1B). The basin, about 800 km2 in area, is bounded by the ∼E-W-striking Shangyi-Pingquan Fault (SPF) to the north and the NE-to NNE-striking Banshen-Shuiquangou Fault (BSF) to the south, respectively (Figures 1B, 2A). The SPF, as the tectonic boundary between the Yanshan fold and thrust belt and the Inner Mongolia Palaeo-uplift, has a long evolutionary history and was marked by significant thrust and dextral strike-slip movement in the late Mesozoic (Wang et al., 1992; Hu and Song, 2002; Zhang et al., 2006). The BSF, about 40 km in length, was formed as the important component of a basement-involved thrust system in the western part of the Yanshan structural belt during the late Mesozoic (Zhang et al., 2006). In a map view, the Shangyi Basin appears as a salient projecting to the east.
[image: Figure 2]FIGURE 2 | (A) Geologic map of Shangyi area (modified after Xu et al., 2016). (B) Cross sections of A-A' and B-B'. SeeFigure 1B for location of this map. Locations of geochronological samples are shown on the map, and locations of some photos (Figures 5D–F) are also shown on the section A-A'. HYW, Huangyuwa granitic pluton. The rest figure captions are the same as Figure 1B.
The basement rocks are mostly exposed on the northern, western and southern parts of the study area (Figure 2A). Among them, the Neoarchean Hongqiyingzi Complex (ca. 2.53 Ga; Liu et al., 2007; Peng et al., 2012) is exposed in the north of the study area, and consists predominantly of the biotite plagioclase gneiss, biotite granulite, garnet-bearing biotite schist, plagioclase amphibolite and a small amount of quartzite, marble. The Paleoproterozoic Khondalite (ca. 2.0 Ga; Dong et al., 2013) is present in the west part. In the southern part, the Neoarchean to Paleoproterozoic Huai’an Complex (ca. 2500–2000 Ma; Zhao et al., 2008; H. F. Zhang et al., 2011) is well-exposed and mainly composed of Tonalite–Trondhjemite–Granodiorite (TTG) rocks, granitic gneiss, mafic granulite and moyite. In addition, the Mesoproterozoic rocks, including carbonate rocks, quartzite, quartzose sandstone and shale, are present sporadically in the northern and southern sides of the basin (Figure 2A).
Most of the magmatic intrusions are exposed along the SPF (Figure 2A), and consists of Paleoproterozoic syenite, Late Paleozoic diorite and Early Mesozoic granite, diorite and monzonite. Besides, minor amounts of Paleoproterozoic and Late Mesozoic intrusive bodies were emplaced in the western and southwestern basement rocks of the basin (Figure 2A). Among them, Late Paleozoic magmatism may be related to the closure of the Paleo-Asian Ocean (F. Wang et al., 2011). Recent research shows that the Huangyuwa granitic pluton, located about 10 km to the northeast of Xinghe, formed at 135–123 Ma, and it represents the product of magmatic activity in the Early Cretaceous (Zhang, 2019).
The basin Mesozoic stratigraphic sequence, in ascending order, comprises the Early Jurassic Xiahuayuan Formation, the Middle-Late Jurassic Jiulongshan Formation and the Late Jurassic–Early Cretaceous Tuchengzi Formation (Figure 3). The Xiahuayuan Formation present in the north part of the basin is characterized by a set of coal-bearing terrigenous sedimentation unit, which contains plentiful paleontological fossils, and it unconformably overlies the Khondalite series in the northwest side (Figure 2A). The Jiulongshan Formation is a set of variegated fluvial deposition accompany with small amount of basaltic andesite and pyroclastic rocks, which is mainly distributed in Hongtuliang, Xiajing and Dawangmaogou, as well as in the west side of the basin (Figure 2A). It unconformably contact with the underlying Xiahuayuan Formation and basement rocks. The Tuchengzi Formation is marked by the purple-red coarse-grained clastic sediments and widely distributed in the north, east, south and middle part of the basin. And it usually unconformably overlies the underlying older rock units. However, the Tuchengzi Formation in the north and south edges of the basin is also covered by Precambrian strata due to the influence of the boundary faults (Figure 2A). Broadly speaking, the Shangyi Basin is similar in lithological association with other typical Mesozoic basins in the northern margin of the NCC (Figure 3). Nevertheless, it is worth mentioning that the late Mesozoic volcanic rocks, including the Late Jurassic Tiaojishan Formation, the Early Cretaceous Zhanjiakou Formation and Yixian Formation are absent in our study area (Figure 3).
[image: Figure 3]FIGURE 3 | Late Mesozoic stratigraphic units in the Shangyi Basin and its correlation with other typical late Mesozoic basins in the North China Carton. Beipiao, Shiguai, and Yungang basins were modified from J. Liu et al. (2015), Y.C. Wang et al. (2018) and Y. Zhang et al. (2020), respectively. The geochronological data of the late Mesozoic stratigraphic units in the Beipiao Basin were obtained from Yang et al. (2007), Chang et al. (2009, 2013) and Wang et al. (2013).
In addition, the Cenozoic stratigraphic units are widespread in the north of the SPF, the eastern side of the basin and the west of Xinghe. A large area of the Miocene clastic deposits and basalt are unconformable contact with the underlying pre-Cenozoic strata in the easternmost region.
Previous studies have revealed that the evolution of the Shangyi Basin was controlled by the SPF. Relevant investigations, such as the basin-fill sequence, sedimentary environment, and lithofacies palaeogeography, have been conducted (He et al., 2008; P. Zhang et al., 2014; Xu et al., 2016). Whereas, not enough attention was paid to the research of the multi-phase activity characteristics of the basin-controlling faults and the evolution of regional tectonic stress, as well as the effective isotope chronological constraints on the Late Mesozoic strata of the basin.
METHODOLOGY
Stress Inversion of Fault-slip Vectors
We can determine the stress tensor associated with fault movements by analysing fault nature and slip direction. Considering that fault slip data, including dip directions and angles of fault planes, pitch directions and angles of striations, and strike-slip directions, are easy to obtain, this method has been extensively applied to the study of tectonic evolution (Angelier, 1979, 1984; Delvaux et al., 1995; Delvaux and Sperner, 2003; Zhang et al., 2003; Allmendinger et al., 2012; Riller et al., 2017; Lin et al., 2015; Shi et al., 2015, 2020; B.; Zhang et al., 2020). The stress inversion method is usually based on the Wallace-Bott hypothesis, which suggests that the fault-slip vector (s) is parallel to the orientation of the maximum shearing stress (τ) under the influence of a regional uniform stress tensor (Wallace, 1951; Bott, 1959). Some other conditions also need to be considered, for example 1) the stress field remain constant during a tectonic event (Angelier, 1979); 2) the faults do not interfere with each other, with no rotation of the fault planes (Lacombe, 2012); and 3) the protoliths of the deformed rocks are homogeneous and isotropic (Lacombe, 2012). In practice, there is usual an angle between the slip vector (s) and shear stress vector (τ). Therefore, this angle should be kept as small as possible so that the stress tensor we get is more accurate (Chen and Shi, 2015). The stress state or stress ellipsoid can be expressed by three principal stress axes (maximum (σ1), intermediate (σ2), and minimum (σ3) stresses, where σ1> σ2> σ3) and stress difference ratio (R = (σ2 − σ3)/(σ1 − σ3), 0 ≤ R ≤ 1). Theoretically, we need at least four independent fault-slip data to calculate a stress field (Etchecopar et al., 1981; Chen and Shi, 2015; B. Zhang et al., 2020).
In this work, we use Win-Tensor software (Delvaux et al., 1995; Delvaux and Sperner, 2003) for paleo-stress inversion. 314 fault-slip data were obtained from 34 observation sites in the field (Table 1). The relative sequences of multi-stage tectonic deformation can be determined by identifying the youngest strata that involved in various stages of deformation, by analyzing the superposition relationships of multiple slip vectors on a single fault surface, and by observing the cross-cutting relationships of truncated fault planes (Shi et al., 2015, 2020). According to the above analysis, together with the attitude of the fold hinges and the angular bisector orientations of the X-type conjugate shear fractures from different strata, we are able to reconstruct the evolutionary sequence of the late Mesozoic tectonic stress field in the Shangyi Basin.
TABLE 1 | Slip vectors on fault planes measured in the Shangyi Basin and their paleostress fields.
[image: Table 1]Balanced Cross-section Restoration
In order to carry out the quantitative analysis to tectonic deformation of the basin, we use the technique of balanced cross-section to restore the deformation and structure to its initial state based on the reliable geologic section and related geometrical rules (Dahlstrom, 1969; Hosseck, 1979; Li et al., 2011; Zhang et al., 2011; Nakapelukh et al., 2017; Y. Zhang et al., 2020). Because of the lack of seismic and borehole data in our study area, we mainly based our cross-sections on detailed field geological investigations. Generally speaking, the cross-sections should theoretically be kept orthogonal to the strikes and axes of faults and folds (or parallel to the direction of regional principal stress) (Hosseck, 1979; Song, 1985) so that the deformation behavior and the amount of shortening can be defined more accurately. Taking into account the major structural features of the basin, the sections A-A' with NW-SE-trending and B-B' with NNW-SSE-trending were selected for balancing and restoration (Figures 2A,B). Here we took the 2D-Move software to restore the deformation and estimate the crustal shortening. Meanwhile, the layer length conservation principle and plane strain should be considered during the analysis process (Dahlstrom, 1969; Li et al., 2011; Li et al., 2019).
LA-ICP-MS Zircon U-Pb Dating
To constrain the timing of tectonic deformation in the Shangyi Basin, we analyzed zircon grains from two selected rock samples (for sample locations, see Figure 2A) using LA–ICP–MS U–Pb dating. Zircon grains were extracted from crushed blocks using heavy liquid and magnetic separation techniques. Zircons were handpicked under a binocular microscope, mounted in epoxy resin, polished to expose approximately half of the grains, and gold coated. Cathodoluminescence (CL) images of zircon grains were acquired using an Analytical Scanning Electron Microscope (JSM−IT100) connected to a GATAN MINICL system. LA–ICP–MS zircon U–Pb dating was conducted at the Key Laboratory of Paleomagnetism and Tectonic Reconstruction, Ministry of Natural Resources, Beijing. The spot size and laser frequency were set to 32 µm and 5 Hz, respectively. Zircon 91500 was taken as an external standard for the U–Pb dating, and glass NIST610 was used as a standard for the trace-element calibration. The ICPMSDataCal software was used to calibrate the trace-element analysis and U–Pb dating (Liu et al., 2008, 2010). Weighted mean calculations and concordia diagrams were acquired using Isoplot/Ex_ver3 (Ludwig, 2003).
STRUCTURAL ANALYSIS IN THE SHANGYI BASIN
Major Faults and Folds
The major faults and related folds are exposed along the north and south edges of the basin. Along the northern boundary of the basin, the SPF from west of Houfugou to east of Daxigou is striking WNW-ESE and dipping towards the north or north-northeast, in spite of its whole orientation in the Yanshan belt as ∼E-W (Figures 1B, 2A). Along the SPF, Neoarchean-Paleoproterozoic basement and a few Mesoproterozoic caprock are overthrust southward onto Late Mesozoic strata. Within the footwall of the SPF, near Dawangmaogou, Xiajing and Hongtuliang, some ∼E-W- and NE-striking secondary thrusts show tectonic vergence towards the south (or the southeast). These secondary faults extend towards the northeast and eventually merge into the SPF (Figure 2A), indicating that the former are controlled by the latter. In the south margin, the BSF from Banshen to Shuiquangou is striking NE, whereas east of Shuiquangou, its direction changes into NNE (Figure 2A), and it finally disappeared in the Tuchengzi Formation of the east of Xiaosuangou. The BSF is generally steeply dipping (>60°) towards the southeast. Along the BSF, the basement rocks are thrust northwestward over the Tuchengzi Formation (Figure 2B). According to the variation trend of the attitude of the rock stratum in geological map, some folds with the NE-trending axes are mainly observed in the north and south parts of the basin, showing the asymmetric syncline or anticline controlled by the boundary faults (Figure 2B). Additionally, a WNW-trending gentle syncline occurs between Yanjiayao and Tumulu (Figure 2A), which represents a structural style different from the asymmetric folds described above.
Multi-phase Deformations and Paleo-stress Fields
Based on detailed field measurements from the Shangyi Basin, together with the superposition and cross-cutting relationships of different structures, three-stage deformation can be identified. In this part, we mainly introduced the structural deformation characteristics of each stage, as well as the corresponding inversion results of fault slip data. Relevant interpretations of their deformation sequences were presented in the Discussion section.
First Set of Structures: NW-SE Compression
We collected abundant evidence associated with this compression from 23 sites in the margins and interior of the basin (Figure 4). On the northern edge, the Neoarchean Hongqiyingzi Complex and the Mesoproterozoic quartz sandstones and carbonate rocks are usually thrust over the late Mesozoic strata along the SPF (Figures 5A,B). Slickensides and steps of the faults, asymmetric folds and fault-related drag structures all indicate a reverse faulting with the top-to-the-SE slip sense, and a NW-SE maximum principal stress (σ1) inferred by relevant fault-slip vectors (Figures 5A,B). On the southern fringe, approaching the northeast of Shuiquangou (site SY11) (Figure 4), a medium-scale NE-trending asymmetric syncline unconformably covered by the near-horizontal Cenozoic basalts can be noticed in the purple-red sandstones (Tuchengzi Formation) from the lower plate of the BSF (Figure 5C). The southeast limb of the syncline is short and sub-vertical (even overturned), but its northwest limb is long and gentle, which suggests the BSF has the kinematics with the top-to-the-NW slip sense (Figure 2B). Some other small-scale folds with the sub-horizontal NE-oriented hinges can be observed in the Tuchengzi Formation from the south of Jiashihe (site SY29) (Figures 4, 5E). Furthermore, a SE-dipping reverse fault with low dip angle has occurred along the unconformable contact between the conglomerates of the Tuchengzi Formation and the Mesoproterozoic quartz sandstones at the site SY32 (Figures 4, 5F). The fault-slip data collected along the BSF and adjacent secondary fractures were used for stress inversion, defining a uniform NW-SE maximum principal stress (σ1) (Figures 4, 5C–G). We made a systematic analysis to 149 fault-slip data points from 22 sites (Table 1) and gained a stress regime with a regional 134°/02° for σ1, 208°/35° for σ2, and 210°/72° for σ3 (Figure 4), indicating a stress regime dominated by NW-SE compression.
[image: Figure 4]FIGURE 4 | Stereographic plots for the NW-SE compressive stress field in Shangyi area, derived from analysis of fault-slip data and folds (figure captions are the same as Figures 1B, 2A). Principal stress axes (σ1, σ2 and σ3) of regional stress field are also shown on the map. Lower hemisphere, equal-area projections.
[image: Figure 5]FIGURE 5 | Representative outcrop photographs related to regional NW-SE compression. (A) Mesoproterozoic carbonate rocks are overthrust southeastward over the Jiulongshan Formation along the Shangyi-Pingquan Fault (SPF) accompanied by related drag fold exposed in the footwall. (B) Two sets of striations, including dip-direction striations with reverse faulting and sub-horizontal dextral strike-slip striations, are simultaneously exposed on one fault surface in the Xiahuayuan Formation sandstones from the footwall of the SPF, corresponding to NW-SE and NE-SW compression, respectively. (C) The basement rocks are overthrust northwestward onto the Tuchengzi Formation along the Banshen-Shuiquangou Fault (BSF), accompanied with an intermediate-scale overturned syncline developed in the footwall. (D) Approaching the BSF, the Tuchengzi Formation show nearly upright. (E) Outcrop-scale ENE-trending fold accompanied with interlayer slip. (F) A SE-dipping reverse fault with low dip angle has occurred along the unconformable contact between the Tuchengzi Formation conglomerates and the Mesoproterozoic quartz sandstones. (G) Two groups of faults crop out in the Tuchengzi Formation sandstones, including NE-striking dextral strike-slip and SE-dipping normal faults, corresponding to NW-SE compression and NW-SE extension, respectively. All the structural measurements in this work were expressed by dip direction and dip angle. Lower hemisphere, equal-area projections.
In addition, two sets of striations can be recognized on the same NW-dipping fault plane in the sandstones (Xiahuayuan Formation) from the footwall of the SPF. One group is marked by thrust faulting and the other group is characterized by dextral strike-slip faulting, corresponding to the NW-SE and NE-SW principal compressive stresses, respectively (Figure 5B). Approaching the west of Jiucaigou, two-phase faults were identified in the Tuchengzi Formation, and the early ENE-striking dextral strike-slip faults were cut by the later SE-dipping normal ones, corresponding to a NW-SE principal compressive stress and a NW-SE principal tensile stress, respectively (Figure 5G).
Second Set of Structures: NW-SE Extension
Remarkable structural styles related to the second set of structures may not be easily discernible on the map, but we still obtained some related clues from 13 artificial and natural outcrops (Figures 6, 7A–G). As the same with the first set of structures, all the late Mesozoic clastic sediments filled in the basin were involved in this extensional event, expressed by a series of SE- or NW-dipping normal faults (Figures 7A,C,D,F,G), transtensional faults (Figures 7B,E), and some typical grabens and horsts (Figure 7G). Here the systematic analysis from 107 fault-slip vectors (Table 1) shows a regional maximum principal stress axis (σ1) at 241°/77°, intermediate principal stress axis (σ2) at 049°/13°, and minimum principal stress axis (σ3) at 144°/02° (Figure 6), suggesting a stress regime of NW–SE extension.
[image: Figure 6]FIGURE 6 | Stereographic plots for the NW-SE extensional stress field in Shangyi area, derived from analysis of fault-slip data (figure captions are the same as Figures 1B, 2A). Lower hemisphere, equal-area projections.
[image: Figure 7]FIGURE 7 | Representative outcrop photographs related to regional NW-SE extension. Photo (A–C) shows that some small-scale normal and strike-slip faults are developed in the Tuchengzi Formation and reflect NW-SE extensional deformation. (D) At the south of Xiajing, the later SE- or NW-dipping normal faults dislocate the early tight folds in the coal-bearing sandstones in the Xiahuayuan Formation. (E) Two groups of faults crop out in the Xiahuayuan Formation sandy conglomerates at the southwest of Shangyi. And the dextral strike-slip faults are cut by the SSW-dipping transtensional faults, corresponding to NW-SE compression and NW-SE extension, respectively. (F) Two-phase faults are exposed in the Jiulongshan Formation at the northeast of Hongtuliang, and the early NW-dipping reverse faults are truncated by the lather SE-dipping normal faults, corresponding to NW-SE compression and NW-SE extension, respectively. (G) Some NW- and SE-dipping extension faults and well-developed horst are marked in the Jiulongshan Formation at the northeast of Hongtuliang. Lower hemisphere, equal-area projections.
Moreover, some evidence reveals that the early structures were reworked by this extensional deformation, for example some NW- or SE-dipping normal faults dislocated the early NE-trending tight folds (Figure 7D) and cut the pre-existing NE-striking reverse faults (Figure 7F). At site SY40, near the southwest of Shangyi County, two groups of faults developed in the Xiahuayuan Formation with different activity times, where the early WNW-striking dextral strike-slip faults were severed by the later SSW-dipping transtensional faults, corresponding to a NW-SE compressive stress state and a NW-SE stretching stress state, respectively (Figure 7E).
Third Set of Structures: NE-SW Compression
In our research area, the third set of structural deformation is weaker than the previous two sets of structures that we described above in terms of the scale and activity intensity. Related deformational behaviors were found from 11 field outcrops (Figures 8, 9A–F), expressed by some miniature transpressional faults (Figures 9A,E), X-type conjugate shear fractures (Figure 9B), conjugate strike-slip faults (Figures 9C,D), and outcrop-scale folds. Both the acute-angled bisector direction of the X-type conjugate shear fractures and the azimuth of the horizontal orthogonal line of fold axes are NE- or SW-directed, which also represents the orientation of maximum principal stress axis (σ1). The systematic analysis from 58 fault-slip vectors (Table 1) indicates a regional stress field with σ1 of 044°/07°, σ2 of 319°/56°, and σ3 of 130°/34° (Figure 8), implying a territorial NE-SW principal compressive stress.
[image: Figure 8]FIGURE 8 | Stereographic plots for the NE-SW compressive stress field in Shangyi area, derived from analysis of fault-slip data and folds (figure captions are the same as Figures 1B, 2A). Lower hemisphere, equal-area projections.
[image: Figure 9]FIGURE 9 | Representative outcrop photographs related to regional NE-SW compression. (A) Outcrop-scale WNW-striking strike-slip fault crop out in the pebbly sandstones of the Jiulongshan Formation, and a NE-SW compressive stress obtained by inversion of fault-slip vectors. (B) The X-type conjugate shear fractures with NE-directed acute-angled bisector are developed in the Jiulongshan Formation sandstones. (C,D) Conjugate strike-slip faults associated with NE-SW compressional deformation are marked in the Tuchengzi Formation. (E) Near the west of Daxigou, evidence of faulting related to NE-SW compression is discovered in the Tuchengzi Formation sandy conglomerates from the footwall of the SPF. (F) Two-phase faults are exposed in the Tuchengzi Formation conglomerates at the north of Tumulu, and the SE-dipping normal faults are cut by NNE-dipping transpressional faults, corresponding to NW-SE extension and NE-SW compression, respectively. Lower hemisphere, equal-area projections.
Moreover, at the north of Tumulu (site SY68), a few evidence of multiphase tectonic activity is recorded in the conglomerates of the Tuchengzi Formation. The early SE-dipping normal faults were dislocated by the later N-dipping sinistral strike-slip faults. Inversion of fault-slip data shows that these two deformations represent separately the influence of the NW-SE extension and NE-SW compression (Figure 9F).
ANALYSES OF CROSS-SECTION RESTORATION AND CRUSTAL SHORTENING RATIO
The geological cross-sections A-A' and B-B' (Figures 2A,B) are restored, aiming to estimate crustal shortening in the study area due to the NW-SE compressive stress field. Since the youngest strata involved in the NW-SE compressional deformation is the Tuchengzi Formation, which is widely distributed in the basin, we can take the lower boundary of the Tuchengzi Formation as the marker bed for cross-section restoration.
To make the operation easier, it is usually assumed that the same layer is a constant thickness along the entire section. However, our field investigations do not support such a hypothesis. For instance, in the section A-A', the stratigraphic sequence in the footwall of the BSF is successively the Neoarchean-Paleoproterozoic basement unit, the Jiulongshan Formation, and the Tuchengzi Formation from the bottom up, which is quite different from that in the hanging wall, including the basement rocks, the Mesoproterozoic quartz sandstones and the Tuchengzi Formation in ascending order (Figures 2B, 10). The Jiulongshan Formation is only developed in the footwall of the BSF, which is absent in the upper wall. Here we can speculate that the palaeotopographical effect may trigger the pinch-out of the Jiulongshan Formation in the lower plate of the BSF and then may cause a directly unconformable contact between the Tuchengzi Formation and the underlying older strata. The similar case may occur in the Mesoproterozoic unit of the section A-A', as well as in other related strata of the section B-B' (Figures 2B, 10). Therefore, taking the bottom boundary of the Tuchengzi Formation as the marker layer can avoid the above problem effectively. Besides, given the tectonic denudation, we can’t confirm the original depositional thickness of the Tuchengzi Formation, and only replace it with the maximum layer thickness on the sections. Finally, the layer length conservation principle was used to estimate the minimum crustal shortening (Li et al., 2011). Additionally, we ignore the effects of the NW-SE extension and NE-SW compression, as these tectonic events generated limited reshaping of the present-day cross-sections (the sections A-A' and B-B').
[image: Figure 10]FIGURE 10 | The results of balance and restoration of the sections A-A' and B-B'. Subsurface geometries are largely schematic due to lack of geophysical data. The legends are the same as Figure 2B. The rest figure captions are the same as Figure 1B.
Our results show that the present lengths of the sections A-A' and B-B' are independently 18.7 and 42.1 km, and their restored lengths are separately 21.5 and 57.6 km, indicating their minimum shortening ratios are 13 and 27%, respectively (Figure 10). The crustal shortening was mainly accommodated by the boundary thrust faulting and internal folding of the basin. In addition, most of the deformation occurred in the north and south margins of the basin accompanied with weak tectonic response in the interior region. Combined with the space geometries and shortening ratios of the two cross-sections (Figures 2A,B, 10), we discovered that the contribution of tectonic shortening from the north part of the basin obviously exceeded that from the south side.
GEOCHRONOLOGICAL RESULTS
Two rock samples were collected for zircon U-Pb dating to constrain the timing of deformation in the basin. Sample locations are shown in Figures 2A, 11A,E. The detailed results are presented in Figure 12 and in the Appendix (Supplementary Table A1).
[image: Figure 11]FIGURE 11 | Outcrop photographs of zircon U-Pb dating samples from Shangyi area. (A) Sample SY86 was collected from a pyroclastic interlayer within the sandstones of the Jiulongshan Formation near the Beicaonian in the west edge of the basin. The interlayer, along with surrounding strata, is gently inclined to the northeast. (B) The conformable contact between the pyroclastic interlayer and underlying sandstones. (C) The X-type conjugate shear fractures resulted from NE-SW compression are exposed on the pyroclastic rocks. (D) Fault striations associated with NW-SE compression are developed in the pyroclastic rocks. (E) Sample SY57 was acquired from a NE-trending mafic dike intruded into the sandstones (Tuchengzi Formation) at the north of Jiashihe. (F) The near-upright mafic dike is embedded in the subhorizontal Tuchengzi Formation sandstones. Lower hemisphere, equal-area projections.
[image: Figure 12]FIGURE 12 | Representative cathodoluminescence (CL) images of zircons and LA-ICP-MS U–Pb zircons dating results for samples SY86 and SY57. (A,B) CL images of zircons for samples SY86 and SY57, respectively. (C,D) Weighted mean calculations and concordia diagrams of zircon ages for samples SY86 and SY57, respectively. (E,F) Histograms of zircon ages for two samples (SY86 and SY57). See text for more details.
Sample SY86 was collected from a pyroclastic interlayer within the sandstones of the Jiulongshan Formation near the Beicaonian. This interlayer (10–15 m thick) is predominantly the andesitic volcanics mixed with bits of clastic deposit, and it’s gently inclined to the northeast. Based on field observations, the apparent sedimentary contact between the andesitic pyroclastic rocks and the surrounding sandstone can be defined clearly (Figures 11A,B). The results show that apparent ages of 102 zircon grains are between 2533 ± 23 Ma and 152 ± 4 Ma (Figures 12C,E), with the younger ages (n = 21) defining a weighted mean 206Pb/238U age of 161.3 ± 2.3 Ma (MSWD = 4.7) (Figure 12C). These younger zircon grains are mostly subhedral, and a magmatic origin of them is inferred based on the recognition of oscillatory zoning in CL images (Figure 12A) and the Th/U ratios (0.54–1.26; Supplementary Table A1) (Belousova et al., 2002). The weighted mean 206Pb/238U age is interpreted as the formation age of the andesitic pyroclastic rocks, and also reflecting the formation age of the Jiulongshan Formation. Other older ages are possibly the detrital zircon ages (Figures 12A,C,E).
Sample SY57 was acquired from a NE-trending mafic dike intruded into the sandstones (Tuchengzi Formation) at the north of Jiashihe (Figures 2A, 11E,F). This mafic dike, over 1 km in length and 1–2 m in width, may belong to the product of regional NW-SE extensional deformation. We intended to take the formation age of the dike to constrain the timing of NW-SE extension. Unfortunately, it did not work. Apparent ages of zircons (n = 84) are between 2596 ± 20 Ma and 186 ± 2 Ma (Figures 12B,D,F and Supplementary Table A1). The youngest age of 186 ± 2 Ma represents the Early Jurassic, which is overtly earlier than the age of surrounding Tuchengzi Formation and also precede the formation age of 161 Ma obtained from the Jiulongshan Formation. In consequence, all the ages may reflect the ages of the captured detrital zircons from the wall rocks rather than indicate the formation age of this mafic dike.
DISCUSSIONS AND INTERPRETATIONS
Timing of Three-phase Deformation
According to the analysis of multi-stage deformation, we established a relative evolutionary sequence of the basin during the late Mesozoic, including the early NW-SE compression, the middle NW-SE extension and the later NE-SW compression. The present bulk architecture of the basin was controlled by the early NW-SE compressional stress, and the subsequent two tectonic events only caused limited destruction to the previous tectonic framework.
Some fault striations associated with NW-SE compression and the X-type conjugate shear fractures resulted from NE-SW compression were simultaneously observed in the pyroclastic interlayer at the location of sample SY86 (Figures 11B–D), indicating that both of the two compressional events commenced posterior to 161 Ma. Our structural analysis has revealed that the Tuchengzi Formation is the youngest strata suffered from NW-SE compressional deformation. Many investigations suggest that the Tuchengzi Formation in the Yanshan belt is commonly marked by the molasse-like formations or synorogenic deposits (Zhao, 1990; Zhang, 1999; He et al., 2008), whose lower limit age has been usually constrained to 157–151 Ma (Cope, 2003; Xu et al., 2012; Qi et al., 2015; Fu et al., 2018). Furthermore, despite we failed to define the emplacement age of the NE-oriented mafic dike at the east edge of the basin from our sample SY57, Xu et al. (2016) reported a SHRIMP zircon U–Pb age of 141 ± 1 Ma from the mafic dikes that intrude in the upper part of the Tuchengzi Formation in the eastern Shangyi basin. Many other mafic dikes intruded in the Tuchengzi Formation were widely recognized in North China and Northeast China. Their ages of emplacement are concentrated in 144–140 Ma, indicating a regional extensional tectonic setting during the Early Cretaceous (Xu et al., 2017). Based on the analysis above, the timing of NW-SE compressional deformation can therefore be constrained to ca. 151–141 Ma. In the light of regional tectonic evolution, NW-SE compressional deformation was closely related to the episode B of the Yanshanian movement (Yanshanian B) in the NCC, expressed by territorial Late Jurassic–Early Cretaceous disconformities, series of fold-thrust structures and transpressional fault systems (Wong, 1927; Davis et al., 1998; Zhao et al., 2004; Zhang and Dong, 2008; Li et al., 2016; Zhu et al., 2018; Lin et al., 2019), which has been constrained to 160–135 Ma (Zhao et al., 2004; Zhu et al., 2015; Clinkscales and Kapp, 2019; Lin et al., 2019).
Niu et al. (2003) used the SHRIMP zircons U-Pb dating from the base of the Zhangjiakou Formation volcanics in the basin of the central Yanshan belt to determine the change in regional tectonic regime from compression to extension occurred at 136 Ma. As is well-known, during the Early Cretaceous, regional NW-SE extension was matched with widespread lithospheric extension and destruction in eastern China, manifested by massive magmatism and remarkable NE-trending basin-range structures, which has been normally constrained to 135–110 Ma (Wu et al., 2005; Wang et al., 2012, 2015; Daoudene et al., 2013; Zhu et al., 2018). The Early Cretaceous volcanics are absent in the Shangyi Basin. Whereas, Zhang (2019) recently provided new evidence of the magmatic activity in Shangyi area during the middle–late Early Cretaceous based on the zircons U–Pb ages of 135–123 Ma from the Huangyuwa granitic pluton (or the Xiaodaqingshan granites) at the northeast of Xinghe (Figure 2A). The above descriptions allows us to constrain the timing of NW-SE extension to ca. 135–110 Ma.
In the northern margin of North China, correlational studies of NE-SW compression during the late Mesozoic were rarely reported. Based on the comprehensive analysis of the intracontinental transform structures in the joint part of the Yanshan and Taihang Mountain belts during the Early Cretaceous, Lin et al. (2020) suggested that the Yanshan belt was marked by ∼E-W-oriented sinistral extension after 129 Ma. A local NE-SW compressive stress field may be derived from this sinistral transtensional structure, whereas the multi-stage tectonic evolution sequences established in this paper cannot support this pattern. Actually, C. H. Zhang et al. (2004) investigated the NW-striking Taiying-Lengkou-Shangying Fault Zone in the central part of the Yanshan belt, which has experienced multi-phase tectonic movements in the late Mesozoic, including thrusting, extension and strike-slip faulting. A significant reversal faulting with the top-to-the-SW slip sense along the Taiying-Lengkou-Shangying Fault Zone occurred after the generated age of the late Early Cretaceous Jiufotang Formation, causing an asymmetric syncline with the NE-dipping axial plane was formed in the Jiufotang Formation in the footwall (C. H. Zhang et al., 2004). Moreover, Yang (2015) conducted the analysis of Mesozoic tectonic deformation and palaeostress field in the southern area of Jianchang, Western Liaoning Province, China and established a model of four-phase tectonic evolution. The NW- to NNW-oriented fold and fault system was considered as the result of the latest NE-SW compression, whose activity age was identified as later than the Jiufotang Formation (Yang, 2015). The Jiufotang Formation in the northern NCC is predominantly a set of fossil-bearing lacustrine sediments, whose age constraints was still lacking in reliable geochronology data and was generally defined by the research of Paleontology and Stratigraphy. He et al. (2004) reported the K-feldspars 40Ar/39Ar date of 120.3 ± 0.7 Ma from the tuff interlayer within the shale of the Jiufotang Formation at the Shangheshou section in Chaoyang, Liaoning, northeastern China. Another radioisotopic age of the Jiufotang Formation has been dated from Tebch, Inner Mongolia, with a 40Ar/39Ar age of 110.59 ± 0.52 Ma got from intrusive basalt within the Jiufotang Formation (Eberth et al., 1993), which may provide a top limit for the Jiufotang Formation. In consequence, NE-SW compression may commence posterior to 110 Ma. Given that the Cenozoic strata in the study area were not involved in NE-SW compressional deformation, this tectonic event may occur at the late Early Cretaceous–Late Cretaceous.
Tectonic Origin of the Tuchengzi Formation
In addition to the Shangyi Basin, the Tuchengzi Formation is also extensively exposed in other typical late Mesozoic basins in the northern margin of the NCC. The origin of the Tuchengzi Formation was variously interpreted to be related to 1) the flexural basin controlled by compression and thrusting (He et al., 2008; J. Liu et al., 2015; Liu et al., 2018; Lin et al., 2019); or 2) intraplate rift environment (Shao et al., 2003; P. Zhang et al., 2014; Y. Q. Liu et al., 2015; Xu et al., 2016). According to this study, integrated with previous achievements, we believe that the Tuchengzi Formation of the Shangyi Basin developed during a compression environment. The reasons are as follows. 1) Abundant chronological data show that the Tuchengzi Formation was formed in the Late Jurassic-Early Cretaceous (157–137 Ma) (Cope, 2003; Zhang et al., 2009；; Xu et al., 2012; Wang et al., 2013; Qi et al., 2015; Li et al., 2016; Fu et al., 2018; Lin et al., 2019; Shi et al., 2019), which is consistent in time with the Yanshanian B. 2) Since the lack of accurate chronological data, P. Zhang et al. (2014) and Xu et al. (2016) assigned the pyroclastic interlayer within the sandstones near the west edge of the basin to the Tuchengzi Formation, and they considered the pyroclastic deposit reflected an extensional environment during the depositional stage of the Tuchengzi Formation. However, our chronological results confirmed this set of pyroclastic rocks was formed at 161 Ma (Figures 3, 12C), corresponding to the sedimentation time of 164–158 Ma from the lower part of the Jiulongshan Formation (Chen et al., 2014; Li et al., 2014; Lin, 2019). Meanwhile, numerous studies have shown that the molasse-like characteristics of the Tuchengzi Formation represent the thrust faulting from the basin-controlling faults (J. Liu et al., 2015; Liu et al., 2018; Lin et al., 2019, Shi et al., 2019). 3) The overall tectonic framework of the basin is controlled by NW-SE compressional stress, and the synsedimentary normal faults associated with the Tuchengzi Formation are not found on the edges of the basin (He et al., 2008). Xu et al. (2016) took the Early Cretaceous mafic dikes intrude in the upper part of the Tuchengzi Formation in the Shangyi basin as the result of syntectonic emplacement during the late sedimentary stage of this formation, suggesting an extensional tectonic setting. Nevertheless, based on our fieldwork, these mafic dikes are not appeared as the interlayers but manifested as evident cross-cutting relationships with the surrounding strata (Figures 11E,F), which implies that the regional extension may later than the Tuchengzi Formation. 4) The stratigraphic succession of the Tuchengzi Formation in Shangyi area is characterized by an upward decrease in grain size (Figure 3), which is inconsistent in sedimentary characteristics with that in others Mesozoic basins (such as the Luanping Basin, the Chicheng Basin, and the Qianjiadian Baisn) in the Yanshan belt, expressed by a sequence with fining-upward first and then coarsening-upward in grain size (J. Liu et al., 2015; Lin et al., 2019; Shi et al., 2019). This difference may be related to the geotectonic location of the study area. Related research reveals that the Taihang Mountains might have experienced two significant tectonic uplifts during the late Middle Jurassic to Early Cretaceous (Wang and Li, 2008; Cao et al., 2013; Yang et al., 2014), which may result in the denudation of the upper part of the Tuchengzi Formation and the lack of late Mesozoic volcanic rocks in Shangyi region.
Of course, we are not ruling out that some transitory tectonic quiet periods (even the short-lived weak extensional episodes) may occur in the depositional phase of the Tuchengzi Formation. Shi et al. (2019) confirmed that the middle and upper part of the Tuchengzi Formation in the Qianjiadian Basin in the western Yanshan fold and thrust belt was controlled by the NE-striking Qianjiadian thrust fault and the SPF. Before that, the basin has experienced an obvious lake transgression event during the early deposition of the Tuchengzi Formation, suggesting a temporary tectonic quiet period (Shi et al., 2019).
Implications of Crustal Shortening-thickening to Craton Destruction
Based on restoration of the section B-B', we obtained the minimum crustal shortening ratio of 27% in Shangyi area under the control of NW-SE compression during the late Late Jurassic to earliest Cretaceous. Horizontal shortening of the crust was principally accommodated by vertical crust thickening resulted from the thrust faulting and the buckle folding. Numerous studies confirmed that the Yanshanian movement caused conspicuous thickening of the lithosphere in eastern China during the late Mesozoic (Zhao et al., 2004; Zhang et al., 2008; Dong et al., 2015, 2018). Based on balanced cross-section reconstructions, Zhang et al. (2011) estimated the north-south-directed shortening of the central part of the Yanshan belt before 135 Ma was around 38%, causing crustal thickening up to 12–15 km. Subsequently, the tectonic regime in eastern China and its adjacent areas underwent a remarkable transition from compression to extension, generating extensive lithospheric destruction and thinning. In recent years, some significant evidence of early crustal shortening-thickening has been discovered from some representative low-angle detachment systems or metamorphic core complexes developed in the northern margin of the NCC (Wang et al., 2011; Zhu et al., 2015), indicating an intimate relationship between crustal shortening-thickening and lithospheric destruction. On the one hand, the thickened crust may usually give rise to deep-seated partial melting, and then continuous melting may cause the weakening of deep-seated rocks and may further trigger crust–mantle decoupling (Liu et al., 2009, 2020). On the other hand, lithospheric isostasy and the coeval magmatism caused the thickened crust uplifted significantly accompanied with increasing gravitational potential energy, which incurred the destruction of the original stability of the craton and also provided favorable conditions for the subsequent intense extensional collapse of the middle and upper crust (Zheng and Wang, 2005; Wang et al., 2011; Zhang et al., 2011).
Tectonic Evolution and Geodynamic Interpretation
Intracontinental deformation events occurred at pre-Late Jurassic in the north edge of the NCC had been recognized in many studies. For instance, some significant ∼E-W-striking faults in Yanshan belt, including the Fengning-Longhua Fault, the Gubeikou-Pingquan Fault (namely the eastern the Shangyi-Pingquan Fault) (Figure 1B) and so on, were characterized by thrusting towards the south of hanging wall during the pre-Middle Jurassic (J. Liu et al., 2012; Li et al., 2016; S. F. Liu et al., 2021), indicating the ∼N-S crustal shortening. Afterwards, a regional unconformity interface formed between the Tiaojishan Formation and the underlying older stratigraphic units, which reflects the episode A of the Yanshanian movement. Furthermore, a set of molasse-like formations represented by the Longmen Formation conglomerates from the Western Hills of Beijing acted as the crucial sedimentary response of this tectonic movement (Xu et al., 2016). However, in view of limited structural data in this work, here we mainly discuss the Late Jurassic-Cretaceous tectonic deformation in the northern margin of North China.
During the Late Jurassic to earliest Cretaceous (ca. 151–141 Ma), after the short tectonic quiet period, another intense intracontinental deformation event, namely the episode B of the Yanshanian movement, occurred in northern margin of the NCC. The SPF, as the north boundary of the Shangyi Basin, reactivated under the influence of regional NW-SE compression, expressed by obvious dextral strike-slip movement. Meanwhile, the BSF was formed on the southern edge of the basin and was marked by a reverse fault with the top-to-the-NW slip sense. These thrust structures have shown as the basement-involved thick-skinned tectonics, which made all the late Mesozoic strata in the basin subject to folding and thrusting and formed a structural style of facing thrusts (Figure 13A1). In addition, some evidence related to the ∼N-S contraction deformation has also been identified simultaneously in the north margin of the NCC. For example, Zhu et al. (2015) reported that the Sihetang ductile shear zone in the middle of the Yanshan belt was a thrusting zone with the top-to-the-SSW shear sense during the early Early Cretaceous (140–137 Ma); Davis et al. (2001) deemed that the high-angle Gubeikou Fault shown as a thrust fault with the top-to-the-south slip sense during the Late Jurassic to earliest Cretaceous (148–132 Ma). The above information demonstrates that the north edge of the North China might be affected by multiple tectonic domains in this period.
[image: Figure 13]FIGURE 13 | Late Mesozoic tectonic evolution of the Shangyi area (A1–C1) and possible dynamic mechanisms (A2–C2) (modified after Wang et al., 2011; Wang et al., 2017). SLB, Songliao Basin; HB, Huabei Basin; OB, Ordos Basin; SSZ, Solonker-Linxi suture zone; SLSZ, Sulu suture zone; SDSZ, Shangdan suture zone; MLSZ, Mianlue suture zone. The rest figure captions are the same as Figures 1A,B. See text for more details.
The geodynamics of NW-SE compression in this stage was normally considered as the subduction of the Paleo-Pacific plate beneath the East Asian continent (Liu et al., 2017, 2018; Zhu et al., 2018; Clinkscales and Kapp, 2019; Lin et al., 2019). However, this suggestion cannot explain the simultaneous ∼N-S or NNE compressional deformation in the northern margin of the NCC (Lin et al., 2013), which was usually attributed to the closure of the Mongol-Okhosk Ocean (Zorin, 1999; Davis et al., 2001; Meng, 2003; Donskaya et al., 2008; Wang et al., 2011, 2015; Zhu et al., 2015). Some studies suggest that the Mongol-Okhotsk Ocean began to close from west to east in a scissor-like fashion during the late Mesozoic, and the final collision may occur in the Early Cretaceous (Metelkin et al., 2010). Under the influence of the closure of the Mongol-Okhosk Ocean in the north, series of N-S-directed tectonic shortening were marked in the northern margin of the NCC (He et al., 1998). Therefore, this stage of tectonic event (namely the Yanshanian B) may be driven by a combined effect from both of the subduction of the Paleo-Pacific plate beneath East Asia and the closure of the Mongol-Okhosk Ocean (Figure 13A2).
During the middle–late Early Cretaceous (ca. 135–110 Ma), the NCC underwent widespread lithospheric extension and destruction, expressed by vast magmatism and the development of abundant extensional structures. Due to previous compression and uplifting, the Early Cretaceous volcanics are quite undeveloped in Shangyi area. Nevertheless, under the control of regional NW-SE extension, some outcrop-scale extensional structures were formed in margins and interior of the basin, and some coeval mafic dikes and intermediate-acid granites were also invaded sporadically in the east and west sides (Figure 13B1). Compared with the contemporaneous representative extensional basins and low-angle detachment systems (or metamorphic core complexes) in the northern margin of the NCC (Wang et al., 2011, 2012; Lin and Wei, 2018), the strength and influence of NW-SE extensional deformation in the Shangyi Basin are very limited and are not change the previous tectonic framework, which may reflect the inhomogeneous extension and thinning of the lithosphere (Xu, 2004; Liu et al., 2009). Many researchers linked far-ranging NW–SE extensional deformation in North China during the Early Cretaceous to the roll-back of the Paleo-Pacific subducting plate (Griffin et al., 1998; Davis et al., 2001; Ren et al., 2002; Zhu et al., 2011; Liu et al., 2017; B. Zhang et al., 2020). However, many extensional structures, such as half-graben basins, metamorphic core complexes, and syntectonic plutons bounded by low-angle normal faults, were also recognized in Transbaikalia and adjacent areas in the northern Central Asian Orogenic Belt, whose origin was owed to post-orogenic extensional collapse of the Mongol–Okhotsk belt (Zorin, 1999; Meng, 2003; Donskaya et al., 2008; Wang et al., 2011). These extensional structures show the highly consistent in activity age with the lithospheric extension and thinning of the NCC (Donskaya et al., 2008; Wang et al., 2012, 2015; Daoudene et al., 2013; Lin and Wei, 2018). Furthermore, in terms of the geotectonic position, the distance between the northern margin of the NCC and the subducting edge in the east is roughly the same as the distance from the northern margin of the NCC to the Mongol–Okhotsk belt in the north (Figure 1A). The geodynamic context of this far-ranging NW–SE extensional event is thus likely associated with back-arc extension triggered by the roll-back of the Paleo-Pacific subducting plate and post-orogenic extensional collapse of the Mongol–Okhotsk belt (Figure 13B2).
After the late Early Cretaceous (<110 Ma) (or may be during the late Early Cretaceous–Late Cretaceous), the Shangyi Basin experienced NE-SW compression. This compressional event, whereas, only caused limited destruction and transformation to the early structures, which was shown as local strike-slip displacement along the boundary faults, some outcrop-scale X-type conjugate shear fractures, and NW-trending open fold (Figure 13C1). It should be noted that the Cretaceous faulted basin in Eastern China experienced an important tectonic reverse associated with another NW-SE compressive stress field during the late Early Cretaceous-Late Cretaceous (Y. Q. Zhang et al., 2004; Liu et al., 2017; B. Zhang et al., 2020), which reflects termination of the NCC peak destruction. Here NW-SE compression is inconsistent in orientation with the contemporaneous NE-SW compression, implying a complex tectonic situation of intracontinental multidirectional compressional deformation in the north edge of the NCC during this period.
About the driving mechanism, on the one hand, this stage of NW-SE compression may be linked to the change of velocity and angle of the subducting plate (Zhang et al., 2008; Zhu et al., 2018; B. Zhang et al., 2020). After further analysis, some researchers have argued that an undefined ocean block or plateau collided with the southeast margin of East Asia continent during the Late Cretaceous (ca. 100 Ma) (Yang, 2013; Niu et al., 2015; J. Zhang et al., 2020). Then this unknown block continued moving to the north along the east margin of East Asia, which affected the compression-shear structural environment in the east edge of East Asia. In this process, Paleo-Pacific Plate changed into low-angle subduction again (Figure 13C2) (Yang, 2013; J. Zhang et al., 2020). However, on the other hand, NE-SW compression is almost perpendicular in orientation to the subduction of the Paleo-Pacific plate, so the latter is unlikely to be the geodynamic background of the former. Simultaneously, the Mongol-Okhosk Ocean has closed, suggesting the driving force may not be from the north. Actually, the Qiangtang and Lhasa terranes at the southwest of the NCC (Figure 1A) experienced collision and collage during the Mesozoic (Guynn et al., 2006; Kapp et al., 2007; Ma et al., 2017). The Bangong-Nujiang suture zone, as the boundary between the Qiangtang and Lhasa terranes, represents the relic of the Mesozoic Bangong–Nujiang Tethyan Ocean (Wang et al., 2016). Recently, Peng et al. (2020) conducted a systematic petrologic, geochemical and isotope chronological investigation in Tongka area, which is located in the eastern section of the Bangong-Nujiang suture. They deemed that the initial subduction of the Bangong–Nujiang Tethyan Ocean may start at 190 Ma, and its eventual closure may continue to the Late Cretaceous (Peng et al., 2020). Considering that the subduction and closure of the Bangong–Nujiang Tethyan Ocean is consistent in direction with regional NE-SW compression, we can speculate that the NE-SW compression may be linked to the remote effect of the final collision between the Qiangtang and Lhasa terranes (Figure 13C2).
CONCLUSION
According to our results, the following conclusions can be drawn.
(1) We delineate three phases of intracontinental deformation in the Shangyi Basin during the late Mesozoic in the following chronological order: NW-SE compression during the Late Jurassic to earliest Cretaceous (ca. 151–141 Ma); NW-SE extension during the middle–late Early Cretaceous (ca. 135–110 Ma); and NE-SW compressional deformation later than 110 Ma. NW-SE compression controlled the present basic tectonic framework of the basin, and the subsequent two tectonic deformations only caused limited destruction to the previous structures.
(2) Based on balanced cross-section restoration, we estimate the minimum crustal shortening ratio of 27% in Shangyi area under the control of NW-SE compression. Moreover, the contribution of tectonic shortening from the north side of the basin is greater than that from the south side.
(3) NW-SE compression is consistent in activity age with the episode B of the Yanshanian movement, and the latter may be related to the subduction of the Paleo-Pacific plate beneath East Asia and the closure of the Mongol-Okhosk Ocean. The subsequent NW–SE extensional event is likely to be reflects the destruction of the NCC during the Early Cretaceous, which may result from the roll-back of the Paleo-Pacific plate and post-orogenic extensional collapse of the Mongol-Okhotsk belt. The NE-SW compressional deformation may be related to the remote effect of the final collision between the Qiangtang and Lhasa terranes.
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We compile existing seismic, gravity, radar and magnetic data, together with the subglacial bedrock relief from the BEDMACHINE project, to build the most detailed sediment model for Antarctica. We interpolate these data according to a tectonic map of Antarctica using a statistical kriging method. Our results reveal significant sediment accumulation in Antarctica with several types of sedimentary basins: parts of the Beacon Supergroup and more recent rifting basins. The basement relief closely resembles major geological and tectonic structures. The thickness of sediments has significant variations around the continent, and depends on the degree of crustal extension. West Antarctica has wide sedimentary basins: the Ross basin (thickness 2–6 km), the Filchner-Ronne basin (2–12 km) with continuations into East Antarctica, the Bentley Subglacial Trench and the Byrd basin (2–4 km). The deepest Filchner-Ronne basin has a complex structure with multi-layered sediments. East Antarctica is characterized by vast sedimentary basins such as the Pensacola-Pole (1–2 km), Coats Land (1–3 km), Dronning Maud Land (1–2 km), Vostok (2–7 km), Aurora (1–3 km), Astrolabe (2–4 km), Adventure (2–4 km), and Wilkes (1–4 km) basins, along with narrow deep rifts filled by sediments: JutulStraumen (1–2 km), Lambert (2–5 km), Scott, Denman, Vanderford and Totten (2–4 km) rifts. The average thickness of sediments for the whole continent is about 0.77 km. The new model, ANTASed, represents a significant improvement over CRUST 1.0 for Antarctica, and reveals new sedimentary basins. Differences between ANTASed and CRUST 1.0 reach +12/−3 km.
Keywords: sediments, Antarctica, Gondwana, Denman, Vanderford, Astrolabe, Adventure, Scott
INTRODUCTION
Sediments represent the most heterogeneous layer of the Earth’s interior and their characteristics can mask the mantle signature in geophysical measurements. In addition, information on age and density of sediments is also important for geodynamical and gravity modeling. Most of the large sedimentary basins formed due to crustal extension (continental rifting), a process initiated by mantle convection (e.g. Hartley and Allen, 1994). Geophysical data provide important clues on basin structure and origin. Seismic, gravity, radar, magnetic, and subglacial relief data can be used to construct sedimentary thickness maps. Sediment properties, such as their density, can also be estimated using geophysical data, from which their load can be inferred as a parameter for determining isostatic balance. Considerable efforts to investigate the sediments have been undertaken in the past, but some parts of the world are still poorly studied, such as Antarctica. Here, the ice sheet is partly underlain by sedimentary basins, and knowledge of the subglacial sedimentary layer holds particular interest because of its role in glacier dynamics (e.g., Aster and Winberry, 2017) as sediments reduce basal friction and may thus favor basal sliding (Anandakrishnan et al., 1998). Also, low-lying subglacial sedimentary basins may be below sea level, and thus have important implications on ice sheet stability over global change (Studinger et al., 2001; Joughin and Alley, 2011). Global sediment models such as CRUST1.0 (Laske et al., 2013) and CRUST2.0 (Bassin et al., 2000) are poorly constrained in Antarctica. CRUST2.0 uses crustal types on a 2 × 2 Cartesian grid to specify sediment properties, including sediment thickness, while model CRUST1.0 uses the sediment model of Laske and Masters (1997) based on maps available at the time, including the 1985 AAPG Tectonic Map of the World assembled for Exxon (Laske et al., 2013). These global models obviously could not take into account the later maps of subglacial relief (Fretwell et al., 2013; Morlighem et al., 2020), magnetic and gravity data (e.g. Aitken, et al., 2014; Frederick et al., 2016; Scheinert et al., 2016; Golynsky and Golynsky 2019). A preliminary regional map of the total sediment thickness has been built by Baranov et al. (2018a). They found large basins of sediments, with maximum thickness under the Filchner-Ronne Ice Shelf (14 km). However, not all data had been taken into account at the time. In addition, that model has low detail in the interior regions. It is therefore important to update the sediment model for Antarctica using newly available geophysical data. Seismic tomographic images indicate cold, high seismic velocity, subcontinental mantle under East Antarctica (Danesi and Morelli, 2001; Becker, 2012; An et al., 2015) and a descending mantle flow (Chuvaev et al., 2020). On the contrary, under West Antarctica, according to tomographic models, we see presence of hot low-velocity upper mantle, and upwelling mantle flow (e.g., Morelli and Danesi, 2004; Lucas et al., 2020). Processes of extension and magmatism continue there at present time (Faccenna et al., 2008). West Antarctica is now a large zone of crustal extension, and can therefore be inferred as a vast area of sediment accumulation (Jordan et al., 2020).
Perhaps the most important tectonic feature of West Antarctica is the West Antarctic Rift System — a 500–600 km wide region of stretched continental crust that borders the Transantarctic Mountains (Davey et al., 2006; LeMasurier, 2008; Jordan et al., 2010; Granot et al., 2013a; Tinto et al., 2019; Jordan et al., 2020; Lucas et al., 2020). This rift system differs from other active rift systems in one important respect: it has very low (subglacial) relief (1,000–2,500 m below sea level). Rifting processes began during and before the Gondwana breakup, and in some places they continue till now (Granot et al., 2013b). Broad-mode Cretaceous rifting linked to the Gondwana breakup has been followed by narrow-mode Cenozoic rifting (Brink et al., 1993; Davey et al., 2006; Huerta and Harry, 2007). These processes have been accompanied by sediment accumulation (Hole and LeMasurier, 1994). The new BEDMACHINE detailed subglacial topography map (Morlighem et al., 2020) reveals some new features of the subglacial structure of Antarctica and creates the prerequisites for improving a sediment thickness map. In this study, we compile seismic, bedrock and other geophysical data to construct a new sediment model of Antarctica. The framework of our map is given by the BEDMACHINE subglacial relief (Morlighem et al., 2020), and the gravity map from Scheinert et al. (2016). The data and the compilation technique are described in Data Compilation and Methods and Table 1. Results are described in Results. Discussion and concluding remarks are given in Discussion and Conclusion.
TABLE 1 | Data sources used in this study.
[image: Table 1]DATA COMPILATION AND METHODS
Seismic data for Antarctica are geographically rather sparse, especially in inland regions. However, we also resort to new gravity, radar, bedrock and magnetic data to infer information on shallow crustal structure in regions without seismic coverage. These data mainly provide indirect values for sediment thickness. However magnetic data allow a fairly accurate determination of sediment thickness i.e. depth to magnetic basement e.g. (Aitken et al., 2014). The data sources are presented in Table 1. They result in an uneven data distribution on the whole continent (Figure 1). Having collect suitable data, we analyse them, infer additional contours of sediment thickness according to the bedrock relief, and interpolate the data array onto a geographical grid, created with an azimuthal equidistant projection centered at the South Pole, with grid step 0.1°, using standard kriging (linear variogram; SURFER, Golden Software package). We limit the grid by the border of the Antarctic continent. This technique has been described in detail and applied to construct Moho models for Antarctica (Baranov and Morelli, 2013; Baranov et al., 2018a) and the crustal models for Central and Southern Asia (Baranov, 2010; Baranov et al., 2018b). We obtain seismic velocity information for sediments from Deep Seismic Sounding (DSS), wide-angle reflection, and refraction profiles (Table 1). We estimate uncertainties of such a model, using standard deviations (SURFER, Golden Software package). Although kriging standard deviations do not necessarily give an accurate picture of the interpolation prediction error (e.g., Cressie, 1990), we provide such a map in Figure 2. It can be interpreted as a proxy for the relative geographical reliability of our model. Nevertheless, we believe that the sediment map for Antarctica has significantly been improved by integrating many more information sources than in earlier studies.
[image: Figure 1]FIGURE 1 | Subglacial relief in Antarctica according to BEDMACHINE (Morlighem et al., 2020). Notation used: black triangles represent seismic stations; black lines represent seismic profiles. Used abbreviation: PPB, Pensacola-Pole Basin; EM, Ellsworth Mountains; BB, Byrd Basin; BST, Bentley Subglacial Trench; SHR, Shackleton Range; TM, Theron Mountains; SR, Scott rift; DR, Denman rift; VR, Vanderford rift; TR, Totten rift; AT, Adventure Trench; ASB, Astrolabe Subglacial Basin; RH, Resolution Highlands; DB, Dufek Block; RSH, Recovery Subglacial Highlands.
[image: Figure 2]FIGURE 2 | Map of kriging standard deviation. It is used the same abbreviations as in Figure 1.
RESULTS
It has been suggested that some of the present sedimentary basins in Antarctica began to form during and before Gondwana breakup from Permian age (Powell et al., 1988; Boger and Wilson, 2003) during the formation of the Beacon Supergroup (Collinson et al., 1994). The Beacon Supergroup experienced the intrusions of magmatic sills during the Gondwana breakup, after which sedimentation in the depressions continued and ceased in Eocene-Miocene due to ice covering the continent (Whitehead et al., 2006). Our results, based on geophysical data summarized in Data Compilation and Methods, are presented next. The resulting sediment thickness for Antarctica is shown in Figure 3A.
[image: Figure 3]FIGURE 3 | (A) Map of a sediment thickness for Antarctica (ANTASed). It is used the same abbreviations as in Figure 1. (B) Difference between ANTASed model and the CRUST 1.0 model. (C) Difference between ANTASed and preliminary sediment model from Baranov et al. (2018a).
East Antarctica
East Antarctica has vast areas with low bedrock elevation and sedimentary basins. These basins can be divided into three blocks: the continuation of the Filchner-Ronne basin into East Antarctica, the sedimentary basins of the Indo-Antarctica and Australo-Antarctica blocks of East Antarctica. At the deep subglacial valleys between PolarGap Subglacial Highlands, Shackleton Range and Theron Mountains there are indications of a 2–3 km thick sedimentary layer, in continuation to the South Pole (Bamber et al., 2006; Shepherd et al., 2006; Scheinert et al., 2016). These sediments are believed to be part of the Paleozoic Beacon Supergroup (Collinson et al., 1994). A Permian sedimentary rock layer of about 1–2 km is found for the Western Dronning Maud Land, whereas on the P1, Novo, SAE33, SAE34 and Kottas seismic profiles sediments were not found (Kogan, 1971; Hungeling and Tyssen 1991; Kudryavtzev et al., 1991; Bayer et al., 2009). Part of the AA` profile from South Pole to the central part of Dronning Maud Land reveals no sediments (Bentley, 1973). No sediments are found at Enderby Land (Kanao et al., 2011). According to subglacial relief (Morlighem et al., 2020) and gravity data (Scheinert et al., 2016), we suggest 1–2 km of sediments for the narrow JutulStraumen rift.
Lambert Rift is a deep long subglacial valley with low relief and sediments about 2–5 km thick (Kolmakov et al., 1975; Mishra et al., 1999). The process of rifting started at Permian age and continued in the Mezozoic (Boger and Wilson, 2003; Lisker et al., 2003). Further, in addition to rifting, the area apparently also submerged. Terrestrial forested sediments have been found near the coast in Prydz Bay, with the first evidence for glaciation of Late Eocene age (Whitehead et al., 2006).
Scott and Denman are other long narrow rifts (Morlighem et al., 2020) with a possible continuation in Vostok subglacial Basin (Golynsky and Golynsky, 2012). It is suggested that these rifts are the continuation of the rift between India and Australia that developed during Gondwana break-up (Harrowfield et al., 2005). Lambert, Scott and Denman rifts have continuation in India (Holdgate et al., 2005). According to subglacial relief (Morlighem et al., 2020) and gravity data (Scheinert et al., 2016), we hence suggest 2–4 km of sediments for Scott and Denman trenches.
The seismic profile for the Vostok Basin near the coastline of the Vostok Lake provides sediment thickness of about 2–7 km (Isanina et al., 2009). A more recent study also reveals hard and soft sediments here (Filina et al., 2008).
The Aurora Subglacial Basin is characterized by low subglacial topography and deep trenches. It is a branching system of narrow basins in central East Antarctica trending northwest towards the Aurora coast. The inland system of deep trenches can be tracked over a distance of 1,000 km towards the Transantarctic Mountains under ice in the Aurora basin (Tabacco et al., 2006; Golynsky and Golynsky, 2019; Morlighem et al., 2020). Radar, gravity and magnetic data suggest 1–3 km of sediments for these trenches (Aitken et al., 2014; Scheinert et al., 2016).
Data from the ICECAP/IceBridge project outline the Vanderford and Totten deep subglacial trenches. These trenches are about 50 km wide and 400 km long, with very low subglacial relief (Aitken et al., 2014). It is also suggested that the Vanderford and Totten trenches are another rift that, unlike the other East Antarctic rifts, has a latitudinal strike similar to Coats Land rifts. This rift has probably formed during Late Paleozoic–Early Mesozoic, such as Lambert Rift (Boger and Wilson, 2003; Lisker et al., 2003). Gravity and magnetic data suggest that the thickness of sedimentary rocks within the rift can exceed 4 km (Golynsky and Golynsky, 2019).
The Adventure Trench at 1320 E is located in the intra-continental realm inside the Australo-Antarctic block. Gravity and magnetic data suggest 2–4 km of sediments here (Ferraccioli et al., 2001; Studinger et al., 2004).
The Astrolabe Subglacial Basin is another isolated deep depression between Adventure Trench and Resolution Highlands. According to magnetic data and low subglacial relief we suggest sediment thickness of 2–4 km here too (Aitken et al., 2014).
The Wilkes Basin is a broad area between Transantarctic Mountains and Aurora Basin with negative subglacial relief (Morlighem et al., 2020) and deep trenches due to possible processes of continental rifting (Ferraccioli et al., 2001). This basin lies sub-parallel to the Transantarctic Mountains and the West Antarctic Rift System. Radar, gravity and magnetic data predict 1–4 km thickness of sediments for the Wilkes basin, interpreted mainly as Beacon Supergroup (Ferraccioli et al., 2001; Ferraccioli et al., 2009; Frederick et al., 2016). Thickness of sediments for the Central basin is about 1–2 km, whereas for the Western Basin it is about 2–4 km.
The Pensacola–Pole Basin (PPB) is located in proximity to the Transantarctic Mountains near the South Pole. New radar data reveal an elongated subglacial basin with an average subglacial relief of −500 m (Morlighem et al., 2020), lying between Dufek Block, Polargap Subglacial Highlands, Recovery Subglacial Highlands, Pensacola Mountains and South Pole. Seismic refraction (Bentley, 1973), gravity, radar and magnetic studies (Wannamaker et al., 2004; Paxman et al., 2019) indicate that this sedimentary basin has thickness of about 1–2 km.
West Antarctica
In West Antarctica, the ice sheet is grounded below sea level in most parts, so that the basal sediment layer is even more relevant for its evolution than in East Antarctica. The West Antarctic Rift System is the most dominant and relevant tectonic feature connected to sedimentary basins. These basins have low subglacial relief, and their sediments are due to rifting processes. At the Ross Ice Shelf, the sediment thickness reaches 6 km according to seismic data (Bentley, 1973; Rooney et al., 1987; Beaudoin et al., 1992; Munson and Bentley, 1992; Brink et al., 1993; Shen et al., 2018). The Byrd Subglacial Basin and Bentley Subglacial Trench have very low subglacial topography (up to −2,500 m; Morlighem et al., 2020). The sedimentary layer here is about 2–4 km thick (Bentley, 1973). The area below the Filchner-Ronne Ice Shelf is another large sedimentary basin. The sedimentary properties change along the seismic profiles near the coastline from Antarctic Peninsula to Coats Land (Huebscher et al., 1996; Leitchenkov and Kudryavtzev, 1997; Jokat and Herter, 2016). At the center of the basin, the thickness of sediments reaches more than 12 km (Huebscher et al., 1996; Leitchenkov and Kudryavtzev, 1997). According to magnetic and seismic Rayleigh wave studies the sedimentary basin continues to the south until Ellsworth Mountains and Dufek block with a continuation into Coats Land of East Antarctica and between Ellsworth Mountains and Antarctic Peninsula (Golynsky and Aleshkova, 1997; Shen et al., 2018).
For the CRUST 1.0 model, the average sediment thickness in the Antarctic continent is about 0.58 km with maxima up to 5 km, while our results (Figure 3A) indicate that the average sediment thickness is about 0.77 km with maxima up to 12 km under the Filchner-Ronne Ice Shelf. Our model reveals significant differences with respect to both CRUST1.0 (see Figure 3B) and the previous sediment model by Baranov et al., 2018a (Figure 3C). In CRUST1.0, mainly based on the 1985 AAPG Tectonic Map of the World assembled for Exxon (Laske et al., 2013), several sedimentary basins in East Antarctica are not represented at all–Adventure, Astrolabe and Vostok subglacial basins, rifts of East Antarctica except Lambert Rift, basins of Coats Land. At the same time, in our ANTASed model, sedimentary basins from CRUST1.0 are shown in more detail (Lambert Rift, Aurora, Wilkes, Pensacola-Pole, Filchner-Ronne, Byrd, Bentley and Ross basins). Difference between ANTASed and CRUST1.0 may amount up to 10 km, with average 0.19 km (standard deviation 1.53 km), that we mainly attribute to the improved resolution of our model (see Figure 3B). There are significant differences in regions such as under the Filchner-Ronne Ice Shelf (4–12 km), Lambert, Denman, Scott, Vanderford and Totten Rifts (up to 4 km), under the Ross Ice Shelf (up to 4 km), Wilkes, Bentley and Byrd basins (2–3 km); Pensacola-Pole basin (1–2 km), basins of Coats Land (2–3 km).
For the Filchner Ronne Ice Shelf area, the Exxon map used to build CRUST1.0 (https://www.worldcat.org/title/tectonic-map-of-the-world/oclc/32224099) delineates two separate sedimentary basins, the Ronne and the Filchner basins, while according to more recent seismic data we have a single, continuous, basin (Huebscher et al., 1996; Leitchenkov and Kudryavtzev, 1997). At the time of Exxon map creation these seismic profiles did not exist and it was suggested that Berkner Island is a natural boundary between these sedimentary basins. This explains the large difference between the CRUST1.0 sediment model (Laske et al., 2013) and ANTASed, up to 10 km. In the preliminary sediment model by Baranov et al. (2018a) part of the sedimentary basins of East Antarctica is also missing (Astrolabe basin, rifts of East Antarctica except Lambert Rift, Pensacola-Pole and basins of Coats Land).
In our new model other sedimentary basins are mapped with more details (Lambert Rift, Aurora, Wilkes, Filchner-Ronne, Byrd, Bentley and Ross basins). Although the entire Wilkes Basin had previously been considered a wide sedimentary basin, newer data show that sediments are mainly located in narrow and deep grabens (Western and Central Basins) of the Wilkes lowland. A similar situation is also true for the Aurora basin. Adventure basin is deeper than in the previous model by Baranov et al. (2018a). Deep and narrow rifts of East Antarctica have properly been recognized in the BEDMACHINE model (Morlinghem et al., 2020). Additional data reveals sediments for these rifts. The boundaries and sediment thickness for the Filcher-Ronne Ice basin are identified by new geophysical data (Jokat and Herter, 2016).
The difference between ANTASed and the preliminary sediment model by Baranov et al. (2018a) is −7/+5 km with average −0.06 km (standard deviation 1.1 km) mainly due to the improved resolution of our model (see Figure 3C). There are significant differences in regions such as under the Filchner-Ronne Ice Shelf (−2 to −7 km), Denman, Scott, Vanderford and Totten rifts (up to 4 km), under the Ross Ice Shelf (−2 to +2 km), Wilkes, Bentley and Byrd basins (−2 to +2 km), Pensacola-Pole basin (1–2 km), Vostok basin (−2 to +2 km), Adventure basin (2–3 km); basins of Coats Land (−2 to +2 km).
Figure 4 shows the frequency distribution of sediment thickness for East Antarctica, West Antarctica, and for the whole continent. The average sediment thickness of West Antarctica is about 2.3 km (standard deviation 2.68 km) due to large sedimentary basins. The average sediment thickness of East Antarctica is about 0.27 km (standard deviation 0.75 km).
[image: Figure 4]FIGURE 4 | Histograms of the total sediment thickness for (A) East Antarctica, (B) West Antarctica and the whole continent (C).
DISCUSSION AND CONCLUSION
We have collected and analyzed different geophysical data: subglacial bedrock relief, gravity, radar, magnetic, and seismic data to provide a regional sediment model of the Antarctic continent. The new sediment thickness grid, ANTASed, is then built, analyzed and compared with previous models. The bulk of the sediments in Antarctica belongs to the Beacon Supergroup, in addition to them, there are also younger Mesozoic and Cenozoic sediments.
Our results, based on the combined processing of geophysical data (see Figure 1), reveal significant differences between the sediment structure of East and West Antarctica. The dimensions of sedimentary basins are determined by the degree of crustal extension - rather moderate for East Antarctica (up to 7 km for Vostok basin) and significantly higher for West Antarctica (up to 12 km for the region below the Ronne Ice Shelf).
The main sedimentary basins are concentrated in broad areas of extension in the West Antarctic Rift System with low subglacial relief (Ross, Filchner-Ronne, Bentley and Byrd basins and their extensions) and in the lowlands of the Australo-Antarctica block of East Antarctica.
According to our results, West Antarctica contains wide sedimentary basins: the Ross basin (thickness 2–6 km); the Filchner-Ronne basin with its continuations to the Antarctic Peninsula; South Pole and Coats Land (2–12 km), Bentley and Byrd basins (2–5 km). Maximum sediment thickness is reached under the Filchner-Ronne Ice Shelf (up to 12 km) with a complex multi-layered structure.
For East Antarctica there are both narrow sediment-filled rifts: JutulStraumen (thickness 1–2 km), Lambert (2–5 km), Scott, Denman, Vanderford and Totten (2–4 km); and wider areas such as the Vostok (2–7 km), Aurora (1–3 km), Astrolabe (2–4 km), Adventure (2–4 km) and Wilkes (1–4 km) basins, corresponding to the Australo-Antarctica block of East Antarctica.
The average sediment thickness for Antarctica is about 0.77 km, for West Antarctica 2.3 km, for East Antarctica 0.27 km. Compared to previous models CRUST1.0 (Laske et al., 2013) and ANTACrust (Baranov et al., 2018a), we recognize the new Pensacola-Pole, Coats Land, Denman, Scott, Adventure, Astrolabe, Vanderford and Totten sedimentary basins in East Antarctica. The resolution of the sediment map is also improved. Differences between ANTASed and previous models reach +12/−3 km for CRUST 1.0 (Laske et al., 2013) and +5/−7 km for ANTACrust (Baranov et al., 2018a) respectively. By integrating a wide range of specific geophysical and geological information, ANTASed provides significant improvements over global models for sediments in Antarctica.
The ANTASed model also complements the new three-layer crustal model for Antarctica (Baranov et al., 2021) and sediment model for surrounding ocean (Straume et al., 2019). We provide our sediment map for Antarctica and hope that it will be useful to scientists (https://www.itpz-ran.ru/en/activity/current-projects/antased-a-new-sediment-model-for-antarctica/). Nevertheless, we recognize that new data are still needed to add information particularly in the central parts of Antarctica.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
AB designed and performed calculations of the maps, provided a main framework of the research. AM provided a general leadership and corrected the manuscript. AC provided a BEDMACHINE data and corrected the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We thank two reviewers for constructive comments which helped to improve the manuscript. The study was performed under a government contract of the Schmidt Institute of Physics of the Earth of the Russian Academy of Sciences.
REFERENCES
 Aitken, A. R. A., Young, D. A., Ferraccioli, F., Betts, P. G., Greenbaum, J. S., Richter, T. G., et al. (2014). The Subglacial Geology of Wilkes Land, East Antarctica. Geophys. Res. Lett. 41, 2390–2400. doi:10.1002/2014gl059405
 An, M., Wiens, D. A., Zhao, Y., Feng, M., Nyblade, A. A., Kanao, M., et al. (2015). S -velocity Model and Inferred Moho Topography Beneath the Antarctic Plate from Rayleigh Waves. J. Geophys. Res. Solid Earth. 120 (1), 359–383. doi:10.1002/2014jb011332
 Anandakrishnan, S., Blankenship, D. D., Alley, R. B., and Stoffa, P. L. (1998). Influence of Subglacial Geology on the Position of a West Antarctic Ice Stream from Seismic Observations. Nature 394, 62–65. doi:10.1038/27889
 Aster, R. C., and Winberry, J. P. (2017). Glacial Seismology. Rep. Prog. Phys. 80, aa8473. doi:10.1088/1361-6633/aa8473
 Bamber, J. L., Ferraccioli, F., Joughin, I., Shepherd, T., Rippin, D. M., Siegert, M. J., et al. (2006). East Antarctic Ice Stream Tributary Underlain by Major Sedimentary Basin. Geol. 34, 33–36. doi:10.1130/g22160.1
 Baranov, A. (2010). A New Crustal Model for Central and Southern Asia. Izvest. Phys. Solid Earth. 46, 34–46. doi:10.1134/S106935131
 Baranov, A., Tenzer, R., and Bagherbandi, M. (2018a). Combined Gravimetric-Seismic Crustal Model for Antarctica. Surv. Geophys. 39, 23–56. doi:10.1007/s10712-017-9423-5
 Baranov, A., Bagherbandi, M., and Tenzer, R. (2018b). Combined Gravimetric-Seismic Moho Model of Tibet. Geosciences 8, 461. doi:10.3390/geosciences8120461
 Baranov, A., and Morelli, A. (2013). The Moho Depth Map of the Antarctica Region. Tectonophysics 609, 299–313. doi:10.1016/j.tecto.2012.12.023
 Baranov, A., Tenzer, R., and Morelli, A. (2021). Updated Antarctic Crustal Model. Gondwana Res. 89, 1–18. doi:10.1016/j.gr.2020.08.010
 Bassin, C., Laske, G., Eckstaller, A., and Masters, G. (2000). The Current Limits of Resolution for Surface Wave Tomography in North America. EOS Trans. AGU 81, F897.
 Bayer, B., Geissler, W. H., Eckstaller, A., and Jokat, W. (2009). Seismic Imaging of the Crust Beneath Dronning Maud Land, East Antarctica. Geophys. J. Int. 178, 860–876. doi:10.1111/j.1365-246x.2009.04196.x
 Beaudoin, B. C., ten Brink, U. S., and Stern, T. A. (1992). Characteristics and Processing of Seismic Data Collected on Thick, Floating Ice: Results from the Ross Ice Shelf, Antarctica. Geophysics 57, 1359–1372. doi:10.1190/1.1443205
 Becker, T. W. (2012). On Recent Seismic Tomography for the Western United States. Geochem. Geophys. Geosyst. 13, 1, Q01W10. doi:10.1029/2011gc003977
 Bentley, C. R. (1973). Crustal Structure of Antarctica. Tectonophysics 20, 229–240. doi:10.1016/0040-1951(73)90112-1
 Boger, S. D., and Wilson, C. J. L. (2003). Brittle Faulting in the Prince Charles Mountains, East Antarctica: Cretaceous Transtensional Tectonics Related to the Break-Up of Gondwana. Tectonophysics 367, 173–186. doi:10.1016/s0040-1951(03)00125-2
 Brink, U. S. t., Bannister, S., Beaudoin, B. C., and Stern, T. A. (1993). Geophysical Investigations of the Tectonic Boundary Between East and West Antarctica. Science 261, 45–50. doi:10.1126/science.261.5117.45
 Chuvaev, A., Baranov, A., and Bobrov, A. (2020). Numerical Modelling of Mantle Convection in the Earth Using Cloud Technologies. Comput. Tech. 25 (2), 103–118. doi:10.25743/ICT.2020.25.2.009
 Collinson, J. W., Isbell, J. L., Elliot, D. H., Miller, M. F., Miller, J. M. G., and Veevers, J. J. (1994). Permian-Triassic Transantarctic Basin. Geol. Soc. Am. Mem. 184, 173–222. doi:10.1130/mem184-p173
 Cressie, N. (1990). The Origins of Kriging. Math. Geol. 22 (3), 239–252. doi:10.1007/bf00889887
 Danesi, S., and Morelli, A. (2001). Structure of the Upper Mantle under the Antarctic Plate From Surface Wave Tomography. Geophys. Res. Lett. 28, 4395–4398. doi:10.1029/2001gl013431
 Davey, F. J., Cande, S. C., and Stock, J. M. (2006). Extension in the Western Ross Sea Region-, L20315 Region-Links between Adare Basin and Victoria Land Basin. Geophys. Res.Lett. 33, L20315. doi:10.1029/2006GL027383
 Faccenna, C., Rossetti, F., Becker, T. W., Danesi, S., and Morelli, A. (2008). Recent Extension Driven by Mantle Upwelling Beneath the Admiralty Mountains (East Antarctica). Tectonics 27 (4), 1–13. doi:10.1029/2007tc002197
 Ferraccioli, F., Armadillo, E., Jordan, T., Bozzo, E., and Corr, H. (2009). Aeromagnetic Exploration over the East Antarctic Ice Sheet: A New View of the Wilkes Subglacial Basin. Tectonophysics 478, 62–77. doi:10.1016/j.tecto.2009.03.013
 Ferraccioli, F., Coren, F., Bozzo, E., Zanolla, C., Gandolfi, S., Tabacco, I., et al. (2001). Rifted(?) Crust at the East Antarctic Craton Margin: Gravity and Magnetic Interpretation along a Traverse across the Wilkes Subglacial Basin Region. Earth Planet. Sci. Lett. 192, 407–421. doi:10.1016/s0012-821x(01)00459-9
 Filina, I. Y., Blankenship, D. D., Thoma, M., Lukin, V. V., Masolov, V. N., and Sen, M. K. (2008). New 3D Bathymetry and Sediment Distribution in Lake Vostok: Implication for Pre-glacial Origin and Numerical Modeling of the Internal Processes Within the Lake. Earth Planet. Sci. Lett. 276, 106–114. doi:10.1016/j.epsl.2008.09.012
 Frederick, B. C., Young, D. A., Blankenship, D. D., Richter, T. G., Kempf, S. D., Ferraccioli, F., et al. (2016). Distribution of Subglacial Sediments across the Wilkes Subglacial Basin, East Antarctica. J. Geophys. Res. Earth Surf. 121, 790–813. doi:10.1002/2015jf003760
 Fretwell, P., Pritchard, H. D., Vaughan, D. G., Bamber, J. L., Barrand, N. E., Bell, R., et al. (2013). Bedmap2: Improved Ice Bed, Surface and Thickness Datasets for Antarctica. Cryosphere Discuss 6, 4305–4361. doi:10.5194/tc-7-375-2013
 Golynsky, A. V., and Aleshkova, N. D. (1997). Regional Magnetic Anomalies of the Weddell Sea Region and Their Geological Significance. Polarforschung 67, 101–117. doi:10.2312/polarforschung.67.3.101
 Golynsky, D. A., and Golynsky, A. V. (2012). East Antarctic Rift Systems - Key to Understanding of Gondwana Break-Up. Reg. Geol. Metallogeny. 52, 58–72. 
 Golynsky, D. A., and Golynsky, A. V. (2019). Unique Geological Structures of the Law Dome and Vanderford and Totten Glaciers Region (Wilkes Land) Distinguished by Geophysical Data. Problemy Arktiki i Antarktiki 65, 212–231. doi:10.30758/0555-2648-2019-65-2-212-231
 Granot, R., Cande, S. C., Stock, J. M., and Damaske, D. (2013a). Revised Eocene‐Oligocene Kinematics for the West Antarctic Rift System. Geophys. Res. Lett. 40, 279–284. doi:10.1029/2012GL054181
 Granot, R., Cande, S. C., Stock, J. M., and Damaske, D. (2013b). Revised Eocene-Oligocene Kinematics for the West Antarctic Rift System. Geophys. Res. Lett. 40, 279–284. doi:10.1029/2012gl054181
 Harrowfield, M., Holdgate, G. R., Wilson, C. J. L., and McLoughlin, S. (2005). Tectonic Significance of the Lambert Graben, East Antarctica: Reconstructing the Gondwanan Rift. Geology 33, 197–200. doi:10.1130/g21081.1
 Hartley, R. W., and Allen, P. A. (1994). Interior Cratonic Basins of Africa: Relation to continental Break-Up and Role of Mantle Convection. Basin Res. 6, 95–113. doi:10.1111/j.1365-2117.1994.tb00078.x
 Holdgate, G. R., McLoughlin, S., Drinnan, A. N., Finkelman, R. B., Willett, J. C., and Chiehowsky, L. A. (2005). Inorganic Chemistry, Petrography and Palaeobotany of Permian Coals in the Prince Charles Mountains, East Antarctica. Int. J. Coal Geol. 63, 156–177. doi:10.1016/j.coal.2005.02.011
 Hole, M. J., and LeMasurier, W. E. (1994). Tectonic Controls on the Geochemical Composition of Cenozoic, Mafic Alkaline Volcanic Rocks from West Antarctica. Contr. Mineral. Petrol. 117, 187–202. doi:10.1007/bf00286842
 Huebscher, C., Jokat, W., and Miller, H. (1996). “Structure and Origin of Southern Weddell Sea Crust: Results and Implications,” in Weddell Sea Tectonics and Gondwana Break-Up ed . Editors B. C. Storey, E. C. King, and R. A. Livermore (London, United Kingdom: Geological Society, London, Special Publications), 108, 201–212. 
 Huerta, A. D., and Harry, D. L. (2007). The Transition From Diffuse to Focused Extension: Modeled Evolution of the West Antarctic Rift System. Earth Planet. Sci. Lett. 255, 133–147. doi:10.1016/j.epsl.2006.12.011
 Hungeling, A., and Tyssen, F. (1991). “Reflection Seismic Measurements in Western Neuschwabenland,” in Geological Evolution of Antarctica. Proceedings of the Fifth International Symposium on Antarctic Earth Sciences ed . Editors M. R. Thornson, J. A. Crame, and J. W. Thomson (Cambridge, United Kingdom: Robinson College, Cambridge, Cambridge University Press), 73. 
 Isanina, E., Krupnova, N., Popov, S., Masolov, V., and Lukin, V. (2009). Deep Structure of the Vostok Basin, East Antarctica as Deduced from Seismological Observations. Geotektonika. 3, 45–50. doi:10.1134/S0016852109030042
 Jokat, W., and Herter, U. (2016). Jurassic Failed Rift System below the Filchner-Ronne-Shelf, Antarctica: New Evidence From Geophysical Data. Tectonophysics 688, 65–83. doi:10.1016/j.tecto.2016.09.018
 Jordan, T. A., Ferraccioli, F., Vaughan, D. G., Holt, J. W., Corr, H., Blankenship, D. D., et al. (2010). Aerogravity Evidence for Major Crustal Thinning Under the Pine Island Glacier Region (West Antarctica). Geol. Soc. Am. Bull. 122 (5-6), 714–726. doi:10.1130/B26417.1
 Jordan, T. A., Riley, T. R., and Siddoway, C. S. (2020). The Geological History and Evolution of West Antarctica. Nat. Rev. Earth Environ. 1, 117–133. doi:10.1038/s43017-019-0013-6
 Joughin, I., and Alley, R. B. (2011). Stability of the West Antarctic Ice Sheet in a Warming World. Nat. Geosci. 4, 506–513. doi:10.1038/ngeo1194
 Kanao, M., Fujiwara, A., Miyamachi, H., Toda, S., Ito, K., Tomura, M., et al. (2011). Reflection Imaging of the Crust and the Lithospheric Mantle in the Lützow-Holm Complex, Eastern Dronning Maud Land, Antarctica, Derived from the SEAL Transects. Tectonophysics 508, 73–84. doi:10.1016/j.tecto.2010.08.005
 Kogan, A. (1971). First Experience in Crustal Investigation for Antarctica by Deep Seismic Sounding. Russ. Geol. Geophys. 10, 84–89. 
 Kolmakov, A., Mishenkin, B., and Solovyev, D. (1975). Deep Seismic Studies in East Antarctica. Bull. Soviet Antarc. Exped. 91, 5–15. 
 Kudryavtzev, G., Butzenko, V., and Kadmina, I. (1991). “Crustal Section across Western Dronning Maud Land continental Margin from Geophysical Data,” in Proceedings of the Sixth International Symposium on Antarctic Earth Science, Abstracts. Editors Y. Yoshida, K. Kaminuma, and K. Shiraishi (Tokyo: National Institute for Polar Research), 330–335. 
 Laske, G., Ma, Z., Masters, G., and Pasyanos, M. E. (2013). CRUST1.0: A New Global Crustal Model at 1x1 Degrees. Available at: https://igppweb.ucsd.edu/∼gabi/crust1.html. 
 Laske, G., and Masters, G. (1997). A Global Digital Map of Sediment Thickness. Eos, Trans. Am. Geophys. Union. 78, F483.
 Leitchenkov, G., and Kudryavtzev, G. (1997). Structure and Origin of the Earth’s Crust in the Weddell Sea Embayment (Beneath the Front of the Filchner and Ronne Ice Shelves) from Deep Seismic Sounding Data. Polarforschung 67, 3143–3154. 
 LeMasurier, W. E. (2008). Neogene Extension and basin Deepening in the West Antarctic Rift Inferred From Comparisons With the East African Rift and Other Analogs. Geology 36 (3), 247–250. doi:10.1130/g24363a.1
 Lisker, F., Brown, R., and Fabel, D. (2003). Denudation and thermal History along a Transect across the Lambert Graben, Northern Prince Charles Mountains, Antarctica, Derived from Apatite Fission Track Thermochronology. Tectonics 22, 1055. doi:10.1029/2002tc001477
 Lucas, E. M., Soto, D., Nyblade, A. A., Lloyd, A. J., Aster, R. C., Wiens, D. A., et al. (2020). P- and S-Wave Velocity Structure of central West Antarctica: Implications for the Tectonic Evolution of the West Antarctic Rift System. Earth Planet. Sci. Lett. 546, 116437. doi:10.1016/j.epsl.2020.116437
 Mishra, D. C., Chandra Sekhar, D. V., Venkata Raju, D. C., and Vijaya Kumar, V. (1999). Crustal Structure Based on Gravity-Magnetic Modelling Constrained From Seismic Studies under Lambert Rift, Antarctica and Godavari and Mahanadi Rifts, India and Their Interrelationship. Earth Planet. Sci. Lett. 172, 287–300. doi:10.1016/s0012-821x(99)00212-5
 Morelli, A., and Danesi, S. (2004). Seismological Imaging of the Antarctic Continental Lithosphere: a Review. Glob. Planet. Change. 42, 155–165. doi:10.1016/j.gloplacha.2003.12.005
 Morlighem, M., Rignot, E., Binder, T., Blankenship, D., Drews, R., Eagles, G., et al. (2020). Deep Glacial Troughs and Stabilizing Ridges Unveiled Beneath the Margins of the Antarctic Ice Sheet. Nat. Geosci. 13, 132–137. doi:10.1038/s41561-019-0510-8
 Munson, C. G., and Bentley, C. R. (1992). “The Crustal Structure beneath Ice Stream C and ridge BC, West Antarctica from a Seismic Refraction and Gravity Profile,” in Recent Progress in Antarctic Earth Science ed . Editors Y. Yoshida, K Kaminuma, and K Shiraishi (Tokyo: TERRAPUB), 507–514. 
 Paxman, G. J. G., Jamieson, S. S. R., Ferraccioli, F., Jordan, T. A., Bentley, M. J., Ross, N., et al. (2019). Subglacial Geology and Geomorphology of the Pensacola Pole Basin, East Antarctica. Geochem. Geophys. Geosyst. 20, 1–22. doi:10.1029/2018gc008126
 Powell, C. M., Roots, S. R., and Veevers, J. J. (1988). Pre-Breakup Continental Extension in East Gondwanaland and the Early Opening of the Eastern Indian Ocean. Tectonophysics 155, 261–283. doi:10.1016/0040-1951(88)90269-7
 Rooney, S. T., Blankenship, D. D., and Bentley, C. R. (1987). “Seismic Refraction Measurements of Crustal Structure in West Antarctica,” in Gondwana Six: Structure, Tectonics and Geophysics, Geophysical Monograph Series 40 ed . Editor G. D. McKenzie, 1–7. 
 Scheinert, M., Ferraccioli, F., Schwabe, J., Bell, R., Studinger, M., Damaske, D., et al. (2016). New Antarctic Gravity Anomaly Grid for Enhanced Geodetic and Geophysical Studies in Antarctica. Geophys. Res. Lett. 43, 600–610. doi:10.1002/2015gl067439
 Shen, W., Wiens, D. A., Anandakrishnan, S., Aster, R. C., Gerstoft, P., Bromirski, P. D., et al. (2018). The Crust and Upper Mantle Structure of central and West Antarctica From Bayesian Inversion of Rayleigh Wave and Receiver Functions. J. Geophys. Res. Solid Earth 123, 7824–7849. doi:10.1029/2017jb015346
 Shepherd, T., Bamber, J., and Ferraccioli, F. (2006). Subglacial Geology in Coats Land, East Antarctica, Revealed by Airborne Magnetics and Radar Sounding. Earth Planet. Sci. Lett. 244, 323–335. doi:10.1016/j.epsl.2006.01.068
 Straume, E. O., Gaina, C., Medvedev, S., Hochmuth, K., Gohl, K., Whittaker, J. M., et al. (2019). GlobSed: Updated Total Sediment Thickness in the World's Oceans. Geochem. Geophys. Geosyst. 20, 1756. doi:10.1029/2018gc008115
 Studinger, M., Bell, R. E., Blankenship, D. D., Finn, C. A., Arko, R. A., Morse, D. L., et al. (2001). Subglacial Sediments: A Regional Geological Template for Ice Flow in West Antarctica. Geophys. Res. Lett. 28, 3493–3496. doi:10.1029/2000gl011788
 Studinger, M., Bell, R. E., Buck, W. R., Karner, G. D., and Blankenship, D. D. (2004). Sub-Ice Geology Inland of the Transantarctic Mountains in Light of New Aerogeophysical Data. Earth Planet. Sci. Lett. 220, 391–408. doi:10.1016/s0012-821x(04)00066-4
 Tabacco, I. E., Cianfarra, P., Forieri, A., Salvini, F., and Zirizotti, A. (2006). Physiography and Tectonic Setting of the Subglacial Lake District Between Vostok and Belgica Subglacial Highlands (Antarctica). Geophys. J. Int. 165 (3), 1029–1040. doi:10.1111/j.1365-246X.2006.02954.x
 Tinto, K. J., Padman, L., Siddoway, C. S., Springer, S. R., Fricker, H. A., Das, I., et al. (2019). Ross Ice Shelf Response to Climate Driven by the Tectonic Imprint on Seafloor Bathymetry. Nat. Geosci. 12, 441–449. doi:10.1038/s41561-019-0370-2
 Wannamaker, P. E., Stodt, J. A., Pellerin, L., Olsen, S. L., and Hall, D. B. (2004). Structure and Thermal Regime Beneath the South Pole Region, East Antarctica, From Magnetotelluric Measurements. Geophys. J. Int. 157, 36–54. doi:10.1111/j.1365-246x.2004.02156.x
 Whitehead, J. M., Quilty, P. G., Mckelvey, B. C., and O’Brien, P. E. (2006). A Review of the Cenozoic Stratigraphy and Glacial History of the Lambert Graben-Prydz Bay Region, East Antarctica. Antartic Sci. 18, 83–99. doi:10.1017/s0954102006000083
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Baranov, Morelli and Chuvaev. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 19 August 2021
doi: 10.3389/feart.2021.752693


[image: image2]
Integrated Geophysical Evidence for the Middle-Lower Crust Melting of the Songpan-Aba Terrain, NE Tibetan Plateau
Chongjin Zhao1, Luolei Zhang1*, Peng Yu1 and Xi Xu2
1State Key Laboratory of Marine Geology, Tongji University, Shanghai, China
2China Aero Geophysical Survey and Remote Sensing Center for Natural Resources, Beijing, China
Edited by:
Lei Wu, Zhejiang University, China
Reviewed by:
Ya Xu, Institute of Geology and Geophysics (CAS), China
Xiao Chen, Donghua University of Technology, China
* Correspondence: Luolei Zhang, zhangluolei@hotmail.com
Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science
Received: 03 August 2021
Accepted: 09 August 2021
Published: 19 August 2021
Citation: Zhao C, Zhang L, Yu P and Xu X (2021) Integrated Geophysical Evidence for the Middle-Lower Crust Melting of the Songpan-Aba Terrain, NE Tibetan Plateau. Front. Earth Sci. 9:752693. doi: 10.3389/feart.2021.752693

The Songpan−Aba region is located on the northeastern edge of the Tibetan Plateau. Tectonically, the area is surrounded by the West Qinling orogenic belt in the north, the Longmenshan orogenic belt in the southeast, and the East Kunlun and Sanjiang orogenic belts in the west and southwest, forming a triangle that provides an ideal location to study the crust-mantle structure and deep tectonics of the eastward extrusion of the Tibetan Plateau. In this study, the magnetic and electrical structures of the Songpan−Aba area were investigated by inversion using high-precision magnetic anomaly and magnetotelluric data to obtain the subsurface magnetization inversion intensity and resistivity of Songpan–Aba and adjacent areas. The results revealed a continuous magnetic layer up to 20 km below Songpan–Aba and its surrounding areas in the south, possibly originating from a magma root southwest of the Longmenshan massif. In the West Qinling, Songpan–Aba, and Longmenshan areas, pervasive low-resistance, weakly magnetic, or magnetic layers were identified below 20 km that might be formed from the molten mantle material extruded from the eastern edge of the Tibetan Plateau.
Keywords: Tibetan Plateau, deep structure, magnetic anomaly, magnetotelluric, molten mantle material
INTRODUCTION
Songpan–Aba is located at the northeastern edge of the Tibetan Plateau (Figure 1) and situated at the interface of the east–west and north−south tectonic components of China. It is an important region for studying the eastward extrusion of crustal material from the Tibetan Plateau (Tapponnier et al., 1982).
[image: Figure 1]FIGURE 1 | Location of the study area (red box).
Since the 1980s, several studies have proposed deformation models to explain the eastern Tibetan Plateau uplift. The first was the rigid block model, which concluded that the uplift of the eastern Tibetan Plateau could be primarily attributed to the deformation of brittle substances in the crust caused by thrust nappe (Tapponnier and Molnar, 1976, 1982, 2001; Avouac and Tapponnier, 1993); the second was the continuous deformation model (England and Dan, 1985, 1986, 2010; Houseman and England, 1986); and the third was the crustal flow model, which proposed that a low-viscosity asthenosphere in the lower crust of the eastern Tibetan Plateau slid eastward under plate movement and was blocked by the Sichuan Basin, resulting in the accumulation and lift of a lower crustal substance with low velocity and high conductivity (Bird, 1991; Royden et al., 1997; Royden et al., 1977; Clark and Royden, 2000).
Seismic tomography studies (Wang et al., 2005; Wang, 2007; Wu et al., 2009), receiver functions (Liu et al., 2015), and environmental noise imaging (Yang et al., 2013) of the Tibetan Plateau concluded that crustal and upper mantle structures in the eastern margin of the Tibetan Plateau were different from those in its surrounding regions, such as the Sichuan Basin and the South China Plate. The seismic wave velocity indicated a relatively steep gradient change at the junction of the Tibetan Plateau, its surrounding plates, and middle and lower crustal flows in the northeastern Tibetan Plateau (Pan et al., 2017).
Magnetotelluric (MT) is an important method to probe the deep structure of the lithosphere and can effectively reveal the distribution of subsurface fluids. Several MT studies conducted in the eastern periphery of the Tibetan Plateau have elucidated the electrical structure of the regional crust and mantle, showing expansive low-resistance layers widely distributed in the middle and lower crust of the northeastern margin (Sun et al., 2003; Xu et al., 2007; Zhao et al., 2008; Wang et al., 2009, 2013; Zhang et al., 2012; Bai et al., 2013), indicating the prevalent presence of fluids and local melting. Their distribution characteristics were consistent with the “crustal flow” model, providing strong evidence for it from the perspective of conductive structures (Li et al., 2017).
The regional magnetic anomalies were primarily due to highly magnetized crustal rocks that provided information on crustal composition and structural variations beneath the Earth’s surface (Wang et al., 2020). Previous studies in this area did not adopt the combined magnetic and MT approach to investigate subsurface tectonics. Therefore, this study aimed to apply high-precision magnetic survey data to conduct magnetization intensity inversion in Songpan–Aba and adjacent areas to obtain three-dimensional (3D) regional magnetic properties. Meanwhile, the subsurface electrical structure was derived from four high-precision MT profiles collected over a long period to analyze the deep structure of the Songpan–Aba area from subsurface magnetic and electrical property perspectives, and to further examine the deep geological structures of the eastern margin of the Tibetan Plateau.
METHODS
Magnetic Inversion Process
3-D Inversion of Total-Field Magnetic Anomalies
The non-uniqueness and instability of the solutions have typically focused on previous magnetic anomaly inversion studies, as they are important factors restricting magnetic inversion development. Tikhonov and Arsenin (1977) proposed the regularization theory to solve such problems. The forward sum function, A, decreases rapidly with increasing depth, yielding an inversion result near the ground (Li and Oldenburg, 1998; Zhdanov, 2002). The depth weighting of this regularization method depends on the selection of the regularization factor, α. The adaptive regularization factor selection method proposed by Hu et al. (2019) was applied in this study. We followed Li and Oldenburg (1996), using the reciprocal of the vertical surface component of the total magnetic anomaly data as the data-weighting factor. If the model sensitivity matrix is directly incorporated into data-fitting (Zhdanov, 2002; Hu et al., 2019; Zhao et al., 2020), this problem can be solved. After model weighting, the total sensitivities of the weighted model parameter of all grid cells are equal, and the contribution of observed data is essentially identical. The objective function is defined as follows:
[image: image]
where ϕ(mw) is the data-fitting function and S (mw) is the model-stabilizing function.
The model weighted matrix (Wm) is:
[image: image]
where [image: image] is the weighted prior reference model, [image: image] is the weighted forward operator, and [image: image] is the weighted model parameter.
The uniqueness of the 3-D inversion of the total-field magnetic anomalies is the forward operator, A, with different magnetic inclination and declination in different grids (Bhattacharyya, 1964).
[image: image]
where [image: image], μ0 is the vacuum permeability; dx, dy, and dz are the dimensions of the grid in the x, y, and z directions, respectively; (x0, y0, z0) are the grid center coordinates[image: image], k2 = [image: image], k3 = [image: image], k4 = [image: image], k5 = [image: image], and k6 = -[image: image].
If there is no remanence, and assuming that the inclination (I0) and declination (D0) of each data grid are known, then the oblique magnetization forward matrix A can be directly calculated. In this study, the inclination and declination were directly incorporated into the total magnetic intensity inversion process, ΔT.Zhdanov (2002) reported the iteration process of the conjugate gradient.
Magnetic Data
High-precision magnetic anomaly data were acquired in the study area using five G-856 and four G-858 magnetometers. We set up nine magnetic observation stations for diurnal variations in Jiangyou, Shuijingbao, Sedi, Lianghekou, Hongyuan, Jiuzhi, Maqu, Diebu, and Dangchang to adequately and effectively control the measurement area and improve the accuracy of each measurement point. The locations were free from human interference and active magneticity, with the convenience of use, clear markings, and accessible storage. Joint measurements were conducted at these stations from 5–8 am and 5–10 pm (when the magnetic field was relatively stable) to achieve magnetic field normalization. The data recorded during these two periods were used to obtain the basic magnetic field value of the observation stations. The radius for the joint measurements was controlled to within 50 km. The data collected included the total magnetic anomaly △T, with a total root-mean-square error of the magnetic measurements <5nT. The field survey was set up with 13 survey lines spaced 30 km apart. The measurement points were arranged on each line at 2-km intervals, resulting in 1,985 points (see Table 1).
TABLE 1 | Summary of magnetic data.
[image: Table 1]Data from other areas were collated and supplemented using Satellite Magnetic Anomaly Data (https://www.ngdc.noaa.gov/geomag/emag2.html) (Figure 2A) from the Earth Magnetic Anomaly Grid (EMAG2) database published by the Commission for the Geological Map of the World (Maus et al., 2009). This database of crustal magnetic anomalies was accumulated from airborne, offshore, and satellite magnetic surveys over 50 years at a 2’ × 2’ global grid resolution. As shown by the magnetic anomaly map of the Songpan–Aba area, the object under investigation in this study was characterized by stable weak magnetic anomalies, varying from −30 to −50 nT in a steady, smooth magnetic field. The magnetic field in the eastern part of the survey area varied drastically with local anomalies. The measurement area was divided into the following zones according to the strength of the magnetic anomalies:
1) North China plate: This region exhibited varying positive and negative magnetic anomalies. Numerous rock outcrops primarily formed in the Indosinian period, and a some formed during the Hercynian and Yanshanian periods, exist in this region. The distribution of exposed rocks was well correlated with the magnetic anomalies. The magnetic anomaly was in the north-northeast direction and positive, with the highest value >200 nT. The rocks formed during the Indosinian period exhibited various magnetic properties, ranging from weak to strongly magnetic, with their magneticity related to the magnetic minerals content of the rocks. The ferromagnetic mineral content is low in acidic rocks, which exhibit weak to moderate magneticity, whereas intermediate mafic rocks are more magnetic and show high magnetic anomalies.
2) West Qinling area: This area revealed broad, smooth negative magnetic anomalies stacked with local magnetic anomalies. The magnetic anomaly in this area was characterized as low, with some local high magnetic spots. The background value of the low negative magnetic anomaly was approximately −40 nT and the stacked local anomalies were higher overall than the background anomaly value.
3) Longmenshan and Bayankara massifs: The anomalies of the Longmenshan and Bayankara massifs showed the lowest magnetic anomaly distribution in the study area, with the magnetic anomalies ranging from −80 to −200 nT. The magnetic anomalies gradually intensified from the Sichuan Basin in the southeast to the northwest corners of the area. Only one north−east trending high-positive magnetic anomaly with a maximum value of ∼160 nT occurred near Jiangyou and a 200 nT anomaly appeared north of Guangyuan. The overall orientation of magnetic anomalies in this area was north−east trending, with dense anomaly contours and rapid gradient changes between the negative anomalies.
4) The Songpan–Aba crust was a stable zone of low, negative magnetic anomalies of approximately −40 nT, with ∼10 nT fluctuations. The anomalies decreased to approximately −50 nT eastwards at Nanping.
[image: Figure 2]FIGURE 2 | Magnetic anomalies in study area (A) and Magnetotelluric survey lines (B) (pink triangle is Line 1, blue square is Line 2, red triangle is Line 3 and green square is Line 4).
Three-Dimensional Magnetic Structure
First, a theoretical model was designed to verify the practicality and stability of the proposed algorithm, then a model consisting of three blocks of different depths and sizes was designed, as shown in (Figure 3A). The model space was 40 × 40 × 21 grid cells, that were each 1 × 1 × 1 km in size, and the magnetization of the model was 1 A/m. Figure 3B shows the synthetic data with the I0 = 52°and D0 = −1°, where the data space was 40 × 40 grid cells, and each cell was 1 × 1 km. A profile selected in this study is indicated by the pink line in Figure 3B. Regularized inversion was then performed, and the results are shown in Figure 3C. The profile was selected for a detailed comparison of the model and inversion results, as indicated in Figure 3D.
[image: Figure 3]FIGURE 3 | Theoretical Magnetization model of three-blocks model: (A) True model; (B) The oblique magnetic anomaly at an inclination of 52° and declination of –1°(the black boxes indicate the true positions of the abnormal body, the pink line indicates the profile); (C) the iso-surface of Magnetization inversion result (M = 0.5A/m); (D) the profile of the inversion result (the black boxes indicate the true positions of the abnormal body).
Further, the number of grids in the east–west, north–south, and vertical directions were 97, 81, and 40, respectively, for the 3D inversion of the measurement data obtained from the 5 × 5 km horizontal-dimension grids in the study area. The vertical depth of the forward modeling and inversion was on average, divided into 40 grids covering 40 km (the vertical interval for the grid is 1 km). One hundred iterations were performed in the inversion, in which the data-fitting error was reduced from an initial value of six root-mean-square (RMS) to approximately two RMS. Figure 4 shows the results of the regularized inversion based on the weighted model. We derived the trend and distribution of the magnetic anomaly in the study area from the iso-surface images.
[image: Figure 4]FIGURE 4 | Three-dimensional joint inversion of oblique magnetization. M = 0.1 A/m iso-surface image (Z axis is the number of grids, and one grid represents 2 km).
MT Inversion Process
MT-Regularized Inversion
A method for solving the non-uniqueness of geophysical inverse problems is described in the Tikhonov and Arsenin (1977) regularization theory that uses both data misfit and a model-stabilizing functional to construct the parametric objective functional. The objective functional of the regularized inversion can be written as
[image: image]
where p (m,d) is the parametric objective functional, m is a vector consisting of model parameters, A(m) is the forward operator, d is a vector containing the observation data, ||·|| is the L2-norm, φ(m) is the model-stabilizing functional, and α is the regularization parameter.
A stabilizing functional is used to select the appropriate class of models from the model space of all possible models that are a correction set for solving the inverse problem (Zhdanov, 2002). The minimum support (MS) stabilizing functional was proposed to obtain a model that minimizes the volume with anomalous model parameters to improve the resolution of the sharp electrical interface (Last and Kubik, 1983). It focuses on where/how the model parameters are different with respect to the given a priori model. Here, the MS stabilizing functional can be expressed as
[image: image]
Xiang et al. (2017) and Zhang et al. (2020) analyzed the advantages and disadvantages of several commonly used families of stabilizing functionals, such as the smooth, MS or minimum gradient support (MSG). We then applied a new stabilizing functional, the MSG that combines smooth and sharp-boundary constraints with a unified form for the objective functional in the 2-D regularized inversion. The MSG stabilizing functional is defined as:
[image: image]
The spatial gradient is calculated after the MS stabilizer is obtained using Eq. 3, thus, we refer to this new stabilizing functional as the MSG, which uses an MS value instead of m—mapr, leading to a stable constraint that focuses on sharp boundaries for inversion. This functional acts on the class of models such as the domain with an anomalous parameter distribution that occupies the minimum volume, while avoiding any instability caused by simultaneously focusing parameter tuning. The MSG stabilizing functional is minimally affected by the a priori model. Zhdanov (2002) proved that the MS and MGS satisfy the Tikhonov criterion for a regularization stabilizer. Since the MSG is a spatial gradient of the MS, it also satisfies the regularization criterion.
Data Sources
Four survey lines (Lines 1, 2, 3, and 4) were identified for MT data acquisition in the Songpan–Aba area. Lines one and two were parallel and trending in a SE−NW direction with an ∼45° azimuth, whereas Lines three and four were trending in an SW−NE direction with the same azimuth. The survey lines spanned the entire Songpan–Aba area. Field testing was conducted using Model V-2000 devices in a five-component tensor-impedance format, in 2002. In total, 809 points were collected from the 4 MT profiles in the region. The detailed line layout and workload requirements are shown in Figure 2B and Table 2, respectively. The survey was fully implemented using fixed-station and remote-reference methods throughout the survey area. The effective recording bands were 320–0.001 Hz, the electrode distance was 100 m, and the ground resistance was <1 KΩ. The horizontal magnetic rods were buried below 50 cm and the vertical magnetic rods were inserted approximately three-quarters into the ground. Differential GPS positioning was applied to determine the locations of the survey points, maintaining the precision of the plane coordinates within ±10 m. The measurement network was maintained in a regular form, with point distance and lateral deviations within 400 m. Maintenance was conducted to ensure that at least 85% of the physical points were working during the survey.
TABLE 2 | MT profile workload table.
[image: Table 2]Electrical Conductivity Structure
First, a theoretical model was designed (Figure 5A) with the resistivity of wall rock at 100 Ω m and the resistivity of a high-conductivity strip at 5 Ω m. The above-mentioned two-dimensional MT-regularized inversion method, with inversion parameters based on the constraints of the MSG model, was used to perform the inversion for this theoretical model. The horizontal grids were set up on a 10-km scale and the vertical grids were divided into 86 layers, which were equally spaced in a log scale up to 300 km. The model response incorporated 5% Gaussian random noise, with 40 frequencies from 320–0.00055 Hz. The initial model was an infinite half-space of 100 Ω m. The inversion results are shown in Figure 5B, which illustrates that the resistivity and distribution of the high-conductivity strip can be accurately delineated in the model, with the fitting error of the inversion data reduced to 1.06.
[image: Figure 5]FIGURE 5 | Theoretical model of high-conductivity strip: (A) True Model and (B) Inversion result.
Further, this two-dimensional MT-regularized inversion method was applied to the inversion of the four profiles in the Songpan area. The inversion parameters were as follows: the horizontal grid-scale was the spacing of the measurement points, and the vertical grids were divided into 86 layers, which were equally spaced in a log scale up to 300 km. The maximum number of iterations in the inversion was 50, and the error level was 5% (i.e., errors with an initial value < 5% were set to 5%, while >5% remained unchanged). The initial model was an infinite half-space of 100 Ω m. The four profiles converged to 1.5, 1.8, 1.3, and 1.2, respectively, using the chi-square test error as the convergence criterion. As shown in Figures 6−9 B, the resistivity structure of the four profiles revealed a vertical distribution of high-resistance-low-resistance-high-resistance. A high-resistance layer ∼20 km thick existed in the shallow ground, composed of sedimentary materials and substances from the upper crust. A high-conductivity layer was located 20–60 km below the study area, while heterogeneous high-resistance and high-conductivity anomalies appeared below 60 km. A connection was found between the high-conductivity layer (20–60 km) and the high-conductivity anomalies below 60 km; therefore, it was concluded that the high-conductivity layer between 20 and 60 km might be formed by a substance from the deep mantle which was brought to the crust through upwelling channels. A comprehensive elaboration on this conclusion, integrating the magnetic anomaly inversion results will be presented in the following section.
[image: Figure 6]FIGURE 6 | Line one magnetotelluric survey profile and magnetization distribution: (A) altitude (B) electrical resistivity and (C) magnetization distribution.
[image: Figure 7]FIGURE 7 | Line two magnetotelluric survey magnetization distribution profile: (A) altitude (B) electrical resistivity and (C) magnetization distribution.
[image: Figure 8]FIGURE 8 | Line three magnetotelluric survey magnetization distribution profile: (A) altitude (B) electrical resistivity and (C) magnetization distribution.
[image: Figure 9]FIGURE 9 | Line four magnetotelluric survey magnetization distribution profile: (A) altitude (B) electrical resistivity and (C) magnetization distribution.
ANALYSIS AND INTERPRETATION
First, the planar distribution of magnetization intensity was extracted from the 3D magnetic results at different depths (10, 15, 20, and 30 km) (Figure 10) for the comparison of resistivity and magnetic structure among the 4 MT survey lines (Figures 6−9) to analyze the magnetic and electrical resistivity structure of the study area and its geological features.
[image: Figure 10]FIGURE 10 | Songpan−Aba area magnetization map: (A) 10 km (B) 15 km (C) 20 km, and (D) 30 km.
The 10-km magnetization map showed that highly magnetic matter existed in the South China plate, the eastern part of the West Qinling Mountains, Sichuan, and the southern part of the Longmenshan massif, where a wide range of primarily Indosinian period rock outcrops were shown on the surface, with a small quantity from the Hercynian and Yanshanian age. The distribution of exposed rock adequately corresponded to the magnetic anomaly. The distribution of weakly magnetic substances was identified in the southwestern parts of the Songpan–Aba massif, Bayankara, and the Longmenshan massif, whereas the major parts of the West Qinling and Longmenshan massif did not contain substantial magnetic structures.
Next, from the 15–30 km magnetization map, it was observed that the magnetic bodies became significantly fewer and smaller, with only one magnetic body detected in the southern part of the Longmenshan massif at 20 km deep. The magnetic layers in the study area were distributed above 20 km. The lower boundary of a magnetic body is determined by the depth of the Curie isotherm. Temperature increases with depth, and when the temperature exceeds the Curie point of the enclosed ferromagnetic minerals (primarily magnetite in the crust), they become paramagnetic and no longer generate magnetic anomalies. The Curie temperature of magnetite in the crust is ∼580°C; therefore, the 580°C isotherm is approximately located at the bottom interface of the deep magnetic anomaly. The upper and lower boundary conditions based on the upper mantle temperature are estimated by surface temperature and the S-wave velocity from ground stations. Sun et al. (2013) estimated that the typical temperature range was 800–1,000 °C for the Moho below the Tibetan Plateau, while the thermal profile of 90°E, 30°N in southern Tibet indicated that the Curie isotherm depth was ∼20 km, consistent with our magnetic inversion results.
Figure 4 illustrates a magnetic connection linking the upper and lower compartments in the southern part of the Longmenshan massif. It was tentatively deduced that the magnetic source in the Songpan–Aba area originated from a magma root in the southwestern part of the Longmenshan massif (red circles in Figures 10C,D).
Beneath the northeastern part of the Tibetan Plateau (West Qinling, Songpan−Aba, and Longmenshan Mountains), we found an extensive low-resistance layer below 20 km that showed no magneticity, possibly due to partial melting of the crust, which might have been sourced from the substance extruded from the eastern margin of the Tibetan Plateau that was pushed eastwards under the south−north compression from the Indian and the North China plate. Subsequently, blocked by the Sichuan Basin, the lower crustal low-resistance substance congregated and lifted near the Longmenshan area, contributing to the crustal uplift, consistent with the crustal flow model (Royden et al., 1977; Clark and Royden, 2000).
CONCLUSION
In this study, the magnetic and electrical structures of the Songpan–Aba area were obtained from 3D oblique magnetization and MT regularization inversion using high-precision total magnetic anomalies and four long-term MT survey lines. Furthermore, we explored the origin of the magnetic layer in the southern part of the study area and the formation of zones in the northern area with or without weak magneticity.
1) A continuous magnetic layer exists above depths of 20 km under Songpan–Aba and adjacent areas on the south; it is located above the low-resistance layer in the crust and can be traced to the west side of Songpan, deepening in the northwestern part of the Longmenshan area, and possibly originating from a magma root in the southwestern part of the Longmenshan massif.
2) There are extensive low-resistance and weakly magnetic layers below 20 km in the West Qinling, Songpan–Aba, and Longmenshan areas that may be partially molten crustal material sourced from substance extruded from the eastern edge of the Tibetan Plateau.
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The continental lower crust is an important composition- and strength-jump layer in the lithosphere. Laboratory studies show its strength varies greatly due to a wide variety of composition. How the lower crust rheology influences the collisional orogeny remains poorly understood. Here I investigate the role of the lower crust rheology in the evolution of an orogen subject to horizontal shortening using 2D numerical models. A range of lower crustal flow laws from laboratory studies are tested to examine their effects on the styles of the accommodation of convergence. Three distinct styles are observed: 1) downwelling and subsequent delamination of orogen lithosphere mantle as a coherent slab; 2) localized thickening of orogen lithosphere; and 3) underthrusting of peripheral strong lithospheres below the orogen. Delamination occurs only if the orogen lower crust rheology is represented by the weak end-member of flow laws. The delamination is followed by partial melting of the lower crust and punctuated surface uplift confined to the orogen central region. For a moderately or extremely strong orogen lower crust, topography highs only develop on both sides of the orogen. In the Tibetan plateau, the crust has been doubly thickened but the underlying mantle lithosphere is highly heterogeneous. I suggest that the subvertical high-velocity mantle structures, as observed in southern and western Tibet, may exemplify localized delamination of the mantle lithosphere due to rheological weakening of the Tibetan lower crust.
Keywords: lithosphere, delamination (A), Tibetan plateau (TP), topography (Earth), rheology
INTRODUCTION
It is widely thought that the lithosphere mantle thickens in concert with the crust during continental collision (England and Houseman, 1986). Owing to its positive buoyancy, thickening of the continental crust by horizontal shortening often gives rise to orogens or orogenic plateaus. However, increasing evidence shows the thick orogenic crust is not necessarily underlain by an equivalently thick lithosphere mantle. For example, seismological studies indicate that the India-Asia collision results in the double normal thickness crust of Tibet (e.g., Hirn et al., 1984), but the Tibetan lithosphere mantle does not thicken proportionally. In the central Tibetan plateau, the lithosphere mantle is thinner than the normal continental lithosphere or even missing (Owens and Zandt, 1997; Nabelek et al., 2009). Similar phenomena are also observed in the Altiplano plateau. Seismic studies show low velocities and high attenuation in the shallow mantle in the Central Andes, implying the absence of the lithospheric mantle beneath much of the orogen, even though the crust thickness ranges from 50 to 75 km (Yuan et al., 2000; Beck and Zandt, 2002; Schurr et al., 2006). The discrepancy between the crustal and lithospheric thicknesses under orogens raise an important question: What is the fate of the mantle portion of the lithosphere during orogeny?
Several hypotheses have been proposed to explain the lithospheric mantle loss during orogeny (e.g., Gogus and Pysklywec, 2008). They can be categorized into two types. One is convective removal through gravitational instability (e.g., Houseman et al., 1981; Conrad and Molnar, 1999; Gorczyk et al., 2012). This hypothesis requires no pre-existing structural weakness, but requires that the lithosphere mantle is denser than the underlying asthenosphere or a thickened region (sufficient perturbation with a suitable wavelength) in the lithosphere (Schott and Schmeling, 1998; Elkins-Tanton, 2007). Recent studies indicate that the continental lithosphere is largely neutrally buoyant (e.g., Lee et al., 2011), which deviates from the requirement. The other is commonly called delamination in literature, which originally indicates that the cold lithosphere mantle peels away as a coherent slice from the crust via an elongated conduit connecting the base of the crust with the asthenosphere (Bird, 1979). The delaminated cold mantle is replaced by hot asthenosphere and would cause surface uplift, elevated heat flow, reduced seismic velocities, and magmatism (Bird, 1979; Kay and Kay, 1993; Ducea and Saleeby, 1998). This mechanism requires a pre-existing weakness to initiate delamination, which is not necessarily met during collisional orogeny. Previous modeling studies on lithospheric mantle removal have highlighted the importance of viscous rheology of the mantle lithosphere (Buck and Toksoz, 1983; Conrad and Molnar, 1997; Houseman and Molnar, 1997), thermal diffusion (Conrad and Molnar, 1999), mechanical thickening (Molnar et al., 1998; Conrad, 2000), compositional density variations of the lower crust (Jull and Kelemen, 2001; Elkins-Tanton, 2005; Krystopowicz and Currie, 2013), Moho temperature (Morency and Doin, 2004), lower crust radioactive heating (Pysklywec and Beaumont, 2004), and prescribed weak zones or lithosphere perturbation root (Schott and Schmeling, 1998; Gogus and Pysklywec, 2008; Bajolet et al., 2012) in the lithosphere mantle removal. However, few studies paid attention to the lower crust rheology (e.g., Meissner and Mooney, 1998).
Laboratory results show that the continental lower crust rheology differs strongly as a function of composition, temperature, stress, and fluids (Burgmann and Dresen, 2008). There is great variety in composition and chemical and physical properties of the continental lower crust (Lee, 2014; Hacker et al., 2015). This results in large uncertainty about the lower crust rheology. Figure 1 shows the comparison among viscosities calculated from six laboratory-derived lower crust flow laws using the same geotherm and pressure curves. They encompass a wide variation of the lower crust minerals or rocks, ranging from felsic diorite to mafic diabase. It is evident that the diabase viscosity is at least three orders of magnitude greater than that of diorite at the same lower crust condition. Thus, an unresolved problem is how the uncertainty in the lower crust rheology influences crustal deformation and mantle dynamics during collisional orogeny.
[image: Figure 1]FIGURE 1 | (A) Initial geotherm used for calculating the lower crust viscosity. The continental lithosphere is composed of a 40-km-thick crust (a 20-km-thick upper crust and a 20-km-thick lower crust) and a 110-km-thick mantle. The lithosphere-asthenosphere boundary (LAB) is determined by the intersection of the geotherm (black) with the mantle adiabat (red). (B) Density (dark green) and pressure (sky blue) profiles for the lithosphere based on the geotherm presented in (A). (C) Effective viscosity of the lower crust as a function of depth for a variety of flow laws assuming a strain rate of 10−16 1/s. Diorite and plagioclase flow laws are from Ranalli (1995), granulite from Wang et al. (2012), anorthite from Rybacki and Dresen (2000), dry clinopyroxene (cpx) from Moghadam et al. (2010), and dry diabase from Mackwell et al. (1998). (D) Relative viscosity profiles compared to the diorite-derived viscosity in (C).
In this study, I use 2D high-resolution thermal-mechanical to examine the role of the lower crust rheology in the deformation of the continental lithosphere subject to horizontal shortening. I systematically investigate variations in the lower crust rheology derived from laboratory studies to understand the conditions required for lithospheric mantle removal and its surface expressions. In contrast to some previous studies, I do not impose initial lithosphere thickness perturbation or local weaknesses. Instead, lithospheric thickening and/or delamination develop self-consistently during model evolution. This study focuses on the variations in the laboratory-derived rheologies of the lower crust and fate of the lithosphere mantle during continental compression.
NUMERICAL MODELLING OF COUPLED LITHOSPHERIC DEFORMATION AND TOPOGRAPHY EVOLUTION
Numerical Method
I use I2VIS, which combines a conservative finite difference method and a marker-in-cell technique, to solve the governing equations of momentum, mass, and energy in incompressible flow (Gerya and Yuen, 2003). Rock properties are advected on the moving Lagrangian markers. A composite rheological model described below is employed to account for plastic deformation and creeping flow of rocks. The method considers the effects of adiabatic, shear, latent and radioactive heating. A full description of the method, including the implementation of partial melting, can be found in the textbook by Gerya (2010). All the related parameters used in the study follow the Table 17.2 in Gerya (2010).
Model Setup
Figure 2 shows the initial configuration and thermomechanical state of our experiments. The whole computational domain is 4,000 km wide and 820 km deep, and is resolved with a non-uniform 2041 × 481 rectangular grid. In the horizontal direction, the model domain between 1,000 and 3,000 km has a high resolution of 1 km. The two transitional zones extend 100 km away from the high-resolution region, where the resolution reduces from 1 to 5 km. The grid resolution for the rest model domain where no obvious deformation occurs is 5 km. In the vertical direction, the resolution for the upper 370 km is 1 km, for the depth range 370–470 km reduces from 1 to 5 km, and for the rest depth is 5 km. Over 32 million Lagrangian markers randomly distribute in the whole model domain. These markers are moved at each time step using the computed velocity field.
[image: Figure 2]FIGURE 2 | (A) Model setup illustrating the initial model configuration and thermal-mechanical boundary conditions. The red vertical bars with lateral arrows show the locations where convergence rates are imposed. White thin lines are isotherms with an interval of 300[image: image]. The composition codes are: 0, sticky air; 1, water; 2 and 3, orogen upper crust; 4 and 5, orogen middle crust; 6, orogen lower crust; 7, craton upper crust; 8, craton lower crust; 9, orogen lithosphere mantle; 10, craton lithosphere mantle; 11, asthenosphere; 12, partially molten lower crust. (B) Lithosphere yield stress profiles for orogen lithosphere. The profiles are calculated with a constant strain rate of 10−16 1/s and initial temperature shown in (A), both of which are variable in modeling. See Table 1 for all the rheological parameters. LC, lower crust.
The initial model consists of a 2000-km-wide weak block in the middle and two strong blocks on either side (Figure 2A). The weak block is composed of a 55-km-thick crust (a 15-km-thick upper crust, a 20-km-thick middle crust, and a 20-km-thick lower crust) and a 65-km-thick mantle lithosphere, representing a juvenile orogen. The strong block is composed of a 40-km-thick crust (a 20-km-thick upper crust and a 20-km-thick lower crust) and a 100-km-thick mantle lithosphere, representing a confining craton. The design of a hot orogen with a relatively thick crust allows that it is sufficiently weak and more deformable, compared to the confining cratons. A small inverted-triangular seed is imposed at the middle of the orogen crust bottom, which allows for the deformation initiating at the center of the model. The initial geotherm linearly increases from 273 K at the model surface to 1623 K at the lithosphere base. A mantle adiabat with potential temperature 1573 K and adiabatic gradient of 0.5°C/km is used for the sub-lithosphere mantle. The mechanical boundary conditions are free slip for all the boundaries. The thermal boundary conditions are constant temperature (273 K) on the top, remote fixed temperature on the bottom (Gerya et al., 2006), and insulating (no horizontal heat flow) on the two sides. Horizontal shortening is implemented by imposing varying convergence rates ([image: image]) at X = 500 km and X = 3,500 km (Figure 2A).
To account for surface topographic evolution, a 20-km-thick sticky air layer is added on the top of the rocky portion of the model. It is characterized with low density (1 kg/m3) and low viscosity (1018 Pa s). The large density and viscosity contrast between the sticky air and rocky domain ensures small shear stresses (<104 Pa) along the interface and makes it an internal free surface (Schmeling et al., 2008). For simplicity, our models do not consider surface erosion and sedimentation processes.
Rheology
The strength of the lithosphere is controlled, on the geologic timescale, by the combination of both brittle and ductile deformation mechanisms. The brittle part of the lithosphere can be described by the Drucker-Prager yield criterion which expresses the linear dependence of the materials resistance on the total pressure (Gerya, 2010):
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where [image: image] is the yield stress; [image: image] is the total dynamic pressure; [image: image] is the cohesion at [image: image]; [image: image] is the internal frictional angle; [image: image] is the pore fluid pressure factor that reduces the yield strength of fluid-containing porous or fractured rocks; [image: image] is the second invariant of the strain rate tensor; [image: image] is the viscosity for plastic rheology. [image: image] can be illustrated as the effective internal frictional angle that integrates the effects of internal frictional angle and pore fluid coefficient. In the modeling, a cohesion of 1 MPa is used for all the material. [image: image] is used for the air, water and partially molten rocks, [image: image] for all the solid crust rocks, and [image: image] for all the mantle rocks.
The viscosity for ductile creep is given by (Hirth and Kohlstedt, 2003):
[image: image]
where [image: image] (material constant), [image: image] (activation energy), [image: image] (activation volume), [image: image] (stress exponent) are experimentally determined flow law parameters. [image: image] is the water content in ppm H/Si, [image: image] is the water content exponent (Hirth and Kohlstedt, 2003), [image: image] is the gas constant, and [image: image] is the absolute temperature. The rheological parameters ([image: image]) are derived from laboratory studies of deformation of rocks.
The effective viscosity is determined by comparing brittle/plastic and creep viscosities as a function of depth (Ranalli, 1995):
[image: image]
The application of laboratory-derived rheological parameters to deformation at geological time and space scales needs to extrapolate the laboratory strain rates over many orders of magnitudes. Burgmann and Dresen (2008) show that laboratory-based rheologies are well consistent with geodetic measurement and field observations, indicating that laboratory-derived rheologies can be used as a good description of geological deformation. However, there is significant uncertainty in the laboratory-derived rheologies of the continental lower crust. For example, the lower crust yield stress calculated with the laboratory-derived flow laws of “diorite” and “plagioclase” (Ranalli, 1995) is less than 100 MPa under the model condition (Figure 2B). When I use “wet clinopyroxene” (Zhang et al., 2006) or “diabase” (Mackwell et al., 1998) as the lower crust flow law, the yield stress reaches several hundreds of MPa.
In the modeling, the rock rheologies are based on the laboratory-established flow laws. In all models, I use a “wet quartzite” flow law for the continental upper crust, “plagioclase An75” for the craton lower crust and orogen middle crust, and “dry olivine” for the lithospheric and asthenospheric mantle (Ranalli, 1995). I examine changes in the orogen lower crust rheology by varying the laboratory-derived flow laws. All partially molten rocks are assigned to a reduced effective viscosity of 1018 Pa s (Pinkerton and Stevenson, 1992) which provides large viscosity contrast with the surrounding solid rocks. Table 1 lists the rheological parameters tested in this study.
TABLE 1 | Rheological parameters of material used in this studya.
[image: Table 1]MODELING RESULTS
I conducted ten numerical simulations by varying the lower crust flow law and convergence rate. Three distinct modes of model deformation have been identified: 1) lithosphere mantle delamination, 2) localized thickening, and 3) lithospheric mantle underthrusting. Table 2 shows a summary of all the simulations.
TABLE 2 | Parameters and Results of Conducted Experimentsa.
[image: Table 2]Reference Model: Weak Lower Crust and Delamination
Figure 3 shows the evolution of the model “dela” (see Table 2). This model uses a lower crust flow law of “diorite” and a half convergence rate of 2.5 cm/yr. The convergence of the strong cratonic lithosphere causes the orogen to undergo pure shear shortening. After 5 Myr of convergence (250 km of shortening), lithospheric thickening preferentially occurs at the center of the model (Figure 3Ai). Owing to the notably low viscosity of the orogen lower crust relative to its upper and lower layer, the upper crust is decoupled from the lithosphere mantle (Figure 3Aii). By 14 Myr of shortening (700 km), the orogen crust experiences marked folding and buckling, forming a number of V-shape strain localizations, and has a thickness of ∼70 km (Figure 3B). However, the orogen lithosphere mantle thickening does not concur with the crust. Convergence forces the orogen lithosphere mantle to slide along the weak orogen lower crust and sink downward at the middle of the model (Figure 3B), resulting in a large piece of downwelling similar to the two-sided subduction shown by Gerya et al. (2008). The downwelling undergoes necking in a short time span (<1 Myr) due to its negative buoyancy, and finally breaks off from the orogen crust (Figure 3C), which I refer to as delamination. The delamination of the lithosphere mantle makes the orogen crust expose directly to the asthenosphere, leading to partial melting of the lower crust (Figure 3D). The replacement of the lower crust flow law with “mafic granulite” (Wang et al., 2012) does not change the overall behavior (see Effects of Convergence Rate). This is because both “diorite” and “granulite” fall into the weak end of the lower crust rheology (Figure 1). Note the flow law “mafic granulite” presented by Wang et al. (2012) is significantly weaker than the early one presented by Wilks and Carter (1990) due to different experimental samples and conditions (see Wen et al., 2021 for details).
[image: Figure 3]FIGURE 3 | Time evolution of the model “dela”, in which the orogen lower crust rheology is represented by the flow law of diorite. (Ai–Di) composition evolution for selected model times (colors as in Figure 2). (Aii–Dii) viscosity distribution for selected model times. Note the extremely low viscosity in the upper mantle shown in (Cii) is due to the presence of very large velocities as the downwelling breaks off.
Intermediately Strong Lower Crust and Localized Thickening
This model (“delc” in Table 2) differs from the reference model only in that the flow law of the orogen lower crust is changed to “plagioclase”, representing an intermediately strong lower crust. Because the viscosity of the orogen lower crust increases relative to that in the reference model, lithospheric thickening is no longer concentrated only at the center of the model (Figure 4A). Instead, localized thickening occurs at the orogen edges and center, forming three separate lithospheric bulges (Figure 4B). After 20 Myr of convergence, the strong craton lithosphere indents into the orogen lithosphere (Figure 4C). In comparison to the reference model, crustal folding and buckling are less pronounced. Localized thickening accommodates most of the horizontal shortening, but thickened lithosphere mantle remains below the orogen.
[image: Figure 4]FIGURE 4 | Time evolution of the model “delc”, in which the orogen lower crust rheology is represented by “plagioclase”. (Ai–C) composition evolution for selected model times (colors as in Figure 2). (Aii–Cii) viscosity distribution for selected model times (colors as in Figure 3).
Strong Lower Crust and Underthrusting
In this model (“delf” in Table 2), “diabase” is used as the flow law of the orogen lower crust and the other parameters are identical to those in the reference model. As mentioned above, the “diabase” flow law represents the strong end member of the lower crust rheology according to the available laboratory results (Figure 1). By 5 Myr of convergence (250 km), horizontal shortening first causes the whole orogen lithosphere to fold in a wavy manner with a wavelength of ∼250 km (Figure 5A). With continued convergence, orogen crust folding becomes more pronounced and the strong craton lithosphere starts to underthrust below the orogen (Figure 5B). In contrast to the reference model, no localized lithospheric thickening occurs in this model owing to enhanced resistance of the orogen to shortening. By 20.4 Myr of convergence (∼1,000 km), the wavelength of folding decreases to ∼200 km and the strong craton lithosphere subducts beneath the orogen at both sides. In this case, horizontal shortening is mainly accommodated by underthrusting of craton mantle lithosphere below the orogen, and orogen crustal thickening only plays a secondary role due to its high strength.
[image: Figure 5]FIGURE 5 | Time evolution of the model “delf”, in which the orogen lower crust rheology is represented by ‘diabase’. (Ai–Ci) composition evolution for selected model times (colors as in Figure 2). (Aii–Cii) viscosity distribution for selected model times (colors as in Figure 3).
Topographic Evolution
The surface response of lithosphere to convergence is associated with the strength of the crust, in the models. Figure 6 shows the comparison of the topography evolutions predicted by the above models. In the weak lower crust case (Figure 6A), the central region of the orogen first subsides below the sea level with an amplitude of ∼4 km. This is resulted from the loading on the surface of the denscending mantle lithosphere beneath the orogen center. Topography highs at sides of the orogen arise from the compression between the craton and orogen. By 14.7 Myr, the downwelling mantle lithosphere breaks off and sinks into the deep mantle (see Figure 3C). This results in an abrupt rebound of the central depression, rapidly attaining an elevation of ∼2 km (Figure 6aii). The negative surface defection neighboring the topography highs at the sides of the orogen reaches ∼4 km, forming two foreland deeps. After 20 Myr of convergence, the orogen is characterized by three marked topography highs with two at boundaries and one at the central region, reaching ∼4,000 m, while a large area remains flat with no elevation. The surface expression of the intermediately strong orogen to horizontal shortening is different from the weak case (Figure 6B). Because neither wholesale mantle lithosphere descending nor delamination occurs in this case, the central region of the deformed area does not change significantly, and does not develop topography. By 20 Myr, two topography highs, which has a width of ∼200 km and an elevation of ∼4 km, develop at both sides of the orogen. In contrast, the orogen interior is relatively flat and remains low. In the strong orogen case (Figure 6C), two notable topography highs also develop at the orogen sides. They are very high in comparison to the weak and intermediately strong cases, which I ascribe to the absence of erosion in the models. Interestingly, the region bounded by the two topography highs alternates between negative and positive surface deflection, forming a couple of evenly-spaced topographic ribbons. Most of the undulated surface is close to or below the sea level, thus they have potential to be infilled with the material eroded from the two topography highs.
[image: Figure 6]FIGURE 6 | Comparison among the topography developments predicted by the weak, intermediately strong, and strong lower crust models. (Ai,ii) topography evolution predicted by “dela”, in which “diorite” is used as the orogen lower crust flow law. (bi,ii) topography evolution predicted by “delc”, in which “plagioclase” is used as the orogen lower crust flow law. (ci,ii) topography evolution predicted by “delf”, in which “diabase” is used as the orogen lower crust flow law.
In summary, the topography expression during collisional orogeny depends on the strength of the orogen itself. The above-mentioned topographic features can be used as surface diagnostics to distinguish the nature of orogeny.
Effects of Convergence Rate
The convergence rate has an important control on the deformation of the lithosphere. With increasing convergence velocity, the response of the weak lithosphere shifts towards the response of a stiff lithosphere, although delamination occurs nevertheless.
Figure 7 compares the evolution of the orogen shortened by different convergence rates, showing that, for the same rheology, the evolution stages are the same, yet occurs at different times. In these two models (“delb” and “delj” in Table 2), “mafic granulite” is used as the flow law of the orogen lower crust and the other parameters keep the same as those in the reference model. At the early stage of convergence, all experiments show a similar deformation behavior, which are comparable to the weak crust model presented before. The differences become remarkable when the amount of convergence exceeds ∼500 km. For a fast convergence rate (Vx = 2.5 cm/yr; see Figure 7A), the amount of convergence required for lithospheric mantle delamination is ∼1,080 km, which occurs after 22 Myr from the model start. When a slower convergence rate is used (Vx = 1.0 cm/yr; see Figure 7B), the amount of convergence required decreases to ∼820 km, and delamination occurs at 41 Myr from the model start. Thus, the slower the convergence rate, the later the delamination occurs, and the less convergence is required to reach similar geodynamic outcomes. This second-order difference is due to the considerably greater volume of the lower crustal melting in the slow convergence, enhanced by larger radiogenic heating. The slower convergence enhances the crustal flow and inhibit folding and faulting (Figure 7). Therefore, a faster convergence generates a more rugged topography throughout the evolution of the models, while a slower convergence produces a relatively smoother topography (Figure 8).
[image: Figure 7]FIGURE 7 | Time evolutions of the models with different convergence rates. (A) fast convergence model (Vx = 2.5 cm/yr; see “delb” in Table 2), and (B) slow convergence model (Vx = 1.0 cm/yr; see “delj” in Table 2). The flow law of “mafic granulite” (Wang et al., 2012) is used for the orogen lower crust in these models.
[image: Figure 8]FIGURE 8 | Topography evolutions predicted by the fast convergence model “delb” B and slow convergence model “delj” (B).
DISCUSSION
Comparisons With Previous Delamination Modeling
The models predict that the orogen lithosphere mantle is removed as a coherent slice in response to horizontal shortening when the lower crust is sufficiently weak (e.g., Figures 3, 7). This differs both from the conventional delamination model and convective removal model (Figure 9). The former argues that the lithosphere mantle peels away from the crust via an elongated conduit (Bird, 1979; see Figure 9A), and the latter suggests the cold and dense lithosphere mantle drips off in an un-plate-like manner (e.g., Houseman et al., 1981; see Figure 9B). In the new delamination model presented here, it is the weak lower crust that plays a critical role in decoupling the deformation of the upper crust and lithosphere mantle and detaching of the thickened lithosphere mantle as a coherent slab (Figure 9C). The weak lower crust acts like a lubricant which decouples the deformation of the orogen’s upper crust from its lithosphere mantle, allows sliding of the lithosphere mantle along the base of the crust, and promotes delamination of the lithosphere mantle as a coherent slice. Once a large scale lithospheric downwelling is formed, the delamination process occurs rapidly and can be completed in 2 Myr, which is much more efficient than the manner of viscous dripping (∼25 Myr; see Gogus and Pysklywec, 2008). In addition, the punctuated surface uplift due to lithosphere delamination is limited to a localized area (∼200-km wide) above the delaminated lithosphere, not in a broad region as previously demonstrated (e.g., Gogus and Pysklywec, 2008). Because the convergence is imposed at both sides of the orogen, the elevated region is not mobile as shown by Krystopowicz and Currie (2013), but becomes narrow as the convergence proceeds. A comprehensive investigation of the surface expression resulted from delamination will be presented elsewhere.
[image: Figure 9]FIGURE 9 | Schematic illustration of three types of lithosphere mantle removal during collisional orogeny. (A) Conventional delamination model (Bird, 1979). (B) Convective removal via Rayleigh-Taylor instability (Houseman et al., 1981). (C) Weakened lower crust-assisted delamination.
Implications for Tibetan Mantle Dynamics
In this section, I apply the model results to understanding the mantle dynamics of the Tibetan Plateau. Because the models are not specially designed for the Tibetan plateau, the comparisons are only made in an intuitive and qualitative way.
While the Tibetan crust has been uniformly thickened to double normal thickness throughout the India-Asia convergence, the Tibetan mantle lithosphere underwent a more complex evolution. According to tectonic reconstructions, ∼1,000 km of north-south shortening at least, including the eastward extrusion, is accommodated by the Tibetan crust (Guillot et al., 2003; Replumaz and Tapponnier, 2003). This implies an equal amount of mantle lithosphere to be accommodated beneath the Tibetan plateau, which is proposed in the frame of two different scenarios. One suggests that the shortened lithosphere mantle is found beneath the plateau, i.e., it has not detached (Priestley et al., 2006). Evidence for this comes from a multimode surface waveform tomography study, showing high-velocity and cold material underlying most of Tibet to a depth of 225–250 km (Priestley et al., 2006). The other scenario invokes convective removal of Tibet’s thickened mantle and its replacement by a hot asthenosphere (Molnar et al., 1993; Turner et al., 1993). This inference is mainly based on the inefficient Sn propagation and low Pn velocities observed beneath northern Tibet (Barazangi and Ni, 1982; McNamara et al., 1995; McNamara et al., 1997).
Recent seismic studies reveal that the mantle lithosphere under the Tibetan plateau is strongly heterogeneous (Figure 10). P-wave travel time tomography reveals low speeds in the shallow mantle beneath much of central and eastern Tibet and decrease of the horizontal distance over which the Indian lithosphere slides northward beneath the plateau from west to east (Li et al., 2008). Surface wave studies show that shear-wave speeds within the mantle lithosphere are high beneath western and southwestern Tibet and low beneath central and eastern Tibet (Agius and Lebedev, 2013; Schaeffer and Lebedev, 2013), suggesting the Tibetan lithosphere is cold and thick in western Tibet and warm and thin in central and eastern Tibet. More recently, Chen et al. (2017) showed a T-shaped high wave speed structure beneath southern to central Tibet using adjoint seismic tomography method and interpreted it as an upper mantle remnant from earlier lithospheric foundering. More detailed P-wave travel time tomography from INDEPTH II and III data reveals a subvertical high-velocity structure extending to ∼400 km beneath southern Tibet, north of the Yarlung-Zangbo suture, which was interpreted as downwelling Indian mantle lithosphere (Tilmann and Ni, 2003). Such a high-velocity anomaly has been confirmed by the global P wave tomographic model (Li et al., 2008; also see Figure 10). A similar subvertical high-velocity structure was also observed beneath the western syntaxis of the India-Asia collision zone (Negredo et al., 2007; also see Figure 10). In addition, recent S receiver function results reveal a thin Tibetan lithosphere (∼100 km depth) overriding a northward subducting Indian lithosphere (∼250 km) and a southward subducting Asian lithosphere (∼200 km) (Zhao et al., 2011). This indicates strong heterogeneities and rules out a uniform lithosphere, as Priestley et al. (2006) suggested.
[image: Figure 10]FIGURE 10 | (A) Average S-wave velocity anomalies between 75 and 375 km depth in the Tibetan plateau. The data are from Schaeffer and Lebedev (2013). (B,C) P-wave velocity variations at two cross sections, showing subvertical high-velocity structures in the upper mantle. The locations of the cross sections are shown in (A). The data are from Li et al. (2008). Dark green curves indicate suture zones within the Tibetan plateau (Taylor and Yin, 2009). See Figure 1 for abbreviations.
According to the model results, how the mantle lithosphere is accommodated during horizontal shortening is associated with the lower crust rheology. At the early stage of the India-Asia convergence, the Tibetan crust underwent minor shortening and was not thickened significantly. The widespread Cretaceous and Palaeocene red bed sediments covering much of Tibet (e.g., Yin, 2010) provides evidence for the Tibetan crust having a normal thickness at that time, although pre-collision crustal thickening possibly occurred in the southern Lhasa terrane (Murphy et al., 1997; Kapp et al., 2005). Thus, the crust beneath Tibet remained relatively cold and strong, allowing for transmitting the Indian horizontal forces to the far north. The accommodation of the lithosphere mantle shortening mainly takes the form of strong lithosphere subducting on both sides of Tibet, just like the case showed in the model “indf” (Figure 5). This is consistent with the P or S receiver function results showing northward subduction of India beneath southern Tibet and southward subduction of Asia beneath northeastern (Kind et al., 2002; Kumar et al., 2006; Zhao et al., 2011. The model results show that the deformation of the northern margins of Tibet can be explained with a relatively strong Asian crust at the early stage of convergence.
As the Tibetan crust was thickened close to the present values, the lower crust becomes hotter and weaker owing to shear and radioactive heating (e.g., Chen et al., 2019). The high conductivity zones imaged by magnetotelluric studies in northern and eastern Tibet have been interpreted as widespread partial melt with the lower crust (Wei, 2001; Bai et al., 2010), which provides relevant support for its rheologically weak state. A rheologically weak lower crust can facilitates decoupling of the crust and lithosphere mantle and local downwelling of the lithosphere mantle, as demonstrated by the model “dela” (Figure 3). Therefore, I speculate that the progressive heating of the thickened crust would lead to crustal weakening and induce the delamination of the lithospheric mantle at the later stage of the Tibetan Plateau evolution. The subvertical high-velocity structures seen in southern Tibet and western Himalayan syntax (Figure 9) may exemplify localized downwelling of orogen mantle lithosphere steered by a rheologically weak lower crust. As shown in Figure 6, the delamination of the downwelling lithosphere mantle would result in a local, not broad, surface uplift. This process possibly explains a proto-Tibetan plateau first uplifted in central Tibet by 40 Ma ago (Wang et al., 2008).
CONCLUSION
In this study, I investigate the role of the lower crust rheology and convergence velocity based on a range of laboratory-derived flow laws in collisional orogeny using 2-D thermomechanical modeling method. I have drawn the following conclusions:
1) The lower crust strength and velocity are critical factors controlling how the orogen lithosphere mantle is accommodated during horizontal shortening. If the lower crust is extremely weak, the upper portion of the orogen crust decouples from the mantle lithosphere. Crustal folding and buckling are accompanied by localized downwelling of the mantle lithosphere, followed by detachment as a coherent slab. Conversely, if the lower crust rheology is represented by strong end-member of flow laws (e.g., diabase), the convergence is accommodated by underthrusting of the strong block lithospheres on both sides of the orogen. For an intermediately strong lower crust (e.g., plagioclase), concurrent thickening of the orogen crust and mantle lithosphere at the middle and sides of the orogen accommodates most of convergence, and thickened mantle lithosphere remains below the orogen.
2) The surface expression of an orogen subjected to horizontal shortening depends on the strength of the orogen itself. For a weak orogen, topography highs first develop at orogenic margins. The rise of the central region, resulted from lithosphere delamination, postdates the uplift of the margins. In contrast, topography highs only form at the orogenic margins for a strong orogen, and no punctuated surface uplift occurs in the orogen’s interior.
3) When compared to the Tibetan plateau, I suggest that the subvertical high-velocity structures, as revealed by seismic tomography studies in southern Tibet and western syntax, possibly exemplify localized delaminating of the thickened mantle lithosphere owing to rheological weakening of the lower crust during the India-Asia convergence.
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The Zigui Basin in the Three Gorges area is a syncline running in the north-south axial direction; the sediments in the basin are mainly late Triassic-late Jurassic sandy and argillaceous rocks. Since the Three Gorges Project began undergoing impoundment in May 2003, nearly 20,000 mini-earthquakes have occurred in the Zigui–Badong region, including five earthquakes with magnitudes greater than Ms 5.0. Herein, a 3D gravity inversion method was introduced to investigate the density structure of the Zigui Basin and its adjacent areas. A comprehensive analysis of the geological structure of the area was carried out, based on focal mechanism solutions of six moderate–strong earthquakes in the area. The Zigui Basin is a low–density area from the periphery, and the sediment in the east is thicker but less dense than in the west. The shallow part of the Zigui Basin is a weak bottom layer prone to slippage, and the deep part (5–10 km) could comprise lithological strata such as limestone, sandstone, and shale, which easily undergo dissolution by leaking reservoir water. Under the action of external forces such as long-term infiltration and unloading of reservoir water, fissures will expand and squeeze then earthquakes are likely induced in the deep strata. Furthermore, new buried faults in the western and southeastern edges of the core area of the Zigui Basin could also trigger an earthquake under long–term pressurization and reservoir water penetration.
Keywords: gravity analysis, 3D gravity inversion, Three Gorges area, Zigui basin, density structure
INTRODUCTION
The Zigui Basin in the Three Gorges area is located in the thin–skinned structural zone of Chongqing City, Hunan and Hubei Province, with the Yangtze Plate to the south, the Qinling Orogenic Belt to the north, the Sichuan Basin in the west, and the Huangling Anticline in the east. The entire area is squeezed by the Qinling Mountains and Xuefeng Mountains from north to south. The earthquakes in this area are contributed by a unique geological environment that the Three Gorges Reservoir has been in a state of infiltration for many years due to the slippage and folding of the weak sedimentary layer of the rocks in the area. (Li et al., 1987; Wang K. et al., 2013; Wang J. et al., 2018; Wang W. et al., 2018). According to records, there were two significant destructive earthquakes at the Zigui-Badong region in history: the Ms 5.1 Zigui Longhuiguan earthquake in 1979 and the Ms 5.1 Badong earthquake in 2013. Since the impoundment of the Three Gorges in May 2003, 4 Ms 4.0–4.9 earthquakes have occurred, accompanied by a large number of mini earthquakes with high frequency and low magnitude. This is worthy of in–depth study, as the frequent occurrence of earthquake activities is closely related to the special geological structure background and the water permeability of the Three Gorges Reservoir (Li et al., 2010; Wang Q. et al., 2013; Zhang et al., 2017).
Focusing on the complex geological structure and geophysical background of the Three Gorges area, many scholars have conducted extensive research in this area over the years. The analysis of rock thermal tectonic evolution in this area suggests that the Cretaceous and Cenozoic activation of the Qinling-Dabie Orogenic Belt in the North China and Yangtze Craton is the result of the Pacific subduction–North China back arc extension (Hu et al., 2006a; Hu et al., 2006b; Ge et al., 2013). The Yangtze Plate and the North China Plate collided with the orogenic belt in the late Middle Triassic to form the Qinling-Dabie Orogenic Belt, which in turn affected the periphery of the Yangtze Plate, and the Zigui Basin gradually changed from a marine basin to a foreland basin (Liu et al., 2005; Liu et al., 2015a). Throughout the Mesozoic sedimentary process, the basin underwent a northward, north–eastward, and eastward shift in the sediment source, corresponding to changes in paleocurrent in the southern Qinling Mountains (Liu et al., 2005; Shen C.-B. et al., 2012; Shen C. et al., 2012). The complex geological evolution has resulted in the unique geological environment in the Zigui Basin.
Since the construction of the Three Gorges Dam, there have been many studies on the gravity field and crustal deformation in response to changes in water storage in the Three Gorges and adjacent areas (Zhang et al., 1996; Wang et al., 2002; Wang et al., 2014). The relationship between the subsurface fault distribution and seismic coupling has been discussed using the Bouguer gravity and aeromagnetic anomalies, as well as the seismic sources distribution (Liu et al., 1984; Shen et al., 1990). Some scholars have also used the Bouguer gravity anomaly to investigate the crustal structure and the Moho depth of the Three Gorges area to obtain the layered structure of the crust in the area, and discuss the tectonic significance in the area with the regional faults (Li et al., 1987; Wang et al., 1992; Wang et al., 2012). Li et al. (2011) used seismic P and S wave arrival data and tomography method to obtain the 3D crustal velocity structure of the region, which provided new insights into the development and evolution of deep structures in the Three Gorges area.
Previous research has shown that the preparation and occurrence of earthquakes are related to the distribution and activity of underground fault structures. While the distribution and changes in the density of the Earth’s crust can be considered to reflect the underground material migration, no study has been carried out to analyze the evolution of underground material migration against the background of geological formations and, furthermore, to analyze the relationship between regional faults and seismic tectonics coupling with natural seismic events (Li et al., 1987; Li et al., 2010; Wang K. et al., 2013; Wang Q. et al., 2013; Zhang et al., 2017). In this study, a 3D gravity inversion method with a Lagrange multiplier (Zhang et al., 2015) was introduced to determine the crustal density distribution with the constraints of prior local geological and geophysical information. Combining the focal mechanism solution of the six moderate earthquakes and the geological evolution background, the seismogenic structure and faults distribution in the area were analyzed.
GEOLOGICAL BACKGROUND OF ZIGUI BASIN AND ITS PERIPHERY IN THE THREE GORGES
Zigui basin of the Three Gorges in Western Hubei is an important tectonic unit in the Yangtze River area. This area is a Mesozoic tectonic basin that developed and formed in the late Triassic and early Jurassic eras and is mainly composed of Jurassic continental facies and middle–upper Triassic coastal facies clastic rocks (Yu et al., 2017). As shown in Figure 1, the stratigraphic outcrop in the area is relatively complete, Proterozoic dominated by Kongling Group, Shenlongjia Group, and Sinian; Paleozoic dominated by Cambrian, Ordovician, Silurian, Devonian, Carboniferous, and Permian; Mesozoic dominated by Triassic, Jurassic, and Cretaceous; and Cenozoic dominated by Quaternary are all exposed. Large areas of western and southern parts of the basin consist of marine carbonate sedimentary strata, while the eastern part is dominated by carbonate rocks with fine clastic rocks. The Huangling Anticline in the east and the Shennongjia Uplift in the north are mainly composed of gneiss, mixed rock, and granite in the Proterozoic Kongling Group (Qu et al., 2009).
[image: Figure 1]FIGURE 1 | Geographic location and the tectonic map of the Three Gorges reservoir area [from Zhang et al. (2018). J1x-T3s: Lower Jurassic (Xiangxi Formation)-Upper Triassic (Shazhenxi Formation), J1-2n: Middle Jurassic (Niejiashan Formation), J2x: Lower Jurassic (Shaximiao Formation), J3s: Upper Jurassic (Suining Formation), J2s: Upper Jurassic (Shaximiao Formation), J3p: Jurassic (Penglai Town Formation), T1j: Lower Triassic (Jialingjiang Formation), T2: Middle Triassic, Pre-ɛ: Precambrian, O: Ordovician, S: Siluric, P: Permian, D+C: Devonian-Carboniferous, K1s: Cretaceous (Shimen Formation), T1d: Lower Triassic (Daye Formation), ɛ: Cambrian].
The rock distributions and their density parameters are shown in Table 1. Gneiss and dolomite–dominated carbonate rocks are low–density materials with densities of approximately 2.58–2.74 g/cm3, while dolomites, granites and metamorphic complexes are high–density materials with a density of approximately 2.72–3.2 g/cm3. In this work, the rock density constraints in Table 1 were used to carry out the gravity inversion.
TABLE 1 | Stratigraphic distribution and lithologic parameters in Badong–Zigui region.
[image: Table 1]As shown in Figure 2, the Badong-Zigui region is located in a low–medium mountainous area with deep canyons. The fault structures in the area are mainly NE- and NW-oriented, such as the NNE-directed Xinhua–Shuitianba fault and Niukou–Zhoujiashan fault, NE–directed Gaoqiao fault, NW-directed Wuduhe fault and Tianyangping fault, NNW-directed Xiannvshan fault, and EW-directed Maluchi fault. In terms of earthquake distribution, small-medium earthquakes in the Badong-Zigui region are concentrated in the Gaoqiao, Zhoujiashan, and Xiannvshan faults. 2 Ms 5.1 earthquakes have occurred near Xietan, and some studies took the Zhoujiashan fault into account as the seismogenic structure of the Zigui Longhuiguan Ms 5.1 earthquake in 1979 (Wuhan Earthquake Engineering Research Institute, 2010). From a spatial point of view, the small-medium earthquakes in this area are mainly concentrated in the wedge–shaped tectonic unit formed by the abovementioned faults.
[image: Figure 2]FIGURE 2 | Digital elevation model, location of major earthquakes, and fault distribution in the Badong–Zigui and adjacent areas (F1 Gaoqiao fault, F2 Niukou–Zhoujiashan fault, F3 Maluchi fault, F4 Xinhua–Shuitianba fault, F5 Wuduhe break, F6 Xiannvshan fault, F7 Tianyangping fault, and F8 Jiuwanxi fault).
3D GRAVITY INVERSION METHOD
The algorithm adopted in this work is based on the 3D gravity inversion method developed originally by Li and Oldenburg (1996, 1998); Oldenburg (1974). With the addition of the Lagrange multiplier, prior geological and geophysical information can be processed during the inversion by Zhang et al. (2015). The algorithm effectively reduces the problems of ill–posed and multi–solution in the gravity inversion and also improves the quality of the results.
The study area was divided into a series of rectangular units with constant density. Inversion is a process of iterations to obtain the optimal solution. Eq. 1 is the objective function proposed by Li and Oldenburg (1996, 1998):
[image: image]
where φd is the data misfit, the differences between the observations and the forward values of inversion results; φm is the model objective function, and μ is the regularization parameter used to balance the weight of the two items.
Based on the abovementioned inverted objective function, geological constraints are imposed on each grid cell, and a slack variable function is introduced (Zhang et al., 2012; Zhang et al., 2015),
[image: image]
where si(m) is a constraint function to deal with the bound constraints in the inversion, and zi denotes the slack variables used to convert the upper or lower bound into equal constraints. the Lagrange multiplier and penalty function were further introduced to obtain the objective function:
[image: image]
where λ, M, and Nz denote the Lagrange multiplier, the penalty function, and the number of slack variables, respectively. In each step of the iteration, the density and slack variables were calculated simultaneously.
GRAVITY DATA AND PREPROCESSING
Figure 3 shows the Bouguer gravity anomaly in Badong-Zigui region and its adjacent area. The data were obtained from the China Geological Survey, with a scale of 1:200,000. As shown from the map, Badong and its adjacent areas are located on the Taihang–Wuling gravity gradient belt extending in an NNE direction. The Bouguer gravity is a negative anomaly as a whole, and the anomaly values gradually increase from NW to SE, showing a SE-NW arc-shaped distribution (Yang et al., 2014; Liang et al., 2016). On the Shiyan-Baokang-Zigui-Wufeng line, the Bouguer gravity contours are dense and on the east and west sides away from the gravity gradient belt, the anomaly contours tend to be gentle, mostly in the form of local closed circles. The existence of the entire NNE-trending gravity gradient belt indicates that there is a large-scale structural variation zone in the depth. Since the Neotectonic period, the entire area has been characterized by large, continuous arched uplifts. The modern topographical structure and shallow source earthquakes are controlled by the faults in the area (Li et al., 1987).
[image: Figure 3]FIGURE 3 | Bouguer gravity anomalies in the Badong–Zigui area. The dashed line represents the inversion area.
The depth change of the Moho surface in the inversion area is relatively gentle. The least squares polynomial fitting method takes the minimum sum of squared residuals as the judgment criterion. It is a suitable method for an area with small extent and simple geological conditions (Zeng, 2005). We adopted the fifth-order least squares polynomial fitting method (Zeng, 2005) to separate the Bouguer gravity into regional (Figure 4A) and local anomalies (Figure 4B). The regional anomaly (Figure 4A) basically corresponds to the Moho variation in this area (Jiang, 2004; Liang et al., 2016). It can be clearly seen that the Moho in this area gradually tilts from east to west. The large negative gravity anomaly in the area of Pingli–Zhenping–Wuxi indicates that there might be roots under the Daba Mountain Range.
[image: Figure 4]FIGURE 4 | (A) Regional gravity anomalies and (B) local gravity anomalies in the Badong–Zigui area. The dashed line represents the inversion area.
In the inversion area, the negative gravity anomaly was caused by the sediments in the Zigui Basin during late Triassic to late Jurassic; to the east of the basin, the horseshoe–shaped Huangling Anticline obliquity causes a high gravity anomaly (Figure 4B), as well as the Shennongjia Uplift. According to a previous investigation (Gong et al., 2014), the sediments of the basin are characterized by migration and denudation from the periphery to the basin. And the Zigui Basin is a part of the extension as a transitional bay from the Sichuan Basin to the east into the Three Gorges Region, with the feature of sea-land interaction and land-land facies deposition vertically.
3D GRAVITY INVERSION RESULT
The geometry of the inversion area is 170 km in both EW and NS directions, and the depth is 30 km. During the 3D constraint inversion, because the objective function Eq. 3 is an ill-posed problem, the larger the vector m, the more serious the non-uniqueness of inversion. Through a lot of experiments (Wang, 2020), we divided the inversion region into 34 × 34 × 15 rectangular grids with a single grid size of 5 × 5 × 2 km3, the inversion time reduced and inversion result was satisfied. According to Eq. 3, the initial value of the penalty factor, the depth weighting function, and the termination criterion were set at 1.0 × 10−6, 2, and 1.0 × 10−8, respectively. Based on analysis of the geological information of the inversion area in Geological Background of Zigui Basin and its Periphery in the Three Gorges, the lower bound was set uniformly for all inversion grid cells as 2.58 g/cm3, with an upper bound of 2.90 g/cm3. There is no prior reference model used in the inversion, only a constraint of density with range of 2.58–2.9 g/cm3. Different regularization parameters were introduced for iteration to obtain the Tikhonov curve (Li and Oldenburger, 1996, 1998; Zhang et al., 2015), and the regularization parameter was selected to balance the model complexity and data misfit at the same time. As a result, the obtained underground density distributions were shown in Figure 5.
[image: Figure 5]FIGURE 5 | Badong–Zigui region underground density distribution: (A) 0–2 km, (B) 4–6 km, (C) 8–10 km, (D) 12–14 km, (E) 16–18 km, and (F) 18–20 km.
The density structure at this depth of 0–2 km was evenly distributed, there are small areas of low density on the SW side of Badong-Xietanxiang-Zigui, with a density of approximately 2.62–2.64 g/cm3, and areas of high density on the NE side of Zigui-Sandouping, with a density of approximately 2.67–2.692 g/cm3. Taking into account the analysis, these two areas should be reflections of the Zigui Basin and the Huangling Anticline at the shallow surface.
The heart-shaped Zigui Basin, horseshoe–shaped Huangling Anticline, and Shenlongjia Uplift are clearly visible. The red high-density zone in the Wuduhe-Sandouping-Changyang region is the Huangling Anticline with an inversion density of 2.69–2.725 g/cm3. In its central part, there is an area of low density that approximately encompasses an elliptical region where the Three Gorges Dam is located.
The blue low-density area of the Zigui Basin is a sedimentary layer of Jurassic clasts (Qu et al., 2009) with inversion density ranging from 2.6 to 2.64 g/cm3. The seismogenic mechanism with high frequency and low magnitude is mainly found in the sediment layer of the Zigui Basin. In the middle of Zigui and Huangling, a large number of tremors are concentrated, and 2 Ms ≥ 4.0 earthquakes have occurred. The induction of these earthquakes may be related to the slow uplift of the Huangling Anticline at slow uplift and the relative subsidence of the Zigui Basin. On December 16, 2013, an Ms 5.1 earthquake occurred in Badong, with the epicenter shown as the red dot in the figure. In the west of the epicenter, an Ms 5.1 earthquake also occurred in Longhuiguan. This indicates strong tectonic movement in the Zigui Basin. The high–density area in the northwestern part of the basin is the Shenlongjia Uplift, which is a large anticline. It is a geologic structure dominated by carbonate rocks interspersed with multiple layers of clastic layers, with an inversion density of 2.69–2.72 g/cm3.
The profiles of the Zigui Basin and Huangling Anticline in Figure 5C show similar patterns to those in Figure 5B. The inversion density values of the Huangling Anticline and the Shenlongjia Uplift decrease compared with those in Figure 5B, with density values ranging from 2.69 to 2.705 g/cm3, indicating a gradual shallowing of the base of the two anticlines. The density of the Zigui Basin is 2.62–2.64 g/cm3, and the density in the area around Xingshan is smaller than that around Badong. It indicates that the basin sedimentation is uneven. Most earthquakes in this depth region are concentrated in the Huangling Anticline and the middle of the basin and the western margin of the basin.
The Shenlongjia Uplift, Huangling Anticline, and Zigui Basin are still clearly delineated in Figure 5D. The density value of the Huangling Anticline is around 2.675–2.69 g/cm3, and the amplitude decreases significantly compared to Figures 5B,C. The crystalline substrate is further accentuated. The outline of the Zigui Basin is significantly reduced, with density values of approximately 2.63–2.65 g/cm3, and the sedimentary base is basically prominent and close to the surrounding density nearby Badong. The density values are small near Xingshan, showing that the Zigui Basin deepens from west to east. According to previous geological studies, a NE–oriented ancient river exists between the Huangling and Shenlongjia Uplift in the direction of Xinhua–Xingshan, which continuously provides material for the sedimentary filling of the basin from NE to SE (Gong et al., 2014). This may be responsible for the lower density and deeper basement in the eastern part of the basin compared to the western part, and the sedimentary material in the western part of the basin should also have been eroded from the eastern Xingshan-Xinhua area.
The bottoms of the two tectonic units, the Zigui Basin and the Huangling Anticline, are shown to reach essentially the maximum depth in Figures 5E,F. The sedimentary depth at Zigui Basin is approximately 13–16 km, and the crystalline base at Huangling is approximately 15–19 km, which is greater than the tectonic depths of Li et al. (2010). This is due to the blur effect of the L2 norm, which is used in the inversion method. The anomaly inversion amplitude is small and flat, which makes the energy unfocused, resulting in a slight “inflation” of the profile.
STRUCTURAL CHARACTERISTIC ANALYSIS
The inversion results indicate that the sedimentary strata at the Zigui Basin are mainly carbonated rocks with fine clastic rocks in low density. Since the first Three Gorges Reservoir impoundment in May 2003, a large number of moderate and small earthquakes, and micro-seismic activities have occurred in the headland area. Most micro–seismic activity is spatially and temporally concentrated.
Since the Three Gorges seismic network was operated from 2001, the focal mechanism solution of moderate earthquakes in this area has been studied systematically. The seismic mechanism solutions for the five earthquakes obtained in this paper are shown in Table 2.
TABLE 2 | Focal mechanism solution of five earthquakes.
[image: Table 2]The 1979 Longhuiguan Ms 5.1 earthquake at Zigui has the property of left-rotation thrust fault and is a tectonic earthquake under the action of the regional tectonic stress field (Wang, 1981). The 2008 Zigui Ms 4.1 earthquake has the property of strike–slip and thrust and is related to the adjustment of tectonic stress field and the Xiannushan fault (Wei et al., 2013; Li et al., 2019). The 2013 Badong Ms 5.1 earthquake has the property of normal fault strike-slip under nearly east-westward, which belongs to the tectonic earthquake induced by reservoir (Chen et al., 2014). The 2014 Zigui Ms 4.5 and Ms 4.9 earthquakes are characterized by strike–slip and a small amount of thrust dislocation, and controlled and affected by Xiannvshan fault and Jiuwanxi fault activity (Wu et al., 2015). The 2017 Badong Ms 4.3 and Ms 4.1 earthquakes have the property of pure strike-slip. The seismogenic mechanism may be the shear dislocation caused by fracture and instability of Triassic limestone in the area due to long-term seepage and dissolution of reservoir water (Li et al., 2019).
According to the focal mechanism solutions and the nodal planel information of the above five earthquakes, the local dislocation of the seismic fault at the source were projected onto the horizontal plane to obtain the local dislocations at the source of the five earthquakes. Then, the spatial distribution of the seismic sequence and the crustal movement trend of the source area were drew combined with the density inversion results (see Figure 6).
[image: Figure 6]FIGURE 6 | Spatial distribution of seismic sequences and trends in regional crustal movements in seismic source areas. (F1 Gaoqiao fault, F2 Niukou-Zhoujiashan fault, F3 Maluchi fault, F6 Xiannvshan fault, and F8 Jiuwanxi fault. The panel A represents the Zigui earthquake in 1979, The panel B represents the Zigui earthquake in 2008, The panel C represents the Badong earthquake in 2013, The panel D represents the Zigui earthquake in 2014, The panel E represents the Badong earthquake in 2017, The panel F represents the Zigui earthquake in 2018). The red arrow indicates the trend of regional crustal movement at the seismic focus.
2 Ms 5.1 earthquakes and 4 Ms 4–5 earthquakes are all within the boundaries of Gaoqiao fault, Niukou-Zoujiashan fault and Jiuwanxi fault. Six earthquakes with epicenters close to each other, located west of the center of the Zigui Basin. In combination with Figure 6, it appears that this location is at the intermediate junction of high density in the west and low density in the east of the Zigui Basin. By processing the seismic wave parameters of 34 stations, Wang (1981) obtained the focal mechanism solution of the 1979 Longhuiguan earthquake at Zigui, and deduced that the nodal plane at 37° north-east was the fault plane of the earthquake, with the property of left lateral and thrust fault. It should be formed by the NE-NNE uplift folds in the region during the Neotectonic period under the extrusion of tectonic stresses in the NW-NE of the region. For the 2013 Badong Ms 5.1 earthquake, the strike of seismogenic fault was 265.5°, and it can be judged that the focal mechanism was not caused by the Gaoqiao fault and Niukou-Zoujiashan fault. From the perspective of seismography (Chen et al., 2014), the dominant frequency and corner frequency of this earthquake are both low and have the characteristics of collapse earthquake, which indicates that this earthquake was related to the long–term leakage–related dissolution of the water in the Three Gorges reservoir. Based on the analysis of the activity characteristics of Badong Ms 4.3 and Ms 4.1 earthquake sequence in 2017, it is indicated that the unloading of reservoir water makes the compressive stress in this area rebound locally. Then it leads to the expansion of some cracks, and the fractured rock mass that causes dissolution of the reservoir water faces unstable sliding, which finally causes the earthquake. It can be considered that these two earthquakes are different from the tectonic earthquakes caused by the known faults in the region. Moreover, it can also be considered to be independent of the known faults in the region, from aftershock sequence distributions and nodal plane (strike and dip angle) of these two earthquakes. In addition, for the 2018 Zigui Ms 4.5 and Ms 4.1 earthquake, the motion trend of the epicenter region is in the SEE direction, and the aftershocks are also distributed in the SEE direction.
In combination with the analysis of the seismogenic structures of the four abovementioned earthquakes, the results were all considered inconsistent with the strike and dip angle of the existing faults in the area, which indicates that there was no fault structure consistent with the focal mechanism solution of the above earthquakes. From the geological point of view, the whole epicenter of the region is located in the stratigraphy of Badong Group of the middle Triassic and Jialingjiang–Daye Group of the lower Triassic. It has a significantly lower uniaxial compressive strength relative to both its overlying and underlying strata and is a soft substratum prone to slippage (Li et al., 2018). Under the external factors such as long–term leakage dissolution and loading–unloading of the Three Gorges reservoir water, the regional cracks become unstable and slip, and then the earthquake occurs. The study of the tectonic characteristic of Zigui Basin shows that it is held by two anticlines in the north and east directions, the extension of the Sichuan basin in the west and the diffusion of the material density from east to west (Wang et al., 2019). As a whole, the basin has a pattern of mutual movement and extrusion from east to west. In recent 30 years, Ms 4–6 earthquakes occurred intensively in this local region, and it can be considered that the long–term accumulation of tectonic stress in this region is related to the continuous deposition of the Zigui Basin and the east-west material migration movement extrusion.
The 2008 Zigui Ms 4.1 earthquake, the 2014 Zigui Ms 4.5 and Ms 4.9 earthquakes are all located at the junction of high and low densities in the Zigui Basin and the peripheral Huangling Anticline as shown in Figures 6B,D. From a spatial perspective, three earthquakes occurred in a fork–shaped area at Xiannvshan fault and Jiuwanxi fault. While the Nodal plane strikes of these 3 Ms 4–5 earthquakes do not coincide with these two faults. The epicenter of the 2008 Ms 4.1 earthquake and 2014 Ms 4.5 earthquake are at the bottom of the sediment cover in the Zigui Basin, the epicenter of 2014 Ms 4.9 earthquake is within a basal crystalline granite or metamorphic layer. These lithologic strata are upper and Middle Triassic, Upper and lower Permian, upper and middle Silurian limestone, sandstone, and shale. This lithologic-stratigraphic distribution is conducive to reservoir erosion and infiltration. Under the tectonic background of the entire Chinese mainland being compressed by the Indian plate from north to northwest, the Three Gorges and adjacent areas have been moving in the SE direction in the past decades. It can be judged that the whole Zigui Basin has a movement trend in the SE direction; the slow uplifting denudation of the Cenozoic Huangling Anticline provides a material source for the continuous deposition of the Zigui Basin. It is believed that the accumulation of tectonic stress in the local region of the southeast edge of the Zigui Basin is formed by the slow uplifting of the Huangling Anticline and the motion extrusion in the SE direction of the Zigui Basin.
CONCLUSION
In this study, the 3D density structure of the Three Gorges and adjacent areas was obtained using the Bouguer gravity anomaly with regional geological and geophysical data. The Zigui Basin, part of the Huangling Anticline, Shenlongjia Uplift, and other large geological structural units could be seen clearly in the inversion results. The sedimentary layer of the Zigui Basin was shallow in the west and deep in the east, while the sediment density in the east was lower than that in the west. There was also an obvious low–density area in Xingshan-Xietan.
Four earthquakes of magnitude Ms 4–6 have occurred in the west of the core of the Zigui Basin, and the epicenters are relatively close to each other. In terms of density distribution, this area is at the junction of high and low density from east to west. The epicenter motion of the four moderate earthquakes trends in the NE, NEE, and SEE directions, and were all within the boundaries of the Gaoqiao fault, Niukou–Zoujiashan fault, and Jiuwanxi fault. The seismogenic structures were all inconsistent with the strike and dip angle of the existing faults in the area. As the local area is a soft substratum prone region where slippage occurs, the cracks progressively become unstable and slip, and finally the earthquake occurs, owing to dissolution caused by long–term leakage and loading–unloading of the Three Gorges reservoir water. It can be concluded that the long–term accumulation of tectonic stresses in this localized area is related to the continuous sedimentation of the Zigui Basin and extrusion of material migratory movements in the east–west direction. The 2 Ms 4–5 earthquakes that occurred in the southeast side of the Zigui Basin were local earthquakes triggered by the background of Huangling Anticline slow uplift denudation and eastward extrusion of the accumulated stress in the area.
According to the principle of clustering of small earthquakes, it could not be ruled out that there may be one or several NE and NEE small buried faults in the western core area of Zigui Basin, and one NE buried fault exists in the southeast margin of the basin, which was induced by the long–term infiltration of reservoir water and the effect of loading–unloading.
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A Carboniferous trench-arc-basin system related to oceanic slab subduction has been thoroughly imaged by various geophysical probing approaches and proposed for the formation of West Junggar, Northwest China, located in the southwest of the Central Asian Orogenic Belt. However, debate on the origin of West Junggar still continues. Here, we present an integrated aeronautic magnetic–gravity observation to further identify the trench-arc-basin system and constrain the subduction mode. By deploying an integrated aerial magnetic–gravity survey consisting of 66,000 survey-line kilometers from August 3, 2015 to April 22, 2016, we determine the magnetic and gravitational anomaly across the study region by using geophysical potential-field processing. Our results reveal curial crust-scale variations in magnetic and gravitational structures beneath West Junggar and that a prominent Bouguer gravity high is located between the Darbut and Karamay–Urho faults, likely corresponding to a trapped oceanic slab. Notably, the Tacheng Basin is characterized by high-frequency magnetic signal and gravity highs, as well as the Carboniferous rifting–related sedimentary cover, which could be reasonably interpreted to be a back-arc basin. Integrated with these comprehensive geological and geophysical observations across West Junggar, the previous model of West Junggar trench-arc-basin system related to a fossil intra-oceanic subduction during the Late Paleozoic is further renewed.
Keywords: West Junggar basin, subduction-dominated trench-arc-basin system, geophysical potential field processing, magnetic and gravity structure, Late Paleozoic, Tacheng Basin
INTRODUCTION
As the largest Phanerozoic accretionary domain in the world, the Central Asian Orogenic Belt (CAOB), also termed as the Altaid tectonic collage, is a wide orogenic collage during the Paleozoic closure of the Paleo-Asian Ocean, and the amalgamation of diverse-origin terrains, including island arcs, seamounts, accretionary wedges, oceanic plateaus, and, possibly, micro-continents (Jahn et al., 2000; Kröner et al., 2007, 2008; Sengör et al., 1993; Windley et al., 2007; Xiao et al., 2015; Wu et al., 2018; Zhang et al., 2021; Figure 1).
[image: Figure 1]FIGURE 1 | (A) Topography of the Junggar Basin and its environs in northwestern Xinjiang Province. The red polygon is the region of aerial magnetic and gravity data acquired in this study. The blue-pink rhombus indicates the locations for measuring the magnetic susceptibility and density of sampling rocks. The measured magnetic susceptibility and density data are compiled in Table 1 and Table 2. The tectonic framework is modified from Jahn et al. (2004) and Windley et al. (2007). (B) Simplified geological map of the West Junggar Basin and its adjacent tectonic units [XJBGMR (Bureau of Geology and Mineral Resources of Xinjiang Province), 1993; Li et al., 2014].
Situated in the southwestern CAOB, the West Junggar is bounded by the Junggar Basin to the east, the Kazakhstan Shield to the west, the Altaid Orogen to the north, and the Tian Shan Orogen to the south (Buckman and Aitchison, 2004; Coleman, 1989; Feng et al., 1989; Figure 1) and is mainly considered as an accretionary collage formed by subduction and accretion processes during the Neoproterozoic and Late Paleozoic (Feng et al., 1989; Windley et al., 2007; Xiao et al., 2009; Zhang et al., 2011a; Zhang et al., 2018, 2021) and characterized by the Paleozoic ophiolites, magmatic rocks, and numerous valuable Cu-Au–bearing ore deposits distributed along the NE-oriented Hatu, Karamay–Urho, and Darbut faults (Chen and Arakawa, 2005; Xu et al., 2006; He et al., 2007). As an ideal natural laboratory to decipher the tectonic evolution of the CAOB, though several widely-accepted competing models have been built based on multidisciplinary geological, geochemical, and geophysical data, there is still controversy on the intra-oceanic arc system with a ridge-trench interaction generated in double subduction zones (Zhang et al., 2011a; Zhang et al., 2011b; Ma et al., 2012; Yang et al., 2013), a single subduction zone (Su et al., 2006; Xiao et al., 2008; Xu et al., 2016, 2020), or an intra-continental zone (Zhang and Huang, 1992; Chen and Arakawa, 2005; Geng et al., 2009). These different subduction models would correspond to different crustal structures recorded during the subduction process (Xu et al., 2016; Xu et al., 2020; Wu et al., 2018). Thus, imaging the high-resolution crustal structure helps discriminate among the competing models.
Over the past five years, there have been a number of geophysical studies conducted across the West Junggar, such as MT (Xu et al., 2016; Xu et al., 2020; Zhang et al., 2017; Liu et al., 2019) and seismic sections (Wu et al., 2018). These studies together reveal detailed crust structures beneath the domain, mostly by 2D profiling (e.g., Xu et al., 2016) or 3D inversion (Xu et al., 2020). However, other types of geophysical methods lag behind, especially the aeronautic magnetic and gravimetric survey, which could provide regional continental-scale coverage and extra constraints on physical properties such as magnetization and density, respectively, although some recent efforts in detecting electrical structures of the crust and upper mantle of West Junggar have been taken. This imbalance in utilizing different geophysical techniques hinders thoroughly integrating all available geophysical data and systematically deciphering all key regional tectonic units in the area. Our purpose of this study is to characterize comprehensively the geology and geophysics of the West Junggar domain with an integrated approach, and then draw conclusions from our new data processing and interpretation schemes by using a large set of newly-acquired gravimetric and magnetic data.
REGIONAL GEOLOGICAL AND GEOPHYSICAL SETTING
Geological Setting
West Junggar is bounded by the Tian Shan Orogenic Belt in the south, the Altaid Orogenic Belt in the north, the Junggar Basin in the east, and the Kazakhstan Block in the west. It experienced a long-term history of Paleozoic accretion (Yang et al., 2012).
The West Junggar is depicted by a series of island arcs and accretion complexes, partitioned by the Darbut, Barleik, and other faults, oriented in the NE–SW regions (Li et al., 2014). The Carboniferous and Devonian sandstone and volcanic rocks including andesite, andesitic basalt, and basalt are dominantly prevalent in these complexes (Yang et al., 2015a; Zhang et al., 2011a; Zhang et al., 2011b; Zhang et al., 2018; Zhang et al., 2021; Han et al., 2018). The granitoids are classified as the A-type and the I-type. The granitoids, adakites, and charnockites in this region could be dated back mostly between the Middle–Late Carboniferous and Permian eras (e.g., Yang et al., 2015b; Zhang et al., 2021). There are two well-exposed NE–SW–trending Darbut and Karamay ophiolitic mélanges, which are the most striking geological features across the West Junggar (Chen et al., 2014; Zhang et al., 2018). Extending more than 200 km, the northeast-striking Darbut fault is known as a Permian and younger high-angle strike-slip fault across the West Junggar region (Allen et al., 1995; Zhang et al., 2018; Xu et al., 2016). Distributed regionally over a distance of 100 km, these continuous stratigraphic sections on both sides of the Darbut fault have been divided into the Tailegula, Baogutu, and Xibeikulasi formations from the bottom to the top (Chen et al., 2014; Zhang et al., 2018, 2021). In the Tacheng Basin, the sedimentary strata were filled with the Late Paleozoic and Cenozoic strata. However, its basement is unknown (Li et al., 2015a,b). The ophiolitic mélanges and the sedimentary series between the Dagun and the Baijiantan were interpreted as Carboniferous accretionary complexes (Zhang et al., 2011a; Choulet et al., 2012). Zhang et al. (2011a) supposed there are two accretionary complexes that are generated in two subduction zones, whereas Choulet et al. (2012) suggested a single subduction complex.
2.2 Regional Physical Properties
In terms of the susceptibility statistics and geological background of the West Junggar region, the magnetic feature for the sedimentary strata can be expressed by a simple physically magnetic model. As shown in Table 1, all sedimentary strata have either no or weak magnetization (with susceptibility less than 100 × 10−5 SI). Only the sedimentary strata inlaid with magma-related rock present some weak or medium magnetization (greater than 100 × 10−5 SI but less than 500 × 10−5 SI). In contrast, the Devonian and Carboniferous magmatic rocks, being composed of more mafic components, have extremely greater susceptibility values, varying from 116 × 10−5 to 11,024 × 10−5 SI, with an arithmetic mean of about 2,280 × 10−5 SI (Table 1). These high-susceptibility rocks are inferred to be the main contributor to the variation of local magnetic anomalies. Furthermore, the Carboniferous and Permian intrusive rocks varying from acidic to basic–ultrabasic are magnetically measured (Table 2). The mafic intrusive rocks have very strong susceptibility, while the acidic rocks are relatively weak susceptibility. It is notable that the Junggar Precambrian crystalline basement, consisting of highly metamorphic or mafic rocks and underlying the sedimentary cover, also possesses extremely strong susceptibility, which is the origin of regional long-wavelength magnetic anomalies across the Junggar Basin. Although these basement-related rocks are not directly measured in our field work, there are a lot of detailed data published in previous literature (Xiong et al., 2016).
TABLE 1 | Measured physical properties of exposure strata in the West Junggar.
[image: Table 1]TABLE 2 | Measured physical properties of exposure strata across the West Junggar.
[image: Table 2]In the rock density statistics (Tables 1, 2), various density types are presented. In order to compare each density type in an effective way, the average density is taken as the reference data. The density of sandstone and its derivants vary from 2.49 g/cm3 to 2.65 g/cm3, while limestone presents high density values distributed between 2.76 and 3.01 g/cm3. The magmatic rocks of various types show intermediate density values with a variation range from 2.63 g/cm3 to 2.83 g/cm3. Generally, sandstone is mainly derived from terrestrial geologic settings, while limestone is directly related to marine geological settings (Tong et al., 2018). Moreover, the magmatic rocks are all originated from the reworking of the crust–mantle interaction (Tong et al., 2018). Hence, the obvious density contrast could be used to indicate the change in structural and tectonic settings.
DATA AND METHOD
Aerial Magnetic and Gravity Data Measurement
The integrated aeronautic magnetic–gravity measurement across the West Junggar was conducted by Group 913 of the Geophysical Prospecting Department, China Aero Geophysical Survey and Remote Sensing Center for Natural Resources (AGRS), China Geological Survey, and funded with more than 1.4 million dollars from the Geological Survey Project of Comprehensive Airborne Gravity and Magnetic Survey in the Western Junggar Basin. The aerial magnetic and gravity data were measured by using the helium optical pumping magnetometer and the Russian GT-1A airborne gravity meter system, respectively. The magnetic and gravity measurement instruments were integrated in a Cessna 208 aircraft platform with ID number B-9820, permitted by the Zhuhai AVIC General Aviation Co., Ltd., from August 3, 2015 to April 22, 2016. In total, 66,000 km of survey lines were required by 99 sorties, including 62,700 km of the measuring lines and 3,300 km of the crossing lines (Figure 2). The survey scale is 1:50,000 with 500-m measuring and 10,000-m crossing flight-line spacing, and the flight altitude ranges from 1,100 to 2,300 m (Figure 2).
[image: Figure 2]FIGURE 2 | Previous geophysical probe (A) and airborne magnetic–gravity probe (B) across the West Junggar. The thick-line black triangles, thin-line black reversal triangles, blue rhombus, and blue circle-enclosed pink rhombus indicate the magnetotelluric (MT) sites of Zhang et al. (2017); Xu et al., (2015); Liu et al. (2019); and Xu et al. (2020), respectively. The pink squares are seismic arrays (Wu et al., 2018). The red polygon is the region of aerial magnetic and gravity data acquired in this study. The pink lines in the red polygon are the survey lines. The blue dotted line curves are the boundaries of the lithosphere-scale lower resistivity anomalies (Xu et al., 2020). Overlapped on the maps are major rivers and lakes.
The total-filed aeromagnetic data and free-air airborne gravity data were finally acquired by preprocessing field data. The field-measured magnetic–gravity data of each sortie were timely preprocessed. The airborne gravity data were processed by the software packages of Gravimetric Technologies (Russia) and OASIS Montaj. The original aeromagnetic data were processed by the aeronautical geophysical data processing system (AGRS-GeoProbe, http://www.agrs.cn/cgzt/xxcp/448.htm). Compared with the public magnetic dataset (EMAG2; http://www.geomag.org/models/emag2.html) and free-air gravity database (Sandwell et al., 2013; Sandwell et al., 2014), the aerial magnetic and gravity data could present more details (Figures 3, 5). Compared to the public magnetic data (Figure 3A), a series of high-amplitude, long-wavelength magnetic anomalies have been overlaid by several short-wavelength, positive linear anomalies (Figure 5A) across the northern and eastern portions of West Junggar.
[image: Figure 3]FIGURE 3 | (A) Map of total-field magnetic anomalies derived from the EMAG2 dataset (http://www.geomag.org/models/emag2.html). (B) Map of free-air gravity anomalies derived from Sandwell et al. (2013 and 2014). Both maps are overlain on the shaded ETOPO model (www.ngdc.noaa.gov/mgg/global.html).
Figure 5B illustrates the regional map of anomalies in airborne Bouguer gravity. As anticipated, such anomalies are positively associated with topography. Hence, the southwest region of Karamay’s elevated topography (Figure 5B) manifests high gravity values suggesting the basement high along Karamay. The southern portion of the study area signifies a relatively shallow basement which is gravity low.
As the key parameters in the identification of geophysical features, the magnetic susceptibility and density of the sedimentary strata and magmatic rock are the curial constrains on the geological interpretation of magnetic and gravitational anomalies across the West Junggar region. In the field, we measured in situ the magnetic susceptibility data for different strata and magmatic rocks in more than 128 exposed locations across the West Junggar and its surrounding regions and measured indoor density data for these related rock and strata samples, totally 79. Detailed petrophysical property statistics of susceptibility and density in this study are collated and compiled in Table 1, 2.
Aerial Magnetic and Gravity Data Processing
Reduction to the Pole and Analytical Signal Amplitude for Magnetic Data
To eliminate the effect of oblique magnetization, the reduction to the pole (RTP) of the magnetic anomaly is a primary processing technique. The RTP-corrected magnetic data can accurately promote data interpretation and relocate magnetic boundaries. Subsequently, we applied the RTP method of variable inclination (Arkani-Hamed, 1988) to process the aeromagnetic data.
In order to enhance the magmatism-derived signal, the processing of analytical signal amplitude could effectively quantify the magnitude and location of subduction-related magmatism as follows:.
[image: image]
where [image: image], [image: image], and [image: image] unit vectors are in x, y, and z directions, respectively, and M is the magnetic field anomaly (Nabighian, 1984; Ofoegbu and Mohan, 1990; Roest et al., 1992).
According to Roest et al. (1992), the analytic signal amplitude (ASA) is obtained through the vector addition of the imaginary component in the vertical direction and the two real components in the horizontal direction. Assuming vertical contact models, it is independent of inclinations and declinations of source magnetizations (Agarwal and Shaw, 1996; Salem et al., 2002; Li, 2006). As being dependent only on first-order derivatives, the ASA is easy to calculate and actually equivalent to the total magnetic gradient as follows:
[image: image]
The RTP-corrected and ASA-processed algorithms are integrated in the AGRS-Geoprobe software package (http://www.agrs.cn/cgzt/xxcp/448.htm), developed by AGRS, China Geological Survey. We processed the aeromagnetic data on the AGRS-Geoprobe software platform and plotted the aeromagnetic maps using the Generic Mapping Tools (GMT) software package (Wessel et al., 2013).
Bouguer Correction for Gravity Data
The Bouguer gravity data were obtained from observed free-air gravity data by removing the effects of the topography. We used GT-1A Gravity software of aerial gravity data processing, integrated on the Oasis Montaj of Geosoft, to preprocess the field gravity data acquired by the GT-1A airborne gravimetry measurement system. It is notable that GT-1A Gravity software was co-developed by the Navigation and Control Laboratory of Lomonosov, Moscow State University and Gravimetric Technologies, Russia. The primitive aerial gravity data measured in the field were successively processed by the GTNav, GTQC20, and GTGrav modules in the GT-1A software package and then transformed to be the original free-air airborne gravity data. Furthermore, data were processed in turn by coordinate projection conversion, data editing, data leveling, and data–noise processing on the Oasis-based AirGrav module. Followingly, terrain correction and Bouguer anomaly calculation were carried out within the relevant module units. Finally, the airborne Bouguer gravity anomaly data were produced. In the terrain correction, the topographic data were derived from the ETOPO model (www.ngdc.noaa.gov/mgg/global.html) and corrected by the geoidal surface of Yellow Sea 1956 height.
RESULT
Figure 5A reveals that RTP correction of aeromagnetic anomaly is a necessary step to accurately define tectonic units and outline their magnetic boundaries, varying from −281.3 nT to + 994.2 nT, with remarkable contrast between regional and local magnetic anomalies. Especially, the regional fault (such as the Darbut fault) is better characterized magnetically, displaying remarkable correlations between the structural and magnetic boundaries. Additionally, to the east of the Darbut fault, the West Junggar Basin is characterized by regional long-wavelength–positive and –negative magnetic anomalies inlaid with local short-wavelength magnetic highs (Figure 5A). The basements within the Tacheng Basin and Toli low-topographic valley, expressed by high-frequency positive magnetic anomalies, are more correctly and clearly positioned, as shown in Figure 4A than in Figure 5A. The regional long-wavelength negative magnetic anomaly dominates the high-topographic mountains between the Mayile and Darbut faults, striking roughly in a NE–SW orientation (Figure 5A). Compared with the RTP-corrected magnetic map, the ASA-processed map displays obvious high-frequency signals associated with the magmatism and fault (Figures 6A, 7). In the 3D-shaded ASA map (Figure 7), these regional features are further enhanced. Among these noticeable magnetic signals, as we already identified before, this new map is in obvious contrast to the RTP-corrected map. Particularly in the Tacheng Basin and the domains around the Darbut fault, most high-frequency magnetic signals associated with previous magmatism are observed.
[image: Figure 4]FIGURE 4 | (A) Map of observed total-field magnetic anomalies in this study. The warm red and cool blue colors depict magnetic highs and lows, respectively. (B) Map of observed free-air gravity anomalies in this study. Both maps are overlain on the shaded ETOPO model (www.ngdc.noaa.gov/mgg/global.html).
[image: Figure 5]FIGURE 5 | (A) Total-field aeromagnetic anomalies with the reduction to the pole (RTP). The warm red and cool blue shades depict magnetic highs and lows, respectively. (B) Aerial Bouguer gravity map with 10-mGal contour intervals. Both maps are overlain on the shaded ETOPO model (www.ngdc.noaa.gov/mgg/global.html).
[image: Figure 6]FIGURE 6 | Processed results of the analytic signal of aeromagnetic anomaly. (A) Horizontal-X, (B) Horizontal-Y, and (C) Vertical-Z derivatives are calculated from the total-field aeromagnetic anomaly with the RTP (Figure 2). (D) Map of analytical signal amplitudes that we processed from total-field magnetic anomalies. All the maps are overlain on the shaded ETOPO model (www.ngdc.noaa.gov/mgg/global.html).
[image: Figure 7]FIGURE 7 | (A) Map of analytical signal amplitudes. (B) 3D shaded map of analytical signal amplitudes with key faults.
The high-precision fundamental data for the understanding of structural components and local geological bodies are provided by airborne Bouguer gravity (Li et al., 2016). The following characteristics can be found in the aerial Bouguer gravity field across the West Junggar. A regional long-wavelength gravity high is located between the Tacheng and West Junggar basins, with a maximum gravity value of +95 mGal, which are all characterized by long-wavelength negative low-value anomalies with a minimum value of −237 mGal (Figure 4B). Moreover, in the airborne Bouguer-corrected gravity map (Figure 5B), a large-scale long-wavelength gravity high distributes along the Darbut fault with a maximum gravity value of −100.76 mGal, which is surrounded by several local gravity highs to its northwest. Whereas, to its southeast, the West Junggar basin is expressed by the widely distributed negative anomaly low with gravity values ranging from −290.7 mGal to −200 mGal (Figure 5B).
GEOLOGICAL INTERPRETATION AND DISCUSSION
Based on the increasingly geological, geochemical, and geophysical observations, most recent studies have proposed a subduction-dominated tectonic setting for the West Junggar region (Zhang et al., 2011a, 2011b; Ma et al., 2012; Yin et al., 2013; Xu et al., 2016; Zheng et al., 2017). Especially, in the past five years, high-quality seismological and magnetotelluric sections thoroughly imaged the detailed 2D and 3D geometry of the remnant subducting slab beneath the West Junggar (Xu et al., 2016; Xu et al., 2020; Zhang et al., 2017; Liu et al., 2019). These lithospheric-scale observations provided valid constraints on the origin and geometry of a possible northwestward fossil subducting slab and a well-preserved island arc in the Darbut belt (Xu et al., 2016; Zhang et al., 2017) (Figure 8).
[image: Figure 8]FIGURE 8 | Geological interpretation of airborne magnetic–gravity anomalies, constrained by the resistivity cross section XX’ extracted from the 3D MT inversion model of the Xu et al. (2020). Resistivity cross section YY’ extracted from the MT profile of Xu et al. (2016) and its tectonic interpretation and corresponding geological model. C, conductor; R, resistor.
Characterized by the low-resistivity conductor, the hidden Karamay–Urho fault separated the Darbut belt and the West Junggar, is naturally interpreted to be a Late-Paleozoic trench that evolved to be a suture in the present-day tectonic context (Xu et al., 2016) (Figure 8 YY’). Although its geometry could not be traced in the seismic section (Figure 9 ZZ’), the Carboniferous sedimentary rocks beneath the Darbut belt have been strongly compressed and deformed (Ma et al., 2014), implying that there would exist a northwestward Late-Paleozoic subduction system to its southeast.
[image: Figure 9]FIGURE 9 | Tectonic model comparisons constrained by geological and geophysical observations. Crust-scale resistivity cross-section XX’ extracted from Xu et al. (2020)’s three-dimensional model. Seismic sections YY’ and ZZ’ are derived from Li et al. (2016) and Ma et al. (2014), respectively. Model A upgraded from Zhang et al. (2011a) and model B (this study) present the tectonic evolution of West Junggar. In model A, constrained by the magnetic–gravity observations, we further interpret the location of the Tacheng Basin. Notably, model B is an upgraded model of Xu et al. (2016, 2020).
Indicated by the structure of shallow flower-shaped faults and sharp offsets of the Moho interface, Xu et al. (2016) proposed that the Karamay–Urho fault could evolve to be a shearing-dominated fault when the subduction failed and subvertically developed to be the oceanic slab remnant. The Darbut zone located between the faults F1 and F2 was interpreted to be a remnant island arc marked by a series of high-conductivity conductors (Xu et al., 2016) (Figure 8 YY’). Moreover, according to the result of geodynamic modeling (Baitsch-Ghirardello et al., 2014), the domain ranging from Mayile fault to fault F1 was further understood as an intra-arc extension center (i.e., a possible back-arc basin) (Xu et al., 2016). In terms of the lines of the previous evidence, the West Junggar subduction system has finally been proposed, including an accretionary prim, island arc and back-arc basin (Figure 8 YY’).
In this study, there are two remarkable airborne magnetic–gravity highs across the West Junggar (Figure 5; Figure 8 XX’), which are spatially corresponding to two upper-middle crust-scale horizontal resistors located beneath the Darbut zone and Tacheng Basin (Xu et al., 2020), respectively, thoroughly imaged by the newest three-dimensional (3D) resistivity model (Xu et al., 2020). Particularly, the Tacheng Basin is characterized by high-frequency magnetic and gravity highs (Figure 5), well-displayed in the 3D-shaded magnetic ASA map. It is notable that the Tacheng Basin is obviously expressed by a Carboniferous extensional basin with syn-rifting and post-rifting stages, which is clearly revealed by a high-resolution seismic section and strata-dated drill cores (Figure 9 YY’). This Carboniferous basin is most likely a consequence of mantle upwelling triggered by downgoing oceanic subduction, underplated by mafic–ultramafic melt, and finally floored by mafic-rich, high-magnetic basement (Figure 8). Spatially and tectonically, it could be reasonably interpreted as a back-arc basin of the West Junggar subduction system (Figure 8 XX’ and Figure 9). Moreover, the magnetic–gravity high across the Darbut belt corresponds to a coupled resistor and conductor beneath the belt (Figure 8 XX’), which is partially different from the previous MT inversion model (Figure 8 YY’) (Xu et al., 2016). It would be produced in the crust of the island arc under the back-arc tectonic setting of mantle wedge convection (Figure 9). Furthermore, focused on the subduction-related structures and volcanic rocks, most geological and geochemical studies suggested that an oceanic ridge–related subduction system may exist during the Carboniferous (Zhang et al., 2011a, 2011b; Tao et al., 2013; Cao et al., 2014; Gao et al., 2014). In summary, a representative double-subduction model has been proposed for the Carboniferous tectonic evolution of West Junggar (Zhang et al., 2011a; Zhang et al., 2011b). Moreover, structural analysis of accretionary complexes between Darbut and Karamay shows that asymmetric folds and thrusts have NW vergence, which means subduction toward SE (Zhang et al., 2011b). These geological–geophysical observations are all valuable constraints for renewing and revising the current widely-accepted geological models. Owing to the limitation of our airborne magnetic–gravity data, it is hard to rule out the possibility of any of the current widely prevalent models. But, following along current systematically integrated geological–geophysical evidence, we tentatively propose a renewed model of Xu et al. (2016, 2020) for the Late Paleozoic West Junggar oceanic-slab subduction-dominated trench-arc-basin system, especially highlighting that the Tacheng Basin could be an important back-arc basin of this system (Figure 8 YY’ and Figure 9). In the future, associated with the geological observations, the systematically integrated geophysical imaging would be urgently required in order to investigate the origin and finely deep structure of such a fossil subduction system.
CONCLUSION
An integrated aerial magnetic–gravity survey consisting of 66,000 survey-line kilometers costing 1.4 million dollars, was deployed in the West Junggar, Xinjiang Province, Northwest China. By systematically processing the surveying data, we obtained a series of high-resolution magnetic and gravity anomaly maps. Integrated with comprehensive geological and geophysical observations, the crust structure of West Junggar has been well imaged in detail. Especially, there is a remarkable Bouguer gravity high located between the Darbut and Karamay–Urho faults, spatially consistent with the remnant oceanic slab detected by the magnetotelluric (MT) investigation of Xu et al. (2016, 2020). Most importantly, the Tacheng Basin characterized by short-wavelength positive magnetic anomalies and series of gravity highs is reasonably interpreted to be a Carboniferous back-arc rifting basin, which is not identified by previous geophysical investigations owing to the limitation of these geophysical approaches. Finally, in terms of newly-processed magnetic–gravity data as well as these geophysical observations across the West Junggar, we further renewed the model of the trench-arc-basin subduction system proposed by previous literature. Some contentious issues on the origin and fine lithosphere structure of the West Junggar subduction system need to be further studied when more integrated geological–geophysical data are available and interpreted in the future (Buslov et al., 2004; Safonova et al., 2011a; Safonova et al., 2011b; Li et al., 2012; Yan et al., 2012; Jian et al., 2013; Di, 2016; Dai et al., 2021).
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Sedimentary investigations, petrography, heavy mineral and conglomerate component analyses, and detrital zircon U-Pb geochronology were conducted to reconstruct the sedimentary and source-to-sink evolution of the Southern Junggar Basin, an intracontinental basin in the late Mesozoic. A paludal deltaic environment evolved into a fluvial environment, and abruptly prograded into alluvial fan and aeolian environments in the Late Jurassic, which was replaced by fan deltaic and lacustrine environments in the Early Cretaceous. Three source-to-sink systems were identified, according to different source-to-sink system features. In the northern piedmont of the Tianshan Orogenic Belt, the North Tianshan Orogenic Belt mainly provided sediments in the Late Jurassic. The North Tianshan and Central Tianshan Orogenic Belt both supplied sediments in the Early Cretaceous. In the northern piedmont of the Bogda Orogenic Belt, the Bogda Orogenic Belt was constantly the primary provenance, and the Tianshan Orogenic Belt also provided sediments. Sediment recycling occurred in the basin margin in the Late Jurassic and more metamorphic rocks were denudated in the Early Cretaceous. The source-to-sink system shrank in the Late Jurassic and expanded in the Early Cretaceous. This source-to-sink evolution and the conglomerates in the Kalazha Formation with seismite structures responded to the aridification in the Late Jurassic, the uplift of the Bogda and Tianshan Orogenic Belts in the Late Jurassic, and the exhumation of the Bogda and Tianshan Orogenic Belts in the Early Cretaceous.
Keywords: sediment recycling process, seismite, Kalazha conglomerate, Bogda Orogenic Belt, Tianshan Orogenic Belt
INTRODUCTION
The source-to-sink approach focuses on the connection and reconstruction of the various components of siliciclastic sedimentary systems from initial source areas through the dispersal system to catchment areas, and it has more recently been applied to deep-time stratigraphic systems (Bhattacharya et al., 2016; Walsh et al., 2016). Source-to-sink systems of intracontinental basins are different from source-to-sink systems of continental margins, which are not influenced by the sea and mainly exhibit terrestrial deposits. Intracontinental basins have been termed “Chinese-type basins”, “collisional successor basins”, “walled basins”, and “plate interior polyphase basins” (Bally and Snelson, 1980; Graham et al., 1993; Carroll et al., 2010; Johnson and Ritts, 2012) and are typical in western China (e.g., the Junggar Basin, Tarim Basin, Qaidam Basin, and Sichuan Basin). These intracontinental basins are relatively undeformed within the basin interiors yet significantly deformed at or near the basin margins (e.g., Graham et al., 1993; Ritts et al., 2009; Liu et al., 2012). They also typically record polyphase deformation and are abundant in coal, petroleum, and evaporite minerals. Understanding the source-to-sink systems in these intracontinental basins has important implications for unraveling their basin and orogenic evolution.
Aridification happened in the Late Jurassic in Central and East Asia, which covered over an area of ∼1*107 km2 (Yi et al., 2019). The Tianshan and Bogda Orogenic Belts are assumed to have experienced uplift in the Late Jurassic, as suggested by a cooling event based on apatite fission-track data (Dumitru, et al., 2001; Guo et al., 2006; Shen et al., 2006, 2008; Tang et al., 2015). Located in the southern Central Asia Orogenic Belt (Figure 1A), the southern Junggar Basin (SJB) is in the northern piedmont of the Tianshan and Bogda Orogenic Belts and has been an intracontinental basin since the Permian. The basin infilling in the SJB in the Late Mesozoic recorded the aridification and the intracontinental mountain building of the Tianshan and Bogda Orogenic Belts. The coal-bearing strata evolved into red beds in the Late Jurassic. Red fine-grained deposits transitioned into tens of meters-thick conglomerate successions (Kalazha Formation) in the latest Jurassic that underlaid gray or greenish fine-grained deposits in the Lower Cretaceous. Jolivet et al. (2017) believed that the conglomerates in the latest Jurassic were largely associated with the aridification, while some researchers assumed that the conglomerates were triggered by the far-field effect of collisions along the Asian margins (Hendrix et al., 1992; Fang et al., 2006b; De Grave et al., 2007; Fang et al., 2016).
[image: Figure 1]FIGURE 1 | (A) Simplified tectonic map of Asia, modified from Ma (2002). The light yellow area shows the location of the Central Asia Orogenic Belt. BS-Baoshan Block; TC-Tengchong Block; WB-West Burma Block; (B) geological map of the Tianshan and Bogda Orogenic Belts. The age data are provided in Supplementary Material S2 (C, D) stratigraphic distribution and paleocurrents of the Upper Jurassic and Lower Cretaceous in the southern Junggar Basin. 1. Sikeshu section; 2. Manasi section; 3. Qingshuihe River section; 4. Taxihe River section; 5. Queergou section; 6. Hutubi River section; 7. Jiangong mine section; 8. Dongwozi section; 9. Toutunhe River section; 10. Wangjiagou section; 11. Baiyanggou section; 12. Shuimohe section; 13. Dahongshan section. The paleocurrents are from the following sources: a. Fang et al., 2019; b. Hendrix et al., 1992; c. Zhou, 2020; d. Zhou et al., 2019; and e. Wang et al., 2007. The Upper Jurassic to Lower Cretaceous strata thickness is exaggerated for several kilometers to better show the stratigraphic distribution. The boundaries of paleouplift in the late Middle Jurassic refers to He et al. (2008).
To reconstruct the sedimentary and source-to-sink evolution in the SJB in the Late Mesozoic, we employed sedimentary analysis, paleocurrent, heavy mineral, and conglomerate component analysis combined with U-Pb age data of detrital zircons. This study provides insights into how tectonic and climatic evolution influence the source-to-sink system of intracontinental basins.
GEOLOGICAL SETTING
The Junggar Basin is believed to be a Permian rift basin (Fang et al., 2006a) and a Mesozoic to Paleocene intracontinental depression basin (Fang et al., 2004; Wu et al., 2004; Wang J. et al., 2018). The basin was in a post-orogenic weak extensional setting from the Early to Middle Jurassic, and the basin experienced transpression from the Middle Jurassic to the Late Jurassic, as evidenced by the rapid formation of the Chemo paleouplift (Figures 1C, 11C), which is a transpressional structural belt (He et al., 2008; Ni et al., 2019). The Chemo paleouplift experienced initial development in the late part of the Early Jurassic, rapid growth and shaping from the Middle Jurassic (Figures 1C, 11C), burial in the Cretaceous, and tilting and destruction in the Cenozoic (He et al., 2008).
The SJB is situated in the northern piedmont of the Tianshan and Bogda Orogenic Belts and can be divided into three present tectonic units, including the Sikeshu sag, Qigu fault belt, and Fukang fault belt (Figure 1B). The Jurassic strata in the SJB include the Badaowan, Sangonghe, Xishanyao, Toutunhe, Qigu, and Kalazha Formations (Figure 2). The Kalazha Formation features greenish-brown and red conglomerates and gray sandstones in different places in the SJB (Guan et al., 2020). The Cretaceous strata include the Lower Cretaceous Tugulu Group and Upper Cretaceous Donggou Formation, which unconformably contacted with the Upper Jurassic strata. The Tugulu Group includes Qingshuihe, Hutibi, Shengjinkou, and Lianmuqin Formations from bottom to top (Figure 2). The Donggou Formation is absent in the Sikeshu sag.
[image: Figure 2]FIGURE 2 | Comprehensive stratigraphic column of the Southern Junggar Basin. T-Triassic; K-Cretaceous; CPCL-Chasmatosporite-Pinuspollenites-Cycadopites-Leiotriletes. Ages are from Deng et al. (2015) and Huang (2019). The spore-pollen assemblage and climate data are from Deng et al. (2015) and Tian (2017).
The potential provenances in the late Mesozoic include the North Tianshan, Central Tianshan, and Bogda Orogenic Belts, a northeastern branch of the Tianshan Orogenic Belt, evidenced by the collected paleocurrents (Figures 1B,C). The North Tianshan, Central Tianshan, and Bogda Orogenic Belts experienced subduction–accretion in the Paleozoic (Windley et al., 2007). The North Tianshan Orogenic Belt is mainly composed of arc-related igneous and volcaniclastic rocks of Devonian to Carboniferous age (Han et al., 2011; Xiao et al., 2013). Ordovician–Silurian tuffaceous siliciclastic rocks, limestones, and Permian volcanic and terrestrial clastic rocks are also distributed in the North Tianshan Orogenic Belt. The Bogda Orogenic Belt comprises a bimodal volcanic-sedimentary rock series of Carboniferous-Early Permian age and upper Paleozoic-Cenozoic sedimentary rocks in the northern and southern margins of the foothills (Wang Y. et al., 2018).
Different from the North Tianshan and Bogda Orogenic Belt, the Central Tianshan Orogenic Belt comprises Precambrian basements with high-grade metamorphic suites. In addition, the Central Tianshan Orogenic Belt consists of early Paleozoic subduction-related arc-type igneous rocks, Permian–late Paleozoic post-collisional granitoids (Han et al., 2011), Cambrian–Carboniferous greenschists, slates, limestone, and volcanic-siliciclastic rocks (Gao et al., 1998).
METHODS
Sedimentary outcrops of the Late Jurassic–Lower Cretaceous successions are well preserved and exposed in the southern Junggar Basin. Thirteen sedimentary sections were surveyed, including Sikeshu River, Manasi, Qingshuihe River, Taxihe River, Queergou, Hutubi River, Jiangong mine, Dongwozi, Toutunhe River, Wangjiagou, Baiyanggou, Shuimohe section, Dahongshan sections (Figure 1C).
These sections all include Qigu and Kalazha Formations, and Tugulu Group, the sedimentary successions of which were measured (Figure 8). The sedimentary structures were described and the sedimentary environments were interpreted. The sedimentary environments of these sections and well CS1 and JY2 (Figure 1C) were compared (Figure 8).
Heavy Mineral Composition
A total of 597 heavy mineral data in 32 wells (Figure 1C) and 7 sedimentary sections (Figure 1C) were used for provenance analysis, among which 23 heavy mineral data were conducted in the Langfang Yuneng Rock and Mineral Processing Co., Ltd. in Langfang, Hebei Province, and the other heavy mineral data were collected from Zhou et al. (2019). The detailed heavy mineral analysis process followed the methods described by Mange and Maurer (2012). Authigenic minerals were excluded from the analysis.
A matrix heatmap was used to represent individual values with different colors in the heavy mineral analysis (Zhu et al., 2017; Zhou et al., 2019). The heatmaps were generated by HemI version 1.0.3.3 software. The blue to red scale in the heatmaps represents low to high percentages of heavy minerals (Deng et al., 2014). Each column presents all the data for one specific heavy mineral from all the samples, and each row shows all the heavy mineral compositions of one specific sample. Different heavy mineral assemblages were generated by hierarchical cluster analysis using the average-linkage clustering algorithm. One pie chart on the heavy mineral assemblage distribution map for one specific stratum represents different heavy mineral assemblages indicating different source areas.
Conglomerate Components
The conglomerate outcrop data include conglomerate components and grain sizes from six sections, including Sikeshu River, Manas, Taxi River, Quergou, Baiyanghe, and Dongwozi section (Figure 1). In each section, ca. 100 clasts were counted in an area of 1 m2 to analyze the provenance. The lithology of the conglomerate grains was identified in the field (see Supplementary Figure S4) and checked under an optical microscope with thin sections.
Detrital Zircon Geochronology
The detrital zircon geochronology of five samples was conducted in this study, including JGMK-026 (Kalazha Formation), HG-007 (Kalazha Formation), JY-2718 (Qingshuihe Formation), CS-1045 (Kalazha Formation), and JGMK-148 (Qigu Formation). We also collected detrital zircon geochronological data of eight published samples to compare with the new data, including sample SKSH-012 (Qingshuihe Formation, SKSH-052 (Qigu Formation, XJ10-016 (Qingshuihe Formation, Yang et al., 2013; Guan et al., unpublished data1), Tou-08 (Qingshuihe Formation, Fang et al., 2015), Tou-07 (Kalazha Formation, Fang et al., 2016), XJ09-100 (Qigu Formation, Yang et al., 2013), Tou-06 (Qigu Formation, Fang et al., 2015), TS12-110 (Qigu Formation, Tang et al., 2014). Sample SKSH-012 and SKSH-052 are from the Sikeshu River section (Figure 1C); sample JGMK-026 and JGMK-148 is from the Jiangong mine section (Figure 1C); the sample XJ10-016, XJ09-100, and HG-07 are from the Manas section (Figure 1C); sample Tou-08, Tou-07, Tou-06 are from the Toutunhe section (Figure 1C); sample TS12-110 is from Baiyanghe section (Figure 1D); sample CS-1045 is from well CS1 (Figure 1D); sample JY-2718 is from well JY2 (Figure 1D).
After separation by standard heavy liquid and magnetic techniques, 250 detrital zircon grains were randomly purified under a binocular microscope for each sample. The grains from samples JGMK-026 and HG-007 underwent cathodoluminescence (CL) imaging with a Quanta 200 FEG scanning electron microscope and U–Pb isotope analyses with LA–ICP–MS (Agilent 7500c ICP–MS coupled with a 193-nm ArFExcimer laser) at the Key Laboratory of Orogen and Crust Evolution, Peking University; the grains from samples JY-2718, CS-1045, and JGMK-148 underwent CL imaging and U–Pb isotope analyses using LA–ICP–MS (Agilent 7900 ICP–MS coupled with ATL (ATLEX 300) excimer laser and a two-volume S155 ablation cell) at Beijing GeoAnalysis Co., LTD. The analysis procedures proposed by Yuan et al. (2004) were followed. Isotopic ratios and elemental concentrations of zircon grains were calculated using the GLITTER 4.0 program (Jackson et al., 2004). Common lead was corrected using the method of Andersen (2002). The age calculations were performed using ISOPLOT 3 (Ludwig, 2003). The 207Pb/206Pb age was utilized when the age was >1,000 Ma, and the 206Pb/238U age was utilized when the age was <1,000 Ma. Only ages with concordance degrees >90% were analyzed (Supplementary Figures S2, S3).
RESULTS
Petrography, sedimentary analysis, heavy mineral assemblages, conglomerate components, and detrital zircon geochronology were conducted for source-to-sink analysis in the SJB.
Petrological Characteristics
Based on field investigations, eleven lithofacies were delineated in the SJB (Table 1; Figure 3), including fine, sandstone, and conglomerate lithofacies. Fine lithofacies consist of Fsm and Fl lithofacies (Table 1). The lithologies include centimeter-to decimeter-thick fine sandstones, siltstones, siltstones, or mudstones (Figures 3A,B); the sandstone lithofacies include Sr, Sc, Sm, Sh, Sp, St, and SGF lithofacies (Table 1). These sandstone lithofacies have different sedimentary structures and were formed via different depositional processes (Table 1; Figures 3C–F). The conglomerate lithofacies is composed of Gmm and Gcm lithofacies (Table 1). The Gmm lithofacies is composed of granule to pebble beds that are tens of meters thick and matrix-supported (Figure 3G), while the Gcm lithofacies comprises decimeter-to meter-thick granule beds and is clast-supported (Figure 3H). The conglomerate components of Gmm lithofacies include both well-rounded gravels and poor-rounded gravels. The.
TABLE 1 | Lithofacies of the Qigu, Kalazha, and Qingshuihe Formations in the late Mesozoic Southern Junggar Basin.
[image: Table 1][image: Figure 3]FIGURE 3 | Typical lithofacies in the late Mesozoic Southern Junggar Basin. (A) Fsm and Sm, Kalazha Formation, Wangjiagou section; (B) Fl, Qigu Formation, Jiangong mine section; (C) Quergou section; (D) Sikeshu River section; (E) St, Qigu Formation, Quergou section; (F) SGF, Kalazha Formation, Wangjiagou Formation; (G) Gmm, Kalazha Formation, Jiangong mine section; (H) Gcm, Qinghsuihe Formation, Jiangong mine section. The definition of lithofacies see Table 1.
Seismite structures were observed in layered sheet-flow deposits with Gmm and Sm lithofacies, occurring in the Kalazha Formation in the Manas, Taxi River, Quergou, Jiangong mine, Baiyanghe, and Shuimohe section (Figures 4A,B, D–H, and the Qigu Formation in the Manas section (Figure 4C). Some sandstone veins are distorted and cut into several pieces (Figures 4A–D). Water escape structures are also present (Figures 4E–H). Tube-like sandstone veins connect to different sandstone layers (Figures 4G,H). The seismite structure extends laterally for hundreds of meters. Sandstone or gravelly sandstone veins penetrate the underlying layers by 10 cm to several meters (Figures 4A–F). Seismites appear frequently in the middle part of the Kalazha Formation and constitute tens of high-frequency cycles (Figure 4A).
[image: Figure 4]FIGURE 4 | Sedimentary characteristics of the seismites in the late Mesozoic Southern Junggar Basin (A, B) Quergou section, Kalazha Formation; (C) Manasi section, Qigu Formation (Guan et al., 2020). The ruler for scale; (D) Quergou section (Guan et al., 2020), Kalazha Formation. The notebook (17.5 cm) for scale; (E) Taxihe River section (Guan et al., 2020). The ruler for scale; (F) Jiangong mine section (Guan et al., 2020), Kalazha Formation. The lens cap (7.2 cm) for scale; (G) Baiyanghe section, Kalazha Formation. The ruler for scale; (H) Jiangong mine section (Guan et al., 2020), Kalazha Formation. The ruler for scale.
Facies Association and Sedimentary Interpretation
Eleven lithofacies have been distinguished and grouped into seven facies associations based on field investigations. Sedimentary environments have been interpreted respectively, including alluvial fan, fan delta, aeolian dune, meandering river, alluvial plain, lakeshore, and shallow lake (Table 2).
TABLE 2 | Facies associations and depositional environments in the late Mesozoic Southern Junggar Basin.
[image: Table 2]Facies Association 1 and 2: Alluvial Fan and Fan Delta
Facies associations 1 and 2 dominate in the Kalazha Formation from the latest Jurassic to the Early Cretaceous in the SJB and are composed of Gmm, Gcm, Sm, Sp, and St lithofacies (Table 2). Tens of meters-thick conglomerate lithofacies with meter-thick Sm lithofacies were observed in the SJB. In the Qingshuihe section, Taxihe River section, Quergou section, Dongwozi section, Baiyanghe section, and Shuimohe section, the red facies association 1 underlies the brownish-green facies association 2 (Figures 5D,E). These two facies associations are distinctive in color (Figures 5D,E) because the conglomerate lithofacies in the facies association 1 contains a large amount of red matrix, while the conglomerate lithofacies in the facies association 2 lacks a red matrix and includes more greenish mudstones or siltstones (Figure 3G). The conglomerate lithofacies in the facies association 1 comprises red, polymictic, poorly to medium sorted, and poorly to medium rounded conglomerates (Figures 5A,B,J, and Supplementary Figures S4A, B, C, E) and is strongly cemented by calcite (Figure 5I), while the conglomerate lithofacies in the facies association 2 mainly consists of greenish-brown, polymictic, medium-to well-sorted, and medium-to well-rounded conglomerates (Figures 3G, 5F,K, and Supplementary Figure S4F) with some preserved primary intergranular pores (Figure 5M and Figure 5O). More Gcm lithofacies occur, and several thin red conglomerates can also be observed in the facies association 2. Both the facies associations 1 and 2 are composed of several cycles (Figures 5A,B).
[image: Figure 5]FIGURE 5 | Sedimentary characteristics of the Kalazha Formation in the northern piedmont of the Tianshan Orogenic Belt (a-f, l, m) and Bogda Orogenic Belt (g-k, n, o) in the Southern Junggar Basin (A, B) Manasi section (Guan et al., 2020). The man (170 cm) for scale; (C) Sikeshu River section; (D) Quergou section (Guan et al., 2021). The man (175 cm) for scale; (E) Dongwoz section; (F) Jiangong mine section (G, H) Wangjiazhuang section. The man (175 cm) for scale; (I) Dahongshan section (J) Shuimohe section. The ruler for scale (K) Baiyanghe section. The hammer (27.9 cm) for scale (L) casting thin section, plane-polarized light, Manasi section (M) casting thin section, plane-polarized light, Jiangong mine section (N) casting thin section with Alizarin red S, plane-polarized light, Toutunhe River section. The Alizarin red S stained the calcite red (O) casting thin section, plane-polarized light, Baiyanghe section. FA-facies association. The definition of facies associations see Table 2.
Facies associations 1 and 2 are interpreted as the products of alluvial fan and fan delta environments, respectively (Table 2). The facies association 1 has coarsening-upward successions, which are assumed to be progradational alluvial fan deposits, while the facies association 2 has fining-upward successions, which are believed to be retrogradational fan delta deposits. In the facies association 1, the Gmm lithofacies is flatly interlayered with Sm lithofacies and constitutes at least four short-term cycles in the Manasi section, which are interpreted as sheet flow deposits in the middle fan subfacies (Figures 5A,B). In the Sikeshu River section, the Kalazha Formation shows no layers and is poorly rounded and poorly sorted, which is suggestive of debris flows of the root fan subfacies (Figure 5C). In the facies association 2, meter-thick fining-upward sandstone and conglomerate successions with scour bases (Figure 5K) and trough cross-bedding are interpreted as distributary channels, and meter-thick coarsening upward sandstone and conglomerate successions are interpreted as mouth bars.
Facies Association 3: Aeolian Dune
The facies association 3 prevailed during the deposition of the Kalazha Formation in the latest Jurassic, and it is composed of the meters- or tens of meters-thick SGF lithofacies in the SJB (Table 2; Figures 5G–I). The SGF lithofacies consist of meter- and tens of meters-thick grey medium to coarse sandstones with high-angle trough cross-bedding (Figure 3F). The grains are well-rounded and clast-supported. A great number of primary intergranular pores are preserved in the SGF lithofacies (Figure 5N).
The facies association 3 is interpreted as eolian dune deposits in an erg environment (Table 2). The SGF lithofacies was the product of wind ripple migration and grainfalls in flow separation zones.
Facies Associations 4 and 5: Meandering River and Alluvial Plain
The facies association 4 is composed of Gcm, Sp, St, Sr, and Fsm lithofacies, and the facies association 5 consists of Sr, Fsm, and Fl lithofacies (Table 2). These facies associations are widespread in the Late Jurassic Qigu Formation. Facies associations 5 are also identified in the Kalazha Formation, with dominant mudstone lithofacies and thin layers of lens-shaped Sr lithofacies. A typical facies association 4 occurs in the Manasi and Jiangong mine sections. The upper part of the Qigu Formation mainly contains isolated lens-shaped sandbodies with thicknesses of 3–5 m (Figure 6A), while the lower part of the Qigu Formation mainly contains bridging tabular or ribbon-like amalgamated bodies with thicknesses of 3–10 m (Figure 6B). Inclined thin mudstone layers in the sandbody are also observed. In a single sandbody, a small amount of lag gravel (Gcm lithofacies) or red mud clasts are developed at the bottom. The lower part of the sandbody is composed of Sp and St lithofacies (Figure 6E), and the upper part constitutes Sr and Fsm lithofacies with 1–2 m thick sandbodies (Figure 6B) and trace fossils, like Scoyenia ichnofacies (Figure 6F), were found.
[image: Figure 6]FIGURE 6 | Sedimentary characteristics of the Qigu Formation in the Southern Junggar Basin. (A) Manasi section; (B) Jiangong mine section (Guan et al., 2019); (C) Hutubi River section; (D) casting thin section, plane-polarized light, Manasi section; (E) cross-bedding, Taxihe River section. Mud clasts were weathered into cavities. The ruler for scale; (F) Scoyenia ichnofacies (Guan et al., 2019), Jiangong mine section. The ruler for scale. FA-facies association. The definition of facies associations see Table 2.
The facies association 4 is interpreted as a meandering river environment (Figures 6A,B), and the facies association 5 is interpreted as an alluvial plain and overbank environment (Figure 6C and Table 2). The sandbodies in the facies association 4 are composed of channel and lateral accretion deposits (Figure 6B) in the lower part and overbank deposits (Figure 6C) in the upper part.
Facies Associations 6 and 7: Lakeshore and Shallow Lake
The facies associations 6 and 7 both dominate in the Early Cretaceous Qingshuihe Formation. The facies association 6 is composed of Gcm, Sr, and Fsm lithofacies, and facies association 7 is composed of Sr, Fsm, and Fl lithofacies in the SJB (Table 2). The facies association 6 overlies the facies association 2 (Figure 7A). In the facies association 6, meter-thick Gcm lithofacies and decimeter-to meter-thick Sr lithofacies are interlayered with thin layers of Fsm lithofacies. The Gcm lithofacies in the facies association 6 is gray-colored, well-sorted, and well-rounded (Figure 7D and Supplementary Figure S4D). The sheet-like sandbodies in these two facies associations extend for kilometers. Ripples (Figure 7G), ripple cross-bedding, mud cracks, and trace fossils, such as Scoyenia ichnofacies, are found. The grains are well-sorted, subrounded, and include ooids (Figure 7F). In the facies association 7, Sr, Fsm, and Fl lithofacies alternate frequently (Figure 7C). In the Taxihe River section, millimeter-thick gypsum layers occur frequently in the Qingshuihe Formation.
[image: Figure 7]FIGURE 7 | Sedimentary characteristics of the Qingshuihe Formation in the Southern Junggar Basin (A–D) Jiangong mine section (Guan et al., 2020). The hammer (27.9 cm) for scale in d; (E) casting thin section with Alizarin red S, plane-polarized light, Manasi section. The Alizarin red S stained the calcite red; (F) thin section, plane-polarized light, Dongwoz section; (G) wave ripples, Sikeshu River section. The ruler for scale. FA-facies association. The definition of facies associations see Table 2.
The facies association 6 is interpreted as a lakeshore environment, and the facies association 7 is interpreted as a shallow lake environment (Table 2). The facies associations 6 and 7 occur alternatively and frequently, which suggests frequent lake-level fluctuations.
Sedimentary Comparison
Meandering river environments prevailed during the deposition of the Qigu Formation in the SJB (Figure 8). The sedimentary environments in which the Kalazha Formation was deposited varied in the SJB. In the Sikeshu River and Manas sections, alluvial fan deposits developed in the Kalazha Formation (Figure 8A). The Manas section possesses the thickest facies association 1 (Figure 8A). In the Qingshuihe, Taxihe, Quergou, Hutubi, Jiangong mine, Dongwoz, Baiyanggou, and Shuimohe sections, and in well JY2 (Figure 1C), both alluvial fan and fan delta environments were identified in the Kalazha Formation (Figure 8A). The Jiangong Mine section exhibits the thickest DF facies association (Figure 8A).
[image: Figure 8]FIGURE 8 | Sedimentary comparison and heavy mineral assemblages in the northern piedmont of the Tianshan (A) and Bogda Orogenic Belts (B) in the late Mesozoic in the Southern Junggar Basin.
In the Toutunhe, Wangjiazhuang, and Dahongshan sections, and well CS1, eolian dunes in an erg environment were identified in the Kalazha Formation (Figure 8B). A lacustrine environment prevailed during the deposition of the Qingshuihe Formation in the SJB (Figure 8). The lakeshore environment evolved upward into a shallow lake environment from the bottom.
Heavy Mineral Assemblages
The characteristics of parent rocks in potential provenances, including heavy mineral assemblages, are summarized in Table 3. The heavy mineral assemblages of sedimentary sections and wells are presented in pie charts in the sedimentary comparison profiles (Figure 8). In the Sikeshu River section, an assemblage of epidote + ilmenite in the Qigu Formation evolves into an assemblage of ilmenite + epidote + sphene + magnetite in the Kalazha Formation and epidote + magnetite + ilmenite in the Qingshuihe Formation (Figure 8A); in the Manas section, an assemblage of epidote + magnetite in the Qigu Formation changes into an assemblage of barite + magnetite + zircon in the Kalazha Formation, which changes into an assemblage of epidote + ilmenite + leucoxene (Figure 8A); in the Qingshuihe section, an assemblage of ilmenite + magnetite in the Qigu Formation evolves into an assemblage of spinel + ilmenite + garnet in the Qingshuihe Formation (Figure 8A); in the Jiangong mine section, the primary heavy mineral in the Qigu Formation is epidote, which evolves into an assemblage of ilmenite + leucoxene + garnet in the Kalazha Formation and leucoxene + garnet + apatite in the Qingshuihe Formation (Figure 8A); in the Toutunhe section, the heavy mineral assemblage is epidote + magnetite in the Qigu Formation, which changes into an assemblage of ilmenite + garnet in the Kalazha Formation (Figure 8A); in well CS1, an assemblage of ilmenite + magnetite in the Kalazha Formation evolves into an assemblage containing primary magnetite in the Qingshuihe Formation (Figure 8B); in the Shuimohe section, an assemblage of epidote + magnetite + ilmenite in the Qigu Formation changes into an assemblage of magnetite + zircon + epidote + garnet in the Kalazha Formation, which changes into an assemblage of epidote + magnetite + ilmenite (Figure 8B). The content of epidote increases from the bottom of the Kalazha Formation to the Qingshuihe Formation (Figure 8B); in well JY2, the heavy mineral assemblage is ilmenite + zircon + magnetite in the Qingshuihe Formation (Figure 8B).
TABLE 3 | Characteristics of parent rocks of potential provenances.
[image: Table 3]The heavy mineral assemblages in the Qigu and Qingshuihe Formations attained from the clustering analysis are shown in Supplementary Table S1. Five and four heavy mineral assemblages were identified in the Qigu and Qingshuihe Formations, respectively (Figure 9). According to these heavy mineral assemblages, three catchments were identified, which were located in the Sikeshu sag, Qigu fault belt, and Fukang fault belt (Figures 1B, 10, 11). The Sikeshu sag and Qigu fault belt are in the northern piedmont of the Tianshan Orogenic Belt and the Fukang fault belt is in the northern piedmont of the Bogda Orogenic Belt. The heavy mineral assemblages in catchments 1 to 3 in the Qigu Formation are magnetite + epidote + ilmenite, epidote + ilmenite + leucoxene, and epidote + leucoxene (Figure 9A); the heavy mineral assemblages in catchments 1 to 3 in the Qingshuihe Formation are epidote + ilmenite + garnet, ilmenite + garnet + epidote, and epidote + ilmenite + zircon + leucoxene + garnet (Figure 9C). In summary, ilmenite and epidote are common heavy minerals in the SJB (Table 4). The Qigu, Kalazha, and Qingshuihe Formations have abundant epidote, magnetite, and garnet, respectively (Table 4).
[image: Figure 9]FIGURE 9 | Distribution of heavy mineral assemblages in the Southern Junggar Basin during the deposition of the Qigu (A) and Qingshuihe Formation (B) in the Late Jurassic and distribution of the conglomerate components during the deposition of the Kalazha and Qingshuihe Formation (C). Heatmaps and clustering analysis were combined to analyze the heavy mineral assemblages in the Qigu Formation (D) and Qingshuihe Formation (E) using HemI version 1.0.3.3 software (Deng et al., 2014). The mineral percentages of each sample are shown in colors in the heatmaps (blue to red = low-to high-percentage contents). In the distribution map, pie charts represent the proportions of heavy mineral assemblages in wells and sedimentary sections. Fm., Formation.
[image: Figure 10]FIGURE 10 | Histogram of the crystallization ages from the Bogda, North Tianshan, and Central Tianshan Orogenic Belts (blue backgrounds) and the probability density plots of in the Southern Junggar Basin (catchments 1 and 2), including the 8 collected data (Yang, et al., 2013; Tang, et al., 2014; Fang et al., 2015). The samples with yellow backgrounds are from this study. The inset subgraphs display the probability density plots of the age distributions of zircons ranging from 600 to 100 Ma. The sample positions see Detrital zircon geochronology and Figure 1C. The samples above the wavy line are Cretaceous and the samples below the wavy line are Jurassic. Data for samples and source areas can be found in Supplementary Files S2 and S3, respectively.
[image: Figure 11]FIGURE 11 | Sedimentary and source-to-sink system evolution in the Southern Junggar Basin in the late Mesozoic. (A) Early to Middle Jurassic; (B) Late Jurassic; (C) latest Jurassic; (D) earliest Cretaceous; (E) Early Cretaceous. North Tianshan- North Tianshan; Central Tianshan- Central Tianshan. 1. Sikeshu River section; 2. Manasi section; 3. Qingshuihe River section; 4. Taxi River section; 5. Quergou section; 6. Hutubi section; 7. Jiangong mine section; 8. Dongwozi section; 9. Toutunhe section; 10. Wangjiagou section; 11. Baiyanggou section; 12. Shuimogou section; 13. Dahongshan section.
TABLE 4 | Heavy mineral assemblages and conglomerate components of the late Mesozoic Southern Junggar Basin.
[image: Table 4]Conglomerate Components
The conglomerate components in the Kalazha and Qingshuihe Formations are shown in pie charts (Figure 9B) and Table 4. In catchment 1, the primary conglomerate component is mudstone in the Kalazha Formation; in catchment 2, the conglomerate components mainly include sandstone, mudstone, granite, tuff, and andesite in the Kalazha Formation; and in catchment 3, the conglomerate components are primarily composed of siltstone and andesite in the Kalazha Formation (Figure 10B). The primary conglomerate components in the Qingshuihe Formation evolved into siltstone and mudstone (Figure 10B).
Detrital Zircon Geochronology
The detrital zircon U–Pb ages of five samples (JGMK-148, JGMK-026, HG-007, CS-1045, and JY-2718) and eight collected samples in the late Mesozoic SJB are given in Supplementary Material S2. All the detrital zircons of the five samples are magmatic in origin because of their clear oscillatory zoning (Supplementary Figure S1) and high Th/U ratios (see Supplementary Material S3).
The reported crystallization ages of the intermediate-acidic igneous rocks of the North Tianshan, Central Tianshan, and Bogda Orogenic Belts are shown in histograms (Figure 10). All the age data are categorized into seven populations shown in pie charts (Figure 10): Precambrian (2,623–542 Ma), Cambrian–Devonian (541–359 Ma), Mississippian (359–318 Ma), Pennsylvanian (319–299 Ma), Permian (298–251 Ma), Triassic (250–200 Ma), and Jurassic (199–145.5 Ma). Samples 19-SKSH-052, XJ09-100, JGMK-148, HG-007, JY-2718, CS-1045, and TS12-110 have Jurassic age spectrum peaks of ca. 160 Ma (Figure 10); sample JGMK-026 has a Jurassic age spectrum peak of 156 Ma, and samples Tou-06 and Tou-07 have Jurassic age spectrum peaks of 154 Ma (Figure 10). Most of the thirteen samples have Precambrian zircons, except samples JGMK-148, JY-2718, and CS-1045 (Figure 10). Samples 19-SKSH-052, JGMK-148, and Tou-06 have similar age spectra and more Jurassic zircons than sample XJ09-100 (Figure 10).
Although sample JGMK-026 from the Kalazha Formation has more Precambrian ages, the age spectra of samples JGMK-026 and HG-007 from the Kalazha Formation are similar (Figure 10). Sample Tou-07 has more Permian and Triassic zircons than samples HG-007 and JGMK-026 from the Kalazha Formation (Figure 10).
The age spectra of the Qingshuihe sandstones in the catchment 3 (sample JY-2718) differs from the counterparts in the catchment 1 and 2 (sample SKSH-12, XJ10-016, and Tou-08), because it has an apparent Jurassic age spectrum peak (Figure 10). The age spectra of Qingshuihe sandstones in catchments 1 and 2 have strongly varied age distributions and have more Permian to Precambrian zircons (Figure 10). The Qingshuihe sandstone in the catchment 3 (sample JY-2718) has more Carboniferous zircons and fewer Jurassic zircons than the Qigu and Kalazha sandstones (samples TS12-110 and CS-1045) (Figure 10).
DISCUSSION
The evolution of the source-to-sink system of SJB is reconstructed based on a comprehensive provenance analysis. By analyzing the source-to-sink system evolution of the SJB, the climatic and tectonic evolution is implied.
Provenance Analysis
The paleocurrent data indicate that the main provenance was to the south of the SJB (Figures 1C,D). The potential provenances of catchments 1 and 2 in the northern piedmont of the Tianshan Orogenic Belt include the North Tianshan and Central Tianshan Orogenic Belt; the potential provenances of catchment 3 in the northern piedmont of the Tianshan Orogenic Belt include the Bogda, North Tianshan, and Central Tianshan Orogenic Belt.
In the SJB, the North Tianshan Orogenic Belt mainly provided sediments to catchments 1 and 2, and the Bogda Orogenic Belt primarily supplied sediments to catchment 3 in the Late Jurassic, which is suggested by proximal fluvial, alluvial, and fan delta environments (Figure 8). In addition, the detrital zircons also provide evidence. The detrital zircon age spectra of the samples in catchments 1 and 2 are compared with the reported crystallization ages of the intermediate-acidic igneous rocks of the North Tianshan and Central Tianshan Orogenic Belt (Figure 10). The distributional ranges of the Kalazha Formation samples in catchments 1 and 2 have a high level of compliance with the North Tianshan Orogenic Belt (Figure 10).
With Precambrian ages and metamorphic rock sources (Table 3 and Figure 10), the Central Tianshan Orogenic Belt constantly supplied sediments to the SJB in the late Mesozoic, which is evidenced by epidotes in most of the heavy mineral assemblages (Table 4; Figures 9A,C–E) and Precambrian ages of most of the samples (Figure 10). More medium-to high-grade metamorphic rocks were denudated in the Early Cretaceous, which is evidenced by the garnets in the heavy mineral assemblages in the Qingshuihe Formation (Table 4 and Figure 10), because the Central Tianshan exhibits medium-to high-grade metamorphic rocks that could have provided garnets. In addition, the distributional ranges of the Qingshuihe Formation samples in the catchments 1 and 2 have a higher level of compliance with the Central Tianshan Orogenic Belt (Figure 10). Therefore, it is inferred that source-to-sink systems expanded in the Early Cretaceous.
Denudation of the volcanoclastic or volcanic rocks of Late Jurassic ages was suggested by detrital zircon spectrum peaks of the Late Jurassic ages (154–162 Ma) in all samples (Figure 10). Although large-scale volcanic activities were not reported in the Junggar Basin and Tianshan area in the Mesozoic (Zhu et al., 2020), basalts, tuffs, tuffaceous sandstones, monzonitic granite, diorite, and trachyandesite of Jurassic ages provide direct evidence of Jurassic magmatism (Xu et al., 2008; Deng et al., 2015; Liu et al., 2018, 2019; Cao et al., 2020). The Late Jurassic age spectrum peaks (Figure 10) are absent in the age spectra of Lower and Middle Jurassic samples (Yang et al., 2013; Fang et al., 2015) and provide indirect evidence of Jurassic volcanism. Considering that Jurassic-age detrital zircons account for large percentages of the detrital zircons, igneous and volcaniclastic rocks were important source rocks in the Late Jurassic and may be extensively distributed around the Junggar Basin and Tianshan Orogenic Belt. Given that large-scale Late Jurassic altered zeolite and bentonite ores from volcanic ejection were found in the Wucaiwan area in the Eastern Junggar Basin (Cao et al., 2020) and that all the reported Meso-Cenozoic magmatic rocks are distributed near major strike-slip faults (Guo et al., 2010), the eruptive center was likely located in the Wucaiwan area in the Eastern Junggar Basin and along the North Tianshan Fault (Fang et al., 2015; Cao et al., 2020) (Figure 9A).
Sediment recycling happened in the basin margin in the late Mesozoic because red layers are observed in the brownish-green conglomerates in the Kalazha Formation, which are assumed that red Late Jurassic sediments were recycled in the earliest Cretaceous (Figure 5F). Besides, well-rounded gravels were found in the Kalazha Formation (Figures 4A,B; Supplementary Figure S4C).
In conclusion, the North Tianshan mainly provided sediments to catchments 1 and 2, and the Bogda Orogenic Belt primarily supplied sediments to catchment 3 in the Late Jurassic. The Central Tianshan Orogenic Belt constantly supplied sediments to the SJB in the late Mesozoic.
Sedimentary and Source-to-Sink System Evolution
From the Early to Middle Jurassic, with a warm and humid climate (Ashraf et al., 2010; Deng et al., 2015; Eberth et al., 2001; Hendrix et al., 1992; Li, et al., 2014), paludal environments dominated in the Early to Middle Jurassic, and coal seams were developed. Under a post-orogenic weak extensional tectonic setting, the Tianshan Orogenic Belt experienced peneplanation, sediments were transported from the Central Tianshan Orogenic Belt to the SJB (Yang et al., 2013; Fang et al., 2015, 2019). The western part of the Bogda Orogenic Belt exhibits slightly positive relief, which cannot block the sediments from the Tianshan Orogenic Belt (Fang et al., 2019). Sediments were transported from the North Tianshan to the Fukang fault belt (catchment 3), which is evidenced by northward paleocurrents and fluvio-lacustrine environments (Fang et al., 2019; Guan et al., 2021).
In the Late Jurassic, the tectonic setting evolved transpressional (He et al., 2018), and the North Tianshan and Bogda Orogenic Belts began to uplift, which is evidenced by a cooling event shown in apatite fission data (Dumitru, et al., 2001; Guo et al., 2006; Shen et al., 2006, 2008; Tang et al., 2015). The tectonic activity was frequent, as evidenced by the frequent occurrence of the seismites in the Kalazha Formation (Figure 4). With the climate turning arid in the SJB (Fang et al., 2016; Jolivet et al., 2017), the coal-bearing strata changed into red beds in the late Middle Jurassic. The accommodation space decreased, and deltaic sedimentary environments gradually changed into fluvial environments, with sediments from the North Tianshan and Central Tianshan Orogenic Belt. The source areas include the Bogda and Tianshan Orogenic Belts (Figure 9A). In the latest Jurassic, the meandering river deposits turned into alluvial fan and eolian deposits during the deposition of the Kalazha Formation, with sediments mainly from the North Tianshan Orogenic Belt in catchments 1 and 2 and the Bogda Orogenic Belt in catchment 3. The source areas decreased and the source-to-sink systems shrank (Figures 9B, 11). The Manas section was the depositional center of the alluvial fan deposits and the Wangjiagou section (Figure 8A) was the depositional center of the eolian deposits during the latest Jurassic (Figure 8B).
In the Early Cretaceous, the lake level rose. Fan deltas replaced the alluvial fans in the SJB during the deposition of the Kalazha Formation in the earliest Cretaceous. Sediments were mainly from the red alluvial fan deposits from the North Tianshan in catchments 1 and 2 and the Bogda Orogenic Belt in catchment 3. When the lake level rose to a high level and became relatively stable, accommodation space increased, and lacustrine environments prevailed. More sediments from the Central Tianshan were transported to the SJB, including sediments from medium-to high-grade metamorphic rocks. The source areas increased and source-to-sink systems expanded (Figures 9C, 11). The depositional center changed from the Manas section to the Jiangong Mine section (Figure 8A).
A sequence boundary is identified between the facies associations 1 and 2 in the Kalazha Formation (Figures 5D,E, 8), because the red facies associations 1 is assumed to be the highstand deposits of the Late Jurassic sequence (Figure 2) and the brownish-green facies association 2 is the lowstand deposit of the overlying sequence. According to Facies association and sedimentary interpretation, The facies association 1 is interpreted as alluvial fan, which is in conformable contact with the underlying Qigu Formation (Figure 6A), and facies association 2 is interpreted as fan delta. The reason why the facies association 1 was deposited before the facies association 2 is that red layers are observed in the brownish-green conglomerates in the Kalazha Formation, which are assumed that red Late Jurassic sediments were recycled in the facies association. Because of the lack of fossils and igneous rocks, the chronological attribution of the Kalazha Formation is hard to determine. The facies association 1 is assigned to the Kimmeridgian according to geochronological, cyclostratigraphic, and magnetostratigraphic studies by Deng et al. (2015). Because the lake transgressed extensively in the Early Cretaceous and the facies association 2 is interpreted as fan delta, the facies association 2 may be the product of lake transgression in the Early Cretaceous. Given that the facies association 2 is in conformable contact and has a gradational transition with the sandstone-dominated Qingshuihe Formation (Figures 7A,B; Eberth et al., 2001), the facies association 2 may be assigned to the Berriasian.
In summary, the sedimentary environments changed from paludal to fluvial and alluvial in the Late Jurassic, and evolved to fan deltaic and lacustrine in the Early Cretaceous. The source-to-sink system shrank in the Late Jurassic and expanded in the Early Cretaceous. Besides, a sequence boundary is identified between the facies associations 1 and 2 in the Kalazha Formation.
Implications for tectonics and Climate
The sedimentary and source-to-sink evolution of the intracontinental basin was controlled by tectonics and climate. The shrinkage of the catchment area and the lake in the Late Jurassic was caused by aridification in the Late Jurassic, which is suggested by red beds (Figure 6), eolian dunes (Figures 5G–I), gypsum, desiccation cracks, and the obvious increase in the spore genus Classopollis (Deng et al., 2015; Fang et al., 2016; Jolivet et al., 2017). The sediment flux was also reduced, as evidenced by the reduction in the thickness of the Qigu Formation. The source area also shrank in the Late Jurassic (Figures 9A, 11), as evidenced by the heavy mineral assemblage and detrital zircon U-Pb data (Figures 9A, 10), because the Tianshan and Bogda Orogenic Belts uplifted in the Late Jurassic, which is shown by apatite fission-track data (Dumitru, et al., 2001; Guo et al., 2006; Shen et al., 2006, 2008; Tang et al., 2015). Relatively high relief formed, which may have blocked part of the source area from the Central Tianshan Orogenic Belt. Additionally, the expansion of the catchment area (Figure 9C, Figure 11) in the Early Cretaceous was triggered by the semihumid climate, because the semihumid climate brought an increase in rainfall which led to an extensive lake transgression (Figure 7). The source area expanded in the Early Cretaceous, as suggested by the heavy mineral assemblage and detrital zircon U-Pb data (Figures 9C, 10), which can be attributed to the reduction in the relief of the Tianshan and Bogda Orogenic Belts. More sediments from the Central Tianshan Orogenic Belt were transported to the SJB.
The conglomerates in the Kalazha Formation were attributed to both the tectonics and climate, because the arid environment can facilitate the destruction of the weathering profile and the exportation of coarse sediments during catastrophic rainfalls (Jolivet et al., 2017) and the uplift of the Tianshan and Bogda Orogenic Belts (Tang et al., 2014; Fang et al., 2019) can facilitate the denudation of the source area. During the deposition of conglomerates, tectonic activities were frequent which are recorded by several layers of seismites in the Kalazha Formations (Figure 4).
The coeval alluvial conglomerates with the Kalazha Formation were reported in the Tarim Basin (Jolivet et al., 2017), Turfan Basin (Yuan et al., 2002), Fergana Basin (Jolivet et al., 2017), Yarkand-Fergana Basin (Morin et al., 2020), Beishan (Zhao et al., 2003), and Yingen Basin (Wei et al., 2006) in Central Asia, which suggests the tectonic activity in the Late Mesozoic influenced vast area in Central Asia. The Kalazha Formation was related to the transpression in the Junggar Basin and the uplift of the Tianshan and Bogda Orogenic Belts in the Late Jurassic, which was caused by dextral transpression of the boundary fractural zones in the Late Jurassic (He et al., 2008). This can be related to the far-field effect of the collision of the Lhasa Block along the southern margin of Asia (Hendrix et al., 1992; Li and Peng, 2013), the accretion of the Helmand Block to the southwestern Tianshan Orogenic Belt (Morin et al., 2018), or the rapid closure of the eastern part of the Mongol–Okhotsk Ocean (Yang et al., 2015a; Yang et al., 2015b). Because the collision of the Lhasa Block along the southern margin of Asia mainly occurred during the Early Cretaceous (Kapp et al., 2005; Yang et al., 2009), the collision of the Lhasa Block was unlikely to influence the Junggar Basin and the Mountains. Considering that the tectonic activity was stronger and earlier in the northern Junggar Basin (Cao et al., 2020) and that the Mongol–Okhotsk Ocean was located to the north of the Junggar Basin (Figure 1A), the far-field effect of the rapid closure of the eastern part of the Mongol–Okhotsk Ocean may be attributed to the uplift of the Tianshan and Bogda Orogenic Belts in the late Mesozoic.
The cause of aridification in the Late Jurassic has been debated. Hendrix (2000) assumed that the breakup of Pangea caused the cessation of the monsoon, which brought humid moisture to the Junggar Basin. Li et al. (2014) proposed that the collision of Lhasa and Qiangtang caused high relief and blocked humid moisture from the Tethys Sea. Yi et al. (2019) believed that a true polar wander with a southward displacement of ∼25° displaced the Junggar Basin to a middle-latitude arid zone from a high-latitude humid-temperate zone and triggered aridification, as evidenced by paleomagnetic data. Given that the collision of the Lhasa and Qiangtang blocks mainly occurred during the Early Cretaceous (Kapp et al., 2005; Yang et al., 2009) and Pangea was still considerably intact in the Late Jurassic (Torsvik et al., 2012), the true polar wander hypothesis is more reasonable. The climatic change from arid to semihumid can also be explained by true polar wander because the Junggar Basin moved back to the semihumid zone, as suggested by paleomagnetic data (Yi et al., 2019).
In summary, the sedimentary and source-to-sink evolution of intracontinental basins is controlled by tectonics and climate (Figure 11). The succession in the Late Mesozoic was a response to the aridification in Central Asia and the uplift in the Bogda and Tianshan Orogenic Belt in the late Jurassic. The aridification may be triggered by the true polar wander in the Late Jurassic and the uplift of Bogda and the Tianshan Orogenic Belt may be the far-field effect of the rapid closure of the eastern part of the Mongol–Okhotsk Ocean.
CONCLUSION
Based on the sedimentary analysis, paleocurrent, heavy mineral, conglomerate component analysis, and detrital zircon U-Pb geochronology, we draw the following conclusions;
1. Seven facies associations, including alluvial fan, fan delta, aeolian dune, meandering river, alluvial plain, lakeshore, and shallow lake, have been identified and described in detail.
2. The sedimentary environments changed from paludal to fluvial and alluvial in the Late Jurassic, and evolved to fan deltaic and lacustrine in the Early Cretaceous.
3. Three source-to-sink systems are identified, according to different source-to-sink system features. The North Tianshan mainly provided sediments in the Late Jurassic in the northern piedmont of the Tianshan Orogenic Belt. The North Tianshan and Central Tianshan both supplied sediments in the Early Cretaceous. In the northern piedmont of the Bogda Orogenic Belt, the Bogda Orogenic Belt was constantly the primary provenance, and the Tianshan Orogenic Belt also provided sediments. Sediment recycling occurred in the basin margin in the Late Jurassic and more metamorphic rocks were denudated in the Early Cretaceous.
4. The source-to-sink systems shrank in the Late Jurassic and expanded in the Early Cretaceous. This source-to-sink evolution and Kalazha conglomerates with seismite structures responded to the aridification in the Late Jurassic, the uplift of the Bogda and Tianshan Orogenic Belts in the Late Jurassic, and the exhumation of the Bogda and Tianshan Orogenic Belts in the Early Cretaceous.
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Under regional tectonic shortening in the northern margin of Qinghai–Tibetan Plateau, the fold-and-thrust belts composed of four thrust faults (North Qilian-Shan, North Yumu-Shan, South Heli-Shan, and North Jintanan-Shan) formed from southwest to northeast discontinuously sequentially in the Jiudong Basin area during Late Cenozoic. Meanwhile, the North Qilian-Shan, Yumu-Shan, and Heli-Shan ranges were formed successively, as the Earth's local surface was unequally uplifted. In this study, based on geological and geophysical observations, a simple two-dimensional elastic-plastic numerical finite element method model for a southwest-northeast section in Jiudong Basin is successfully established to simulate the spatiotemporal evolution of the local fold-and-thrust belts. Results show that the computed equivalent plastic strain concentration zones and the four observed thrust faults are consistently correlated in spatial position orientation and time sequence. The simulated upper-surface deformation is congruent with the observed topographic peaks and uplift sequences of the North Qilian-Shan, Yumu-Shan, and Heli-Shan ranges. This study provides a geodynamic basis for understanding the growth mechanism of the northern margin of Qinghai–Tibetan Plateau under tectonic horizontal shortening. Also, we provide a thorough sensitivity analysis for the model parameters of this particular geologic setting. Our sensitivity simulations, considering systematic case variations about the regional geometrical-material parameters, suggest the manifestation of three different possible evolution patterns of fold-and-thrust belts for a wedge above a decollement layer, with wedge plastic deformation migrating from 1) thick to thin end (well-known), 2) thin to thick end, and 3) both ends to middle. Finally, our results suggest that in this region, further growth of mountain ranges is expected to continue in the future.
Keywords: Jiudong basin, fold-and-thrust belts, finite-element model, elasto-plasticity, frictional decollement
1 INTRODUCTION
1.1 Context
Influenced by the far-field effect of the India–Eurasia plate collision, the northern margin of Qinghai–Tibetan Plateau has been continuously growing outward since the Late Cenozoic (Tapponnier et al., 2001). As shown in Figure 1, Jiudong Basin is a part of the Hexi corridor, a reactivated foreland basin in the Late Cenozoic (Fang et al., 2012; Zheng et al., 2013a). Jiudong Basin in the northern margin of North Qilian Shan has formed a fold-and-thrust belt composed of four thrust faults (Figure 1A): North Qilian Shan Fault (NQSF), North Yumu Shan Fault (NYSF), South Heli Shan Fault (SHSF), and North Jintanan Shan Fault (NJSF) (Hu et al., 2019). The uneven uplifting of the Earth's local surface successively formed North Qilian Shan, Yumu Shan, and Heli Shan (currently observed as in Figure 1) (Hu et al., 2019), leaving the preexisting area north of the older Qilian Shan finally confined between the Yumu and Heli Shan ranges, and thus receiving sediments from essentially the three ranges since at least 10 Ma ago. Yuan et al. (2013) reviewed the geological data on neotectonic fault formation in Northeastern Tibet since ∼15 Ma, and they noted ∼150 km of northeastward expansion propagation of deformation. Zheng et al. (2013a) pointed out that the northern boundary of the thrust fault system in the Jiudong Basin is North Jintanan Shan Fault, which is dipping southward. Unlike the other three southward dipping thrust faults, the south Heli Shan Fault is a north-dipping fault in the Jiudong Basin (Zheng et al., 2013a). Previous studies on the structure and evolution of continental orogenic belts show that decollement (detachment) zones (interfaces, thin layers) with different depths and length scales are important structural elements of the orogenic belts, greatly controlling their evolution. The development of decollement zones, conditioned by the heterogeneity and anisotropy of rock sequences, defines major structural characteristics of orogens. A decollement zone often develops along low rock-strength (or viscosity) and high fluid-pressure layers (Ranalli, 1997; You et al., 2001; Treagus, 2003). The deformation mode of thin-skinned fold-and-thrust belts largely depends on the decollement's sliding resistance. Usually, salt beds (pressurized, hot, and water-permeated) as a basement decollement layer can exhibit very low sliding resistance (Davis et al., 1983). Previous studies show that the shallow inner-crust decollement may play an important role in the tectonic shortening deformation of the Jiudong Basin (Tapponnier et al., 1990; Huang et al., 2020). Very likely, the thrust system in the northern margin of Qilian Shan gradually expanded from southwest to northeast above a south-dipping shallow decollement layer in the Jiudong Basin (Hu et al., 2019). Seismic reflection profiles also show a shallow southward dipping reflection layer, likely with a very low dip angle, nearly horizontal (Gao et al., 2013; Huang et al., 2020). An S-wave low-velocity layer exists between the upper and lower crusts on the northern margin of Qinghai–Tibetan Plateau, also suggesting an inner crust decollement layer (Zhang et al., 2015). The P-wave velocity structure beneath the Qilian Orogen zone consistently reveals a low-velocity layer in the upper crust at depths of 10–20 km (Guo et al., 2019).
[image: Figure 1]FIGURE 1 | Tectonic setting of Jiudong Basin in northern margin of Qinghai–Tibetan Plateau. (A) GPS velocities (Wang and Shen, 2020), historical earthquakes (780 B.C.–A.D. 2019, M > 5.0) (*), and topography (in meters above sea level) of Jiudong Basin (Zhang et al., 2017; Hu et al., 2019; Wang et al., 2020) and surrounding regions. Locations of major faults are from Yuan et al. (2013). (B) Enlarged subset of red rectangle in (A). Four main thrusts, i.e., NQSF: North Qilian-Shan Fault, NYSF: North Yumu-Shan Fault, SHSF: South Heli-Shan Fault, and NJSF: North Jintanan-Shan Fault. (C) Elevation in meters above sea level (m.a.s.l.) profile along blue line section in (B), with original and low-pass versions of data. Three main mountain ranges in Jiudong Basin are visible: North Qilian Shan, Yumu Shan, and Heli Shan. (*) Department of Earthquake Disaster Prevention, State Seismological Bureau, 1995; Department of Earthquake Disaster Prevention, China Earthquake Administration, 1999.
In this study, we refer to previous works on the fold and thrust belts, particularly 1) Coulomb critical wedge theory (Chapple, 1978; Davis et al., 1983; Dahlen and Suppe, 1984; Dahlen, 1990; Yin, 1993, 1994; Hu and Wang, 2006, 2008; Wang and Hu, 2006; Cubas et al., 2008; Nassif et al., 2019), 2) sandbox physical simulations (Davis et al., 1983; Dahlen and Suppe, 1984; Storti et al., 2000; Bose et al., 2009; Driehaus et al., 2014; Schreurs et al., 2016), and 3) numerical simulations (Makel and Waleters, 1993; Barnichon and Charlier, 1996; Beaumont et al., 2001; Bose et al., 2009; Hardy et al., 2009; Li et al., 2009; Buiter, 2012; Ruh et al., 2012; Dean et al., 2013; Fillon et al., 2013; Ruh et al., 2013, 2017; Buiter et al., 2016; Granado and Ruh, 2019; Zhang et al., 2019). After this, based on regional and local geological and geophysical observations, a series of systematic, reasonably accurate numerical simulations can, in our understanding, provide an adequate conceptual and mathematical framework to understand the dynamics of these structures in the Jiudong Basin since Late Cenozoic. This entails a sensitivity analysis for the model parameters of this particular geologic setting, including wedge inclination angles, uniaxial compressive strength, internal friction angle, and decollement's depth and friction coefficient. We study the main features of the tectonic evolution of four thrust belts and three mountain ranges in the Jiudong Basin region since the Late Cenozoic, compare and analyze the spatiotemporal evolution of our models with observational data, and quantitatively try to explain the growth and development of fold-and-thrust belt in Jiudong Basin. In addition, it is inferred from the model results that the wedge deforms episodically with the progressive horizontal contraction, and the fold-and-thrust belt will likely grow further with time, which is useful for determining whether the northeast margin of the Qinghai–Tibetan Plateau continues to grow.
1.2 Regional Tectonic Setting
The Hexi Corridor, with an average altitude of ∼1,500 m (above sea level), is a complex foreland basin located in the north foot of the high [∼5,500 meters above sea level (m.a.s.l.)] Qilian Shan mountain range in NE Qinghai–Tibetan Plateau. The Hexi Corridor basin is divided into four sub-basins from northwest to southeast, namely, Jiuxi, Jiudong, Zhangye, and Wuwei, nearly parallel to Qilian Mountain (Fang et al., 2005; Wang et al., 2018). Fold-and-thrust belts, composed of four thrust faults, namely North Qilian Shan Fault, North Yumu Shan Fault, South Heli Shan Fault, and North Jintanan Shan Fault, have been formed in Jiudong Basin. An uneven uplift on the surface can be observed with the formation of North Qilian Shan, Yumu Shan, Heli Shan, and other mountains successively uplifted since the Late Cenozoic (Figure 1).
The sediments in Jiudong Basin are Cenozoic, most of them Miocene to Pliocene, amount to a maximum thickness exceeding 3 km (although at these depths, they are likely almost lithified). The outcropping strata reveal Cenozoic sedimentary rocks overlying Paleozoic metamorphic sedimentary rocks. The provenance of sediments in Jiudong Basin is closely related to the uplift of the Qilian mountains (Li and Yang, 1998; Bovet et al., 2009; Zhuang et al., 2011; Hu et al., 2019). Seismic reflection analysis across the Qilian Shan reveals a south-dipping Cenozoic thrust system that places Paleozoic and Mesozoic strata on undeformed Mesozoic–Cenozoic sediments in the Hexi Corridor foreland. This thrust system has accumulated >53% Cenozoic strain (∼50 km of horizontal shortening), accommodated by several south-dipping thrust faults (Zuza et al., 2016, 2018). The Jiudong Basin continuously receives sediment materials from the Qilian Mountains in the south since 7 Ma (Hu et al., 2019). In Jiudong Basin, the bedrock is composed of Paleozoic sandstone, siltstone, limestone, and volcanic rock and Mesozoic red sandstone, green mudstone, and charcoal-gray mudstone, which is exposed in Jintanan Shan and Heli Shan ranges in the northern Jiudong Basin (Hu et al., 2019). The sedimentary strata in Jiudong Basin are not horizontally distributed but show a strong structural deformation. The unconformity of sedimentary strata in the Jiudong Basin shows evident folding (Fang et al., 2005; Chen et al., 2006; Liu et al., 2011; Hu et al., 2019), suggesting horizontal contraction.
The thrusting of the North Qilian Shan started at 10–8 Ma. As Qilian Shan grew and extended to Jiudong Basin, the active fold-and-thrust belts progressed and continue to this day, including Yumu Shan anticline (Chen et al., 2006), Yumu Shan formation (Palumbo et al., 2009; Liu et al., 2010), and Heli Shan formation (Zheng et al., 2013a). The uplift of the Yumu Shan range is likely a result of the propagation of accretionary prism and SWS-NEN tectonic shortening of the North Qilian Shan region (Seong et al., 2011; Chen et al., 2017), with fault initiation and concentrated Yumu Shan deformation occurring in the north face and foot of the range. The shape of the Yumu Shan range is controlled by the local fault distribution (Seong et al., 2011; Chen et al., 2017). The Yumu Shan range began to rise at ∼3 Ma, and the Jintanan Shan range began to uplift at 1.8 Ma (Hu et al., 2019). Palumbo et al. (2009) calculated the slip rate of the Yumu Shan fault as 0.5–0.8 mm/year through cosmogenic exposure dating, which indicated that the onset of uplift of Yumu Shan range is in 2.8–4.6 Ma. Liu et al. (2011) studied the western part of the Yumu Shan range by using the angle consistency of sedimentary layers and further limited the start of uplift to 2.9–2.6 Ma (see Table 1). The growth of Yumu Shan began ∼4 Ma ago, extended to the south of Alashan block in the Hexi Corridor of Early Pleistocene (Wang et al., 2018). The vertical components of the slip rates of 0.11 ± 0.03 mm a−1 for Jintanan Shan Fault in Late Quaternary indicate that the deformation of Qinghai–Tibetan Plateau's northern margin remains significant, most likely ongoing (Zheng et al., 2013b). The uplift of the Heli Shan range started 1–4 Ma ago but is most likely to occur since ∼2 Ma ago (Zheng et al., 2013a). Bi et al. (2018) used high-resolution topographic data to constrain the slip distribution of the South Heli Shan Fault associated with several large historical earthquakes, indicating that the South Heli Shan Fault's long-term activity plays a role in the uplift of the range it bounds.
TABLE 1 | Summary of chronological specifications for three mountain ranges of our study. Observations of uplift-start ages and present-day profile horizontal coordinates are shown. Although there are significant uncertainties (outliers) in ages, a clear uplift-onset migration trend from SWS to NEN exists. Horizontal coordinate as in Figure 1. See text in this subsection for references.
[image: Table 1]The thin wedge in North Qilian Shan's northern margin expanded along the south-dipping decollement zone to the basin at approximately 3  Ma (Hu et al., 2019). In the Late Cenozoic, the foreland basin was reactivated and continued to accumulate sediments. The northward progression of thrust faults from the North Qilian Shan Fault may occur above the Precambrian basement's decollement zone (Hu et al., 2019, Figure 2). The seismic reflection profile and seismic tomography also show a shallow southward-dipping reflection layer with a very small dip angle (<5°) (Gao et al., 2013; Guo et al., 2019; Huang et al., 2020). A shallow geological section of the Jiudong Basin (Fang et al., 2012), consistent with the research profile selected by us, shows the stratigraphic ages and fault distributions (Figure 2B).
[image: Figure 2]FIGURE 2 | Observations near study profile. (A) Structure diagram of four major thrusts and three mountain ranges in a crustal-scale SWS-NEN section in Jiudong Basin (modified from Hu et al., 2019). These structural elements are now clearly associated with horizontal contraction dynamics in region. (B) Geological cross-section of Jiudong basin on a nearby profile, close to our selected profile; panel modified from Fang et al., 2012. NQSF, North Qilian shan fault; NYSF, north Yumu Shan fault; and NKLF, northern marginal fault of Kuantan Shan–Longshou Shan. O1, Early Ordovician; S, Silurian; J, Jurassic; K1x, Early Cretaceous Xiagou Formation; Eb, Palaeogene Baiyanghe Formation; Ns, Neogene Shulehe Formation; Q1, Early Quaternary; Q2–4, Late Quaternary.
The section selected in this paper sits in an area where some neighboring seismic-profiling data exist. There is a deep seismic reflection profile in Jiuxi Basin, approximately 150 km west of our selected section (Huang et al., 2020). The distribution of faults and the position of crustal decollement layers are revealed by the deep seismic-reflection profile (Huang et al., 2020). As a whole, they reflect the forward leaping thin-skinned structural wedge on the northern margin of the Qinghai–Tibetan Plateau. The shallow inner-crust decollement layer in Jiudong Basin is detected by seismic reflection profile (Gao et al., 1999; Huang et al., 2020). The crustal deformation of the Hexi Corridor in NE Tibet is decoupled downward by the inner-crust decollement (at the top of the crustal low-velocity layer, Huang et al., 2018, 2020). The crustal wedge above the decollement is dominated by a series of south-dipping thrust faults, developed from the decollement, perhaps indicating the northeastward expansion (continued growth) mode of the Qinghai–Tibetan Plateau (Gao et al., 1999, 2013; Zheng et al., 2013a; Huang et al., 2018, 2020). The current frontal edge may be located in the Heli Shan range (Huang et al., 2018). Huang et al. (2020) proposed a double-layered shortening mechanism on the Qinghai–Tibetan Plateau, with decoupled deformation of the upper crust and lower crust.
1.3 Research Questions
In this paper, we want to address the following questions:
1) Can an elastic-plastic two-dimensional 2D numerical model with a choice of reasonable (appropriate for the region) set of parameter values yield outcomes that are geologically meaningful, acceptable, and representative for the region? Are these model outcomes relatable to the observations regarding spatial behavior? Temporal behavior?
2) Can a brief exploration of the model parameter space reveal some additional clues? Do the model outcomes diverge when the parameters vary from the reference ones? Are there any patterns in the system behavior that depend on these parameter-values combinations?
2 NUMERICAL MODELS FOR THE EVOLUTION OF FOLD-AND-THRUST BELTS IN JIUDONG BASIN
In this work, simple 2D, elastic-plastic finite element method (FEM) models are used to study the fold-and-thrust belts' structural evolution in Jiudong Basin. We consider the influences of the gravity field, tectonic horizontal shortening of the region, contact basal friction on the bottom decollement layer, crustal wedge geometry, and its elastic-plastic strengths. Considering the elongated geometry of Qilian Shan and Heli Shan ranges and that our transect (shown in Figure 1) cuts across the ranges, a 2D description is a reasonable approximation for our model setup on the transect. The geometry of the finite-element reference model of a fold-and-thrust-belts wedge is as follows (Figure 3):
[image: Figure 3]FIGURE 3 | Model setting: initial condition for geometry and grid definition used in modeling tectonics of Jiudong Basin region. Left end (SW) is marked by a red line and is movable; right end (NE) is marked by a black line and is fixed. These particular parameter values pertain to our reference model.
This is the reference model (Model 1), representing a southwest-northeast section as in Figure 1. Model 1 is established based on the latest geological surveys and geophysical field observations. The upper part of the model represents a thin wedge supporting Jiudong Basin, with a horizontal length of 100 km, undergoing strong deformation since the Late Cenozoic. The lower part of the model represents the nearly undeformed basement of the Jiudong Basin with a horizontal length of 120 km (Figure 3). The wedge is considered homogeneous (except for compressibility) and isotropic in its material properties, which allows for simple and fast computation of dynamics. The wedge mass density is assumed to have a common adequate uncompressed value of 2,500 kg/m3.
Contact friction on the decollement layer between the wedge body and the (unmodelled) lower basement of the model is considered. The Coulomb contact friction is adopted, that is [image: image], where [image: image] is the sliding-threshold shear stress, [image: image] the actual normal stress, and FC is the frictional coefficient of the contact surface. The deformation of the lower part (basement) of the model is ignored (following Panian and Wiltschko, 2004, 2007), and we define that displacements are zero in it at all steps in the computation.
The inclination angle of the upper surface of the model is based on the current surface elevation observation data. The average elevations of North Qilian Shan and Heli Shan are ∼4,000 and 1,300 m.a.s.l., respectively, and they are separated horizontally by approximately 100 km. Thus, based on a linear approximation, the slope inclination angle [image: image] of the upper surface of Model 1 (reference) is specified to 1.5° (Figure 3). We discuss the effect of a small change in the inclination angle of the upper surface on the evolution of fold-and-thrust belts in Jiudong Basin in the Sensitivity and Discussion.
The left end of the upper part of the model is approximately 12.5 km thick based on the position of shallow inner-crust decollement (Guo et al., 2019; Hu et al., 2019; Huang et al., 2020). The shallow inner-crust decollement usually has a very low dip angle, nearly horizontally (Gao et al., 2013; Huang et al., 2020); we established a wedge with an inclination [image: image] of 3° of the decollement (Figure 3), which accords to local seismic-reflection profile data (Gao et al., 1999, 2013) and geological interpretations of data (Zheng et al., 2013a; Hu et al., 2019). The effects of the depth and dip angle of the decollement are treated in Discussion.
An ideal elastic-plastic constitutive equation is adopted for the wedge, with the Drucker–Prager failure criterion (Drucker and Prager, 1952; Li et al., 2009; Panian and Wiltschko, 2004, 2007); see Appendix SB.
[image: image]
[image: image] is the first invariant of the stress tensor [image: image], and [image: image] is the second invariant of the deviatoric stress tensor [image: image]. The variables [image: image], are material parameters. The Drucker–Prager yield surface is a cone in the principal-stress space. The Drucker–Prager failure criterion considers the influence of confining pressure on yield characteristics, which is suitable for geotechnical materials.
The model wedge is subjected to gravity and to a progressive, variable-displacement boundary condition on its left vertical side (Figure 3). Observationally, low average horizontal fault slip rates (∼1 mm/year) of the northern Qilian Shan fault since its initiation (∼10 Ma) suggest that total horizontal contraction displacement did not exceed 10 km (Zheng et al., 2010). This observation, however, provides no information on the horizontal contraction of the Jiudong Basin between the Qilian Shan and Heli Shan ranges.
A constant gravity field acts on the system, at all points in space and at all steps in the computation. The left-boundary tectonic loading displacement is applied incrementally, step by step (in a total of 66 steps), that is, that boundary is prescribed with (0.0-0.1-0.2-0.3- … -6.4-6.5-6.6) km of cumulative, right-ward, horizontal displacement on the model material-points (mesh points on the left, thick, end). During the process, the boundary conditions on the right side (vertical wall) and the underlying basement remain unchanged as fixed with zero displacement. Owing to this (time-dependent) difference in horizontal displacement between the two ends, there is material horizontal shortening and associated normal stress (push). When the shortening reaches a certain value, the wedge inner-stresses begin to produce plastic strain usually intensified in concentrated zones; and later, plasticity is reactivated if stresses surpass the threshold stress at any point in space–time.
Equivalent plastic strain (EPS) is applied to describe the permanent deformation when a material is under a stress state beyond the elastic limit (which is a function, here defined by the Druker–Prager criterion, Druker and Prager, 1952; Panian and Wiltschko, 2004, 2007; Zhou et al., 2019). We performed the finite element models' calculations using the ABAQUS package (Panian and Wiltschko, 2007; ABAQUS, 2016), which can readily deal with the nonlinearity of elastic-plastic materials and basal contact friction.
It is widely known that the elastic-plastic material and contact friction of the model are both nonlinear and often computationally challenging during model calculations. These nonlinearities mean that small changes of the geometrical and material parameters can greatly influence the final patterns of the numerical simulation results. In this paper, we discussed the effects of geometry, material parameters, and contact friction on the evolution of fold-and-thrust belts in Discussion. The material parameters of all 14 models are shown in Table 2. The expansion angle and flow–stress ratio are assumed 0° and 1, respectively (ABAQUS, 2016). The geometries of Models 1–3 are different but with the same material parameters values. The geometries of Models 4–12 are the same as Model 1 but with different material parameter values. The material parameters of Models 13–14 are the same as Model 1 but with different depths of the bottom decollement layer. We will see that the series of numerical simulation experiments show three different evolution patterns on the fold-and-thrust belts in a thin wedge, which provides some knowledge about crustal material behavior and tectonic deformations.
TABLE 2 | Model parameters of our 14 elastic-plastic finite-element models for fold-and-thrust-belts evolution in Jiudong basin. Variables α and [image: image] are inclination angles of top and bottom surfaces of wedge, respectively; φ and UCS are plasticity parameters; H is depth of decollement at left boundary in initial (undeformed) configuration of wedge, and FC decollement friction coefficient. Wedge uncompressed mass density is ρ = 2,500 kg/m3, Young's modulus E = 6 × 10^4 MPa and Poisson's ratio ν = 0.25 (compressible), for all models.
[image: Table 2]3 REFERENCE MODEL (MODEL 1) RESULTS
Model 1, our reference model, is reasonably consistent with the tectonic evolution process of the Jiudong Basin. Four bands with important plastic strain can be observed successively from the near (thick) end to the far (thin) end of the wedge (Figure 4). The simulation is fairly consistent with the work of Hu et al. (2019).
[image: Figure 4]FIGURE 4 | Reference model (Model 1). Equivalent plastic strain (EPS) at different amounts of tectonic left boundary displacement (LBD). Panels show deforming wedge in initial reference frame. Colors map intensity of plastic strain, with pink-white zones being at maximum concentration of deformation where faulting would likely occur. Three panels display states of system at tectonic LBD (associated with horizontal shortening) (A) of 2 km; (B) of 4 km; (C) of 6.6 km. As horizontal contraction progresses in time, plastic-deformation zones develop from thick end toward thin end of wedge. In state (C) with 6.6 km of shortening, model suggests four main thrusts, likely approximating/reproducing real Earth's NQSF: North Qilian Shan Fault, NYSF: North Yumu Shan Fault, SHSF: South Heli Shan Fault, and NJSF: North Jintanan Shan Fault and three mountain ranges: North Qilian Shan, Yumu Shan, and Heli Shan and low-plasticity area (x∼55–85 km) representing Jiudong Basin wedge region (consistent with Hu et al., 2019).
Figure 4A shows that with a tectonic shortening of 2 km, the model's first plastic-strain concentration zone developed from the lower-left boundary (SW end of the profile), likely corresponding to the North Qilian Shan thrust fault. Model surface uplift concentrates between the left end and the first plastic-strain concentration zone and is related to the North Qilian Shan range.
With a tectonic shortening of 4 km, a second plastic-strain concentration zone began to develop around x∼40 km, likely corresponding to the North Yumu Shan inverse fault (Figure 4B). The North Yumu Shan Fault and the North Qilian Shan Fault both have similar dip (SWS) angles. The relative displacements between these two inverse faults resulted in local terrain uplift (up to 800 m), related to the Yumu Shan range.
With a total tectonic shortening of 6.6 km, two conjugate (opposite dips) plastic-strain concentration zones developed near the right (thin) model end (Figure 4C), likely corresponding to two thrust faults, namely South Heli Shan Fault and North Jintanan Shan Fault, with the faults-bounded terrain (Heli Shan range?) being uplifted (computed uplift ∼600 m). In addition, two plastic-strain concentration zones with relatively small strains (EPS) located approximately around 70–80 km from the left boundary, and accompanied by surface uplift, are suggested by the model. However, recent faulting or surface uplift between 70 and 80 km is not evident in real Earth (Figure 1C); see Discussion Section 4.2.
From southwest to northeast, four simulated main EPS concentration zones (EPS > 0.1) formed with progressing tectonic shortening and, due to their spatial locations and their dip orientations, are relatable to North Qilian Shan Fault, North Yumu Shan Fault, South Heli Shan Fault, and North Jintanan Shan Fault. South Heli Shan Fault, the only major regional fault dipping northward, does have its expression in our reference simulation, and it starts at left displacement boundary (LBD) > 3 km. This model-versus-reality correspondence is not a trivial result (see Discussion Section 4.2).
As seen in Figure 5A, computed surface differential of vertical displacement, proportional to vertical velocity, shifts with time and space. It can be seen that the model region in x < 15 km has the largest rate of change and the earliest uplift time; it is then followed by activation over x∼30–45 km and later over x > 85 km. This simulated spatiotemporal surface uplift pattern shows correspondence with that of the real scenario, with three real mountain ranges in the study area. The real North Qilian Shan began to uplift roughly approximately ∼10 Ma ago (Metivier et al., 1998; Zheng et al., 2010; Zheng et al., 2017); it propagated along the northeast direction with the passage of time and flanking the Jiudong Basin, with fold-and-thrust belts such as Yumu Shan range whose formation began at approximately 4 Ma (Liu et al., 2010; Zheng et al., 2017; Yang et al., 2020), ∼4.6–2.8 Ma (Palumbo et al., 2009; Hu et al., 2019). The Heli Shan range formation began perhaps at 4 Ma but likely at approximately ∼2 Ma (Zheng et al., 2013a; Zheng et al., 2017; Yang et al., 2020). The activation times' sequence both in the model and in the observations is first Qilian Shan, then Yumu Shan, and later Heli Shan; see Table 3. This can be regarded as continental deformation spreading inward Eurasia, particularly here from the thick toward the thin sections of the wedge, gradually with the model's left boundary displacement and push.
[image: Figure 5]FIGURE 5 | Differentiation (rate) of two model output variables on upper surface, with respect to LBD increments (related to time increments). Finite differences (derivatives numerators) are not divided by denominator increments (of LBD or time). Panels show upper surface. (A) Differential of vertical displacement Uz and (B) Differential of EPS; as functions of horizontal distance, as they evolve with progressing LBD (which might be related to a geologic timescale, here set to last 10 Ma as a plausible relevant example). Highest “rates” of change of uplift and plasticity clearly manifest over x < 20 km. Annotations on both panels are interpreted features, highly correlated with real-Earth observed ranges (A) and faults (B). In panel (A), superimposed are dashed-line rectangles of observed (black) and modeled (white) uplift-onset time intervals, which should correspond to accelerating stages. In model, after respective onset-and-maxima times, uplift rates and plasticity rates continue being non-zero (positive), consistent with present-day continued ranges uplift and bounding-faults activity.
TABLE 3 | Comparison between time intervals of computed and observed topographic uplift start of features that are spatially correlated. Computed onset intervals are simply accelerating stages, whereas observed ones come from diverse geochronological estimates. In this exercise, control variable LBD has been converted to time: LBD in (0, 6.6) km  mapped linearly to (10, 0) Ma ago, as a potential time scaling for reference and comparison. Computed and observed time-order sequences are same, but real onset-times of YS and HS are somewhat later (younger ages) than computed ones (Discussion Section 4.2). Observations of mountain ranges' deformation times (and associated faults' slip-rates) are from Métivier et al. (1998), Zhang et al. (2001), Palumbo et al. (2009), Liu et al. (2010), Zheng et al. (2010), Seong et al. (2011), Zheng et al. (2013a), Chen et al. (2017), Zheng et al. (2017), Hu et al. (2019), and Yang et al. (2020).
[image: Table 3]GPS constraints indicate that the SWS-NEN horizontal shortening rate (Δxvx) across N Qilian Shan and Hexi Corridor is approximate of Δxvx∼1–2 km/Ma between the extremes of our 100-km long profile. Then, the timescale t = LBD/Δxvx, would imply that the shortening at LBD = 6.6 km takes approximately 4.4 Ma. The late-Cenozoic regional shortening rate is distributed on several active faults: North Yumu Shan fault, Heli Shan Fault, and Jintanan Shan fault, with the individual slip rates of faults being <∼1 mm/year (Métivier et al., 1998; Zhang et al., 2001; Palumbo et al., 2009; Seong et al., 2011; Zheng et al., 2013a; Chen et al., 2017). Figure 5B shows the results of time differentiation of upper surface EPS evolving with the LBD as a function of the horizontal distance. There is a basic surface-plastic-strain migration pattern from thick-to-thin ends of the model wedge, which is consistent with the basic uplift pattern (5a) and with the scarce observations. Different local maxima in Figure 5B can be related to real fault positions and timings, also with the faults' orientations being consistent with reality (see Discussion Section 4.2). Each uplifting region seems flanked by two strain-rate zones, exactly like conjugated inverse faults bounding an uplifting block. Structural observations suggest North Qilian Shan Fault (NQSF) activated in early times, then activation gradually spread to the neighboring North Yumu Shan fault (NYSF), then far away to the distal South Heli Shan fault (SHSF) and North Jintanan Shan fault (NJSF). The vertical slip rates of North Yumu Shan fault were 0.4–0.8 mm/year (Palumbo et al., 2009; Seong et al., 2011) and 0.4–0.7 mm/year (Chen et al., 2017); the crustal horizontal shortening rate was 0.4–1.1 mm/year (Palumbo et al., 2009; Seong et al., 2011). The vertical slip rate of the South Heli Shan fault (SHSF) was 0.18–0.53 mm/year; the crustal shortening rate was 0.1–0.5 mm/year (Zheng et al., 2013a). Figure 5B shows that strain rates in regions related to NYSF and SHSF are similar, in agreement with the fault-slip observations.
Our computed surface displacements, by spatiotemporal correlation, may reflect the formation sequence of North Qilian Shan, Yumu Shan, and Heli Shan (Figures 1, 6). Particularly in the final state, our reference model's topographic-displacement spatial pattern is remarkably similar to that of the present-day observed topography along the profile (comparing Figures 1C and 6A). Due to the unknown initial (before contraction, without recent topography) surface angle of the real Jiudong Basin, and the unknown amount of continuous horizontal shortening (between faults) this has experienced since 10 Ma (just to give a time reference), it is really hard to objectively and quantitatively compare the computed and observed topographic reliefs (elevations of mountain ranges with respect to the basin). However, we must acknowledge the remarkable similarity between the horizontal locations of computed topographic maximum displacements Uz (with peaks at x∼0 km, x∼35 km, and x∼90 km in Figure 6A, but in the final-contracted coordinate frame, these translate to x∼0 km, x∼33 km, and x∼84 km) and the observed topographic peaks [QS (x < 5 km), YS (X∼26 km), and HS (x∼85 km), Figure 1C]; see Table 4.
[image: Figure 6]FIGURE 6 | Dynamic surface 2D displacements over profile in Jiudong Basin obtained in Model 1 (reference) after 2, 4, and 6.6 km of left boundary displacement (LBD, here also equating to HS). Using model's initial frame, panels display (A) vertical displacement (Uz) and (B) horizontal displacement (Ux), as functions of horizontal coordinate (in undeformed frame). As can be seen, both vertical and horizontal displacements (as a function of distance and of shortening) are inhomogeneous and nonlinear; thus, they have associated 2D differential deformations and rotations. Important deformations are observed at horizontal coordinates x ∼ (18, 50, 83, 100) km coinciding with high-plastic-strain surface expressions.
TABLE 4 | Comparison of spatial (horizontal) locations of prominent topographic features: Computed peaks of vertical displacements (after 6.6 km of horizontal shortening) and present-day observed topographic peaks. For computed topography, horizontal coordinate has been transformed to final-contracted state. Observed coordinates are as in topographic profile in Figure 1C. Correlation of x-coordinate for QilianShan and HeliShan ranges' peaks is almost perfect and that of Yumu Shan range is somewhat off.
[image: Table 4]This similarity may be due to the model parameters having adequate regional values and the simple elastic-plastic formulation being able to capture the first-order precision of the variables of the system. Also, regarding the initial condition of the model based on present-day data, this similarity could alternatively be interpreted as implying a reinforcement of the existing topography toward the geologic near future.
The surface elevation, horizontal shortening variations, and plasticity occurrence on the profile in Jiudong Basin displayed in Model 1 are heterogeneous (Figures 4–6). Regions where the surface elevation varies abruptly correlate to the surface expression of plastic-strain concentration zones (Figures 4–6), and in this way, our continuous model is consistent with the fault-bounded uplifting-rigid-blocks paradigm.
Figure 7 shows the distribution of computed normal and shear stresses on the bottom decollement layer at the state of 6.6 km of horizontal shortening. Both stresses are heterogeneous along the profile (located as in Figure 1B) coordinate. The normal and shear stresses generally decrease from the southwest (thick) to the northeast (thin), but some clear short-length-scale disturbances exist all over the profile, concentrating at some positions, dynamically relating to the fault zones and uplifted mountains. The normal and shear stresses on the bottom decollement layer are subjected to the Coulomb contact friction, which is a contact nonlinearity. This is a key point for our modeling: If there is no Coulomb contact friction on the decollement layer, we cannot simulate the evolution pattern of fold-and-thrust belts in Jiudong Basin successfully.
[image: Figure 7]FIGURE 7 | Final-state normal and shear stresses on bottom decollement after 6.6 km  of tectonic shortening in reference model, plotted versus horizontal distance of its undeformed state. (A) Computed normal stress (dots) of elastic-plastic model and theoretical normal stress (green line) from a reference homogeneously deformed wedge with same parameters (these are compressive stresses); (B) computed shear stress (dots) and theoretical reference (red line) (these are up-the-slope directed). Elastic-plastic-dynamics normal stress is dominated by lithostatic-column weight (which projects onto decollement), and dynamic shear stress is very close to Coulomb sliding-threshold stress (see Appendix SA). Short-length scale and small-amplitude variations of computed stresses are result of dynamically created topography, plastic deformation zones, and differential slip-on decollement, resulting from general elastic-plastic response to horizontal shortening.
It is worth noting that the computed normal stress is highly complex (due to differential deformations) but dominated by a linear trend that stems from lithostatic-column weight projected onto the inclined (3°) decollement surface. For reference, we calculated the theoretical normal stress in the final state of a homogeneously deformed wedge (with the 6.6% shortening and the same material parameters). See Appendix SA.
The computed, dynamic contact shear-stress is upward the slope on and along the decollement, and this is so responding to the shortening and right-ward push from the left boundary. Assuming that the wedge displacement and deformation are slow and quasi-static, the dynamic shear stress cannot be too different from the sliding threshold given by Coulomb frictional criteria on the decollement. For reference, we calculated such critical shear stress using the reference normal stress previously calculated (for the deformed state), with the frictional coefficient FC = 0.175 of this model.
Both normal and shear computed stresses exhibit short-length-scale variations, likely resulting from variable topography, inhomogeneous plastic strain, and differential slip-on decollement. See Figure 7.
In summary, using the available literature information, we decided on a single (most likely) set of parameter values to perform a single forward modeling trial. This combination of parameter values chosen for the reference model yields a reasonable approximation to the observations. The spatial correlation between observed topography and computed uplift is evident and relatively large; however, in the time dimension, things are not so perfect, and this is due to observational data imprecision and difficulties in defining the model's initial condition and to unmodelled heterogeneities. Assuming a 10-Ma timescale as reasonably representative for the system evolution (constrained by geochronology), there is some correspondence between computed and observed uplift-and-plasticity timings. Our simulation produces four major high-strain regions that, given their spatial locations and dip-angle orientation (with only one having reflected dip orientation), are remarkably similar to the observed four main regional faults. The agreement or correlation between observed and simulated patterns is nontrivial. This answers our first research question.
4 DISCUSSION
4.1 Sensitivity Analysis Models
A simple finite-element model (Model 1, reference) is adopted to simulate the spatiotemporal evolution of the fold-and-thrust belts in Jiudong Basin. In a model like ours, there are two important nonlinearities: material plasticity and contact friction, which may lead to diverging patterns of simulation results. The model sensitivity to its parameters shall now be tested. In this study, we set up 13 additional models to understand the spatiotemporal evolution patterns of the system. These models are comparable with other authors' models of thin-skinned fold-and-thrust belts (Chapple, 1978; Gao et al., 1999, 2013; Buiter, 2012; Zheng et al., 2013a; Buiter et al., 2016; Meng and Hodgetts, 2019). In the following, we will test the effects of the most important model parameters.
4.1.1 Influence of Inclination Angles of the Top and Bottom Surfaces of the Wedge
In presence of gravity and material friction, the wedge's upper and lower surface angles matter.
Figure 8A shows the plastic strain concentration bands' distribution in Model 1 (reference model), with a top dip angle of 1.5° and a bottom inclination angle of 3°. Model 2 has the same settings except for its bottom surface inclination angle being 2° (more horizontal). As a consequence, the resulting plastic-strain concentration bands are different than those of Model 1 (Figure 8B). Model 3 has the same settings as Model 1 except for its top inclination angle being 2° (steeper, Figure 8C). No obvious plastic-strain concentration band can be observed in the middle part of Model 3.
[image: Figure 8]FIGURE 8 | Final state EPS for models with different boundary-surfaces' inclinations. After 6.6 km  of shortening displacement, panels (A–C) show states of models 1, 2, and 3, which have inclination angles ([image: image]) of their top and bottom surfaces of (1.5°, 3°), (1.5°,2°), and (2°, 3°) respectively. Plasticity concentration patterns are rather different among them. A slight trend being that higher surfaces' angles (on top or bottom) tend to favor plasticity in thinner region of wedge.
Therefore, small changes in the model's top and bottom angles can have significant impacts on the distribution of calculated plastic-strain concentration zones and thus on the evolution pattern of fold-and-thrust belts.
The inclination angles of the top and bottom of Models 1–3 are small, ≤3°, but geologically common. Due to the nonlinearity of material and contact friction, the plastic strain (EPS) patterns by Models 1–3 are different. Davis et al. (1983) and Dahlen and Suppe (1984) gave the formula of inclination angles of top and bottom wedge tapper under a critical Coulomb failure state. Several examples of actual profiles in Taiwan (Suppe, 1980), Himalaya (Ohta and Akiba, 1973), Oregon (Snavely et al., 1980), Makran (White and Ross, 1979), etc., are gathered by Davis et al. (1983), which indicate that the inclination angles of top and bottom wedge tapper are usually less than 8°. Zhou et al. (2019) studied the cases of 4 and 8° of bottom wedge tapper, which led to difficulties and non-convergence of their numerical simulations.
4.1.2 Influence of Uniaxial Compressive Strength of the Wedge
Uniaxial compressive strengths (UCSs), related to cohesion, as threshold deviatoric stress with close-to-zero normal stress in at least one direction, have a definite effect on wedge plasticity.
Figure 9 shows the equivalent plastic strains of Models 4, 5, and 6. The wedge's uniaxial compressive strengths are 80, 100, and 120 MPa, respectively. All the other parameters are as in Model 1. The differences in the wedge's uniaxial compressive strength lead to different spatiotemporal patterns of equivalent plastic strain. When the wedge's UCS is low, equivalent plastic strain develops from thick end to thin end (Model 4, Figure 9A). When the uniaxial compressive strength is high (Model 6, Figure 9C), more significant plasticity occurs in the thin region.
[image: Figure 9]FIGURE 9 | Final state EPS for models with different uniaxial compressive strength (UCS). After 6.6 km of shortening displacement, panels (A–C) show states of models 4, 5, and 6, which have uniaxial compressive strengths of (80, 100, and 120) Mpa, respectively. Plasticity concentration patterns are different among them. Higher strengths tend to decrease extent and intensity of plasticity in wedge's thick region, while slightly favoring it in its thin region.
4.1.3 Influence of Internal Friction Angle of the Wedge
The internal friction angle, related to the frictional shear strength of granular or rock mass materials in geotechnics, determines the actual failure angle in relation to the stress tensor.
Figure 10 shows the effect of the internal friction angles of 20, 25, and 35° by Models 7, 8, and 9, respectively, on the distribution of equivalent plastic strain. Fold and fault organizes plasticity in the different wedge regions. From Figure 10, we see that higher friction angles tend to decrease the extent and intensity of plasticity in the wedge's thick region and strongly favor it in its thin region. When the internal friction angle is high (35°, Model 9), plastic strain is important only in the distal (thin) region of the wedge (Figure 10C). Due to other plasticity parameters being different, these plastic-strain patterns are different from those by Zhou (2020).
[image: Figure 10]FIGURE 10 | Final state EPS for models with different internal friction angles [image: image]. After 6.6 km of shortening displacement, panels (A–C) show states of models 7, 8, and 9, which have internal friction angles β = (20, 25, and 35°), respectively. Plasticity concentration patterns are different among them. High friction angles tend to drastically decrease extent and intensity of plasticity in wedge's thick region and strongly favor it in its thin region.
4.1.4 Influence of Friction Coefficient of Shallow Inner-Crust Decollement Layer
The friction coefficient of the sliding layer (underlying the wedge) is hard to be determined from observations. We try friction coefficients in 0.1–0.175 while keeping all other parameters as in Model 1 (FC = 0.175).
For ultralow decollement friction coefficient (0.1, Model 10, Figure 11A), the fold-and-thrust belts developed from the thin end to the thick end. Two complete thrusts formed in the thin region, and the plastic strain is close to null near the thick end. With a low friction coefficient (0.125, Model 11, Figure 11B), the deformation also develops from thin to the thick end. However, compared with the friction coefficient of 0.1, the shear bands' positions are different (a shift or phase effect). When the decollement friction coefficient was slightly low (0.15, Model 12, Figure 11C), additional shear bands developed in the wedge, but the plastic strain in the thin region is consistent with that of Model 11 (coefficient of 0.125).
[image: Figure 11]FIGURE 11 | Final state EPS for models with different decollement frictional coefficients (FC). After 6.6 km of shortening displacement, panels (A–C) show states of models 10, 11, and 12, which have frictional coefficients (FC) of (0.1, 0.125, 0.15), respectively. Plasticity concentration patterns are rather similar among them, and deformation starts in wedge's thin region. When frictional coefficient is high, an extra zone of plasticity manifests in wedge's thick region.
Our models' patterns of equivalent-plastic-strain concentration zones are different from those by Zhou (2020) for the same friction coefficients. In our models, equivalent-plastic-strain concentration zones are obvious near the thin end.
4.1.5 Influence of Depth of Shallow Inner-Crust Decollement Layer
The depth of the shallow inner-crust decollement layer is an important parameter for the evolution of fold-and-thrust belts in Jiudong Basin and can be observationally determined within uncertainties depending on the different methods, such as geological surveys, seismic receiver functions, deep seismic-reflection profile data, and seismic tomography (Gao et al., 1999, 2013; Zhang et al., 2015; Hu et al., 2019; Huang et al., 2020). Figure 12 shows the sensitivity of the system evolution to the depth of decollement. The depths (H) of the left (at thick end) decollement boundary of Models 13, 1, and 14 in their initial undeformed states are 10, 12.5, and 14 km, respectively. The distributions of plastic strain by the three models are obviously different under the same tectonic shortening of 4.4 km. When the initial depth H is relatively low (10 km, Model 13), important plastic-strain bands manifest in the thin wedge region (Figure 12A). When H is moderate (12.5 km, Model 1), the equivalent plastic strain bands manifest from the thick end to the thin ends of the model (Figure 12B). When H is relatively large (14 km, Model 14), plastic strain manifests only in the wedge's thick region (Figure 12C). Of course, the surface uplift regions are also different for Models 13, 1, and 14 (Figure 12).
[image: Figure 12]FIGURE 12 | Final state EPS for models with different initial decollement depths (H). After 4.4 km of shortening displacement, panels (A–C) show states of models 13, 1, and 14, which started with initial left-end depths of shallow inner-crust decollement of (10, 12.5, and 14) km, respectively (but these left-end depths have become larger after 4.4 km shortening deformation). Plasticity concentration patterns are different among them. All of them exhibit plasticity in wedge thicker region, but important plastic deformation in thinner region manifests only for overall thinner layers (shallow decollement).
Partly answering research question 2, we have found the geometry and plastic parameters of the wedge and the friction coefficient of the basement decollement; all play important roles in the fold-and-thrust belts' spatiotemporal evolution. The diversity of plastic-strain-field outcomes among the 14 models is vast, appreciable, and beyond the intuitive.
4.2 On the Reference Simulation Patterns Versus Observed Patterns
The model producing (with 6.6 km of shortening) four main inverse (fault) strain zones, at such respective locations and orientations, in spatial pattern/sequence highly similar to that of real Earth, is not a trivial result. The computed and the real-Earth sequences of inverse faults accommodating the tectonic horizontal shortening can be expressed, in very simple terms, by the dip-angles orientations [north (N) or south (S)] and the inter-faults separations [short (s) or long (L) distance]: (S, s, S, l, N, s, S), with such “long-distance” spanning the proper Jiudong basin and the four fault-orientations as observed. The fact that the model did not show a high (but a low) plastic strain in SYSF (so it is not considered among the main four faults), that it did not show a well-developed (but a faint) pair of faults in the middle of the wedge (which hosts the basin, without faults underneath), that it produced the main four high-strain zones (including the only north-dipping fault of the region, SHSF) like in real Earth, and finally that it did not produce faults in other of the many possible configurations of conjugated inverse faults across the wedge with diverse possible locations and orientations, such as ( S, s, S, l, S, s, N ), ( S, s, N, s, S, l, N, s, S ) (see sensitivity analysis), all of them capable of accommodating the horizontal shortening is a nontrivial result, and it must stem from the choice of regionally adequate material model parameters on a good-enough physico-mathematical description.
Similar comments can be applied to the computed topographic uplift (Figures 4C and 6A), whose spatial pattern to a good degree correlates (Table 4) with the real present-day topography (Figure 1C). Reasonable model representation of the uplift process and/or numerical prediction of enhancing or reinforcing of present-day topography (in the near future) are two possible implications. Regarding computation, continuing the model shortening from 6.6 to 10 km would have likely increased the topographic relief, likely less than proportional with the shortening displacement (as uplift is usually faster at the beginning of a contraction process). The computed relief amplitudes would perhaps have produced overestimates of the real topography, but erosion, unaccounted for in our computations (see Discussion Section 4.4), would certainly lower the topographic peaks. So, we consider that the present elastic-plastic reference model is not unreasonable for the region. The reference model also shows the latest-stage minor uplifting around x = 70 km, accompanied by faint plastic-strain bands in its flanks, but nevertheless, these elements are unobserved in reality. Although it could eventually be considered a “weak” model prediction for future geologic times, we think that this feature is most likely a minor model flaw; see Discussion Section 4.4.
The time dimension of the system is not so precisely represented and simulated by our models, and the initial-condition definition is already part of the challenge. The time sequences (ordering of events, in this case, mountains uplift and plasticity-zones development) are correct (consistent with those in reality), but the (scaled) times are only fairly correlated (see Table 3). Beyond the obvious, highly limited precision of geologic dating from local field observations (see Tables 1 and 3; Figure 5), we can note the following: aside from the well-simulated Qilian Shan range, the observed uplift times of Yumu Shan and Heli Shan ranges are somewhat later than the computed-scaled ones. This could be explained as compared with the homogeneous wedge model; the real wedge is heterogeneous and specifically weaker in the thick region and/or stronger in the thin region, or alternatively, an initially strong real wedge has time-dependent properties with a “late” weakening of the thin regions; perhaps, in any/both of these ways or scenarios, which are geologically possible, active strain lasts for longer in the thick region and awakens later in the thinner regions.
4.3 Three Potential Spatiotemporal Migration Patterns of Fold-and-Thrust Belts and Topography
Fourteen numerical models show different and diverse patterns of the spatiotemporal evolution of fold-and-thrust belts in a decollement wedge with adequate parameter values for the region. Model 1 is the reference model, which is relatively consistent with geological and geophysical observations. The calculated plastic-strain concentration zones by Model 1 gradually developed from thick to the thin end of the wedge, nearly resembling the geologic North Qilian Shan Fault, North Yumu Shan Fault, South Heli Shan Fault, and North Jintanan Shan Fault. The simulated time sequence and especially the space intervals between these elements are quite consistent with the geological ones. The calculated surface displacements can reflect the spatiotemporal sequence of three mountain ranges in Jiudong Basin, namely, North Qilian Shan, Yumu Shan, and Heli Shan. The shallow inner-crust decollement layer may have a small frictional coefficient (Panian and Wiltschko, 2004, 2007). In our FEM models, plasticity concentration is considered the diagnostic for faulting, in general, with elastic plasticity and contact laws as key factors in wedge mechanics (Chapple, 1978; Davis et al., 1983; Dahlen and Suppe, 1984; Panian and Wiltschko, 2004, 2007).
Beyond this, the 14 models here explored reveal that due to the nonlinearities of materials and contact friction, the wedge above a decollement may behave following three different main spatiotemporal evolution patterns: Plastic deformation manifesting 1) from the thick end to thin end (a well-known pattern, shown in Models 2, 4, and 8) but also perhaps 2) from the thin end to thick end (e.g., Models 10 and 11) and 3) from the two ends to the middle (e.g., Model 9 and 12).
A cartoon of the three development patterns of fold-and-thrust belts and surface elevations found after our simulations is shown in Figure 13. Figure 13A shows that deformation in the wedge develops from thick end to thin end (Pattern 1, and this is the expected, well-understood pattern always found in studies). Figure 13B shows an opposite evolution pattern, from thin end to thick end (Pattern 2). We find that such a development pattern (from thin to thick) occurs when the decollement is weak, and the uniaxial compressive strength of the tectonic wedge is high (Figure 13B). Figure 13C shows the combination pattern from both sides to the middle (Pattern 3). Fold-and-thrust patterns 2 and 3 are not well-understood and may be rare according to geological observations. The development pattern style of fold-and-thrust belts and mountains in the reference model (likely approximating the real Jiudong Basin, Figures 4 and 5) is most likely similar to Pattern 1, with deformation activating from thick end to thin end (Figure 13A), but combining with some features of Pattern 3 (Figure 13C).
[image: Figure 13]FIGURE 13 | Three potential spatiotemporal migration patterns of fold-and-thrust belts and topography, manifesting in a decollement wedge 2D setting based on our numerical models. (A) Pattern 1: deformation migrating from thick end to thin end; (B) Pattern 2: deformation migrating from thin end to thick end; (C) Pattern 3: deformation migrating from both ends to middle. In some models, only one pattern manifests [especially archetypal pattern (A)], whereas, in others, mixes such as (C) seem to be manifesting. Clarifications: deformation can mean localized (yet finite-width) internal plastic strain and also topographic surface deformation.
4.4 On the Effects of Erosion and Surface Mass Transport
Tectonic motions, climate character, and variability influence the solid-surface erosion and, in general, the physical evolution of fold-and-thrust belts as in a thin wedge above a decollement layer (e.g., Molnar and England, 1990; Zhang et al., 2001). As an example, glaciers and snow currently exist in Qilian Shan mountainous regions above ∼4,000 m.a.s.l., indicating that glacial/fluvial erosion has been influencing the development of the regional topography (Pang et al., 2019).
Erosion and surface mass transport have been neglected in our models, and this is a simplification of physical reality. Now, we will try to briefly assess these effects on our simulations.
During the wedge horizontal contraction, erosion (chemical–mechanical weathering) would remove mass from the growing concave highlands and, by transport (glacio-fluvio-eolic), would deposit it in the deforming convex lowlands. This mass redistribution implies alterations in the inner-wedge lithostatic pressure field.
The present-day Jiudong Basin (Figure 1) is flanked by the high relief of NQS (1300), YS (800), and HS (300) (in meters with respect to the basin); its sedimentary lowlands lie mostly in between the YS and HS, in the model coordinate range 30 km < x < 80 km. Observations of sedimentary thickness are very poor for the area. Seismic observations mostly constrain the depth of the decollement, which increases from approximately 5 km under HS to approximately 13 km under QS. In almost all geological scenarios, mountain ranges and basements are composed of denser, stronger materials (higher mass densities and elastic-plastic moduli) than those of the basins' sediments. Here, we consider mostly a sedimentary lenticular-shaped body confined between YS and HS, with a thickness of likely <3 km. In model calculations, there is a trade-off between the thickness of the layer and its mechanical properties because, in reality, the deeper, the denser and stronger the materials are. Real sediments (up to consolidated yet not lithified, in the depth range 0–3 km) may be heterogeneous and span the rough density range 1.6–2.2 g/cm3. On the other hand, our wedge model considers compressible rock density values in 2.5–2.53 g/cm3. For mechanical moduli, the contrast basement vs. sediments is larger; for example, Young's modulus and UCS can be several orders of magnitude smaller on sediments; in particular, UCS can be ∼0 in sediments and finite-valued in rocks. So, mechanical properties' contrasts between sediments and country rocks are huge. As a consequence, basin sediments (light and weak) can barely transmit the inner-wedge-rock shear stresses.
During tectonic horizontal shortening and erosion, the stress-tensor field evolves inside the wedge. We can estimate changes in lithostatic pressure stemming from the surface mass redistribution. Changes in lithostatic pressure signify changes in the threshold for plasticity: plastic strain occurs when/where shear stresses surpass a threshold value, and this value increases with pressure. With eroding mass relocating from one original (high) region to a new (low) region of the surface, the lithostatic pressure decreases under the original region and increases under the new region. Therefore, in a horizontal contraction scenario, the expected effects of erosion are to increase plasticity intensity and extent in the decompressing highlands and to decrease it in the compressing lowlands, although these effects are superimposed to tectonic deformation. Although plasticity is nonlinear, these erosion effects on inner-wedge plasticity should not be very important in the Jiudong Basin system, at least in principle due to the huge contrast in mechanical properties of sediments versus the inner wedge and highlands. Secondarily and in particular, our reference simulation shows little plasticity in the coordinate range 50–80 km, roughly where (and under) the basin is located (Figure 4). Thus, moving sediments into that area would even further limit the extent and intensity of local plasticity at depth. Thus, correcting for this would prove to be only a tiny effect, perhaps at most a second-order correction in that simulation. Surely, this could hamper the development of the faint conjugated-plastic zones in that particular area, which we already commented as a model flaw, inasmuch as they have not been observationally confirmed.
Reasonable maximum lithostatic-pressure changes that could be conceived for the system due to erosion are given considering the maximum sediment thickness in the basin, to be a relocation from the NQS-YS and HS highlands (a process that may have taken roughly ∼10 Ma). The maximum sediments overpressure may be of approximately ΔP ∼ ρs·g·hs ∼ 1,900 × 9.8 × 3,000–56 MPa, although local sediments' mass density and thickness are poorly known.
In the Drucker–Prager plasticity criterion (see Appendix SB)
[image: image]
where P = -I1/3, altering P to P + ΔP (here simply assuming a lithostatic approximation) implies altering the limiting stress-deviator invariant √J2. From our reference model, UCS = 110 MPa and friction angle φ = 30°, and referring to Sivakugan et al. (2014), Alejano and Bobet (2012), and Drucker and Prager (1952), we can estimate the material constants k, a; leading to the approximation
[image: image]
Therefore, the sediment overpressure contribution of ΔP = 56 MPa implies a differential of threshold deviatoric stress Δ√J2 ∼ 41 MPa, which could increase (in the receiving lowlands) or decrease (in the eroding highlands) the threshold for plasticity. This maximum differential of plasticity threshold (41 MPa) can be compared with the system extreme values of plasticity threshold itself: Min: 28.6 MPa (the uncompressed threshold, present roughly at the surface), Max: 267 MPa (at the wedge's left-bottom corner in the contracted state), although the effective maximum is higher, easily above 300 MPa, due to the pressure increase from horizontal contraction/compression. These are the characteristic values that ought to be considered in this problem. The variation in plasticity threshold due to surface mass transport can be non-negligible at shallow depths but only marginal approaching the decollement.
For the reference simulation, increasing plasticity under the eroding highlands (NQS-YS, HS) would imply more intense and extended plasticity in the already plastified four zones of the simulation exhibits and, simultaneously, a decrease in plasticity under the sediment-receiving basin itself, where plasticity is already very limited. As for the other 13 simulations (sensitivity analysis), we can again say that in the presence of surface mass transport, plasticity should be higher in the zones that already exhibit high computed plastic strain (because above these, there is usually uplift and thus subsequent erosion) and lower under the lowlands. So the effect of surface mass transport in general (for short-term processes like ours) would act as a reinforcement/enhancement of the plasticity patterns we have. In an extreme case, plasticity inhibition under a sediment-receiving convex lowland could perhaps hinder the propagation or migration of plasticity across the region; however, as shown in the sensitivity analysis, several simulations display plasticity in both the thick and thin regions without a connection in/across the middle regions, which means that sole, elastic stress transfers may suffice in the pattern definition.
The previous arguments, examples, and theoretical estimates suggest that erosion and surface mass transport should not produce major dynamical effects in our system and most likely would not invalidate the conclusions here drawn.
5 CONCLUSION
Based on observations of geological structures, geochronological dating, surface deformation, seismic tomography, and seismic-reflection profile data, we carried out and evaluated 2D FEM elastic-plastic models of Jiudong Basin on the northern margin of Qilian Shan, Qinghai–Tibetan Plateau. We studied the temporal and spatial evolution of the fold-and-thrust belts and surface deformation in the Jiudong Basin for the recent and present geologic time. From a series of 14 numerical-simulation experiments, the following conclusions are drawn:
1) Under the combined action of gravity, tectonic horizontal shortening, and bottom frictional slippage, the reference-model simulated equivalent-plastic-strain zones are in good agreement with the temporal behavior and particularly the spatial locations orientations of four real thrust faults in Jiudong Basin, namely, North Qilian-Shan Fault, North Yumu-Shan Fault, South Heli-Shan Fault, and North Jintanan-Shan Fault. Also, the simulated surface deformation (time-dependent 2D dynamic topography) can explain the observed successive uplifts of North Qilian Shan, Yumu Shan, and Heli Shan and perhaps their short-term future reinforcement.
2) Our sensitivity analysis reveals that the wedge's uniaxial compressive strength, internal friction angle, and top and bottom surfaces' angles, as well as the underlying decollement friction coefficient, all have important influences on the spatiotemporal evolution of fold-and-thrust belts, especially in the location, extent, and intensity of the plastic-deformation regions and surface topography. Our numerical simulations suggest that a wedge above a decollement layer may exhibit three main spatiotemporal evolution patterns of fold-and-thrust belts: Plastic deformation migrating from 1) thick to thin end, 2) thin to thick end, and 3) from both ends to middle. This is so specific regarding the appearance, manifestation, and migration directions of high-plastic-strain zones.
3) Thin-skinned horizontal contractional deformation by Jiudong Basin-decollement further sliding seems likely to continue with time. Continuing plastic strain and faulting occurring in new regions or intensifying in active regions (in the “wedge”) may well signify the further upthrust of fault-bounded blocks in the Jiudong Basin area and vicinity. Not having all of this would necessitate an unlikely 1) halt in tectonic convergence or 2) lateral extrusion of blocks. Therefore, with time (at least for a few Ma), it may well be plausible to have further uplift and horizontal growth of currently small mountain ranges like Heli Shan, which could signify a continued (perhaps attenuating) growth of the fringes of the Qinghai–Tibetan plateau.
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APPENDIX
A. CALCULATION OF REFERENCE STRESSES ON DECOLLEMENT SURFACE
1) Reference Normal stress: We calculate the final-state lithostatic column-weight (function of x) and project that onto the decollement surface (3°).In the initial undeformed state (density 2.5 g/cc), the vertical ‘pressure’ is
Pinitial(x) = Pinitial(0) + (dPinitial/dx)·x with x in [0,100] km
Considering P(x) = ρ·g·h(x), h(0) = 12.5 km, h(100)=4.64 km, g=9.8 m/s2, Pinitial(0)=306.3 MPa, Pinitial(100)=113.7 MPa, dPinitial/dx= -1.9257 MPa/km.
For the final state, we assume a homogeneously-deformed wedge, for which we know its final horizontal length of (100 - 6.6) km = 93.4 km; with its final density, higher than the initial, being constant in space.
The vertical thickening of the wedge is a function of the Poisson’s ratio (compressibility), but given that the final horizontal length is fixed, the lithostatic-column weight is independent of how high (by deformation) the column is, as its total mass is the same. The mass of a unit-basal-area column has increased here in time only due to horizontal convergence. Thus, the final lithostatic-column weight is simply:
Pfinal(x’) = Pinitial(x) (100 / 93.4) ( with 100/93.4 = Li/Lf = 1/ (1+ Strainxx)),
where x’ is the homogeneously-deformed horizontal coordinate.
We refer our plots to the initial coordinates, thus the transformation can be omitted.
Thus, the final reference will be refσn(x) = Pfinal(x)·cos(3°) (plotted in Figure 7 (upper) ) with extreme values: refσn(0) = 327.4 MPa, refσn(100) = 121.5 MPa.
2) Reference Shear stress: For a given normal stress σn, the Coulomb failure criterion gives the threshold shear-stress above which sliding occurs:
τthresh(x) = FC·σn(x)
In our simulations, we assume the displacement at the boundary, the whole displacement and deformation fields, to be quasi-static (negligible velocity); and we hypothesize that the actual dynamic decollement-shear-stress, at any time, can not be too different from the Coulomb sliding threshold. This latter threshold stress will be our reference τref.
Taking the linear reference normal stress refσn from the previous subsection, then the reference shear stress is simply according to the Coulomb formula. This is plotted in Figure 7 (lower).
The resultant extreme values are:
τref(0)= 57.3 MPa , τref(100)= 21.3 MPa.
B. GOVERNING EQUATIONS
.B.1 Fundamental equation
Mechanical equilibrium 
[image: image]
where σ : stress tensor, ρ : mass-density, g : gravity; solved with the specific boundary conditions (particular conditions for each boundary) detailed in the text.
.B.2 Constitutive equations
The strain tensor field ε, function of the displacement field u, will be the superposition of elastic and plastic contributions [image: image]. Then the following relations are assumed:Elastic Hooke’s law [image: image]
which (as in our study) for isotropic materials and using the Young’s modulus E, Poisson’s ratio ν and elastic matrix D will take the particular simplified tensor form

[image: image]
Drucker-Prager plasticity criterion [image: image] (B3)
where [image: image] , [image: image] is the second invariant of deviatoric stress tensor [image: image] . The variables a, k are material parameters that can be obtained from the model parameters UCS (uniaxial compressive strength) and φ (internal friction angle) (Drucker and Prager, 1952; Sivakugan et al., 2014; Alejano and Bobet, 2012).
The Equivalent Plastic Strain is computed in general as [image: image] , with [image: image] the pressure; and where the plastic-strain increments [image: image]are computed via the Drucker-Prager associated flow law.
These are the main equations employed by ABAQUS software in the elastic-plastic calculations. For more details the reader is suggested to refer to, Drucker and Prager (1952), Rudnicki and Rice (1975), Hibbitt et al. (1997)
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The property of the magnetic basement and the faults in the basement is significant for structural evolution, the Phanerozoic deposition, and oil resource exploration of the Tarim Basin. Based on the newly acquired aeromagnetic and industry seismic data, we mapped the distribution of basement faults by applying magnetic gradient-processing methods such as the horizontal gradient derivative, the first vertical derivative, the tilt derivative, and the upward continuation method. The dips of basement faults were confirmed and the susceptibilities of basement blocks were obtained by forward modeling of five profiles using the constraint of sedimentary strata depth and Moho topography. On the basis of comprehensive analysis of the magnetic anomalies, the distribution and inclination of basement faults, and susceptibilities differentiation obtained by forward modeling and field measurement, the property of the basement faults and their implication were discussed and interpreted. Our results show that the origin of the Central Highly Magnetic Anomaly Belt is highly magnetic Archean metamorphic rocks. The weakly magnetic Southeastern Domain and highly magnetic Central Tadong Domain assembled along the Tadong South Fault during the Paleoproterozoic. The Paleozoic Cherchen Fault is just an interior fault in the weakly magnetic Southeastern Domain although it presents a large vertical fault displacement. Considering the prominent variation of strikes of the Tadong North Fault system, and the moderately magnetic anomalies in the Northeastern Mangal Domain corresponding to the center of Neoproterozoic deposition, it is likely that the basement of the Northeastern Mangal Domain modified by the Neoproterozoic rifting could be originally the same as the basement of Central Highly Magnetic Anomaly Belt.
Keywords: Eastern Tarim Basin, aeromagnetic, profile modeling, basement fault, Neoproterozoic rifting, Paleoproterozoic assembly
INTRODUCTION
The Tarim Basin is the largest basin in mainland China, and has a broad prospect for oil and gas exploration. The long geological evolution history of the Tarim Basin is very complicated, and different zones of the Tarim Basin have various structural deformation forms (He et al., 2016; Zhu et al., 2017; Jiang et al., 2018; Morin et al., 2018; Wu et al., 2018; Laborde et al., 2019), therefore, the Tarim Basin is an ideal region for research on plates convergence and breakup and interaction among them (Dayem et al., 2009; Craig et al., 2012; Calignano et al., 2015). The distribution of basement faults throughout the basin’s geological evolutionary history widely controlled the activities of blocks (Xu et al., 2002; Ma et al., 2009; Lin et al., 2015). Based on previous researches (Kang, 2004; Xu et al., 2005; Cai, 2007; Wang et al., 2009; Pu et al., 2011), some conclusions can be summarized as below: early existing faults play an important role in controlling the later fault and structural deformation; magmatic rocks are mainly distributed along the basement faults; and the basement faults can be traced and identified by geophysical data and methods (Lin et al., 2015).
Although there have been a lot of studies on basement faults of the Tarim Basin, some unsolved problems still exist. Some researchers studied the basement faults by adopting only one kind of geophysical method, such as the gravimetric method (Xu et al., 2005; Hou and Yang, 2011), the aeromagnetic method (Xu et al., 2002; Yang et al., 2012), and the seismic profiles interpretation (He, 1995; Ji, 2008; Tang et al., 2012). However, the industry seismic data are unable to map the deep basement fault because of its signal attenuation, especially for high-angle faults; the gravity anomalies can be caused by all the substance below the subsurface, including the sedimentary cover, basement, and Moho, and it is extremely difficult to distinguish the anomalies caused by the basement from other factors. Indeed a researcher synthetically utilized gravimetric data, aeromagnetic data, and seismic profiles to identify basement faults (Lin et al., 2015), however the location and strike of basement faults and lineaments of aeromagnetic anomalies did not correspond with each other in his paper. The aeromagnetic method is the most practically useful method to identify basement faults because the sedimentary cover is usually nonmagnetic or weak magnetic, and the magnetic layer is restricted above the Curie depth. Another problem that is usually neglected is the rock physical property of the basement to which seismic data are not sensitive (Li and Gao, 2010; Tong et al., 2010; Tong et al., 2012; Gao et al., 2013; Xu et al., 2013). Because the terrane activity style is closely related to the property of basement rock which can be indicated by susceptibilities, based on the recently aeromagnetic data measured in 2015–2016 and strata depth from industry seismic data, we conducted the forward modeling of rock susceptibilities and basement faults.
GEOLOGICAL SETTING
The Tarim Basin is located in the southern region of Xinjiang Uygur Autonomous Region, China, between Tianshan Mountains and Western Kunlun-Altun Mountains (Figure 1). The basin is a large marine-continental depositional compound basin after experiencing multistage tectonic activities (Xu et al., 2013; Wu et al., 2018; He et al., 2019; Xu et al., 2021). After the initial continental crustal evolution in the Archean, the Tarim Craton was developed during the Proterozoic and Paleozoic by the accretion of the Kunlun, Qaidam, Tarim block, and the Central/South Tian Shan block (Charvet et al., 2007; Lin et al., 2013; Zhang C.-L et al., 2013; Zhang P. Z et al., 2013; Li et al., 2018), and by the extensional activities from the Neoproterozoic to Ordovician (Dong et al., 2016; Zhu et al., 2017; Ren et al., 2018; Wu et al., 2018). A lot of important basement structures such as the Bachu, Tanan, Tazhong, Tadong, Tabei, Kalpin, and Kuruk Tagh basement-cored uplifts were established during the late Proterozoic and the early Paleozoic (Gao and Fan, 2014; Tang et al., 2014; Lin et al., 2015; Liu et al., 2015; Zhu et al., 2017; Wu et al., 2018).
[image: Figure 1]FIGURE 1 | Topography and tectonic map of the Tarim Basin and its environs. The red dashed line outlines the Tarim Basin, within which the dashed black lines are the boundaries of subdomains corresponding to basinal structural units. The black lines represent major faults and sutures. Marks and abbreviations are as follows: Depression Domain: I: Kuche, II: Northern, III: Southwestern, IV: Tanggu, V: Southeastern; Uplift Domain: VIa: Bachu, VIb: Tazhong, VIc: Southeastern, VII: Tabei. ATF: Altyn-Tagh Fault, TFF: Talas-Fergana Fault, KF: Karakorum Fault. The tectonic units were modified from XJBGMR (Bureau of Geology and Mineral Resources of Xinjiang Province) (1993) and the topography is derived from the ETOPO1 model available from the NOAA database (http://www.ngdc.noaa.gov/mgg/global/global.html).
The beginning of sedimentary strata may be traced to the Late Paleozoic or the Neoproterozoic (Guo et al., 2015; Wu et al., 2018; He et al., 2019). According to the drilling and industry seismic data, the Eastern Tarim Basin deposited the marine Neoproterozoic, Cambrian, Ordovician, Silurian, Devonian, Carboniferous and the continental Jurassic, Cretaceous, and Cenozoic strata, but not Permian and Triassic strata (Zhang C.-L et al., 2013; Xu et al., 2014). The Eastern Tarim Basin can be divided into four main structural units: Kongquehe Slope (KS), Mangal Depression (MD), Tadong Uplift (TU), and Southeastern Depression (SD) (Figure 2).
[image: Figure 2]FIGURE 2 | Simplified geological map of the Eastern Tarim Basin and its tectonic units (XJBGMR (Bureau of Geology and Mineral Resources of Xinjiang Province), 1993). The blue polygon is the region of aeromagnetic data acquired in this study, the lines inside the blue polygon are survey flight paths. The blue circles and red diamonds indicate the locations for measuring the magnetic susceptibility of sampling rocks by us and our coworkers, respectively. The measured magnetic measurements are compiled in Table 1 and Table 2. Abbreviations are as follows: KS: Kongquehe Slope, MD: Mangal Depression, TU: Tadong Uplift, SD: Southeastern Depression.
ROCK PROPERTIES
The magnetic susceptibilities were derived from samples collected from the wells located in the Eastern Tarim Basin, and from the outcrops measured in 2015–2016 in Kuruktagh, Tianshan, Altun, and Kunlun Mountains which surround the Eastern Tarim Basin, and also from published literature (Xiong et al., 2016a). The measured magnetic susceptibilities of exposure strata in the Eastern Tarim Basin are displayed in Table 1.
TABLE 1 | Measured magnetic susceptibility of exposure strata in the Eastern Tarim Basin.
[image: Table 1]The main rock types of the Sinian to the Early Ordovician consist of limestone, dolomite, and sand-mudstone, while the main deposition during the Late Ordovician to the Cenozoic is sandstone, mudstone, and sand-mudstone. Here, it should be noted that the work area lacks the Permian and Triassic strata, and the Carboniferous stratum only developed in the western region of the survey region. The average susceptibility (AS) of Cenozoic, Mesozoic and Paleozoic are not larger than 50 × 10−5, 20 × 10−5, and 40 × 10−5 SI, respectively. Most common rock types in Proterozoic, including marble, schist, siliceous rock, granulite, quartzite, and slate are featured with low susceptibilities not exceeding 1,000 × 10−5 SI, and the average susceptibility of the Proterozoic is just 28 × 10−5 SI; although maximum susceptibility (MS) of measured gneiss in the Proterozoic can reach 17,700 × 10−5 SI. The only general high susceptibility stratum comes from Archean rocks, the average susceptibility can be as large as 2,300 × 10−5 SI.
The main outcrop of Archean is located in Kuruktag and the northern slope of the Altun Mountains. The Tograk Brak complex (Ar2tg) in Kuruktag is a set of meso-hypo metamorphic rocks, and the main rock type is migmatite (AS = 100 × 10−5 SI), plagioclase granitic gneiss (AS = 600 × 10−5 SI, MS = 5,700 × 10−5 SI), and biotite amphibole plagiogneiss containing a small quantity of granulite, mylonite, and plagioclase amphibolite (AS = 400 × 10−5 SI, MS = 1,300 × 10−5 SI). The AS of phlogopite diopside rock, magmatic carbonate rock, and phlogopite rock of Ar2tg located in the Vermiculite Mining Area is 4,000 × 10−5 SI. The Milan metamorphic suite (Ar2m1) located in the northern slope of the Altun Mountains consists of granulite (AS = 1,500 × 10−5 SI, MS = 2000 × 10−5 SI), plagioclase amphibolite, gneiss (AS = 1,500 × 10−5 SI, MS = 11,500 × 10−5 SI), granulite, and migmatite.
There are some Proterozoic and Paleozoic magmatic rocks located in the Southeastern Tianshan and Altun Mountains. The magnetism of magmatic rocks is related to the silicon dioxide content in rocks. The AS of basic-ultrabasic magmatic rock (such as gabbro and diabase) can reach 7,000 × 10−5 SI. However the AS of intermediate and acidic intrusive rocks is just 280 × 10−5 SI and 60 × 10−5 SI, respectively (Table 2).
TABLE 2 | Measured magnetic susceptibility of intrusive rocks in the Eastern Tarim Basin.
[image: Table 2]In conclusion, almost all of the AS of Phanerozoic stratum is low; the AS of Proterozoic sedimentary and metamorphic rocks is generally low although some measured gneiss has high value. The AS of magmatic rock varies in a wide range, however the acidic and intermediate magmatic rocks are more widely distributed than the basic and ultrabasic magmatic rock. So the Archean metamorphic rock is the only regional rock type with high susceptibility.
DATA
Aeromagnetic Survey
Aeromagnetic data were sourced from China Aero Geophysical Survey & Remote Sensing Center for Natural Resources (AGRS). In order to study the basement and crust structure of the Tarim Basin, more than 75,472.4 line kilometers of total-field magnetic data were flown in a south-north direction with a line spacing of 0.5 km and with the east-west trending tie lines at 10 km intervals over all areas in 2015–2016, covering an area of nearly 39,337.3 km2 at an average altitude of 666.5 m above the ground (Figure 2). The survey was conducted by installing a helium optically pumped magnetometer HC-2000 on a Cessna208B airplane.
The quality control of field aeromagnetic data including instrument stability, magnetic fourth-order difference statistics, magnetic diurnal variation measurement, and field aeromagnetic data processing including coordinate transformation, calculation and correction of normal geomagnetic field, correction of the magnetic diurnal variation, cross line leveling, gridding, and so on were also operated on the AGRS-Geoprobe software. Then the magnetic data were reduced to the pole (RTP) by variable inclination (Arkani-Hamed, 1988; Li D et al., 2014; Li Q et al., 2014; Li et al., 2018) for the purpose of facilitating geologic interpretation, which is a standard geophysical technique to center magnetic anomalies to positions directly above their sources (Baranov and Naudy, 1964; Blakely, 1996; Goodge and Finn, 2010).
Characteristics of Magnetic Anomalies
The horizontal location of highly magnetic anomalies with RTP moved towards the north (Figures 3A,B). In this study, all the processes and interpretations referred to magnetic anomalies with RTP. The amplitude of aeromagnetic anomalies varies between −335 and 332 nT in the Eastern Tarim Basin (Figure 3B). The magnetic anomalies show a gently variational banded shape with the direction of NEE, NE, or NW in the central and northern zones, and the high-frequency signals become more important in the southern zone with NE direction and in the northernmost zone with EW direction. All of the anomalies are the response of basement property and the faults inside the basement. Based on the characteristics of magnetic anomalies, four large magnetic zones can be classified as: the Kongquehe Magnetic Zone with low magnetic anomalies (I), the Northeastern Mangal Magnetic Zone with moderate magnetic anomalies (II), the Central Tadong Magnetic Zone with high magnetic anomalies (III), and the Qiemo-Ruoqiang Magnetic Zone with variational magnetic anomalies (IV) which was subdivided into the Qiemo-Kurgan Subzone with low magnetic anomalies (IV1), the Tile Shi Xia Subzone with high magnetic anomalies (IV2), the Western Ruoqiang Subzone with high magnetic anomalies (IV3), and the Tal Aqz Subzone with variational magnetic anomalies (IV4) (Figure 3B).
[image: Figure 3]FIGURE 3 | (A) Map of magnetic anomalies (without RTP) with five superimposed profiles used for forward modeling, the dotted lines are the locations of profiles. (B) The subregions and their marks of major domains of magnetic anomalies (RTP), the dotted lines are the boundaries of major domains. For detailed explanations of the marks, see the text. Both maps are overlain on the shaded ETOPO model (www.ngdc.noaa.gov/mgg/global.html).
The range of magnetic anomalies variation is limited from −300 to 200 nT in the Kongquehe Magnetic Zone, where the high-frequency positive anomalies superimpose on the negative magnetic background. The Northeastern Mangal Magnetic Zone shows wide variational moderate magnetic characteristics with the magnetic anomalies value from −40 to 150 nT. As for the Central Tadong Magnetic Zone, it is the eastern part of the well-known Central Highly Magnetic Anomaly Belt with the magnetic value varying between 100 and 350 nT. The Qiemo-Ruoqiang Magnetic Zone is characterized with the most complex magnetic anomalies with a lot of elliptic and stripped high magnetic anomalies superimposing on a negative background, and the magnetic anomalies variation extent can be from −220 to 320 nT.
Seismic Reflection Data
Sedimentary interfaces and upper interfaces of Precambrian stratum (Figure 4) are from the Bureau of Geophysical Prospecting, China National Petroleum Corporation. Considering the low average susceptibility in the Phanerozoic stratum, and the disputed Neoproterozoic stratum distribution, it is reasonable to assume the top surface of the basement (Precambrian) as the main magnetic upper interface.
[image: Figure 4]FIGURE 4 | Maps of the strata bottom depth of (A) Cainozoic, (B) Mesozoic, and (C) Paleozoic.
METHOD AND RESULT
Magnetic Gradient-Processing Methods
Large basement faults have certain effects on aeromagnetic anomalies: the regional magnetic anomalies are mainly caused by the characteristics of the basin’s base, basement faults, and volcanism (Crawford et al., 2010; Yang et al., 2012). The contact zones or suture belts between different lithologic crystalline basements or different blocks could produce the steepening gradient until anomalies are flattened within each magnetic block (Cordell and McCafferty, 1989).
The vertical derivative (VDR) and the total horizontal derivative (THDR) are effective methods for delineating crust lineament structure and boundary identification. The VDR and THDR convert the magnetic anomaly gradient bands into zero and the maximum value respectively for easy-to-identify and accurate-to-position (Phillips, 2000; Grauch, 2001; Verduzco et al., 2004; Wang et al., 2021). The expression of [image: image] is as follows (Grauch and Cordell, 1987; Miller and Singh, 1994):
[image: image]
And the expression of VDR(x, y) is as follows (Verduzco et al., 2004):
[image: image]
Another effective method to assess the structure units is widely used tilt-derivative (TDR) because it can normalize magnetic amplitude and successfully visualize delicate anomalies within the basement (Miller and Singh, 1994; Thurston and Smith, 1997; Verduzco et al., 2004). This method is commonly applied to continental potential field datasets for it clearly defines anomaly edges, it equalizes amplitudes of anomalies, and will produce useful magnetic responses for induced and remanent magnetized anomalies (Verduzco et al., 2004; Wang and Meng, 2019). The expression of [image: image] can be written as follows (Miller and Singh, 1994; Thurston and Smith, 1997):
[image: image]
Where [image: image] and [image: image] are the first vertical and total horizontal derivatives (Eqs 1, 2), respectively, of the total magnetic intensity [image: image].
Here [image: image] and its VDR, THDR, and TDR method are synthetically adopted to identify the lineament structures of the crust. To better understand the possible large-scale fault and suture lines, the magnetic anomalies are upward continued to 5 and 10 km, respectively (Blakely, 1996).
Profile Forward Modeling
2.5D forward modeling is an effective method of combining magnetic and seismic interfaces and other useful information to produce a constraint solution especially when the direction of the profile is perpendicular to the direction of the structural strike, and this advantage condition is satisfied here because the direction of the structural strike is EW or northeast to southwest, while the direction of our profile is SN or northwest to southeast. The forward modeling of magnetic data was conducted by using an interactive, iterative technique within the Geosoft GM-SYS software, which is widely used because it can compute the magnetic forward modeling curve by subdividing the underground models and assigning magnetic susceptibilities for them. Every subdivision of underground models is a specified 2.5D horizontal prism whose strike is perpendicular to the fitting profile, and the methodology for calculating the magnetic response comes from Talwani and Heirtzler (1964). The initial parameters such as magnetic susceptibilities and interfaces are based on the material mentioned in previous sections. The interface information is relatively reliable because it comes from seismic reflection and refraction data. Therefore, only magnetic susceptibilities are varied to produce a consistent model solution, which can best fit the observed anomalies.
The remanent magnetization is not considered to be important and only the induced magnetization is simulated because the main source of magnetic anomalies is the crystalline basement, especially the Archean basement. The uniformly geomagnetic intensity of 54,615 nT and uniformly magnetized direction with inclination of 59.4° and declination of 2.1° were calculated in the Eastern Tarim Carton. A previous research regarded the upper crust as the main magnetic layer and estimated the thickness of the upper crustal magnetic layer by using spectral analysis (Finn and Ravat, 2004), however the spectral analysis has huge uncertainty (Gao et al., 2015; Xiong et al., 2016b; Li et al., 2017; Xu et al., 2021), especially for a small region about 40,000 km2 like our research area. The moderately geothermal gradient of 12.5° per km and thus a 55 km thick magnetic layer were assumed for the Precambrian craton crust in the United States interior (Friedman et al., 2014), which is comparable with the crustal thickness of about 50 km for the Eastern Tarim Craton resulted from the wide-angle reflection/refraction seismic profile (Teng et al., 2013; Teng et al., 2014). Therefore, we hypothesized that the Moho interface and top surface of the Precambrian are the bottom and top of the magnetic layer, and the susceptibility in each block is uniform.
Result
Based on the susceptibility difference in adjacent blocks of forward modeling, faults extended distances, sizes, and degree of the control on the basin’s deposition (Lin et al., 2015), the faults were classified into primary and secondary faults (Figure 5, Figure 6).
[image: Figure 5]FIGURE 5 | The results of magnetic gradient-processing methods for aeromagnetic anomalies (RTP) with superimposed locations of basement faults. (A) Total horizontal derivative (THDR), (B) vertical derivative (VDR), (C) tilt-derivative (TDR). The dotted lines are the locations of basement faults and the marks of basement faults are shown in (A). Primary faults are F1: Tadong North Fault, F2: Tadong South Fault, F3: Cherchen Fault. Secondary faults are not named.
[image: Figure 6]FIGURE 6 | Map of upward continuation to (A) 5 km and (B) 10 km of magnetic anomalies (RTP), and the boundaries of subregions of magnetic anomalies.
The distribution maps (Figure 5, Figure 6) of basement faults show three primary basement faults (from F1 to F3, Figure 5A) and thirty secondary basement faults (from F4 to F33, Figure 5A). Almost all the basement faults are located along the zero line of VDR and TDR or the maximum line of THDR. The strikes of basement faults are NE, NW, or approximate EW. The primary basement faults distribute mainly along the NE direction with long extension or large displacement or huge susceptibilities difference between two sides of faults. The strikes of marginal basement faults are consistent with the basin’s boundaries. The magnetic anomalies of upward continuation 5 and 10 km have an obvious response to primary basement faults, but have no or little response to secondary basement faults (Figure 5, Figure 6). The Tadong North Fault (F1), and the Tadong South Fault (F2), are the most important basement faults that cause the steep magnetic gradient belt. F3, namely the notable Cherchen Fault, is obvious in the seismic profile because of its large vertical displacement of 3 km. However it fails to lead to an obvious gradient in the magnetic anomalies map.
Forward modeling (Figures 7–11) showed that F1 and the faults to the north of F1 dip northwards; on the contrary, F2 and the faults to the south of F2 dip southwards. The susceptibilities of basement blocks to the south of F2 and north of F1 are generally low while those of basement blocks between F1 and F2 are as high as 4000 × 10−5 SI. The basement blocks with moderate susceptibilities mainly distribute between F1 and F8, F9, and between F5 and F7. Whereas, the basement blocks with the lowest susceptibilities are located in the north of F8, F9, and close to F3. As our target is to recognize the major faults, scope of extensive magmatic rocks, and the susceptibilities of large blocks, so some high-frequency or small-scale magnetic anomalies were not matched delicately by designing small blocks, such as the magnetic anomaly labeled with the dotted line ellipse (Figure 11).
[image: Figure 7]FIGURE 7 | Profile AA′ for magnetic forward modeling, profile location showed in Figure 3A. Top: observed and calculated magnetic data; bottom: lithologic profile of crust and uppermost mantle with modeled magnetic susceptibilities. F1 and so on are the faults of the basement; “S” means susceptibility; [image: image] and so on are the marks of crystalline basement domains, and “KSD” and so on are the abbreviations of names of crystalline basement domains, for better understanding of the marks and abbreviations please see Figure 12 and the text.
[image: Figure 8]FIGURE 8 | Profile BB′ for magnetic forward modeling, profile location showed in Figure 3A. See Figure 7 for other figure descriptions.
[image: Figure 9]FIGURE 9 | Profile CC′ for magnetic forward modeling, profile location showed in Figure 3A. See Figure 7 for other figure descriptions.
[image: Figure 10]FIGURE 10 | Profile DD′ for magnetic forward modeling, profile location showed in Figure 2A. See Figure 7 for other figure descriptions.
[image: Figure 11]FIGURE 11 | Profile EE′ for magnetic forward modeling, profile location showed in Figure 3A. The observed high-frequency magnetic anomaly labeled with a dotted line ellipse may be the response of magmatic rock. See Figure 7 for other figure descriptions.
DISCUSSION
Based on the strikes, amplitudes, and textures of the magnetic anomaly map and forward modeling, five crystalline basement domains (Figure 12) were defined: 1) the Kongquehe Slope Domain (KSD) with a weakly magnetic basement containing moderate magnetic magmatic rocks; 2) the Northeastern Mangal Domain (NMD) with a gradually variational moderate magnetic basement from south to north modified by the Neoproterozoic rift; 3) the Central Tadong Domain (CTD), including the southern Mangal Depression and northern Tadong Uplift, with the strongly magnetic unmodified Archean basement; 4) the Southeastern Domain (SD), including the southern Tadong Uplift, with a weakly magnetic basement containing a few strongly magnetic magmatic rocks; and 5) the Ruoqiang Domain (RD) with a moderately to strongly magnetic basement with a lot of magmatic rocks. The crystalline basement characteristics and their geological meaning were interpreted by combining magnetic anomalies, the strikes, dips of basement faults, and susceptibilities calculated from profile forward modeling and measured in the field.
(1) The magnetic intensity generally has a mirror image relationship with the depth of the basement. For example, the Kongquehe Slope Domain, Southeastern Domain, especially the zone close to the Cherchen Fault (F3), all have a relatively shallow basement depth, however the magnetic anomaly intensity corresponding to those domains possesses low value. According to the characteristics mentioned above, it can be inferred that the magnetic anomaly intensity is mainly controlled by the susceptibilities (lithologic property) rather than by the basement depth (fault displacement), suggesting that the forward modeling method mainly considering the susceptibility lateral variation is reasonable.
(2) Based on a lot of tests for satisfying the magnetic anomalies, it was found that the Tadong North Fault (F1) and faults to the north of F1 mainly dip northwards, while on the contrary, the Tadong South Fault (F2) and faults to the south of F2 mainly dip southwards, which is consistent with industry seismic results (Laborde et al., 2019). Hence, it means that F1 and F2 are both important boundary faults that control the crustal structure, and therefore influenced the crustal activities during geological history.
(3) Where is the Archean basement? How did the Neoproterozoic rift activities influence the basement? The block between F1 and F2 shows the highest susceptibility with 4,000 × 10−5 SI, which is higher than the average susceptibilities of Archean metamorphic rocks with 2,300 × 10−5 SI, but is consistent with the average susceptibilities of Ar2tg measured in the Vermiculite Mining Area located in Kuruktag. The Neoproterozoic rift center is located in the Northeastern Mangal Domain based on the seismic interpretation (Ren et al., 2017; He et al., 2019). If magmatic rocks related to the rift were the main factor to cause high magnetic anomalies, the Northeastern Mangal Domain would have the highest magnetic anomalies. However, this is not the case. From the magnetic anomalies interpretation map (Figure 12) and the forward modeling profiles (Figures 7–10), it can be seen that the magnetic anomaly values and the susceptibilities do not decrease sharply from south to north in the Central Tadong Domain and Northeastern Mangal Domain. Furthermore, the disordered strikes of the northern boundary (Yang et al., 2012; Lin et al., 2015; He et al., 2019) of the Central Highly Magnetic Anomaly Belt reveal a possible extension in the Northeastern Mangal Domain. Considering the similar evolution history of the Northeastern Mangal Domain and Central Tadong Domain after Neoproterozoic rifting (Cui and Tang, 2011), and combining the northward dipping of faults in the Northeastern Mangal Domain calculated from forward modeling, we inferred that the Tarim Central Highly Magnetic Anomaly Belt located in the Central Tadong Domain is mainly caused by the Archean metamorphic rocks rather than the Neoproterozoic magmatic rocks related to rifting. On the contrary, the Northeastern Mangal Domain had a similar Archean crystalline basement to the Central Tadong Domain until it was modified and destructed by the Neoproterozoic rifting.
(4) The Tadong South Fault (F2) rather than Cherchen Fault (F3) is the most important basement fault controlling the Precambrian crustal evolution. A steep magnetic anomaly gradient exists along F2 rather than F3 from the magnetic anomaly interpretation map (Figure 12) and forward modeling profiles (Figures 7–9), although F3 has and F2 does not have a large fault displacement observed from the stratum depth contour (Figure 4C; Figures 7–9). In addition, the basement of Southeastern Domain is shallower than the Central Tadong Domain, but the magnetic anomaly values in the Central Tadong Domain are much higher than in the Southeastern Domain. We inferred that F3 is just an interior fault inside the Southeastern Domain, and F2 is an important Precambrian basement fault. What is the significance of F2 and the Tadong Uplift? Some Paleoproterozoic granites from boreholes in the south Tadong Uplift (located between F2 and F3) were tested and showed that granites are geo-dynamically related to subduction in an arc setting at the time of 19 Ga (Yang et al., 2018). Thus, it was inferred that F2 is an ancient suture line formed during the Paleoproterozoic, in other words, a Paleoproterozoic orogenic crystalline basement exists in the Southeastern Domain.
(5) What is the relationship between the Tadong Uplift and Southeastern Depression? The Cherchen Fault (F3) developed during the late Early Paleozoic (Liu et al., 2012), and at the same time, extensive magmation occurred during the Silurian and Devonian related to the subduction of the Altun Ocean and the later orogenic movement (Sobel and Arnaud, 1999; Cowgill et al., 2003; Gehrels et al., 2003; Zhang et al., 2014). Furthermore, according to the seismic profile (Figures 7–9), the Cambrian stratum was folded obviously and the Ordovician stratum had a huge erosion in the Tadong Uplift, so that the upthrow occurred later than Ordovician. Apart from that, some isolated high-frequency magnetic anomalies distribute along F3. Thus it is reasonable to assume that the upthrow of the Tadong Uplift, the formation of faults and magmatic rocks to the south of F3 may all happen during the late Early Paleozoic related to the Altun Ocean.
[image: Figure 12]FIGURE 12 | Integrated interpretation map for faults and lithologic property of the crystalline basement. (A) Magnetic anomalies map with superimposed locations of basement faults, the primary faults numbered F1, F2, and F3 are highlighted in bold. (B) The domains and their marks of lithologic property of the crystalline basement. Ⓐ: Kongquehe Slope Domain (KSD); Ⓑ: Northeastern Mangal Domain (NMD); Ⓒ: Central Tadong Domain (CTD); Ⓓ: Southeastern Domain (SD); Ⓔ: Ruoqiang Domain (RD); Ⓜ: magmatic rocks. See detailed interpretation in the text.
CONCLUSION
In this study, magnetic gradient-processing methods were used to map the location of basement faults in the Eastern Tarim Basin based on newly acquired aeromagnetic data. Under the constraint of industry seismic data, we constructed five profiles via magnetic forward modeling, which provide effective constraint to recognize the dips of basement fabrics and the distributions of magnetic susceptibilities. This comprehensive study provided regional overview on the relationship between the basement property and tectonic activity.
(1) The Tarim Central Highly Magnetic Anomaly Belt was mainly caused by the Archean crystalline basement. The Northeastern Mangal Domain was equipped with a Neoproterozoic rifting-modified Archean crystalline basement, which was originally the same as the Central Tadong Domain.
(2) The weakly magnetic Southeastern Domain was sutured to the highly magnetic Central Tadong Domain along the Tadong South Fault during the Paleoproterozoic.
(3) The deformation of the Tadong Uplift, the evolution of the Cherchen Fault, and the distribution of magmatism along and to the south of the Cherchen Fault were all related to the subduction of the Altun terrane beneath the Southeastern Domain.
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The Dasanjiang basin group in Northeast China contains more than ten Mesozoic–Cenozoic sedimentary basins. Much evidence shows that they were a unified large-scale depression lacustrine basin in the Early Cretaceous; however, destruction processes and mechanisms after the formation of the unified lacustrine basin are some of the key issues restricting basic research and oil and gas exploration in the Dasanjiang area. In this study, we carried out low-temperature thermochronology and thermal history inversion on samples from the main basins in the Dasanjiang area to finely restore the destruction process of the unified basin. The results show that since the Early Cretaceous, the Dasanjiang area has experienced three major positive tectonic inversions: 100 Ma∼90 Ma, 73 Ma∼40 Ma, and 23 Ma∼5 Ma. The unified basin was destroyed by compression and uplift and gradually disintegrated. The basin gradually changed from initial unified evolution to differential evolution and finally formed the isolated appearance of each basin. The aforementioned three-stage positive tectonic inversion time limits basically corresponded to the changing periods in the movement direction, subduction angle, and movement speed of the paleo–Pacific Ocean plate. It is believed that the movement and reorganization events of the plates on the Pacific side dominated the formation, destruction, and disintegration of the Dasanjiang prototype basin, which was the main dynamic mechanism of the tectonic evolution of the Mesozoic and Cenozoic basins in the study area and Northeast China.
Keywords: Dasanjiang area in Northeast China, low-temperature thermochronology, Mesozoic–Cenozoic basin, tectonic-thermal evolutionary processes, tectonic inversion
INTRODUCTION
The Dasanjiang basin group is located in the eastern part of Heilongjiang Province, China, and includes Sanjiang, Boli, Jixi, Hulin, and other Mesozoic–Cenozoic sedimentary basins. In recent years, different scholars have done much research on the stratigraphic division and correlation, and sequence stratigraphic framework (Sha, 2002; Sun and David, 2002; Li and Yang, 2003; Ren et al., 2005; He, 2006; Zhang et al., 2017), provenance analysis (Wen et al., 2008; Zhang F. Q. et al., 2011; Wang et al., 2012; Zhang F.-Q. et al., 2012; Zhao et al., 2012; Zhang F.-Q et al., 2015), subsidence rate and basin history (Cao et al., 2001; Wu et al., 2007), tectonic characteristics and basin evolution (Gao, 2007; He et al., 2008; Shi et al., 2008; Sun et al., 2008; He et al., 2009; Zhang Y. P. et al., 2012; Yang, 2013; Zhou et al., 2020), and basement characteristics and deep faults (Zhang and Shi, 1992; Uchimura et al., 1996; Ren et al., 2002; Zhang et al., 2005) of the Dasanjiang area. However, due to the transformation of various basins by multistage tectonic movements, the degree of research of each basin varies differently. Previous researchers still have differences in understanding the prototype of the basin. Some scholars have studied the nature of basin boundary faults, the time limit of volcanic activity in the basin, and the coupling relationship between uplift and subsidence. They have believed that these basins were a series of independent extensional fault basin groups in the Early Cretaceous (Liu et al., 2000; Zhang et al., 2004; Liu et al., 2011; Cao et al., 2013). Other scholars have tended to consider that the currently divided basins were a unified large-scale depression basin during the Early Cretaceous through the study of sedimentary facies, paleocurrent, heavy minerals, and earthquakes (He, 2006; Wen et al., 2008; Jia and Zheng, 2010; Fang et al., 2012; Xu et al., 2013; Zhang et al., 2016) and that they need to be studied as a whole.
Researchers have performed many studies on the prototype restoration of the Dasanjiang unified basin, but the time of disintegration and the destruction and transformation processes of the later unified basin are not clear, which directly affects the restoration of basin appearance, evaluation of source–reservoir–caprock combinations, and the understanding of hydrocarbon accumulation. In different periods of the Mesozoic and Cenozoic in this area (Wu et al., 2004), the fission track in low-temperature thermochronology carries rich information such as age, length, and distribution and is an important method for quantitatively and systematically studying the tectonic-thermal evolution of the basin (Gleadow et al., 1986a; Henry et al., 1996; Carter and Moss, 1999). Previous studies have been conducted on fission tracks in the Dasanjiang Basin and its adjacent areas, but most of them were based on outcrop samples (Chen et al., 1997; Huang et al., 1997; Han et al., 2008; Chen, 2016; Zhang, 2019; Zhao, 2020; Zhou et al., 2020). This study uses the low-temperature thermochronology analysis of outcrops and core samples, combined with the structural analysis of seismic profiles and thermal history simulation to quantitatively restore the time, episode, and scale of tectonic inversion after the formation of the unified basin, finely describing the damaged tectonic-thermal evolutionary process of the basin, and discusses the corresponding dynamic mechanisms. This study will help us deeply understand the evolutionary process and development mechanisms of Mesozoic–Cenozoic basins in Northeast China and provide reference for oil and gas exploration in the Dasanjiang area.
REGIONAL GEOLOGICAL BACKGROUND
Tectonic Setting
The Dasanjiang Basin group is located in eastern Heilongjiang Province, China (Figure 1A), and the regional tectonic location is situated in the eastern Central Asian Orogenic Belt. The basin is mainly distributed above the Bulieya–Jiamusi terrane and includes the adjacent area Songnen–Zhangguangcailing terrane, Xingkai terrane, and part of the Nadanhada terrane (Figure 1B,C) (Zhou et al., 2009). Since the Paleozoic, the area has been jointly affected by the paleo–Asian Ocean tectonic and circum-Pacific tectonic domains (Ren et al., 1999; Zhou et al., 2009; Zhang F. Q. et al., 2012; Zhou and Wilde, 2013; Zhang X. Z. et al., 2015). Before the Jurassic, it was mainly in the paleo–Asian Ocean tectonic domain. With the closure of the Mongolian-Okhotsk Ocean in the Middle and Late Jurassic and the subduction of the paleo-Pacific plate underneath the East Asian continent, the tectonic setting in eastern China changed significantly approximately 180 Ma (Zhao et al., 1994; Zheng et al., 1998; Safonova et al., 2009; Zhou et al., 2009; Zhang F.-Q. et al., 2015) and was generally subjected to compression, indicating that Northeast China had basically entered the evolutionary stage of the circum-Pacific tectonic domain (Ren et al., 1999; Zhou et al., 2009; Sun et al., 2013; Zhou and Wilde, 2013), and subduction in different directions of the paleo-Pacific plate dominated the evolutionary process of the basin. Therefore, the evolution of the basin in Northeast China was jointly affected by multiple tectonic events, including plate collage, Mongolia-Okhotsk Ocean closure, and the subduction of the Pacific plate during the Mesozoic–Cenozoic (Safonova et al., 2009; Sun et al., 2013; Zhou and Wilde, 2013; Zhang X. Z. et al., 2015; Li et al., 2019; Tian et al., 2019).
[image: Figure 1]FIGURE 1 | (A) Schematic geographical location of Dasanjiang area (after the map of China). (B) Schematic tectonic map of Asia indicating the position of the Dasanjiang basin (modified after Safonova et al., 2009; Zhou et al., 2020). (C) Basin distribution and sampling location in Dasanjiang region, NE China (modified after Zhang Y. P. et al., 2012; Chen, 2016; Zhang et al., 2016; Zhang, 2019; Zhao, 2020; Zhou et al., 2020).
Stratigraphic Framework
The study area mainly contains Jurassic, Cretaceous, Paleogene, Neogene, and Quaternary strata, spanning two stratigraphic divisions. Figure 2 shows the stratigraphic sedimentary sequences of the main basins in Dasanjiang area based on regional stratigraphic and biostratigraphic data, and previous stratigraphic division and correlation research results (Li et al., 2006). It shows that the Upper Jurassic strata in the Dasanjiang Basin are limited and only distributed in the Sanjiang Basin; the Lower Cretaceous strata are well developed in the whole area, except for the Didao Formation; the Upper Cretaceous strata are generally uplifted and eroded, and only remain in the Sanjiang, Hegang, Jixi, and Boli Basins due to regional tectonic activities; and the Paleogene and Neogene strata are mainly developed in the Tangyuan, Fangzheng, and Hulin Basin, while those in other basins are not complete.
[image: Figure 2]FIGURE 2 | Stratigraphic sedimentary sequences of major basins in Dasanjiang area, NE China (modified after Meng, 2007; Zhang and Ma, 2010; Zhang F. Q. et al., 2012; Zhang et al., 2016; Zhou et al., 2020). Zig-zag line: erosional unconformity.
Fracture System
The Dasanjiang Basin group is located in the superimposed area between the paleo–Asian Ocean tectonic domain and the circum-Pacific tectonic domain, forming a complex fault system, including extensional faults, compressional faults, and strike–slip faults. These faults are characterized by a large number of fractures, most of which have multistage activity and often intersect with each other (He, 2006). This study focuses on the study of the failure process of the unified basin; therefore, the compressive structural fault system is discussed in detail. We have identified two-stage compression fracture systems in the Dasanjiang Basin since the Mesozoic through field geological investigation and seismic data interpretation. They are the late Early Cretaceous–early Late Cretaceous compression fracture system and the Late Cretaceous–early Paleogene compression fracture system.
Late Early Cretaceous–Early Late Cretaceous Compressional Fracture System
The fracture system in this period caused an obvious unconformity contact between the Upper Cretaceous and Lower Cretaceous strata or the upper strata in the region. It is mainly characterized by a series of clearly identified thrust faults in the seismic section, which mainly cut Lower Cretaceous strata, disappearing in the Upper Cretaceous strata, and the seismic reflection is characterized by truncation. The thrust faults are mostly developed in the Jixi Basin in this period (Figure 3). This series of nearly EW–NW trending thrust faults forms the boundary faults of the isolated basins in the Dasanjiang area. It can also be observed in the field outcrop that thrust faults cut the Muling and Chengzihe formations or that the basement was thrust upon the Muling and Chengzihe formations.
[image: Figure 3]FIGURE 3 | Seismic reflection characteristics of compressional faults from late Early Cretaceous to early Late Cretaceous (Southern Jixi basin). Data from the project research team.
Late Cretaceous–Early Paleogene Compressional Fracture System
In the Late Cretaceous, the fault in the eastern part of the study area was characterized by the overall uplift of the basin, and the sedimentary strata in the earlier stage suffered erosion, especially the sedimentary strata during the Late Cretaceous, which only existed in local areas. The fault mainly cuts the Upper Cretaceous strata and almost disappears in Paleogene strata, and the seismic reflection is characterized by truncation. The fractures in this period are easier to identify on seismic profiles of the Qianjin depression in the Sanjiang Basin (Figure 4). The Upper Cretaceous strata suffered strong erosion after the uplift caused by compression, and then the Paleogene strata deposited over it. The seismic reflection showed an onlap above this interface and truncation below the interface. The Upper Cretaceous strata exposed in the field were seriously deformed by the faults of this period, and the Upper Cretaceous strata can be seen thrusting above the upper strata in many places.
[image: Figure 4]FIGURE 4 | Seismic reflection characteristics of compressional faults from late Late Cretaceous to early Paleogene (Qianjin depression of Sanjiang basin). Data from the project research team, and the strata calibration of the well (modified after Zhang F.-Q. et al., 2015).
SAMPLES AND METHOD
Sampling
This study focuses on the tectonic evolutionary process of the destruction of the unified lacustrine basin formed by the Chengzihe Formation and Muling Formation in the Early Cretaceous. Therefore, samples were collected mainly in these two formations. We collected samples from the Didao Formation at the bottom of the Chengzihe Formation and Dongshan Formation at the top of the Muling Formation to ensure that the samples contained as much multistage tectonic information as possible and that the simulation results were more reliable. In this study, five fresh sandstone samples from the Jixi, Boli, and Sanjiang Basins were newly added on the basis of previous work, including three outcrop samples and two core samples. The sampling location is shown in Figure 1, and the sample information is listed in Table 1.
TABLE 1 | Sample information of Dasanjiang area, NE China.
[image: Table 1]The FT-1 sample was collected from a channel sandstone in the Chengzihe Formation on the north bank of the Muling River in Jixi city, and the FT-2 sample was collected from a lenticular sandstone in the Muling Formation beside Provincial Highway 206 in Jixi city. Generally, these two sections are dominated by delta plain subfacies, with continuous sedimentation and undeveloped faults. The FT-3 sample was collected from a sandstone in Dongshan Formation next to Provincial Highway 308 in Qitaihe city. There is a parallel unconformity contact between the Dongshan Formation and Muling Formation in this section. Breccia tuff can be seen in the Dongshan Formation, but the sampling location is located in the upper part and was not affected by thermal anomalies. The FT-4 sample was collected from a channel sandstone in the Ji 6 Well, and the vertical direction is mainly composed of continuous fan delta facies and lacustrine facies. The FT-5 sample was collected from a channel sandstone in the Bincan 1 Well. Andesite developed approximately 15 m below it. Therefore, the sample was not affected by magmatic activity.
Fission Track Experimental Procedures
The crushing of samples and the selection of apatite particles were performed at Chengxin Geology Service Co., Ltd, Langfang, Hebei Province, China, and the testing of the samples was conducted at the Institute of High Energy Physics Chinese Academy of Sciences. In the preparation of apatite samples, the apatite particles were first placed on glass slides, fixed with epoxy resin, ground and polished, and then etched at 25°C with 7% HNO3 for 30 s to reveal the spontaneous tracks. An external detector was used for aging, and low-uranium muscovite was used as an external detector, combined with the samples and CN5 standard uranium glass, and placed in the nuclear reactor for irradiation. The neutron flux was 1 × 1016 cm−2. After irradiation, the low-uranium muscovite was etched in 40% HF at 25°C for 20 s to reveal the induced tracks (Bellemans et al., 1994; Yuan et al., 2001).
Using the nuclear track automatic measurement system of Autoscan company, in accordance with the procedure suggested by Green (1986), a cylinder surface parallel to the c-axis was selected to measure the spontaneous track density, induced track density, and horizontal closed track length (Gleadow et al., 1986a; Gleadow et al., 1986b). The age was calculated according to the Zeta constant method recommended by IUGS and the standard fission track age equation (Hurford and Green, 1983). The Zeta constant of apatite was 389.4 ± 19.2 in this study. The fission tracks of minerals were measured under a high-power microscope with a high-precision optical microscope.
RESULTS
Results of Fission Track Analysis
The confined fission track length of the five apatite samples tested ranged from 10.4 ± 1.1 µm to 13.2 ± 2.1 µm, and the fission track age of the apatite ranged from 8.1 ± 1.2 Ma to 87 ± 8 Ma (Table 2). The fission track ages of all apatite samples were younger than their stratigraphic ages, indicating that the samples had experienced different degrees of tectonic-thermal events. The distribution of a single-particle age was tested by P (χ2) values (Galbraith, 1981; Green, 1981; Galbraith and Laslett, 1993). The results showed that only two samples, FT-1 and FT-3, had a P (χ2) value greater than 5%, indicating that the single-particle age belonged to the same age-group, reflecting the record of the last thermal event, and the pooled age of the sample was preferred, which was usually equal to the central age. Other samples had a P (χ2) value less than 5%, indicating that the single-particle age had a mixed age, reflecting the ages from different thermal events. The age-group needed to be decomposed into multiple individual age-groups according to the characteristics of the Poisson distribution in the application. The age after decomposition was used.
TABLE 2 | Fission track analysis results of samples.
[image: Table 2]BinomFit software (Brandon, 1992) was used to decompose the age-group of samples with a P (χ2) value less than 5%. Finally, the age-groups of FT-2 were decomposed into 58.2 Ma and 104 Ma, FT-4 into 39.9 Ma and 61.3 Ma, and FT-5 sample into 6.0 Ma and 60.6 Ma (Figure 5A–C). The age-groups of samples after decomposition passed the P (F) testing, showing that the decomposition results of the age-group of samples with mixed ages are credible.
[image: Figure 5]FIGURE 5 | Decomposition results of apatite fission track center age of the sample. The left picture shows the single-particle age distribution histogram, in which the red line is the fitting curve of the single-particle age histogram, and the blue line is the fitting curve of the two age-groups after decomposition. The middle picture is a single-particle age radar chart, in which the red line is the age of the decomposed age-group. The right picture is the P (F) test chart.
Results of Thermal History Modeling
HeFTy software was used for thermal history inversion modeling, and four constraints were set according to the geological background of the region. The starting time was set to be less than the age of the lower boundary of this formation according to the sampling position, and the temperature was set to approximately 15°C, which was the same as the ancient surface temperature; the end time was set to approximately 0 Ma, and the temperature of the outcrop sample was set to approximately 20°C, which was the same as the current surface temperature (FT-1, FT-2, and FT-3). The temperature of the drilling sample was determined according to the current surface temperature, the geothermal gradient, and the sampling depth. The temperature of the FT-4 sample was set to 50 ± 5°C, and the temperature of the FT-5 sample was set to 105 ± 5°C. Data such as ancient surface temperature, ancient geothermal gradient, current surface temperature, current geothermal gradient, and stratigraphic age were from Meng (2007) and Zhou et al. (2020). There are obvious unconformities between the Upper Cretaceous and Lower Cretaceous strata and between the Cretaceous and Paleogene strata in the study area. Therefore, constraint conditions needed to be set. The development time of the unconformity between the Upper Cretaceous and Lower Cretaceous strata was set to 100 ± 5 Ma, the development time of the unconformity between the Cretaceous and Paleogene strata was set to 70 ± 5 Ma, and their temperature settings were based on the results of drilling burial history from Meng (2007) and Zhou et al. (2020). Afterward, HeFTy software was used to perform thermal history inversion, the annealing model used the Ketcham annealing model (Ketcham et al., 2000), and the simulation method used the Monte Carlo method (Ketcham et al., 2005). The number of fitting curves was set to 10,000, and the calculated ages and track length distributions were compared with the measured data. The modeled results were then categorized as good or acceptable according to the goodness of fit parameter, and finally, the optimal path was selected to represent the thermal history of the sample. Figure 6 shows the simulation results of each sample as follows.
[image: Figure 6]FIGURE 6 | Simulation results of time-temperature history in the Dasanjiang area. In the left picture, the green line indicates the acceptable thermal history path, the pink line indicates the good thermal history path, the black line indicates the optimal thermal history path, the blue line indicates the constraints of thermal history modeling, and the gray box indicates the annealing of apatite belt. In the right picture, the red column indicates the confined fission track length distribution of the apatite and the green line indicates the result of the fitting.
The simulation results of sample FT-1 were very good. The stratigraphic age of the sample was estimated to be 130 Ma, and the simulation age of the fission track was 83.0 Ma, the simulation track length was 12.05 ± 2.13 μm, and the length GOF value was 0.81. Its thermal history was mainly divided into the following stages: the first heating stage from 130 Ma to 100 Ma, in which the average heating rate was 2.52°C/Ma, and there was a rapid heating approximately 116 Ma; the first cooling stage from 100 Ma to 90 Ma, in which the average cooling rate was 4.1°C/Ma, and there were two rapid cooling events approximately 100 Ma and 90 Ma; the second heating stage from 90 Ma to 73 Ma, in which the average heating rate was 1.18°C/Ma; the second cooling stage from 73 Ma to 40 Ma, in which the average cooling rate was 0.61°C/Ma; the third heating stage from 40 Ma to 23 Ma, in which the average heating rate was 0.12°C/Ma and heating was slow; the third rapid cooling stage from 23 Ma to 5 Ma with an average cooling rate of 2.78°C/Ma, in which cooling was rapid; and after 5 Ma, there was a slow heating stage with little temperature change (Figure 6A).
The simulation results of sample FT-2 were normal. The stratigraphic age of the sample was estimated to be 115 Ma. The fission track age had mixed age characteristics. The simulation age was 69.8 Ma. The simulation length of the track was 11.73 ± 2.67 μm, and the length GOF value was 0.40. Its thermal history was mainly divided into the following stages: the first heating stage from 115 Ma to 100 Ma, in which the average heating rate was 3°C/Ma, of which 102 Ma ∼100 Ma had an extremely rapid heating stage and the heating rate was approximately 15°C/Ma; the first cooling stage from 100 Ma to 90 Ma with an average cooling rate of 1.8°C/Ma; the second heating stage from 90 Ma to 73 Ma at the average heating rate of 2.82°C/Ma; the second cooling stage from 73 Ma to 60 Ma with an average cooling rate of 2.08°C/Ma, from 60 Ma to 23 Ma with an average cooling rate of 0.27°C/Ma, and from 23 Ma to 5 Ma with an average cooling rate of 1.72°C/Ma; and after 5 Ma, it has been in a cooling stage (Figure 6B).
The simulation results of sample FT-3 were good. The stratigraphic age of the sample was estimated to be 108 Ma. The simulation age based on fission track was 69.8 Ma. The simulation length of the track was 12.51 ± 2.51 μm, and the length GOF value was 0.56. Its thermal history was mainly divided into the following stages: the first rapid heating stage was from 108 Ma to 100 Ma with an average heating rate of 5.63°C/Ma; the first cooling stage was from 100 Ma to 88 Ma with an average cooling rate of 0.42°C/Ma; the second heating stage was from 88 Ma to 74 Ma with an average heating rate of 1.43°C/Ma, in which there was rapid heating approximately 75 Ma; the second cooling stage was from 74 Ma to 33 Ma with an average cooling rate of 2.15°C/Ma, including three rapid cooling stages; the temperature did not change much afterward; and there was a small process of first cooling and then heating only during 15 Ma ∼ 5 Ma (Figure 6C).
The simulation results of sample FT-4 were good. The stratigraphic age of the sample was estimated to be 118 Ma. The simulation based on the fission track was 49.5 Ma, the simulation length of the track was 11.68 ± 2.14 μm, and the length GOF value was 0.52. Its thermal history was mainly divided into the following stages: the first rapid heating stage was from 118 Ma to 100 Ma with an average heating rate of 3.33°C/Ma; the first cooling stage from 100 Ma to 90 Ma with an average cooling rate of 1.3°C/Ma; the second heating stage from 90 Ma to 74 Ma with an average heating rate of 3.31°C/Ma; the second cooling stage from 74 Ma to 54 Ma with an average cooling rate of 3.1°C/Ma; the third slow heating stage from 54 Ma to 24 Ma with an average heating rate of 0.1°C/Ma; the third cooling stage from 24 Ma to 5 Ma with an average cooling rate of 1.74°C/Ma, in which 24 Ma∼18 Ma was a rapid cooling stage; and after 5 Ma, it entered a heating stage with an average heating rate of 0.6°C/Ma (Figure 6D).
The simulation results of sample FT-5 were very good. The stratigraphic age of the sample was estimated to be 140 Ma. The simulation age based on fission track was 9.87 Ma. The simulation length of the track was 9.54 ± 2.62 μm, and the length GOF value was 0.99. Its thermal history was mainly divided into the following stages: the first heating stage from 140 Ma to 100 Ma with an average heating rate of 2.35°C/Ma, in which there were two rapid heating events in the period, 140 Ma∼130 Ma and 100 Ma; the first cooling stage from 100 Ma to 84 Ma with an average cooling rate of 1.25°C/Ma; the second heating stage from 84 Ma to 65 Ma with an average heating rate of 3.37°C/Ma, in which there was a rapid heating event approximately 84 Ma; the second cooling stage from 65 Ma to 45 Ma with an average cooling rate of 3.85°C/Ma; the third heating stage from 45 Ma to 11 Ma with an average heating rate of 0.65°C/Ma; and the third cooling stage after 11 Ma with an average cooling rate of 1.27°C/Ma (Figure 6E).
DISCUSSION
Temporal and Spatial Differences in the Tectonic Evolution of Dasanjiang Major Basins
It is generally considered that the thermal history of the basin is a direct reflection of the tectonic evolutionary history of the basin without the interference of abnormal thermal events. If the burial or uplift of the sample was entirely caused by tectonic movement, the sample experienced load subsidence and tectonic subsidence under the extension background. As the burial depth increases, the temperature of the sample was also increased. Similarly, when the structure reversed, the buried depth of the sample became smaller with the uplift of the stratum, and the temperature of the sample appeared to be cooling than before.
Combined with the thermal history simulation, paleogeothermal gradient, and other parameters, we can quantitatively calculate the subsidence or uplift amplitude and scale of the sample and restore the tectonic evolutionary history of the basin. The thermal history simulation of the samples from five different basins shows that they generally experienced three episodic evolutionary processes that included tectonic subsidence heating and three positive tectonic inversions uplift cooling processes since the Cretaceous (Figure 7), but there were differences in time and space in the specific evolutionary process.
[image: Figure 7]FIGURE 7 | Comprehensive analysis of tectonic-thermal evolution process of the Dasanjiang area. The lines of different colors and styles indicate the best thermal history path of the sample and the thermal history simulation results of predecessors (modified after Chen, 2016; Zhang, 2019; Zhao, 2020).
During the formation period of the Dasanjiang unified basin, samples from all regions showed good synchronization. For example, the rapid subsidence and heating processes at the end of the Lower Cretaceous Dongshan Formation were recorded, and the maximum subsidence was up to 800 m (FT-4), corresponding to a development period of volcanic rocks in the Dongshan Formation (Zhang Y. P. et al., 2011; Zhang F.-Q. et al., 2015). The first positive tectonic inversion occurred in the basin 100 Ma∼90 Ma, with unified basin uplift and cooling, and only the cooling end time of the Sanjiang Basin sample (FT-1) was the latest (∼84 Ma). During 90 Ma∼73 Ma, most areas were in a stage of subsidence heating, and the maximum subsidence was approximately 1280 m (FT-1). Only the Huanan area (G232FT, G237 FT, and G240 FT) was in a stage of uplift and cooling during this period (Han et al., 2008; Zhao, 2020), indicating that different areas of the unified basin began to show differences in the evolutionary process.
The second episode of positive tectonic inversion occurred in the study area at approximately 73 Ma and entered a stage of uplift and cooling. This period did not end until approximately 40 Ma at the latest, which comprehensively opened the prelude to the differential evolution of different regions. The evolutionary time and scale were different in different regions. For example, the Sanjiang Basin was first uplifted and then subsided, while the uplift cooling rate of the Jixi Basin was first fast and then slow. Even in the same basin, the evolutionary process of samples in different regions was different (Chen, 2016). During this period, a series of NE-trending thrust structures were formed, and the unified basin began to suffer compression damage (Zhang F. Q. et al., 2012; Zhou and Wilde, 2013; Zhang X. Z. et al., 2015).
The third episode of positive tectonic inversion that occurred approximately 23 Ma further exacerbated the segmentation degree of the Dasanjiang unified basin. The Jixi Basin in the west experienced rapid uplift and cooling, and the cooling rate of the Boli Basin in the middle was significantly lower than that of the Jixi Basin, while the Sanjiang Basin and its adjacent Huanan uplift (Zhao, 2020) manifested as a process of first heating and then cooling. This period was the main period for the formation and adjustment of the Dasanjiang Basin group. After 5 Ma, the appearance of the current basins was finally finalized under the influence of the regional structure.
Destruction and Disintegration Process of the Dasanjiang Unified Basin and Its Dynamic Mechanisms
Characteristics of Plate Movements
The Mesozoic and Cenozoic tectonic evolution of the East Asian continent was mainly controlled by the collision and convergence of the Indo-European plate and subduction of the Pacific plate (Engebretson et al., 1985; Maruyama et al., 1997; Molnar and Stock, 2009; Copley et al., 2010). East China basically entered the evolutionary stage of the circum-Pacific tectonic domain after approximately 180 Ma (Ren et al., 1999; Zhou et al., 2009).
The Dasanjiang Basin group was in a buried heating stage during the entire Early Cretaceous. Due to the delamination and thinning of the lithosphere and changes in the subduction angle of the Izanagi plate (Ren et al., 2002; Wu et al., 2003; Sun et al., 2008), the magmatic activity occurred approximately 138 Ma and 104 Ma, respectively, causing the basin to be characterized by quick burial and heating (Figure 7). After 100 Ma, the subduction direction of the Pacific plate changed from NNW to NWW (Northrup and Royden, 1995; Maruyama et al., 1997; Song et al., 2015; Zhang et al., 2017) (Figure 8A), and the first positive tectonic inversion occurred in the whole area. The Lower Cretaceous strata thrust above the Upper Cretaceous strata, and the lower Upper Cretaceous strata are generally missing, forming an obvious angular unconformity between them (Figure 3). This stage lasted until approximately 90 Ma.
[image: Figure 8]FIGURE 8 | Schematic diagram of plate activities evolution in Western Pacific since Cretaceous (modified after Maruyama et al., 1997; Zhu et al., 2004; Zhang X. Z. et al., 2015).
After 90 Ma, due to the Izanagi plate being incorporated into the Pacific plate (Figure 8B), the basin also showed multistage burial heating under the influence of pulsating subduction (Figure 9). Until approximately 73 Ma, with the gradual disappearance of the Kula plate, the Indian plate and Eurasian plate began soft collision and the subduction direction of the Pacific plate changed from NWW to NW. The basin suffered compression, and the second positive tectonic inversion occurred, forming an angular unconformity between the Cretaceous and Paleogene. The lower Paleogene strata are generally missing in the whole region, and this stage could have lasted until approximately 40 Ma (Figure 8C,D). Ren (2018) also identified the fault system formed by inversion compression in the deep layer of the Xihu Sag in the East China Sea.
[image: Figure 9]FIGURE 9 | Corresponding relationship between tectonic-thermal evolution and plates movement in the Dasanjiang unified basin. The red dashed line represents the comprehensive curve of the thermal history of the basin; the blue dashed line represents the magnitude of intraplate stress; the green dots represent the fission track age; the arrow represents the absolute movement direction of the plates, the line length represents the moving speed, and the dashed line represents the emergence or extinction of the plates. Plate activities data (modified after Engebretson et al., 1985; Northurp and Royden, 1995; Maruyama et al., 1997; Molnar and Stock, 2009; Copley et al., 2010).
After 40 Ma, the subduction direction of the Pacific plate in relation to the Eurasian plate changed to the NWW, and subduction began to retreat eastward (Zhou et al., 1995; Maruyama et al., 1997; Zhou and Wilde, 2013). During this period, the rigid collision between the Indian and Eurasian plates had less influence on the study area (Molnar and Stock, 2009; Copley et al., 2010), and the Dasanjiang Basin group basically entered a relatively calm stage of tectonics. Until 28 Ma, due to the back-arc spreading of the Japan Sea and the northward drifting of the Philippine Sea plate, which produced a large westward lateral pushing force, extensive compression of eastern China occurred, and the third episode of positive tectonic inversion occurred in the study area (Figure 8E), which lasted until approximately 10 Ma. Then the plate action was relatively stable. The closure of the Sea of Japan and the collision between the Philippine Sea plate and the Japanese Islands caused small-scale tectonic subsidence and burial heating in the study area (Figure 8F).
The multistage evolution of the study area since the Cretaceous was the response and epitome of western Pacific plate activity. The plate kinematic reorganization events mainly expressed in the movement direction, and movement speed and subduction between the Eurasian and Pacific plates were the main dynamic mechanisms of tectonic evolution of the Mesozoic basin in Northeast China (Figure 9).
Destruction and Disintegration Processes of the Dasanjiang Unified Basin
Based on the comprehensive analysis of the kinematic characteristics of the positive tectonic inversion in the Dasanjiang Basin and the regional dynamic background, the processes of inversion destruction and disintegration after the formation of the Dasanjiang unified basin in the Early Cretaceous were reconstructed (Figure 10).
The first episode of positive tectonic inversion (late Early Cretaceous to early Late Cretaceous)
[image: Figure 10]FIGURE 10 | Destruction and disintegration process and dynamic mechanism of the Dasanjiang unified basin. The gray ellipse indicates the stress state, the dark blue arrow indicates the extension state, and the red arrow indicates the extrusion state. The orange box color from light to dark indicates the convergence rate of the Pacific-Eurasian plate from low to high, the blue box color from light to dark indicates the activity of the mantle plume and the Pacific plate is gradually increasing, and the angle and size of the light blue arrow indicate the subduction rate and angle of the Izanagi plate and the Pacific plate, and the pink box color from light to dark indicates the thermal subsidence enhancement after post-rift.
The dynamic background of eastern China changed in the late Early Cretaceous. At approximately 100 Ma, the subduction angle of the Pacific plate changed. At approximately 90 Ma, the subduction direction of the Izanaqi plate changed from NNW to NW, the subduction rate increased, and the force on the plate boundary from the Asian continent also changed from the original oblique subduction with slip to subduction. A strong collisional orogeny occurred on the edge of the East Asian continent, and the further compressional amalgamation occurred between the Nadanhada landmass and the East Asian continental margin. The Dasanjiang Basin was subjected to strong thrusting under a compressive stress in an NW-NWW direction. According to the age distribution of the fission tracks, the time of first compression inversion occurring in the Dasanjiang Basin was between 94.8 Ma and 87.7 Ma, and it had gradual inversion and uplift from west to east. This period of tectonic activity ended the sedimentation of the unified basin in the Early Cretaceous and caused its tectonic uplift with a maximum uplift of approximately 800 m. The unified basin was destroyed, forming the prototype of the present isolated basin.
The second episode of positive tectonic inversion (late Late Cretaceous to early Paleogene)
This episode of positive tectonic inversion occurred approximately 73 Ma and lasted for a long time until approximately 40 Ma. Since the beginning of the late Late Cretaceous, due to the expansion of the Pacific plate, the regional stress field changed. With continuous compression in NS direction, the relative movement of the Pacific plate and Eurasian plate gradually strengthened, and this tectonic activity showed pulsation from the simulation curve. The unconformities and missing strata between the Upper Cretaceous strata in the study area are best evidence for the pulsating subduction of the Pacific plate under Eurasia during this period. From the end of the Late Cretaceous to the beginning of the Paleogene, the entire Kula plate and Kula-Pacific ridge subducted beneath the Asian continent. The Dasanjiang Basin again suffered strong compression damage, with a maximum uplift of 1440 m, which was the strongest tectonic modification in the study area, and the shape of the basin was closer to its present appearance.
The third episode of the positive tectonic inversion (late Paleogene to early Neogene)
In the late Paleogene, the final subduction of the Kula-Pacific ridge caused the subduction direction of the Pacific plate to change from NW to NWW. Northeast China during this period was characterized by deep and large faults along an NNE direction, especially along the Yi-Shu and Dun-Mi fault zones, and rift basins were widely developed. From the late Paleogene to Neogene (∼25 Ma), the convergence rate of the Eurasian-Pacific plate increased distinctly and the extension activity gradually decreased. Under the effect of local mantle convection and back-arc extension caused by subduction of the Pacific plate, the third positive tectonic inversion occurred in the study area. This tectonic activity had a great influence on the basins in the Yi-Shu and Dun-Mi fault zones, the whole study area was affected by tectonic compression and dextral strike–slip of the Yi-Shu and Dun-Mi faults, and the basin pattern was basically finalized.
In addition, since the Miocene, the tectonic evolutionary processes of the basins in the Dasanjiang area have been different (Figure 7), indicating that independent tectonic units were formed at this time. Although the subsequent tectonic activities had formed the final morphology of the basins, they had limited impact on the reformation of the Dasanjiang unified basin; therefore, they are not explicitly discussed. Moreover, due to limited data, all basins in this area were not analyzed individually, but they will be in future work.
CONCLUSIONS
In this study, we quantitatively restored the thermal history of the Dasanjiang area since the Cretaceous in Northeast China by using apatite fission track analysis and determined the time, period, and amplitude of tectonic activities experienced by the Dasanjiang unified basin. The results show that the Dasanjiang unified basin experienced three episodes of tectonic subsidence and heating, 140 Ma∼100 Ma, 90 Ma∼73 Ma, and 40 Ma∼23 Ma, and three episodes of positive tectonic inversion uplift and cooling, 100 Ma∼90 Ma, 73 Ma∼40 Ma, and 23 Ma∼5 Ma. The maximum heating rate and cooling rate were 5.63°C/Ma and 4.1°C/Ma, respectively, and the maximum subsidence and uplift were approximately 1280 m and 1440 m, respectively.
The detailed reconstruction of the tectonic-thermal evolutionary process shows that these three episodes of tectonic compression inversion were the main driving force for the destruction and disintegration of the Dasanjiang unified basin, which also led to the evolution of the basins in the Dasanjiang area from early synchronization to late differentiation. The period of positive tectonic inversions basically corresponded to the period of changes in the movement direction, subduction angle, and movement speed of the plate on the Pacific side. We believe that the movement reorganization events of the plate on the Pacific side dominated the formation, destruction, and disintegration of the Dasanjiang prototype basin, which were the main dynamic mechanisms of tectonic evolution in the study area and in Northeast China.
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A-type granite is an important geodynamic indicator because it requires a high melting temperature that is commonly driven by extensional events. Here we report geochronology, whole-rock geochemistry, and zircon Lu-Hf isotopes of newly identified A-type granitic rocks from the South Tianshan in the southern Altaids. Zircon LA-ICP-MS ages indicate that the granitoids were emplaced at ca. 298–272 Ma. Geochemically, they are metaluminous to slightly peraluminous (A/CNK = 0.95–1.10), and belong to the high-K calc-alkaline to shoshonitic series. They are characterized by relatively high zircon saturation temperatures (824–875°C), K2O + Na2O contents (7.31–9.36%), high field strength elements (HFSE; Zr + Nb + Ce + Y = 365–802 ppm), and Ga/Al ratios (2.8–4.2), which all point to an A-type affinity. In addition, they have slightly enriched Hf isotope compositions (εHf(t) = −10.9 to + 0.6), and corresponding Mesoproterozoic (1,272–1759 Ma) crustal model ages, suggesting they were probably generated by partial melting of mature crust that contained minor mantle-derived magmatic material. The granitoids have distinctive subduction-related trace element signatures, with deep Nb and Ta troughs, elevated large ion lithosphere elements (LILEs), and flat HFSEs patterns, very similar to arc-derived granites in the Lachlan accretionary orogen. Integration of these new sedimentological, structural and geochronological results with relevant published information provides a new data-archive, which indicates that neither the Tarim mantle plume nor post-collisional extension can explain the genesis of these A-type granitoids. Instead, we propose a new more pertinent and robust model according to which they formed due to high temperature gradient in a subduction-related extensional setting probably triggered by southward rollback of the South Tianshan oceanic lithosphere, which caused upwelling of asthenospheric mantle combined with an increased temperature that led to large-scale crustal melting. This process gave rise to a broad magmatic arc in the southern active margin of the Yili-Central Tianshan. Our new data shed light on the retreating accretionary orogenesis of the southern Altaids in the Permian.
Keywords: South Tianshan, Altaids, A-type granite, extension, slab roll-back, Permian
1 INTRODUCTION
The Altaids (ca. 600–250 Ma) (Şengör et al., 1993) (Figure 1A) is the younger part of the Central Asian Orogenic Belt (1.0 Ga-250 Ma) (Windley et al., 2007; Xiao et al., 2015), one of the largest accretionary orogens on the planet, which contains a record of the most intense period of accretionary growth in the Paleozoic-Mesozoic (Şengör et al., 1993; Windley et al., 2007; Xiao et al., 2020). It grew southwards from the Siberian Craton by the successive accretion of multiple arcs, accretionary complexes and micro-continents (e.g., Windley et al., 2007; Xiao et al., 2009; Safonova et al., 2017; Yakubchuk, 2017; Li et al., 2018), followed by its final amalgamation with the Tarim and North China Cratons along the South Tianshan and Solonker sutures (Xiao et al., 2003, 2014). Accordingly, the South Tianshan was subjected to the latest collisional event in the southern Altaids (Xiao et al., 2013; Han et al., 2016; Abuduxun et al., 2021a), and consequently provides critical constraints on the termination of accretion.
[image: Figure 1]FIGURE 1 | (A) Simplified tectonic map showing the Altaids and surrounding cratons (modified after Şengör et al., 1993), Figure 1B is outlined (B) Simplified map of the South Tianshan (modified after Huang et al., 2018) showing compiled crystallization ages of Permian granitoids (see Supplementary Table S1 for details and data sources), the positions of Figures 2A–D are marked (C) Histograms for compiled crystallization ages of the coeval Permian granitoids in the Yili-Central Tianshan block and the South Tianshan orogen. Right superscripts in Figure 1B represent numbers of each item listed in Supplementary Table S1, ages obtained in this study are shown in bold. Light blue thick line represents the terminal suture between the Tarim Craton and the Yili-Central Tianshan arc (Abuduxun et al., 2021a). Abbreviation: CTA, Central Tianshan Arc (in China); MTA, Middle Tianshan Arc (in Kyrgyzstan); STAC, South Tianshan Accretionary Complex.
Permian magmatic rocks are widespread in the western Tianshan (Figure 1B; Supplementary Table S1), petrogenesis of which has long been an issue of hot debate that has hampered a better understanding of the latest stages of evolution of the southern Altaids. The main models to explain formation of the Permian felsic magmatism in the South Tianshan include: 1. a post-collisional extensional setting related to pre-Permian closure of the South Tianshan ocean (Konopelko et al., 2007; Long et al., 2008; Seltmann et al., 2011; Huang et al., 2015a; Qin et al., 2021). 2. A result of the Permian Tarim mantle plume (e.g., Zhang and Zou, 2013). Although it is well accepted that the South Tianshan was still under a subduction regime in the Permian (Li et al., 2005; Xiao et al., 2013; Sang et al., 2018; Wen et al., 2020; Abuduxun et al., 2021a), less attention has been paid to the petrogenesis of the Permian granitoids in relevant tectonic models. Thus, these conflicting views have created an important, but unresolved question, which is critical for understanding the Permian accretionary architecture of the southern Altaids.
A-type granites generally require a high melting temperature, which is commonly driven by extensional events, such as continental rifting and/or post-collisional extension (Whalen et al., 1987; Eby, 1992). Moreover, several recent studies have pointed out that A-type granites can also occur in a subduction-related extensional setting (e.g., Collins et al., 2019; Yin et al., 2021). Therefore, the A-type granites in ancient accretionary orogens are important petrogenetic indicators, which provide crucial information for unravelling their ambient geodynamic processes.
So far, Permian A-type granites have not been well documented in the Chinese part of the South Tianshan; the main examples are in Kyrgyzstan (Figure 1B). Nevertheless, their spatiotemporal relations to coeval magmatism in adjacent tectonic units is not well constrained, although they are usually considered to be post-collisional (Konopelko et al., 2007; Konopelko et al., 2009).
In this study, we report zircon U-Pb geochronology, Lu-Hf isotopes and whole rock geochemistry of newly-identified A-type granitoids from key locations in the South Tianshan. By integration of current and previously published data, we propose that upper-plate extension triggered by slab rollback was the geodynamic process that was responsible for the spatially and temporally-related Early Permian granitoids in the South Tianshan. Our data provide new insights for the retreating accretionary orogenesis of the southern Altaids before its final amalgamation with the Tarim Craton.
2 GEOLOGICAL FRAMEWORK
Tectonic units referred in this study include from north to south: the Yili-Central Tianshan arc, the South Tianshan accretionary complex, and the northern Tarim Craton (Figure 1B).
The Yili-Central Tianshan arc, separated from the South Tianshan by the Atbashi-Inylchek-South Nalati Fault (Figure 1B), is a Paleozoic magmatic arc located along the Southern Yili block, the Central Tianshan (in China) and the Middle Tianshan (in Kyrgyzstan) (Figure 1B) (Abuduxun et al., 2021a; Han et al., 2011; Xiao et al., 2013); these units record significant accretion-collision events related to closure of the South Tianshan ocean (Alekseev et al., 2009; Gao et al., 2009). This Paleozoic arc, which is mainly underlain by Mesoproterozoic (∼1.4 Ga) to Neoproterozoic (969–708 Ma) basement rocks (e.g., He et al., 2015; Huang et al., 2017), is mostly composed of arc-related calk-alkaline plutonic and volcanic rocks with ages of 490–308 Ma (e.g., Alekseev et al., 2009; Gao et al., 2009; Su et al., 2021; Wang et al., 2020). In addition, throughout the Yili-Central Tianshan there are widely exposed Permian (298–252 Ma) granitoids that intruded into pre-Permian igneous and sedimentary rocks (Figure 1B; Supplementary Table S1). These granitoids were previously interpreted to be: 1) post-collisional intrusions generated during lithospheric delamination (e.g., Ma et al., 2015; Wang et al., 2018a); 2) bodies genetically related to the Tarim mantle plume (e.g., Zhang and Zou, 2013); and 3) subduction-related magmatic rocks (Xiao et al., 2013; Mao et al., 2021).
The South Tianshan accretionary complex, formed as a result of continuous northward subduction of the South Tianshan oceanic plate (Abuduxun et al., 2021a; Sang et al., 2018; Xiao et al., 2013), followed by final amalgamation of the Tarim Craton with the Yili-Central Tianshan arc (Alexeiev et al., 2015; Han et al., 2011) (Figure 1B). Accordingly, it records the process of terminal suturing, in the southern Altaids, between the Yili-Central Tianshan arc and the northern passive margin of the Tarim Craton (Han et al., 2011; Xiao et al., 2013).
The principal strata in the South Tianshan are Paleozoic siliciclastic turbidites, limestones, cherts and schists (BGMRXUAR, 1993). They were previously considered to be passive margin sediments on the northern slope of the Tarim Craton (Han et al., 2011; Biske et al., 2018). Recently, however, fragmented and/or dismembered elements of ocean plate stratigraphy (OPS) were recognized in previously assigned Silurian to Carboniferous strata from several locations in the South Tianshan (Safonova et al., 2016; Sang et al., 2018; Abuduxun et al., 2021a, 2021b). They are composed of closely associated MORB/OIB-type basalts, ribbon cherts and turbidites that occur in mélanges with a typical block-in-matrix structure or in coherent strata in thrust-repeated tectonic slices (Sang et al., 2018; Abuduxun et al., 2021b). The depositional ages of the Paleozoic strata, especially of metamorphosed sediments, are younger than previously estimated, as indicated by new ages of detrital zircons (Fu et al., 2018; Huo et al., 2019; Abuduxun et al., 2021a). Provenance analysis of the clastic sedimentary rocks indicates that they were mainly derived from the Yili-Central Tianshan arc (Sang et al., 2018; Huo et al., 2019; Abuduxun et al., 2021a).
Ophiolite mélanges scattered as exotic slices in Paleozoic strata range in age from Cambrian to Late Carboniferous based on available geochronological data (500–330 Ma) (e.g., Wang et al., 2011; Jiang et al., 2014; Hegner et al., 2020) and on microfossil ages (e. g. Middle Devonian to Early Carboniferous radiolaria and conodonts) (e.g., Han et al., 2011; Sang et al., 2020a). The youngest microfossils are Late Permian radiolaria reported from the Baleigong ophiolite (Li et al., 2005). These rocks were interpreted either as supra-subduction zone (SSZ) ophiolites that formed in back-arc basins (Wang et al., 2011; Jiang et al., 2014), or as MOR-type ophiolites from a wide ocean (Wang et al., 2018b). Some ophiolites with OIB-type basalts and associated limestones were interpreted as fragments of accreted seamounts (Yang et al., 2018; Sang et al., 2020b; Wan et al., 2020). In addition, eclogites and blueschists in ophiolite mélanges at Akeyazi, NW China (Gao and Klemd, 2000) and at Atbashi, Kyrgyzstan (Hegner et al., 2011) occur in a well-documented (ultra-)-high-pressure metamorphic belt in the South Tianshan (Zhang et al., 2019a).
Magmatic rocks in the South Tianshan are of two main types: Late Silurian to Early Devonian arc-type plutonic and volcanic rocks (e.g., Lin et al., 2013; Qin et al., 2016), and Late Carboniferous to Permian bimodal volcanic rocks and granitoids (e.g., Konopelko et al., 2007, 2009; Ma et al., 2015; Cheng et al., 2017).
The basement of the Tarim Craton, which is mainly exposed in surrounding blocks, such as Quruqtagh and Altyn, consists predominantly of Archean to Paleoproterozoic tonalite-trondhjemite-granodiorite (TTG) gneisses, amphibolites, granitoids, mafic dykes, bimodal volcanic rocks and metasedimentary rocks (e.g., Long et al., 2010; Ge et al., 2020). They are unconformably overlain by Middle to Late Neoproterozoic siliciclastic and volcanic rocks with interbedded glacial diamictites and minor carbonates (BGMRXUAR, 1993), and emplaced by Neoproterozoic granitoids and by mafic layered intrusions (e.g., Shu et al., 2011). Well-exposed Paleozoic to Mesozoic strata that are dominated by shallow-marine carbonates, sandstones and conglomerates overlie the Precambrian rocks of the Tarim Craton (BGMRXUAR, 1993; Dong et al., 2016).
Intensive Permian (292–286 Ma) basaltic lavas and mafic-ultramafic complexes covering an area of more than 2.5 × 105 km2 are ascribed to a mantle plume (Zhang et al., 2010). Plume-related felsic intrusions that are mainly composed of 278–268 Ma syenites and A-type granites (Figure 1B) (Zhang and Zou, 2013; Su et al., 2019; Wei et al., 2019) are closely associated with mafic-ultramafic igneous rocks (Zhang et al., 2010) or with alkali mafic dykes (Zou et al., 2015).
3 SAMPLING AND BRIEF PETROGRAPHY
The regional distribution of the Permian granitoids in the South Tianshan is shown in Figure 1B. They mainly occur in stocks of variable size that have intruded pre-Permian rocks along the strike of the South Tianshan (BGMRXUAR, 1993). Samples for zircon U-Pb dating, Lu-Hf-isotope and whole rock geochemical analysis were collected from five intrusions in the South Tianshan (Figures 1B, 2). The lithologies, petrological compositions and sampling coordinates of the investigated granitoids are briefly summarized in Table 1.
TABLE 1 | Simple petrological descriptions, ages and zircon saturation temperatures of Permian granitoids investigated in this study
[image: Table 1]Sample 19ST17 was collected from a coarse-grained syenogranite (Figure 3C) in the Laohutai area (Figure 2A). As shown in Figure 3H, it consists mainly of K-feldspar (45–50%), plagioclase (10–15%), quartz (25–30%), and minor biotite (∼5%). Accessory minerals include zircon and apatite. The wall rock of the pluton was ascribed to the Mesoproterozoic Akesu Group according to previous investigations (BGMRXUAR, 1982; Wang, 2007a). However, it is worth noting that the depositional ages of these “old” rocks were commonly estimated by stratigraphic correlations and/or on their degree of metamorphism. Recent age data suggest these rocks are not older than Paleozoic (Huo et al., 2019).
[image: Figure 2]FIGURE 2 | Simplified geological maps of studied areas showing distribution of Permian granitoids and sampling sites. (A) Geological map of the Laohutai area (modified after Wang, 2007a); (B) Geological map of the Yangbulak area (modified after BGMRXUAR, 1975a); (C) Geological map of the Hejing area (modified after BGMRXUAR, 1975b); (D) Geological map of the area east of Lake Baghrash (modified after BGMRXUAR, 1965).
[image: Figure 3]FIGURE 3 | (A) A field photo showing that the granite porphyry intruded Carboniferous sandstones in the Yangbulak area; (B–E) Outcrops and field occurrences of the Permian granitoids; (F–J) photomicrographs showing the main mineral compositions. Abbreviation: Bt, biotite; Kfs, K-feldspar; Pl, plagioclase; Qtz, quartz; Arf, arfvedsonite.
Samples 18ST60 and 18ST64 are from two granite porphyries in the Yangbulak area (Figure 2B), both of which intruded Upper Carboniferous sandstones (Figure 3A, Abuduxun et al., 2021a); not Lower Carboniferous as previously assigned (BGMRXUAR, 1975a). The samples show clear porphyritic textures (Figures 3A,B), and contain phenocrysts mainly composed of K-feldspar, plagioclase, quartz and biotite (Figures 3F,G).
Sample 20ST93 is from a medium-grained granodiorite stock (Figure 3E) exposed 10 Km north of the Hejing county (BGMRXUAR, 1975b). It has intruded Devonian meta-sedimentary schists, phyllites and marbles (Figure 2C; BGMRXUAR, 1975b). As shown in Figure 3J, the sample comprises K-feldspar (15–20%), plagioclase (35–40%), quartz (∼25%), biotite (5–10%) and minor arfvedsonite.
Sample 20ST78 is from a coarse-grained biotite monzogranite (Figure 3D) exposed east of Lake Baghrash (BGMRXUAR, 1965); it has intruded Carboniferous sandstones (Figure 2D). Figure 3I shows that it contains K-feldspar (30–35%), plagioclase (25–30%), quartz (20–25%), biotite (∼10%). Besides, accessory minerals include Fe-Ti oxides.
4 ANALYTICAL METHODS
4.1 Zircon U-Pb Geochronology
Zircon mounts and cathodoluminescence (CL) images were made at Beijing Zhongke Kuangyan Test Technology Co., Ltd. Each sample was crushed, and its zircon grains were separated using standard magnetic and high-density liquid techniques. The zircons were handpicked and cast in an epoxy mount, which was polished to expose their interiors for imaging by optical and CL techniques. The mounts were subsequently polished to EBSD standard using collodial silica and carbon coating. A Tescan MIRA 3 field emission scanning electron microscope (SEM) was used to collect CL images of individual zircon grains.
Zircon U-Pb analyses were made at the Beijing Quick-Thermo Science & Technology Co., Ltd, using an ESI New Wave NWR 193UC (TwoVol2) laser ablation system connected to an Agilent 8900 ICP–QQQ. Individual zircon grains (mounted and polished in epoxy) were ablated in a constant stream of He that was mixed downstream with N2 and Ar before entering the torch region of the ICP–QQQ. After warmup of the ICP–QQQ and connection with the laser ablation system, the ICPMS was first tuned for robust plasma conditions by optimizing laser and ICP–QQQ settings, and for monitoring 232Th16O+/232Th+ ratios (always ≤0.2%) and 238U+/232Th+ ratios (always between 0.95 and 1.05) while ablating NIST SRM 612 in line-scan mode. 91500-zircon was used as a primary reference material for U-Pb age determinations, and PleŠovice zircon (Mean = 337 ± 1.2 Ma; MSWD = 0.95) as a secondary reference (Wiedenbeck et al., 1995). Background subtractions and corrections for laser downhole elemental fractionation were undertaken with the Iolite data reduction package within the Wavemetrics Igor Pro data analysis software (Paton et al., 2010). Concordia diagrams were processed using ISOPLOT 4.15 (Ludwig, 2003).
4.2 Hf Isotopes
Zircon Hf isotope analyses were carried out in situ using a Geolas HD excimer ArF laser ablation system attached to a Neptune Plus (Thermo Fisher, Germany) Multi-Collector Inductively Coupled Plasma Mass Spectrometry (MC-ICP-MS) at the Guangxi Key Laboratory of Hidden Metallic Ore Deposits Exploration, Guilin University of Technology.
All data were acquired on zircons in single spot ablation mode at a spot size of 44 μm. Helium was used as a carrier gas to transport ablated samples from the laser-ablation cell to the ICP-MS torch by a mixing chamber merged with Argon The energy density of laser ablation used in the present study was ∼7.0 J cm−2. Each measurement consisted of 18 s of acquisition of the background signal followed by 50 s of ablation signal acquisition. 176Lu/175Lu =0.02656 (Blichert-Toft et al., 1997) and 176Yb/173Yb =0.79639 (Fisher et al., 2014) ratios were determined in order to correct the isobaric interferences of 176Lu and 176Yb on 176Hf. Hf and Yb isotope ratios were normalized to 179Hf/177Hf =0.7325 and 173Yb/171Yb = 1.132685 (Fisher et al., 2014) using an exponential correction for mass bias. Zircon GJ1 was used as the reference standards during the routine analyses. Off-line selection and integration of analyzed signals, and mass bias calibrations were performed using ICPMSDataCal (Liu et al., 2010).
The εHf(t) values were calculated by assuming chondritic values of 176Lu/177Hf = 0.282785 and 176Hf/177Hf = 0.0336 (Bouvier et al., 2008). The single-stage model ages (TDM1) were calculated relative to the depleted mantle with a present-day 176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384 (Griffin et al., 2000). The two-stage continental crust model ages (TDM2) were also calculated by plotting the initial 176Hf/177Hf of zircons back to the depleted mantle evolutionary curve using the value of 176Lu/177Hf (0.015) for the average continental crust (Griffin et al., 2000). The calculated εHf(t) values and two-stage model (TDM2) were compiled using the zircon 206Pb/238U ages.
4.3 Whole Rock Geochemistry
The geochemical analysis of the bulk-rock samples was performed at the ALS Chemex Co. Ltd in Guangzhou. All samples were crushed to less than 200-mesh after removal of weathered surfaces and then mixed with Li2B4O7 and LiBO2 to make homogeneous glass beans at 1,050–1,100 °C. Major elements were determined by XRF-1500 Sequential X-ray Fluorescence Spectrometry on fused glass beads, the analytical precision of which ranged from ±1% to ±2% based on certified standards and duplicate analyses.
Trace elements and Rare Earth Elements (REE) were analyzed with an inductively-coupled Plasma Mass Spectrometer (ICP-MS). About 50 mg of powder for every sample were added to a lithium metaborate flux, mixed well and fused in a furnace at 1,000°C. The resulting melt was then cooled and dissolved in 100 ml of 4% HNO3 solution. The analytical precision of the ICP-MS data at the ppm level is better than 5%.
5 RESULTS
5.1 Zircon U-Pb Ages and Hf Isotopes
The results of zircon U-Pb dating are listed in Supplementary Table S2, and are graphically illustrated in Figure 4. The results of in-situ Lu-Hf isotopes are listed in Supplementary Table S3, and are graphically visualized in Figures 5, 6. Representative cathodoluminescence (CL) images are also shown in Figure 4.
[image: Figure 4]FIGURE 4 | U-Pb Concordia diagrams and representative cathodoluminescence (CL) images of zircons from the Permian granitoids in this study. Ages are in Ma and ellipses show 1σ errors. Red circles indicate positions of dated laser spots. Ellipses in blue represent ages of inherited zircons, and consequently were excluded in the calculations of weighted mean ages.
[image: Figure 5]FIGURE 5 | Temporal variations of zircon εHf(t) values showing the contrasting difference in the magma source between the Permian A-type granitoids in the South Tianshan that mostly have negative εHf(t) values (Supplementary Table S3) and the Permian Tarim plume-related A-type granites that have apparent positive εHf(t) values (data sources are can be found in Su et al., 2019; Wei et al., 2019; Zhang et al., 2010).
[image: Figure 6]FIGURE 6 | Histograms of corresponding TDM2 model ages. (A) Permian A-types granitoids in the South Tianshan (see Supplementary Table S3 for data sources) have older TDM2 model ages concentrated at 1.3–1.7 Ga (older than 2.0 Ga for inherited zircons), compared with (B) the plume-related Permian A-type granitoids in the Tarim Craton (data sources can be found in Su et al., 2019; Wei et al., 2019; Zhang et al., 2010), which have younger TDM2 model ages mostly ranging from 540 Ma to 1,500 Ma.
The CL images show that zircons separated from all dated samples are transparent to semitransparent, and mostly have euhedral and prismatic morphologies with clear oscillatory zones and aspect ratios of 1:2–1.3 in CL images (Figure 4), indicative of a magmatic origin. They mostly show high Th/U ratios (from 0.3 to 1.92), further indicating a magmatic origin (Corfu et al., 2003).
A total of 26 analyses were conducted of the granite porphyry sample 18ST60, among which 22 grains have concentrated 206Pb/238U ages between 287 and 298 Ma, yielding a weighted mean 206Pb/238U age of 292 ± 2.6 Ma (MSWD = 0.23); this age is interpreted as the crystallization age of this sample. The remaining 4 grains yield concordant older ages of 314 Ma, 421 Ma, 424 Ma, and 436 Ma, which might be inherited zircons or were captured from the wall rock during magma ascent. Sixteen spots on the dated zircons were analyzed for their Hf isotopic compositions. Twelve grains with Permian ages display εHf(t) values ranging from −2.3 to 0.6 (Figure 5), corresponding to (TDM2) ages between 1,272 and 1,461 Ma. An inherited 314 Ma zircon displays a similar εHf(t) value (+0.5) and corresponding (TDM2) age (1,303 Ma) as the Permian zircons. In contrast, the three other inherited zircons (421, 424, 436 Ma) show more negative εHf(t) values of −10.9 to −9.2 (Figure 5), with corresponding older (TDM2) ages of 2010–2,106 Ma (Figure 6).
A total of 23 analyses of the granite porphyry sample 18ST64 yield concordant ages between 286 and 308 Ma, and define a weighted mean 206Pb/238U age of 294 ± 2.4 Ma (MSWD = 1.4). This age is considered as the crystallization age of sample 18ST64.
Out of the 17 analyses of the syenogranite sample 19ST17, one was performed on an inherited or captured zircon with a concordant older age of 314 Ma. The remaining 16 spots yield a weighted mean 206Pb/238U age of 286 ± 3.0 Ma (MSWD = 6.4), which is considered to be the crystallization age of this sample; fourteen in-situ Lu-Hf analyses were obtained for this sample. The results display negative εHf(t) values of −6.8 to −1.6 (Figure 5), corresponding to (TDM2) ages of 1,411–1759 Ma.
A total of 20 analyses of the biotite monzogranite sample 20ST78 comprise an age range of 264–277 Ma, with a weighted mean 206Pb/238U age of 272 ± 1.2 Ma (MSWD = 0.99); this is interpreted as the crystallization age of the biotite monzogranite. All twenty spots were analyzed for their Hf isotopic compositions. The data show slightly negative εHf(t) values of −4.3 to −0.4 (Figure 5), with corresponding (TDM2) ages between 1,324 and 1,579 Ma.
Out of the 15 analyses of the granodiorite sample 20ST93, two were performed on the inherited or captured zircons with prominent older ages of 2,298 Ma and 2,764 Ma. The remaining 13 analyses yield a weighted mean 206Pb/238U age of 298 ± 5.8 Ma (MSWD = 0.50) representing the crystallization age of this sample. With the exception of two Precambrian inherited zircons, the remaining thirteen grains with Permian ages were analyzed for Hf isotopic compositions. The results display negative εHf(t) values between −9.6 and −3.5 (Figure 5), with corresponding (TDM2) ages ranging from 1,548 to 1932 Ma.
5.2 Whole Rock Geochemistry
The results of major and trace element geochemical analyses of the Permian granitoids are listed in Supplementary Table S4.
Samples 18ST60, 18ST64, 19ST17 and 20ST78 generally show SiO2 contents ranging from 69.25 to 78.20 wt.% and K2O + Na2O contents between 7.95 and 9.36 wt.%, and they plot in the granite field in the total alkalis (K2O + Na2O) wt.% vs. silica (SiO2 wt.%) classification diagram for plutonic rocks (Figure 7A) (Cox et al., 1979). In addition, these samples are characterized by low to moderate concentrations of Al2O3 (11.11–14.07 wt.%), TiO2 (0.15–0.46 wt.%), CaO (0.22–1.70 wt.%), MgO (0.12–0.48 wt.%) and P2O5 (0.12–0.15 wt.%). In comparison, sample 20ST93 exhibits relatively lower SiO2 contents ranging from 65.71 to 66.81 wt.% and high K2O + Na2O contents between 7.31 and 7.85 wt.%, and they plot on the boundary between the granodiorite and granite fields in the classification diagram (Figure 7A) (Cox et al., 1979). This sample is also characterized by relatively higher concentrations of Al2O3 (15.42–15.56 wt.%), TiO2 (0.63–0.66 wt.%), CaO (2.18–2.65 wt.%), MgO (1.51–1.55 wt.%) and P2O5 (0.27–0.30 wt.%).
[image: Figure 7]FIGURE 7 | Petrochemical classification diagrams of the Permian granitoids, and their characteristic major elements. (A) Total alkalis vs. silica diagram (after Cox et al., 1979) showing that the samples plot in the fields of granite and granodiorite, which is consistent with their main mineral compositions shown in Figure 3; (B) K2O (%) vs. SiO2 (%) diagram (after Peccerillo and Taylor, 1976) showing that the investigated granitoids belong to the high calc-alkaline to shoshonitic series.
Based on the K2O (wt.%) vs. SiO2 (wt.%) diagram (Figure 7B) (Peccerillo and Taylor, 1976), the studied samples plot in the fields of the high-K calc-alkaline and shoshonitic series, with high K2O content ranging from 4.01 to 5.69 wt.% and K2O/Na2O ratios from 1.17 to 1.64 (Supplementary Table S4). All samples are metaluminous and/or slightly peraluminous granitoids as indicated by their A/CNK ratios (0.95–1.10), and mostly they plot on the left side of the I-S line (A/CNK = 1.1) in the A/NK vs. A/CNK diagram (Figure 8) (Maniar and Piccoli, 1989).
[image: Figure 8]FIGURE 8 | Plot of A/NK (Al2O3/Na2O +K2O) molar vs. A/CNK (Al2O3/CaO + Na2O + K2O) molar (after Maniar and Piccoli, 1989) showing the slightly peraluminous to metaluminous nature of the studied Permian granitoids.
One of the common features of the Permian granitoids is their significant negative Nb and Ta anomalies in the primitive mantle-normalized spider diagrams (Figure 9A) (Sun and McDonough, 1989), which are also characterized by conspicuous enrichments of some LILEs such as Rb, Th, U, and evident depletion of Ba and Sr.
[image: Figure 9]FIGURE 9 | (A) Primitive mantle-normalized multi-element distributions showing the significant negative Nb and Ta anomalies, and conspicuous enrichments of LILEs such as Rb, Th, U; (B) Chondrite-normalized REE patterns showing the evident enrichments in light rare earth elements (LREEs) relative to heavy rare earth element (HREE), which all point to subduction-related trace element signatures. Chondrite and primitive mantle values are after Sun and McDonough (1989).
The Permian granitoids have similar chondrite-normalized rare earth element (REE) patterns as indicated by their significant enrichments in light rare earth elements (LREEs) relative to heavy rare earth element (HREE) with (La/Yb)N values between 7.8 and 37.9 (Figure 9B; Supplementary Table S4). All samples demonstrate a significant fractionated REE pattern indicated by high (La/Sm)N values between 3.3 and 5.2. Except for sample 20ST93 (0.73–0.79), the remaining five samples show distinct negative Eu anomalies (0.26–0.52) with a concave-upward shape (Figure 9B).
6 DISCUSSION
6.1 Genetic Classification of the Permian Granitoids
All the studied granitoids generally show high contents of K2O + Na2O (7.31–9.36 wt.%) and high field strength elements (HFSE; Zr + Nb + Ce + Y = 365–802 ppm) with relatively lower concentrations of CaO (0.22–1.70 wt.%) and MgO (0.12–0.48 wt.%) and the primitive mantle-normalized spider diagrams have well defined negative anomalies of Ba and Sr (Figure 9A). These geochemical characteristics demonstrate that rocks have an A-type granite affinity (Eby, 1992; Whalen et al., 1987). Additionally, the samples are characterized by high Ga/Al ratios (2.8–4.2), which have been identified as a useful parameter to discriminate A-type granites (Whalen et al., 1987). As shown in Figure 10, these granitoids plot within the A-type granite field in the Zr vs. 10000 × Ga/Al, (K2O + Na2O)/CaO vs. (Zr + Nb + Ce + Y), (Zr + Nb + Ce + Y) vs. 10000 × Ga/Al and Nb vs. 10000 × Ga/Al diagrams (Whalen et al., 1987). They also plot in the A-type granite field in the whole-rock CaO/(FeOt + MgO + TiO2) vs. CaO + Al2O3 and CaO/(FeOt + MgO + TiO2) vs. Al2O3 diagrams (Figure 11) (Dall'Agnol and de Oliveira, 2007).
[image: Figure 10]FIGURE 10 | Genetic discrimination diagrams (after Whalen et al., 1987) showing the A-type affinity of the Permian granitoids in this study. (A) Zr vs. 10000 × Ga/Al diagram; (B) (K2O + Na2O)/CaO vs. (Zr + Nb + Ce + Y) diagram (C) (Zr + Nb + Ce + Y) vs. 10000 × Ga/Al diagram (D) Nb vs. 10000 × Ga/Al diagram.
[image: Figure 11]FIGURE 11 | Whole-rock CaO/(FeOt + MgO + TiO2) vs. CaO + Al2O3 (A) and CaO/(FeOt + MgO + TiO2) vs. Al2O3 (B) diagrams (after Dall'Agnol and de Oliveira, 2007) showing the A-type affinity of the studied Permian granitoids.
The A-type affinity of the Permian granitoids is further demonstrated by their relatively high melting temperature (824–875°C) based on the Zr saturation in the magma system (Watson and Harrison, 1983). This temperature is consistent with that of typical A-type granites, but it is much higher than that of I-type granites (781 °C and 764 °C for unfractionated and fractionated I-type granites, respectively) (King et al., 1997). Moreover, all samples are characterized by high Zr/Hf ratios (35–43), indicating they are moderately fractionated compared with highly fractionated granitoids (Wu et al., 2017). Therefore, we consider that the Permian granitoids in this study are A-type granites.
6.2 Petrogenesis and Geodynamic Setting
As noted earlier, there is currently no consensus regarding the petrogenesis and geodynamic setting responsible for the Permian granitoids in the South Tianshan. This section integrates all available regional geological, geochronological and geochemical data in order to evaluate the existing controversies, after which we propose an alternative geodynamic scenario to explain the generation of the Permian granitoids.
6.2.1 Genetically Related to the Tarim Mantle Plume?
One major interpretation is that the Permian granitoids in the South Tianshan are genetically related to the mantle plume in the Tarim Craton (e.g., Zhang and Zou, 2013); this model is mainly based on the coincidence in time of the plume compared with that of the putative plume-induced A-type granites (Su et al., 2019; Wei et al., 2019). However, there are significant differences in the characteristics of the A-type granites in the two areas as follows:
Firstly, the Permian A-type granites in the western Tarim Craton are spatially and temporally closely associated with voluminous plume-derived basalts, mafic-ultramafic intrusive complexes and abundant alkali mafic dykes (Zou et al., 2015). In contrast, in the South Tianshan the Permian magmatism lacks these hallmarks and instead is dominated by felsic intrusions. Furthermore, the well documented A-type granitoids in the South Tianshan (Huang et al., 2015a; Konopelko et al., 2007, 2009; Long et al., 2008; Wang et al., 2007b) mostly have an A2-subtype affinity based on the ternary discrimination diagrams (Figure 12), and that is significantly different from the plume-induced A1-subtype granites in the Tarim Craton (Yang et al., 2007; Zhang et al., 2008; Wei and Xu, 2011; Huang et al., 2012; Su et al., 2019; Wei et al., 2019).
[image: Figure 12]FIGURE 12 | Discrimination diagrams (after Eby, 1992) showing the dominant A2-subtype affinity of the A-type granitoids in the South Tianshan (literature data sources: Konopelko et al., 2007, 2009; Huang et al., 2015a; Long et al., 2008; Wang et al., 2007b), which is significantly different from the plume-related A1-subtype affinity of the granites in the Tarim craton (data sources: Huang et al., 2012; Su et al., 2019; Wei et al., 2019; Wei and Xu, 2011; Yang et al., 2007; Zhang et al., 2008).
Secondly, the A-type granites in the South Tianshan have distinctive negative Nb and Ta anomalies (Figure 9A), which are commonly indicative of a subduction-influenced origin, whereas those in the western Tarim have apparent positive Nb and Ta anomalies (Figure 3, Wei et al., 2019; Figure 7, Zhang and Zou, 2013; Figure 8B, Zou et al., 2015).
Thirdly, there is a general Hf isotopic difference between the plume-related A-type granites of Tarim and those in the South Tianshan. This not only demonstrates the distinctive Hf compositions of the studied granitoids, but also highlights the contrasting difference in their magma sources. As shown in Figures 5, 6, the A-type granites in the western Tarim are characterized by distinctive positive εHf(t) values and corresponding younger crustal model ages (Zou et al., 2015). The relatively depleted feature of the A-type granites in the Tarim Craton is interpreted to result from intensive fractionation of a plume-related OIB-like basaltic magma (Zou et al., 2015), or from partial melting of newly underplated rocks induced by the mantle plume, followed by extensive fractionation and minor crustal assimilation (Su et al., 2019). In contrast, the A-type granitoids in the South Tianshan display apparently negative to slightly positive εHf(t) values (−10.9 to +0.6) and older crustal model ages (1727–1759 Ma), as compared with those in the western Tarim. This is consistent with the Nd isotope compositions (εNd(t) = −1.6 to–6.9) of the A-type granites from Kyrgyzstan (Konopelko et al., 2007), indicating their derivation from very different magma sources (section 6.2.3). The molar oxide discrimination diagram of CaO/(MgO + FeOt) vs. Al2O3/(MgO + FeOt) (Altherr et al., 2000) indicates that they were mainly generated by partial melting of meta-greywackes (Figure 13), suggesting an arc-related tectonic setting (Yin et al., 2021), which is in accordance with the deep Nb and Ta troughs reflected by the multi-element spider diagram for the granitoids (Figure 9A).
[image: Figure 13]FIGURE 13 | Binary plot CaO/(MgO + FeOt) vs. Al2O3/(MgO + FeOt) (mol%) (after Altherr et al., 2000) showing that the Permian granitic magma was mainly generated by the melting of meta-greywackes composed of arc-related volcanogenic sedimentary rocks.
Last but not least, the difference is also shown by the lower zircon saturation temperatures (824–875°C) of the A-type granites in the South Tianshan, as compared with those in the western Tarim (890–1,010°C) (Su et al., 2019), which likely suggests the magmas were generated by fundamentally different crustal melting processes.
The above significant observations demonstrate the notable differences between the A-type granites in these two tectonic environments from which it is evidence that the geodynamic process for generation of the A-type granites in the South Tianshan was different from that responsible for those in the Tarim Craton (Wei et al., 2019). This reasoning is supported (Xiao et al., 2013; Abuduxun et al., 2021a) by the fact that the South Tianshan was still separated from the Tarim Craton in the Early Permian when the mantle plume was active. Consequently, we conclude that it is unlikely that the Tarim mantle plume was responsible for the A-type magmatism in the South Tianshan.
6.2.2 Products of Post-collisional Magmatism?
A second common interpretation for the petrogenesis of the Permian granitoids in the South Tianshan is that they formed in a post-collisional setting (Wang et al., 2007b; Konopelko et al., 2007, 2009; Ma et al., 2015; Qin et al., 2021). This interpretation is mainly based on the following two preconditions:
1) The Atbashi-Inylchek-South Nalati Fault was the terminal suture between the Yili-Central Tianshan arc and the Tarim Craton (e.g., Wang et al., 2018b), and consequently the South Tianshan was a passive margin of the northern Tarim Craton (Gao et al., 1998; Biske et al., 2018). That idea leads to the conclusion that the Early Permian granitoids penetrated simultaneously both upper (active) and lower (passive) plates of the orogen, and therefore they formed across the suture in post-collisional times (e.g., Han et al., 2011; Ma et al., 2015).
2) Northward subduction of the South Tianshan oceanic lithosphere stopped before the Early Permian (Han et al., 2016; Huang et al., 2018; Alexeiev et al., 2019).
Given the widespread occurrence of geologically and structurally well investigated OPS mélanges, ophiolites and imbricated trench-filled turbidites, the South Tianshan orogen was considered to be an accretionary complex that formed on the southern active margin of the Yili-Central Tiranshan arc by continuous northward subduction of the South Tianshan oceanic lithosphere (Xiao et al., 2013; Sang et al., 2018; Abuduxun et al., 2021b). A further line of geochronological evidence indicates that the closure of the South Tianshan Ocean lasted to the End-Permian to Late Triassic (Li et al., 2005; Sang et al., 2017; Wen et al., 2020; Abuduxun et al., 2021a). That is to say, the South Tianshan was on the leading edge of the upper plate (the Yili-Central Tianshan arc), and was separated from the Keping passive margin by a wide ocean until the Late Permian to Late Triassic when the terminal suture formed along the base of the accretionary complex (Xiao et al., 2013; Abuduxun et al., 2021a). Accordingly, it is apparent that the Permian granitoids in the South Tianshan formed in the upper plate, rather than in the lower plate, because the terminal suture between the Yili-Central Tianshan arc and the Tarim Craton is roughly along the North Tarim Fault to the south (Xiao et al., 2013; Abuduxun et al., 2021a), and not along the Atbashi-Inylchek-South Nalati Fault to the north (e.g., Wang et al., 2018b).
Critically, as discussed in section 6.2.1, the Permian A-type granites in the Keping area, where the leading edge of the lower plate was located, were genetically related to a mantle plume, and bear no resemblance in either rock associations or elemental and isotopic geochemistry to those in the South Tianshan. The key implication from the above reasoning is that it is unlikely that the Permian plutons in the South Tianshan formed across the terminal suture, as previously considered (e.g., Han et al., 2011; Wang et al., 2018a), but rather that they were confined to the upper plate beneath which north-dipping subduction of the oceanic lithosphere was still active. Thus, the post-collision model is implausible.
6.2.3 An Alternative Petrogenetic-Tectonic Model
As demonstrated in section 6.1, a result of the genetic classification based on major and trace element geochemistry, integrated with high melting temperatures (824–875°C), is that the Permian granitoids in the South Tianshan have an A-type affinity.
There has long been a general consensus that A-type granites mostly formed in extensional tectonic environments regardless of the source of their magmas (Whalen et al., 1987; Wu et al., 2017).
All our studied samples belong to the A2-subtype (Figure 12), which is widely considered to be associated with extension events in convergent margins (Eby, 1992). Nevertheless, a distinctive feature of our Permian A-type granitoids is that they have diagnostic subduction-related trace element signatures such as deep Nb and Ta troughs (Figure 9A), elevated LILEs and flat HFSEs patterns (Figure 9B), all very similar to those of granites in the Lachlan accretionary orogen in Australia, which robust analysis has convincingly demonstrated to have formed in a subduction-generated arc (e.g., Collins et al., 2019). Accordingly, we integrated our new results with published, high-quality, comprehensive, sedimentological, structural and geochronological data (Xiao et al., 2013; Sang et al., 2018; Abuduxun et al., 2021a), which conformed that the Permian A-type granitoids in the South Tianshan formed in an extensional supra-subduction setting. Corroborative evidence for such extension comes from the presence of Early Permian extensional faulted basins in the South Tianshan (Liu et al., 2013) and the ca. 272 Ma high-temperature granulite facies metamorphism in the Yushugou area (Zhang et al., 2019b). Apatite fission track (AFT) thermochronology results have also suggested that the southwestern Tianshan had no strong uplifting in the Permian (Dumitru et al., 2001).
In addition, of the 299–282 Ma rhyolitic and basaltic lavas from the Xiaotikanlike Formation in the Heiyingshan section of the South Tianshan (Liu et al., 2014), the basaltic lavas have trace and rare element patterns similar to those of oceanic island basalts (Huang et al., 2015b), and the rhyolites have relatively high Zr saturation temperatures (up to 824°C), which can be most likely attributed to an increased heat input from underplated mantle-derived basaltic magmas (Cheng et al., 2017). Therefore, these volcanic rocks are consistent with and indeed point to formation in an Early Permian extensional setting in the South Tianshan.
A similar Early Permian extensional situation is also reported from the Yili-Central Tianshan. The geological structure profile based on seismic data in the Zhaosu-Tekesi Depression shows that the Lower Permian strata are characterized by titled rotation downward near the NE-trending normal fault, indicating a sedimentary filling pattern of the extensional faulted (or rifted) basin and related thermal subsidence in the southern Yili Block (Li D. et al., 2015). The Early Permian A-type granites in the Yili-Central Tianshan (Xu et al., 2013; Li N.-B. et al., 2015) also require an extensional environment for the high-temperature magmatism.
Taking into consideration the fact that formation of these Permian granitoids was structurally confined to a narrow linear belt along the strike of the orogen (Figure 1B), we consider that the subduction-related extension was most likely triggered by slab rollback, which usually causes major contemporaneous thermal anomalies along the strike of a subduction zone. Again, we emphasize that neither the Tarim mantle plume model nor the post-collisional extension model can explain the arc-parallel linear distribution of the Permian granitoids.
Given the evidence presented above, we propose a new petrogenetic-tectonic model as visualized in Figure 14. The southward rollback of the northward subducting South Tianshan oceanic lithosphere triggered extension in the overring plate and associated upwelling of asthenospheric mantle in the Early Permian. The southward slab rollback consequently provided a suitable condition for magma underplating combined with increased temperature leading to large-scale crustal melting, which gave rise to a broad, linear belt of arc magmatism in the southern active margin of the Yili-Central Tianshan (Figure 1B) where the A-type granitoids were produced as a result of the high thermal gradient.
[image: Figure 14]FIGURE 14 | Schematic model illustrating the tectonic relations that were responsible for the Early Permian A-type granitoids in the South Tianshan. In the Early Permian, upper plate extension was probably related to southward slab rollback that induced upwelling of asthenospheric mantle, which led to large-scale crustal melting that gave rise to the broad granitic arc in the southern active margin of the Yili-Central Tianshan. Formation of the A-type granitoids was facilitated by the high heat gradient beneath the extensional upper plate.
The A-type granites have slightly enriched Hf isotopic compositions (Figure 5; εHf(t) = −10.9 to +0.6), indicating that neither mantle nor juvenile crustal material could be major contributors to their magma generation. On the other hand, this implies that the corresponding older crustal model ages, mainly concentrated at 1,272–1759 Ma, were generated by remelting of Mesoproterozoic recycled crustal components, and those samples that plot in the meta-greywacke field in the molar oxide discrimination diagram (Figure 13) were no doubt mainly derived by partial melting of arc-related volcanogenic sedimentary rocks (Yin et al., 2021). Therefore, mature crustal material with minor mantle-derived magmatic inputs were the most feasible magma source for the investigated A-type granites.
In summary, subduction-related extension triggered by slab rollback was the most likely tectonic environment for generation of the A-type granitoids in the South Tianshan. The ambient processes predictably involved the upwelling of asthenosphere, decompression melting, and an associated rise in temperature, which all led to large-scale partial melting in the upper plate.
6.3 Implications for the Retreating Accretionary Orogenesis of the Southern Altaids
A specific comparison of the rock associations, Lu-Hf isotopic compositions, whole-rock geochemistry, and magma conditions highlights the contrasting differences between the A-type granites in the South Tianshan and those in the western Tarim Craton. Consequently, it is unlikely they were involved in the same geodynamic process. That is to say, the South Tianshan was not affected by the Permian Tarim mantle plume. This is supported by provenance analysis, which provided no evidence for the presence of voluminous plume-related detritus in the Permian-lower Triassic strata from the South Tianshan (Liu et al., 2013; Abuduxun et al., 2021a). Therefore, a robust analysis of all variable factors leads to the conclusion that the South Tianshan and the Tarim Craton was still separated by a wide ocean in the Permian, and accordingly this negates any idea of pre-Permian closure of the South Tianshan ocean (Han et al., 2011; Wang et al., 2018b; Alexeiev et al., 2019). Therefore, it is reasonable to suggest that the South Tianshan was unlikely a plume-modified collisional orogeny (Han et al., 2019).
A significant Late Carboniferous magmatic “flare-up”event has been well documented in the Yili-Central Tianshan arc, which is characterized by coeval mafic and felsic magmatic rocks, such as ca. 337–322 Ma bimodal volcanic rocks in the Wusun mountain (Su et al., 2021), ca. 317–310 Ma mafic dike-granitoid associations in the Zhongyangchang area (Tang et al., 2014), and ca. 314 Ma adakitic granodiorites in the Qiongkusitai area (Yin et al., 2016). Geochemically, they show a clear arc-affinity; moreover, the mafic rocks were likely derived from a depleted mantle source containing an asthenospheric component (Tang et al., 2014). Therefore, the magmatic “flare-up”has been interpreted to be formed in a subduction-related extensional setting triggered by southward rollback of the South Tianshan oceanic lithosphere (e.g., Tang et al., 2014; Yin et al., 2016). If integrated with the Permian A-type granitoids in the South Tianshan, these extension-related magmatic rocks show a trend of southward migration. This observation is also supported by the southward growth of the South Tianshan accretionary complex as indicated by the oceanward younging of the maximum depositional ages of trench-filled turbidites (Abuduxun et al., 2021a, b; Fu et al., 2018). Therefore, it is reasonable to propose that the Late Carboniferous-Early Permian broad magmatic arc with diverse extension-related magmatism that requires a high temperature in the southern active margin of the Yili-Central Tianshan was built probably as a result of prolonged southward rollback of the progressively aging South Tianshan oceanic lithosphere before its final closure in the End-Permian to Late Triassic (Xiao et al., 2013; Sang et al., 2018; Wen et al., 2020; Abuduxun et al., 2021a), and that led to the final amalgamation of the Yili-Central Tianshan arc with the Tarim Craton (Gao et al., 2011; Han et al., 2011; Xiao et al., 2015).
The newly identified Permian A-type granites in this study share the same geochemical and isotopic characteristics with widespread coeval A-type granites in Kyrgyz South Tianshan (Konopelko et al., 2007, 2009). Therefore, the retreating and extensional accretionary structure of the southern Altaids is well recorded by the linear distributed and spatiotemporal-orientated Late Carboniferous-Early Permian magmatic “flare-up” along the southern active margin of the Yili-Central Tianshan from Kyrgyzstan to NW China.
7 CONCLUDING REMARKS
LA-ICP-MS zircon U-Pb dating reveals that the newly identified A-type granitoids from the South Tianshan in the southern Altaids were emplaced at ca. 298–272 Ma. The whole-rock geochemistry and calculated zircon saturation temperatures indicate that these are metaluminous to slightly peraluminous A2-type granites. The zircon Hf isotopic compositions show that the granitoids were mainly generated by partial melting of mature crustal components with a minor contribution from a mantle-derived magmatic source.
The A-type granitoids in the South Tianshan are incontrovertibly different from those in the western Tarim Craton in terms of mantle plume generation. Integration of the new and previous data leads to the conclusion that they were produced due to a high temperature gradient in an extensional, subduction-generated environment probably induced by southward slab rollback of the South Tianshan oceanic lithosphere, rather than due to post-collisional extension.
In the Permian the South Tianshan in the southern Altaids was a retreating extensional accretionary orogen rather than a plume-modified collisional orogen.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
NA provided initial data. WX designed the study. BW corrected and improved the writing of the manuscript. NA, PH, JG conducted the fieldwork. HY participated in analysis on petrology and photomicrographs. MS helped with the LA-CIP-MS zircon U-Pb dating. XL helped with the Hf isotopic analysis. All authors participated in discussion of the study and approved the submitted version.
FUNDING
This study was financially supported by funds from the National Natural Science Foundation of China (41888101, 41962013, 42072269), the National Key R & D Program of China (2017YFC0601206), the Key Research Program of Frontier Sciences of the CAS (QYZDJ-SSW-SYS012), the “Light of West China” Program of the CAS (2018-XBYJRC-003), and CAS Project of the China-Pakistan Joint Research Center on Earth Sciences (131551KYSB20200021).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
Careful reviews and insightful suggestions from the reviewers greatly improved the manuscript. Editorial handling by Dr. Xiubin Lin is highly appreciated.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/feart.2021.831677/full#supplementary-material
REFERENCES
 Abuduxun, N., Windley, B. F., Xiao, W. J., Zhang, J. E., Chen, Y. C., and Huang, P. (2021b). Carboniferous Tectonic Incorporation of a Devonian Seamount and Oceanic Crust into the South Tianshan Accretionary Orogen in the Southern Altaids. Int. J. Earth Sci. 1, 1. doi:10.1007/s00531-021-02109-6
 Abuduxun, N., Xiao, W. J., Windley, B. F., Chen, Y. C., Huang, P., and Sang, M.et al (2021a). Terminal Suturing between the Tarim Craton and the Yili-Central Tianshan Arc: Insights from Mélange-Ocean Plate Stratigraphy, Detrital Zircon Ages and Provenance of the South Tianshan Accretionary Complex. Tectonics 40, e2021TC006705. doi:10.1029/2021TC006705
 Alekseev, D. V., Degtyarev, K. E., Kotov, A. B., Sal’nikova, E. B., Yakovleva, S. Z., and Shatagin, K. N. (2009). Late Paleozoic Subductional and Collisional Igneous Complexes in the Naryn Segment of the Middle Tien Shan (Kyrgyzstan). Dokl. Earth Sc. 427, 760–763. doi:10.1134/s1028334x09050122
 Alexeiev, D. V., Biske, Y. S., Djenchuraeva, A. V., Kröner, A., and Getman, O. F. (2019). Late Carboniferous (Kasimovian) Closure of the South Tianshan Ocean: No Triassic Subduction. J. Asian Earth Sci. 173, 54–60. doi:10.1016/j.jseaes.2019.01.021
 Alexeiev, D. V., Biske, Y. S., Wang, B., Djenchuraeva, A. V., Getman, O. F., Aristov, V. A., et al. (2015). Tectono-Stratigraphic Framework and Palaeozoic Evolution of the Chinese South Tianshan. Geotecton. 49, 93–122. doi:10.1134/S0016852115020028
 Altherr, R., Holl, A., Hegner, E., Langer, C., and Kreuzer, H. (2000). High-potassium, Calc-Alkaline I-type Plutonism in the European Variscides: Northern Vosges (France) and Northern Schwarzwald (Germany). Lithos 50, 51–73. doi:10.1016/s0024-4937(99)00052-3
 BGMRXUAR (1982). Introduction of Geological Map of the Hantenggeli and Quexiang areasXinjiang Bereau of Geology and Mineral Resources (In Chinese). pp.107. Map scale at 1, 200000. 
 BGMRXUAR (1975a). Introduction of Geological Map of the Kule Area200000, Xinjiang Bereau of Geology and Mineral Resources (In Chinese). Map scale at 1, 40. 
 BGMRXUAR (1965). Introduction of Geological Map of the Lake Baghrash Area200000, Xinjiang Bereau of Geology and Mineral Resources (In Chinese). Map scale at 1, 42. 
 BGMRXUAR (1975b). Introduction of Geological Map of the Yanqi Area200000, Xinjiang Bereau of Geology and Mineral Resources (In Chinese). Map scale at 1, 37. 
 BGMRXUAR (1993), Regional Geology of Xinjiang Uygur Autonomous Region, Geological Publishing House, Beijing(in Chinese with English abstract). pp.841. 
 Biske, Y. S., Alexeiev, D. V., Djenchuraeva, A. V., Wang, B., Getman, O. F., and Liu, H. S. (2018). Continuous Sections of the Devonian and Carboniferous Carbonates and Timing of Collision in the Chinese South Tianshan. Dokl. Earth Sc. 481, 842–846. doi:10.1134/S1028334X18070024
 Blichert-Toft, J., Chauvel, C., and Albarède, F. (1997). Separation of Hf and Lu for High-Precision Isotope Analysis of Rock Samples by Magnetic Sector-Multiple Collector ICP-MS. Contrib. Mineralogy Petrology 127, 248–260. doi:10.1007/s004100050278
 Bouvier, A., Vervoort, J. D., and Patchett, P. J. (2008). The Lu-Hf and Sm-Nd Isotopic Composition of CHUR: Constraints from Unequilibrated Chondrites and Implications for the Bulk Composition of Terrestrial Planets. Earth Planet. Sci. Lett. 273, 48–57. doi:10.1016/j.epsl.2008.06.010
 Cheng, Z., Zhang, Z., Santosh, M., Zhao, Z., and Chen, L. (2017). Late Carboniferous to Early Permian Partial Melting of the Metasedimentary Rocks and Crustal Reworking in the Central Asian Orogenic Belt: Evidence from Garnet-Bearing Rhyolites in the Chinese South Tianshan. Lithos 282-283, 373–387. doi:10.1016/j.lithos.2017.03.017
 Collins, W. J., Huang, H. Q., Bowden, P., and Kemp, A. I. S. (2019). Repeated S-I-A-type Granite Trilogy in the Lachlan Orogen, and Geochemical Contrasts with A-type Granites in Nigeria: Implications for Petrogenesis and Tectonic Discrimination. Geol. Soc. Lond. Spec. Publications 491, 1. doi:10.1144/SP491-2018-159
 Corfu, F., Hanchar, J. M., Hoskin, P. W. O., and Kinny, P. (2003). 16. Atlas of Zircon Textures. Rev. Mineralogy Geochem. 53, 469–502. doi:10.2113/053046910.1515/9781501509322-019
 Cox, K. G., Bell, J. D., and Pankhurst, R. J. (1979). The Interpretation of Igneous Rocks. London: Allen & Unwin. pp. 450. 
 Dall'Agnol, R., and de Oliveira, D. C., (2007). Oxidized, Magnetite-Series, Rapakivi-type Granites of Carajás, Brazil: Implications for Classification and Petrogenesis of A-type Granites. Lithos 93, 215–233. doi:10.1016/j.lithos.2006.03.065
 Dong, S., Li, Z., and Jiang, L. (2016). The Early Paleozoic Sedimentary-Tectonic Evolution of the Circum-Mangar Areas, Tarim Block, NW China: Constraints from Integrated Detrital Records. Tectonophysics 682, 17–34. doi:10.1016/j.tecto.2016.05.047
 Dumitru, T. A., Zhou, D., Chang, E. Z., Graham, S. A., Hendrix, M. S., Sobel, E. R., et al. (2001). “Uplift, Exhumation, and Deformation in the Chinese Tian Shan,” in Paleozoic and Mesozoic Tectonic Evolution of Central Asia: From Continental Assembly to Intracontinental Deformation ed . Editors M. S. Hendrix, and G. A. Davis, 194, 71–99. doi:10.1130/0-8137-1194-0.71
 Eby, G. N. (1992). Chemical Subdivision of the A-type granitoids:Petrogenetic and Tectonic Implications. Geol. 20, 641–644. doi:10.1130/0091-7613(1992)020<0641:csotat>2.3.co;2
 Fisher, C. M., Vervoort, J. D., and Hanchar, J. M. (2014). Guidelines for Reporting Zircon Hf Isotopic Data by LA-MC-ICPMS and Potential Pitfalls in the Interpretation of These Data. Chem. Geology 363, 125–133. doi:10.1016/j.chemgeo.2013.10.019
 Fu, Y., Ding, Q. F., and Wu, C. Z. (2018). Sedimentary Provenance and Age of the Ore-Hosting Strata in the Awanda Gold deposit in the Southwest Tianshan Area, Xinjiang: Constraints from Detrital Zircon U-Pb Dating. Geol. J. China Universities 24, 353–370. (in Chinese with English abstract). 
 Gao, J., and Klemd, R. (2000). Eclogite Occurrences in the Southern Tianshan High-Pressure belt, Xinjiang, Western China. Gondwana Res. 3, 33–38. doi:10.1016/S1342-937X(05)70055-1
 Gao, J., Klemd, R., Qian, Q., Zhang, X., Li, J., Jiang, T., et al. (2011). The Collision between the Yili and Tarim Blocks of the Southwestern Altaids: Geochemical and Age Constraints of a Leucogranite dike Crosscutting the HP-LT Metamorphic belt in the Chinese Tianshan Orogen. Tectonophysics 499, 118–131. doi:10.1016/j.tecto.2011.01.001
 Gao, J., Li, M. S., Xiao, X. C., Tang, Y. Q., and He, G. Q. (1998). Paleozoic Tectonic Evolution of the Tianshan Orogen, Northwestern China. Tectonophysics 287, 213–231. doi:10.1016/s0040-1951(97)00211-4
 Gao, J., Long, L., Klemd, R., Qian, Q., Liu, D., Xiong, X., et al. (2009). Tectonic Evolution of the South Tianshan Orogen and Adjacent Regions, NW China: Geochemical and Age Constraints of Granitoid Rocks. Int. J. Earth Sci. (Geol. Rundsch) 98, 1221–1238. doi:10.1007/s00531-008-0370-8
 Ge, R., Wilde, S. A., Kemp, A. I. S., Jeon, H., Martin, L. A. J., Zhu, W., et al. (2020). Generation of Eoarchean continental Crust from Altered Mafic Rocks Derived from a Chondritic Mantle: The ∼3.72 Ga Aktash Gneisses, Tarim Craton (NW China). Earth Planet. Sci. Lett. 538, 116225. doi:10.1016/j.epsl.2020.116225
 Griffin, W. L., Pearson, N. J., Belousova, E., Jackson, S. E., van Achterbergh, E., O’Reilly, S. Y. S., et al. (2000). The Hf Isotope Composition of Cratonic Mantle: LAM-MC-ICPMS Analysis of Zircon Megacrysts in Kimberlites. Geochimica Et Cosmochimica Acta 64, 133–147. doi:10.1016/s0016-7037(99)00343-9
 Han, B.-F., He, G.-Q., Wang, X.-C., and Guo, Z.-J. (2011). Late Carboniferous Collision between the Tarim and Kazakhstan-Yili Terranes in the Western Segment of the South Tian Shan Orogen, Central Asia, and Implications for the Northern Xinjiang, Western China. Earth-Science Rev. 109, 74–93. doi:10.1016/j.earscirev.2011.09.001
 Han, Y., Zhao, G., Cawood, P. A., Sun, M., Liu, Q., and Yao, J. (2019). Plume-modified Collision Orogeny: The Tarim-Western Tianshan Example in Central Asia. Geology 47, 1001–1005. doi:10.1130/G46855.1
 Han, Y., Zhao, G., Sun, M., Eizenhöfer, P. R., Hou, W., Zhang, X., et al. (2016). Late Paleozoic Subduction and Collision Processes during the Amalgamation of the Central Asian Orogenic Belt along the South Tianshan Suture Zone. Lithos 246-247, 1–12. doi:10.1016/j.lithos.2015.12.016
 He, Z.-Y., Klemd, R., Zhang, Z.-M., Zong, K.-Q., Sun, L.-X., Tian, Z.-L., et al. (2015). Mesoproterozoic continental Arc Magmatism and Crustal Growth in the Eastern Central Tianshan Arc Terrane of the Southern Central Asian Orogenic Belt: Geochronological and Geochemical Evidence. Lithos 236-237, 74–89. doi:10.1016/j.lithos.2015.08.009
 Hegner, E., Alexeiev, D. V., Willbold, M., Kröner, A., Topuz, G., and Mikolaichuk, A. V. (2020). Early Silurian Tholeiitic-Boninitic Mailisu Ophiolite, South Tianshan, Kyrgyzstan: a Geochemical Record of Subduction Initiation. Int. Geology Rev. 62, 320–337. doi:10.1080/00206814.2019.1610670
 Hegner, E., Klemd, R., Kroner, A., Corsini, M., Alexeiev, D. V., Iaccheri, L. M., et al. (2011). Mineral Ages and P-T Conditions of Late Paleozoic High-Pressure Eclogite and Provenance of Melange Sediments from Atbashi in the South Tianshan Orogen of Kyrgyzstan. Am. J. Sci. 310, 916–950. doi:10.2475/09.2010.07
 Huang, H., Wang, T., Qin, Q., Tong, Y., Guo, L., and Zhang, L. (2015a). Geochronology and Zircon Hf Isotopes of Baleigong Granitic Pluton in the Western Part of the South Tianshan Mountains: Petrogenesis and Implication for Tectonic Evolution. Acta Petrologica and Mineralogica 34, 971–990. (in Chinese with English abstract). 
 Huang, H., Zhang, Z., Kusky, T., Santosh, M., Zhang, S., Zhang, D., et al. (2012). Continental Vertical Growth in the Transitional Zone between South Tianshan and Tarim, Western Xinjiang, NW China: Insight from the Permian Halajun A1-type Granitic Magmatism. Lithos 155, 49–66. doi:10.1016/j.lithos.2012.08.014
 Huang, H., Zhang, Z., Santosh, M., Cheng, Z., and Wang, T. (2018). Crustal Evolution in the South Tianshan Terrane: Constraints from Detrital Zircon Geochronology and Implications for continental Growth in the Central Asian Orogenic Belt. Geol. J. 54, 1379–1400. doi:10.1002/gj.3235
 Huang, H., Zhang, Z., Santosh, M., Zhang, D., and Wang, T. (2015b). Petrogenesis of the Early Permian Volcanic Rocks in the Chinese South Tianshan: Implications for Crustal Growth in the Central Asian Orogenic Belt. Lithos 228-229, 23–42. doi:10.1016/j.lithos.2015.04.017
 Huang, Z., Long, X., Wang, X.-C., Zhang, Y., Du, L., Yuan, C., et al. (2017). Precambrian Evolution of the Chinese Central Tianshan Block: Constraints on its Tectonic Affinity to the Tarim Craton and Responses to Supercontinental Cycles. Precambrian Res. 295, 24–37. doi:10.1016/j.precamres.2017.04.014
 Huo, H., Chen, Z., Zhang, Q., Han, F., and Zhang, W. (2019). Detrital Zircon Ages and Hf Isotopic Compositions of Metasedimentary Rocks in the Wuqia Area of Southwest Tianshan, NW China: Implications for the Early Paleozoic Tectonic Evolution of the Tianshan Orogenic belt. Int. Geology Rev. 61, 2036–2056. doi:10.1080/00206814.2019.1579055
 Jiang, T., Gao, J., Klemd, R., Qian, Q., Zhang, X., Xiong, X., et al. (2014). Paleozoic Ophiolitic Mélanges from the South Tianshan Orogen, NW China: Geological, Geochemical and Geochronological Implications for the Geodynamic Setting. Tectonophysics 612-613, 106–127. doi:10.1016/j.tecto.2013.11.038
 King, P. L., White, A. J. R., Chappell, B. W., and Allen, C. M. (1997). Characterization and Origin of Aluminous A-type Granites from the Lachlan Fold Belt, Southeastern Australia. J. Petrology 38, 371–391. doi:10.1093/petroj/38.3.371
 Konopelko, D., Biske, G., Seltmann, R., Eklund, O., and Belyatsky, B. (2007). Hercynian post-collisional A-type Granites of the Kokshaal Range, Southern Tien Shan, Kyrgyzstan. Lithos 97, 140–160. doi:10.1016/j.lithos.2006.12.005
 Konopelko, D., Seltmann, R., Biske, G., Lepekhina, E., and Sergeev, S. (2009). Possible Source Dichotomy of Contemporaneous post-collisional Barren I-type versus Tin-Bearing A-type Granites, Lying on Opposite Sides of the South Tien Shan Suture. Ore Geology Rev. 35, 206–216. doi:10.1016/j.oregeorev.2009.01.002
 Li, D., He, D., Tang, Y., Wu, X., Lian, Y., and Yang, Y. (2015a). Dynamic Processes from Plate Subduction to Intracontinental Deformation: Insights from the Tectono-Sedimentary Evolution of the Zhaosu-Tekesi Depression in the Southwestern Chinese Tianshan. J. Asian Earth Sci. 113, 728–747. doi:10.1016/j.jseaes.2015.09.007
 Li, N.-B., Niu, H.-C., Shan, Q., and Yang, W.-B. (2015b). Two Episodes of Late Paleozoic A-type Magmatism in the Qunjisayi Area, Western Tianshan: Petrogenesis and Tectonic Implications. J. Asian Earth Sci. 113, 238–253. doi:10.1016/j.jseaes.2014.12.015
 Li, P., Sun, M., Rosenbaum, G., Yuan, C., Safonova, I., Cai, K., et al. (2018). Geometry, Kinematics and Tectonic Models of the Kazakhstan Orocline, Central Asian Orogenic Belt. J. Asian Earth Sci. 153, 42–56. doi:10.1016/j.jseaes.2017.07.029
 Li, Y. J., Sun, L. D., Wu, H. R., Zhang, G. Y., Wang, G. L., and Huang, Z. B. (2005). Permo-Carboniferous Radiolarians from the Wupata'erkan Group, Western South Tianshan, Xinjiang, China. Acta Geologica Sinica 79, 16–23. doi:10.1111/j.1755-6724.2005.tb00863.x
 Lin, W., Chu, Y., Ji, W., Zhang, Z., Shi, Y., Wang, Z., et al. (2013). Geochronological and Geochemical Constraints for a Middle Paleozoic continental Arc on the Northern Margin of the Tarim Block: Implications for the Paleozoic Tectonic Evolution of the South Chinese Tianshan. Lithosphere 5, 355–381. doi:10.1130/L231.1
 Liu, D., Guo, Z., Jolivet, M., Cheng, F., Song, Y., and Zhang, Z. (2014). Petrology and Geochemistry of Early Permian Volcanic Rocks in South Tian Shan, NW China: Implications for the Tectonic Evolution and Phanerozoic continental Growth. Int. J. Earth Sci. (Geol. Rundsch) 103, 737–756. doi:10.1007/s00531-013-0994-1
 Liu, D., Jolivet, M., Yang, W., Zhang, Z., Cheng, F., Zhu, B., et al. (2013). ZhuLatest Paleozoic-Early Mesozoic basin-range Interactions in South Tian Shan (Northwest China) and Their Tectonic Significance: Constraints from Detrital Zircon U-Pb Ages. Tectonophysics 599, 197–213. doi:10.1016/j.tecto.2013.04.018
 Liu, Y., Gao, S., Hu, Z., Gao, C., Zong, K., and Wang, D. (2010). Continental and Oceanic Crust Recycling-Induced Melt-Peridotite Interactions in the Trans-North China Orogen: U-Pb Dating, Hf Isotopes and Trace Elements in Zircons from Mantle Xenoliths. J. Petrology 51, 537–571. doi:10.1093/petrology/egp082
 Long, L. L., Gao, J., Wang, J. B., Qian, Q., Xiong, X. M., and Wang, Y. (2008). Geochemistry and SHRIMP Zircon U-Pb Age of post-collisional Granites in the Southwest Tianshan Orogenic belt of China: Examples from the Heiyingshan and Laohutai Plutons. Acta Geologica Sinica (English Edition) 82, 415–424. 
 Long, X., Yuan, C., Sun, M., Zhao, G., Xiao, W., Wang, Y., et al. (2010). Archean Crustal Evolution of the Northern Tarim Craton, NW China: Zircon U-Pb and Hf Isotopic Constraints. Precambrian Res. 180, 272–284. doi:10.1016/j.precamres.2010.05.001
 Ludwig, K. (2003). User's Manual for Isoplot/EX Version 3.00 A Geochronological Toolkit for Microsoft Excel Berkeley Geochronology Center. Spec. Publ. 4, 1–70. 
 Ma, X., Shu, L., and Meert, J. G. (2015). Early Permian Slab Breakoff in the Chinese Tianshan belt Inferred from the post-collisional Granitoids. Gondwana Res. 27, 228–243. doi:10.1016/j.gr.2013.09.018
 Maniar, P. D., and Piccoli, P. M. (1989). Tectonic Discrimination of Granitoids. Geol. Soc. America Bull. 101, 635–643. doi:10.1130/0016-7606(1989)101<0635:tdog>2.3.co;2
 Mao, Q., Ao, S., Windley, B. F., Zhang, Z., Song, D., Zhang, J. e., et al. (2021). Petrogenesis of Late Carboniferous-Early Permian Mafic-Ultramafic-Felsic Complexes in the Eastern Central Tianshan, NW China: The Result of Subduction-Related Transtension?Gondwana Res. 95, 72–87. doi:10.1016/j.gr.2021.03.007
 Paton, C., Woodhead, J. D., Hellstrom, J. C., Hergt, J. M., Greig, A., and Maas, R. (2010). Improved Laser Ablation U-Pb Zircon Geochronology through Robust Downhole Fractionation Correction. Geochem. Geophys. Geosystems 11, Q0AA06. doi:10.1029/2009GC002618
 Peccerillo, A., and Taylor, S. R. (1976). Geochemistry of Eocene Calc-Alkaline Volcanic Rocks from the Kastamonu Area, Northern Turkey. Contr. Mineral. Petrol. 58, 63–81. doi:10.1007/BF00384745
 Qin, Q., Huang, H., Wang, T., Guo, R., Zhang, Z., and Tong, Y. (2016). Relationship of the Tarim Craton to the Central Asian Orogenic Belt: Insights from Devonian Intrusions in the Northern Margin of Tarim Craton, China. Int. Geology Rev. 58, 2007–2028. doi:10.1080/00206814.2016.1199289
 Qin, Q., Wang, T., Huang, H., Zhang, Z., Tong, Y., Song, P., et al. (2021). Late Carboniferous and Early Permian Garnet-Bearing Granites in the South Tianshan Belt, NW China: Two Late Paleozoic Magmatic Events and Implications for Crustal Reworking. J. Asian Earth Sci. 220, 104923. doi:10.1016/j.jseaes.2021.104923
 Safonova, I., Biske, G., Romer, R. L., Seltmann, R., Simonov, V., and Maruyama, S. (2016). Middle Paleozoic Mafic Magmatism and Ocean Plate Stratigraphy of the South Tianshan, Kyrgyzstan. Gondwana Res. 30, 236–256. doi:10.1016/j.gr.2015.03.006
 Safonova, I., Kotlyarov, A., Krivonogov, S., and Xiao, W. (2017). Intra-oceanic Arcs of the Paleo-Asian Ocean. Gondwana Res. 50, 167–194. doi:10.1016/j.gr.2017.04.005
 Sang, M., Xiao, W., Bakirov, A., Orozbaev, R., Sakiev, K., and Zhou, K. (2017). Oblique Wedge Extrusion of UHP/HP Complexes in the Late Triassic: Structural Analysis and Zircon Ages of the Atbashi Complex, South Tianshan, Kyrgyzstan. Int. Geology Rev. 59, 1369–1389. doi:10.1080/00206814.2016.1241163
 Sang, M., Xiao, W., Feng, Q., and Windley, B. F. (2020a). Radiolarian Age and Geochemistry of Cherts from the Atbashi Accretionary Complex, Kyrgyz South Tianshan. Geol. J. 55, 8329–8338. doi:10.1002/gj.3952
 Sang, M., Xiao, W., Orozbaev, R., Bakirov, A., Sakiev, K., Pak, N., et al. (2018). Structural Styles and Zircon Ages of the South Tianshan Accretionary Complex, Atbashi Ridge, Kyrgyzstan: Insights for the Anatomy of Ocean Plate Stratigraphy and Accretionary Processes. J. Asian Earth Sci. 153, 9–41. doi:10.1016/j.jseaes.2017.07.052
 Sang, M., Xiao, W., and Windley, B. F. (2020b). Unravelling a Devonian-Triassic Seamount Chain in the South Tianshan High‐pressure/ultrahigh‐pressure Accretionary Complex in the Atbashi Area (Kyrgyzstan). Geol. J. 55, 2300–2317. doi:10.1002/gj.3776
 Seltmann, R., Konopelko, D., Biske, G., Divaev, F., and Sergeev, S. (2011). Hercynian post-collisional Magmatism in the Context of Paleozoic Magmatic Evolution of the Tien Shan Orogenic belt. J. Asian Earth Sci. 42, 821–838. doi:10.1016/j.jseaes.2010.08.016
 Şengör, A. M. C., Natal'In, B. A., and Burtman, V. S. (1993). Evolution of the Altaid Tectonic Collage and Palaeozoic Crustal Growth in Eurasia. Nature 364, 299–307. doi:10.1038/364299a0
 Shu, L. S., Deng, X. L., Zhu, W. B., Ma, D. S., and Xiao, W. J. (2011). Precambrian Tectonic Evolution of the Tarim Block, NW China: New Geochronological Insights from the Quruqtagh Domain. J. Asian Earth Sci. 42, 774–790. doi:10.1016/j.jseaes.2010.08.018
 Su, W. B., Cai, K. D., Sun, M., Wang, X. S., Bao, Z., and He, Z. (2021). Carboniferous Back-Arc Extension in the Southern Yili-Central Tianshan Block and its Significance to the Formation of the Kazakhstan Orocline: Insights from the Wusun Mountain Volcanic belt. Int. J. Earth Sci. 1, 1. doi:10.1007/s00531-021-02111-y
 Su, Y., Zheng, J., Liang, L., Dai, H., Zhao, J., Chen, M., et al. (2019). Derivation of A1-type Granites by Partial Melting of Newly Underplated Rocks Related with the Tarim Mantle Plume. Geol. Mag. 156, 409–429. doi:10.1017/S0016756817000838
 Sun, S.-S., and McDonough, W. F. (1989). Chemical and Isotopic Systematics of Oceanic Basalts: Implications for Mantle Composition and Processes. Geol. Soc. Lond. Spec. Publications 42, 313–345. doi:10.1144/gsl.sp.1989.042.01.19
 Tang, G.-J., Chung, S.-L., Wang, Q., Wyman, D. A., Dan, W., Chen, H.-Y., et al. (2014). Petrogenesis of a Late Carboniferous Mafic dike-granitoid Association in the Western Tianshan: Response to the Geodynamics of Oceanic Subduction. Lithos 202-203, 85–99. doi:10.1016/j.lithos.2014.04.010
 Wan, B., Wang, X., Liu, X., Cai, K., Xiao, W., and Mitchell, R. N. (2020). Long-lived Seamount Subduction in Ancient Orogens: Evidence from the Paleozoic South Tianshan. Geology 49, 531–535. doi:10.1130/G48547.1
 Wang, B., Shu, L., Faure, M., Jahn, B.-m., Cluzel, D., Charvet, J., et al. (2011). Paleozoic Tectonics of the Southern Chinese Tianshan: Insights from Structural, Chronological and Geochemical Studies of the Heiyingshan Ophiolitic Mélange (NW China). Tectonophysics 497, 85–104. doi:10.1016/j.tecto.2010.11.004
 Wang, C., Liu, L., Luo, J. H., Che, Z. C., Teng, Z. H., and Cao, X. (2007b). Late Paleozoic post-collisional Magmatism in the Southwestern Tianshan Orogenic belt, Take the Baleigong Pluton in the Kokshal Region as an Example. Acta Petrologica Sinica 23, 1830–1840. (in Chinese with English absctract). 
 Wang, H. L. (2007a). Geological Map of Chinese Tianshan and Adjacent Areas (Scale 1:1,000,000), Xi'an, China: Xi'an Center of China Geological Survey. 
 Wang, X.-S., Klemd, R., Gao, J., Jiang, T., Li, J.-L., and Xue, S.-C. (2018b). Final Assembly of the Southwestern Central Asian Orogenic Belt as Constrained by the Evolution of the South Tianshan Orogen: Links with Gondwana and Pangea. J. Geophys. Res. Solid Earth 123, 7361–7388. doi:10.1029/2018JB015689
 Wang, X.-S., Zhang, X., Gao, J., Li, J.-L., Jiang, T., and Xue, S.-C. (2018a). A Slab Break-Off Model for the Submarine Volcanic-Hosted Iron Mineralization in the Chinese Western Tianshan: Insights from Paleozoic Subduction-Related to post-collisional Magmatism. Ore Geology Rev. 92, 144–160. doi:10.1016/j.oregeorev.2017.11.015
 Wang, X. S., Cai, K. D., Sun, M., Zhao, G. C., Xiao, W. J., and Xia, X. P. (2020). Evolution of Late Paleozoic Magmatic Arc in the Yili Block, NW China: Implications for Oroclinal Bending in the Western Central Asian Orogenic Belt. Tectonics 39, e2019TC005822. doi:10.1029/2019TC005822
 Watson, E. B., and Harrison, T. M. (1983). Zircon Saturation Revisited: Temperature and Composition Effects in a Variety of Crustal Magma Types. Earth Planet. Sci. Lett. 64, 295–304. doi:10.1016/0012-821x(83)90211-x
 Wei, X., Xu, Y.-G., He, B., Zhang, L., Xia, X.-P., and Shi, X.-F. (2019). Zircon U-Pb Age and Hf-O Isotope Insights into Genesis of Permian Tarim Felsic Rocks, NW China: Implications for Crustal Melting in Response to a Mantle Plume. Gondwana Res. 76, 290–302. doi:10.1016/j.gr.2019.06.015
 Wei, X., and Xu, Y. G. (2011). Petrogenesis of Xiaohaizi Syenite Complex from Bachu Area, Tarim. Acta Petrologica Sinica 27, 2984–3004. (in Chinese with English abstract). 
 Wen, L., Li, C., Li, H. H., Liu, Y. L., Li, Y. J., Zhao, Y., et al. (2020). The Collision-Related Structures Revealed in the Northern Tarim Basin and Their Geological Significance. Geol. J. 55, 3054–3069. doi:10.1002/gj.3561
 Whalen, J. B., Currie, K. L., and Chappell, B. W. (1987). A-type Granites: Geochemical Characteristics, Discrimination and Petrogenesis. Contrib. Mineral. Petrol. 95, 407–419. doi:10.1007/BF00402202
 Wiedenbeck, M., Allé, P., Corfu, F., Griffin, W. L., Meier, M., Oberli, F., et al. (1995). Three Natural Zircon Standards for U-Th-Pb, Lu-Hf, Trace Element and REE Analyses. Geostandards Newsl. 19, 1–23. doi:10.1111/j.1751-908X.1995.tb00147.x
 Windley, B. F., Alexeiev, D., Xiao, W., Kröner, A., and Badarch, G. (2007). Tectonic Models for Accretion of the Central Asian Orogenic Belt. J. Geol. Soc. 164, 31–47. doi:10.1144/0016-76492006-022
 Wu, F., Liu, X., Ji, W., Wang, J., and Yang, L. (2017). Highly Fractionated Granites: Recognition and Research. Sci. China Earth Sci. 60, 1201–1219. doi:10.1007/s11430-016-5139-1
 Xiao, W., Han, C., Liu, W., Wan, B., Zhang, J. E., Ao, S., et al. (2014). How many Sutures in the Southern Central Asian Orogenic Belt: Insights from East Xinjiang-West Gansu (NW China)?Geosci. Front. 5, 525–536. doi:10.1016/j.gsf.2014.04.002
 Xiao, W. J., Windley, B. F., Hao, J., and Zhai, M. G. (2003). Accretion Leading to Collision and the Permian Solonker Suture, Inner Mongolia, China: Termination of the Central Asian Orogenic belt. Tectonics 22, 2069–1089. doi:10.1029/2002tc001484
 Xiao, W. J., Windley, B. F., Huang, B. C., Han, C. M., Yuan, C., Chen, H. L., et al. (2009). End-Permian to Mid-triassic Termination of the Accretionary Processes of the Southern Altaids: Implications for the Geodynamic Evolution, Phanerozoic continental Growth, and Metallogeny of Central Asia. Int. J. Earth Sci. (Geol. Rundsch) 98, 1189–1217. doi:10.1007/s00531-008-0407-z
 Xiao, W., Song, D., Windley, B. F., Li, J., Han, C., Wan, B., et al. (2020). Accretionary Processes and Metallogenesis of the Central Asian Orogenic Belt: Advances and Perspectives. Sci. China Earth Sci. 63, 329–361. doi:10.1007/s11430-019-9524-6
 Xiao, W., Windley, B. F., Allen, M. B., and Han, C. (2013). Paleozoic Multiple Accretionary and Collisional Tectonics of the Chinese Tianshan Orogenic Collage. Gondwana Res. 23, 1316–1341. doi:10.1016/j.gr.2012.01.012
 Xiao, W., Windley, B. F., Sun, S., Li, J., Huang, B., Han, C., et al. (2015). A Tale of Amalgamation of Three Permo-Triassic Collage Systems in Central Asia: Oroclines, Sutures, and Terminal Accretion. Annu. Rev. Earth Planet. Sci. 43, 477–507. doi:10.1146/annurev-earth-060614-105254
 Xu, X.-Y., Wang, H.-L., Li, P., Chen, J.-L., Ma, Z.-P., Zhu, T., et al. (2013). Geochemistry and Geochronology of Paleozoic Intrusions in the Nalati (Narati) Area in Western Tianshan, Xinjiang, China: Implications for Paleozoic Tectonic Evolution. J. Asian Earth Sci. 72, 33–62. doi:10.1016/j.jseaes.2012.11.023
 Yakubchuk, A. (2017). Evolution of the Central Asian Orogenic Supercollage since Late Neoproterozoic Revised Again. Gondwana Res. 47, 372–398. doi:10.1016/j.gr.2016.12.010
 Yang, G., Li, Y., Li, S., Tong, L., Wang, Z., and Wu, L. (2018). Accreted Seamounts in the South Tianshan Orogenic Belt, NW China. Geol. J. 53, 16–29. doi:10.1002/gj.3247
 Yang, S.-F., Li, Z., Chen, H., Santosh, M., Dong, C.-W., and Yu, X. (2007). Permian Bimodal Dyke of Tarim Basin, NW China: Geochemical Characteristics and Tectonic Implications. Gondwana Res. 12, 113–120. doi:10.1016/j.gr.2006.10.018
 Yin, J., Chen, W., Xiao, W., Yuan, C., Long, X., Cai, K., et al. (2016). Late Carboniferous Adakitic Granodiorites in the Qiongkusitai Area, Western Tianshan, NW China: Implications for Partial Melting of Lower Crust in the Southern Central Asian Orogenic Belt. J. Asian Earth Sci. 124, 42–54. doi:10.1016/j.jseaes.2016.04.010
 Yin, J. Y., Xiao, W. J., Spencer, C. J., Sun, M., Chen, W., and Huang, H. (2021). The Role and Significance of Juvenile Sediments in the Formation of A-type Granites, West Junggar Oceanic Arc (NW China): Zircon Hf-O Isotopic Perspectives. Geol. Soc. America Bull. 133, 1560–1574. doi:10.1130/B35790.1
 Zhang, C.-L., Xu, Y.-G., Li, Z.-X., Wang, H.-Y., and Ye, H.-M. (2010). Diverse Permian Magmatism in the Tarim Block, NW China: Genetically Linked to the Permian Tarim Mantle Plume?Lithos 119, 537–552. doi:10.1016/j.lithos.2010.08.007
 Zhang, C.-L., and Zou, H.-B. (2013). Permian A-type Granites in Tarim and Western Part of Central Asian Orogenic Belt (CAOB): Genetically Related to a Common Permian Mantle Plume?Lithos 172-173, 47–60. doi:10.1016/j.lithos.2013.04.001
 Zhang, C. L., Li, X. H., Li, Z. X., Ye, H. M., and Li, C. N. (2008). A Permian Layered Intrusive Complex in the Western Tarim Block, Northwestern China: Product of a Ca. 275‐Ma Mantle Plume?J. Geology. 116, 269–287. doi:10.1086/587726
 Zhang, L., Wang, Y., Zhang, L., and Lü, Z. (2019a). Ultrahigh Pressure Metamorphism and Tectonic Evolution of Southwestern Tianshan Orogenic belt, China: a Comprehensive Review. Geol. Soc. Lond. Spec. Publications 474, 133–152. doi:10.1144/SP474.12
 Zhang, L., Zhu, J., Xia, B., Zhang, C., and Zhang, L. (2019b). Metamorphism and Zircon Geochronological Studies of Metagabbro Vein in the Yushugou Granulite-Peridotite Complex from South Tianshan, China. J. Earth Sci. 30, 1215–1229. doi:10.1007/s12583-019-1254-5
 Zou, S.-Y., Li, Z.-L., Song, B., Ernst, R. E., Li, Y.-Q., Ren, Z.-Y., et al. (2015). Zircon U-Pb Dating, Geochemistry and Sr-Nd-Pb-Hf Isotopes of the Wajilitag Alkali Mafic Dikes, and Associated Diorite and Syenitic Rocks: Implications for Magmatic Evolution of the Tarim Large Igneous Province. Lithos 212-215, 428–442. doi:10.1016/j.lithos.2014.09.005
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Abuduxun, Xiao, Windley, Huang, Yang, Gan, Sang and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 04 March 2022
doi: 10.3389/feart.2022.848824


[image: image2]
Magnetic Structure and its Tectonic Implication Around Longmenshan Fault Zone Revealed by EMAG2v3
Yu Lei1,2, Liguo Jiao1*, Jiyao Tu1, Junhao Zhao1 and Qinghua Huang2,3
1Institute of Geophysics, China Earthquake Administration, Beijing, China
2Department of Geophysics, School of Earth and Space Sciences, Peking University, Beijing, China
3Hebei Hongshan National Observatory on Thick Sediments and Seismic Hazards, Peking University, Beijing, China
Edited by:
Lei Wu, Zhejiang University, China
Reviewed by:
Wanyin Wang, Chang’an University, China
Chun-Feng Li, Zhejiang University, China
* Correspondence: Liguo Jiao, lgjiao@cea-igp.ac.cn
Specialty section: This article was submitted to “Solid Earth Geophysics”, a section of the journal Frontiers in Earth Science
Received: 05 January 2022
Accepted: 25 January 2022
Published: 04 March 2022
Citation: Lei Y, Jiao L, Tu J, Zhao J and Huang Q (2022) Magnetic Structure and its Tectonic Implication Around Longmenshan Fault Zone Revealed by EMAG2v3. Front. Earth Sci. 10:848824. doi: 10.3389/feart.2022.848824

The formation of magnetic minerals is bound up with the tectonic evolution history, whereupon the distribution of magnetic anomalies has great meanings for regional tectonics. In this study, we use the latest global lithospheric magnetic field model EMAG2-v3, processed by various techniques including reduction to the pole (RTP), upward continuation, derivations, Euler deconvolution, estimation of total magnetization direction, and Curie point depth (CPD), to unveil the tectonics around Longmenshan fault zone (LFZ). LFZ is clearly displayed as a positive and negative anomaly transition zone in RTP anomalies and acts as a magnetic basement boundary. The Sichuan Basin (SB), located to the east of LFZ, is marked by strong magnetic basement and NE-strike banded induced positive anomalies which are associated with the Neoproterozoic magmatic activity. The banded shape, absence of radial pattern of anomalies, and existence of fossil subduction zone supports that the magnetic basement was formed in arc environment. The CPD in SB estimated by radial average power spectral is 30–51 km, which allows magnetic minerals in deep crust or even in lithospheric mantle to exhibit high magnetizations. The Songpan-Ganzi fold belt (SGFB), in contrast, is located to the west of LFZ and covered by thick and low-susceptibility Triassic deposits of flysch, manifests as weak negative anomalies caused by relatively shallow CPD and widespread remanent magnetization. Significant positive anomalies, appearing around the Manai and Rilonguan granitic massifs, indicate a strong magnetic basement beneath SGFB, which is conjectured as westward extension of the Yangtze Block at depth.
Keywords: magnetic anomaly, longmenshan fault zone, curie point depth, magnetic basement, west margin of the Yangtze block
INTRODUCTION
The Longmenshan Fault Zone (LFZ) is one of the most active seismogenic zones in Mainland China, originated from the stress transfer of collision between the Indian and Eurasian plate. The Tibetan Plateau moves eastward and encounters the stable Yangtze Block (YB) at LFZ, resulting in steep topographic relief and strong tectonic activities including the 2008 Ms8.0 Wenchuan earthquake, the 2013 Ms7.0 Lushan earthquake, and a series of imbrication-like thrust structures (Figure 1) (Deng et al., 1994; Zhang et al., 2008a; Zhang, 2013).
[image: Figure 1]FIGURE 1 | Geological sketch around LFZ. The main and secondary faults are drawn by thick and thin black lines, respectively. Types of rock outcrops are given in the legend. The two stars show the location of the 2008 Ms8.0 Wenchuan and the 2013 Ms7.0 Lushan earthquake in the LFZ. The black solid line AA′ marks the profile shown in Figure 10. Abbreviations are as follows: TZF, Tazang Fault; DBF, Diebu Fault; ZQF, Zhouqu Fault; MLF, Mianlue Fault; FTF, Fengtai Fault; LRBF, Longriba Fault; MJF, Mingjiang Fault; HYF, Huya Fault; QCF, Qingchuan Fault; WCMXF, Wenchuan-Maoxian Fault; YXBCF, Yingxiu-Beichuan Fault; DJYJYF, Dujiangyan-Jiangyou Fault; XSHF, Xianshuihe Fault; SSDCF, Suangshi-Dachuan Fault; LQSF, Longquanshan Fault; LTF, Litang Fault; ANHF, Anninghe Fault; DLSF, Daliangshan Fault; BKG, Bikou Group; PGC, Pengguan Complex; BXC, Baoxing Complex; KDC, Kangding Complex; YGG, Yanggon Granite; MGG, Maoergai Granite; MKG, Markam Granite; MNG, Manai Granite; RLGG: Rilongguan Granite. The geological base map is modified from Ren et al. (2013). The faults and granites are named according to Zhang et al. (2008c), Bai et al. (2018), Roger et al. (2004) and Zhang et al. (2006).
The LFZ is a variation zone of many geophysical parameters. For the crustal thickness (TC), Liu et al. (2009) showed that the TC of the Songpan-Ganzi fold belt (SGFB) is 50–58 km, and that of Sichuan Basin (SB) is 46–52 km. Investigation of wide-angle reflection/refraction seismic profiles suggests that the Moho is 43 km beneath SB and up to 62 km beneath SGFB (Chun-Yong Wang et al., 2015a). Seismological studies showed low P and S wave velocities in the upper crust and high velocity anomalies in the middle-lower crust of SB, and high Poisson’s ratio anomalies in the upper-middle and low anomalies in the middle-lower crust, indicating a Precambrian crystalline basement overlain by thick Proterozoic sedimentary rocks and Triassic to Cretaceous sediments (Wang et al., 2010; Wang et al., 2015b; 2017a; Hu and Wang, 2018). By contrast, the SGFB on the west side of LFZ exhibits high velocities in the upper crust but low velocities in the mid-lower crust, which is considered as mid-lower crustal flow channel and is in agreement with low resistivity in magnetotelluric studies (Bai et al., 2010; Wang et al., 2010; Wang et al., 2015b, 2017a; Wang et al., 2018a). Due to the uplift of the Moho, SB has relatively high gravity anomalies, and SGFB show strong negative anomalies surrounded by the gravity gradient belt, suggesting that a density contrast exists cross LFZ (Zhang et al., 2009; Zhang et al., 2010; Zhao et al., 2020).
Due to the thick Triassic flysch in SGFB and Mesozoic sediments in SB, the properties of the basement on both sides of LFZ are hard to determine. Crustal magnetic anomalies are generated by ferromagnetic minerals at temperatures below the Curie point (Thébault et al., 2010), and in general, with the increase of mafic minerals, the magnetism of the igneous rock becomes stronger (Liu et al., 2014; Xiong et al., 2016a), and the magnetic anomaly is thus a practical tool to reveal magnetic sources at depth, and has been widely used to identify buried igneous rocks, dykes, faults and resource exploration (Lou et al., 2008; Khalil, 2016; Zhang et al., 2019). Magnetic anomalies are also used to detect the fluctuation of crystalline basement due to the significant magnetic contrast between sedimentary cover (weak magnetization) and magnetic basement (strong magnetization). Previous studies have shown that the main part of LFZ is covered by negative aeromagnetic anomalies with a NE-SW trend, which is considered to be caused by the reversely magnetized basic rocks with a magnetic inclination of −20° in the crust or compression-induced reversal strata (Zhang et al., 2010). There are significant banded positive anomalies in SB, which is usually interpreted by the existence of a strong magnetic basement (Zhang et al., 2013; Yan et al., 2016). The Precambrian basement with strong magnetism in SB is buried at depths of 8–23 km, and is overlain by a sedimentary metamorphic crystalline basement with weak magnetism (Pan et al., 2020). This strong magnetic basement is conjectured to be generated by craton-scale Neoproterozoic magmatic events rather than Neoarchean crystalline basement (Wang et al., 2020; Xiong et al., 2020). The SGFB shows as an isolated negative magnetic anomaly (Gao et al., 2021). Guo et al. (2014a) analyzed the reduction to the pole (RTP) anomaly and concluded that the anomalies along LFZ and SB have similar features and thus are generated by the same magnetic basement. The strong positive anomalies in SB and the negative anomalies in LFZ, northwestern Sichuan and western Yunnan, was interpreted as the materials beneath the Tibetan Plateau moving eastward and then escaping in northeast and southeast direction after being blocked by SB at LFZ (Bai et al., 2014; Gao et al., 2015).
Despite the large amount of research on magnetic anomalies, there remains some controversy in their tectonic implications. Recent research based on deep seismic reflection and adakitic rocks indicate that the western margin of YB is irregular and its crust may extend to the Longriba fault which is ∼200 km west to LFZ (Guo et al., 2014a; Guo et al., 2014b). Wang et al. (2018a) found a clear low-resistivity abnormal zone existing in the eastern Tibetan Plateau and proposed that it is the western border of YB. Xiong et al. (2020) built a 2D magnetic forward model and concluded that the basement extends to only 33 km west of the Wenchuan-Maoxian fault and decreases to about 17–19 km under the south segment. In addition, to study the geothermal states in this area, the Curie point depth (CPD) has been estimated by many researchers. Zhang et al. (1996) showed that the CPD in SB is 20–28 km, but calculated a deeper CPD of 36–50 km. Gao et al. (2015) suggested that the CPD range from 24–34 km in Southeast Tibet and the faults correspond to the area with shallow CPD. Xiong et al. (2016b) inverted the distribution of CPD in mainland China and concluded that it is 30–40 km in SB and 36–44 km in SGFB. Wang et al. (2018b) showed varied CPD along LFZ and that the south segment is shallow while the north segment is deep, and earthquakes tend to occur in areas with deep CPD and low surface heat flow. Although they all present relatively deep CPD in SB, the estimation of CPD among different studies show varied range. Different distribution patterns of CPD directly effect the role of LFZ in geological tectonics, and thus should be researched. Current studies (e.g. Wang et al., 2020; Xiong et al., 2020) concluded that the basement is generated by Neoproterozoic magmatic activities according to the anomaly distribution and outcrops, which need more magnetic evidences. Meanwhile, the fluctuation of CPD may confuse the results and should be analyzed. Magnetic anomaly patterns are closely related not only to the present distribution of magnetic minerals, but also to the ancient magmatic activities as was shown in Xu et al. (2020). Therefore, the interpretation of magnetic anomalies around LFZ involves the information of tectonic evolution history and is rarely discussed in previous studies.
In this study, to further determine the current characteristics and tectonic origin of magnetic basement in the eastern margin of Tibetan Plateau from the geomagnetic point of view, we analyze the magnetic anomalies around LFZ by RTP, upward continuation, derivations, and Euler deconvolution. Furthermore, we estimate the CPD, and establish a forward model based on CPD and total magnetization direction to learn more about the deep magnetic structures.
TECTONIC SETTINGS AND ROCK MAGNETISM
The area for this study is located at the eastern margin of Tibet Plateau, containing SGFB in the west, and SB in the east. SB is part of YB which is located on the west of South China Block. The boundary between SGFB and YB is LFZ, composed of three main faults, from west to east: the Wenchuan-Maoxian fault, the Yingxiu-Beichuan fault, and the Shuangshi-Dachuan fault (Figure 1). The southern segment of LFZ is connected to the Xianshuihe fault, which is the northeastern boundary of the Sichuan-Yunnan rhombic block. The South China Block was formed through the amalgamation of YB and Cathaysia Block (CB) during the ca. 1.1–0.9 Ga (Li et al., 2002; Wang et al., 2009) or was not completed until 830–810 Ma (Zhou et al., 2002a; Cawood et al., 2018). There is no obvious GPS velocity gradient inside YB, indicating that it is a stable and rigid Precambrian craton (Zhang, 2013). Along its western and northern margins, abundant Neoproterozoic mafic-ultramafic metamorphic complexes, such as Kangding, Pengguan and Baoxing complexes outcropped. Two end-member models have been proposed for the generation of the magmatic activities during the Neoproterozoic: 1) the break-up of Rodinia along the rifts between YB and CB related to the mantle plume activity during 830–740 Ma (Li et al., 1999; Li et al., 2003; Li et al., 2008a; Li et al., 2008b); and 2) subduction-related arc magmatism (Zhou et al., 2002a, b; Zhou et al., 2006a, b; Cawood et al., 2013). The Proterozoic basement of the craton is dated at 0.8–1 Ga by U/Pb on zircons, overlain by Sinian sedimentary rocks and the thick Paleozoic cover is unconformably overlain on the Sinian sediments (Roger et al., 2004).
The SGFB is located on the west of LFZ, formed during the Indosinian (Late Triassic) (Roger et al., 2004; Roger et al., 2008). During the tectonic epoch, the convergence between the North China, South China and Qiangtang block closed the Paleo-Tethys ocean and the Songpan-Ganzi basin, and the sedimentary rocks derived from denudation of the orogenic belt between the North and South China blocks were filled in the Songpan-Ganzi basin, and then formed the folded Triassic flysch with thickness of 5–15 km under intense compression (Nie et al., 1994; Roger et al., 2004; Roger et al., 2008). Within SGFB, the Neoproterozoic basement crops out only in the Danba area, and some Mesozoic syn-tectonic and post-tectonic granitoids such as Rilonguan, Markam, Manai, Yanggon and Maoergai granitoids intruded the upper crust. Geochemical studies suggest that they have different magmatic sources (Roger et al., 2004; Zhang et al., 2006). After a tectonic quiescence during the Jurassic and Cretaceous, the India-Asia collision in the east Tibet reworks the Triassic fold belt and forms the steep topography between 4,000 m in the plateau and 500 m in SB (Roger et al., 2010).
The magnetization of rocks in the study area varies greatly and can be divided into several grades. The susceptibility of most sedimentary rocks in SB is below [image: image], and those in SGFB is between [image: image] (Xiong et al., 2015), with an average of [image: image] (Song and Liu, 1991), which are weak or non-magnetic unless significant mafic rocks are included. The susceptibilities of metamorphic rocks vary in a wide range. In general, high-grade meta-volcanic rocks have stronger magnetization, such as Kangding terrain [image: image], while low-grade meta-sedimentary rocks exhibit low susceptibility of [image: image] (Xiong et al., 2015). The igneous rocks’ magnetization changes with their lithology, and the susceptibility increases from acidic to ultramafic rocks ([image: image] for granites, [image: image] for granodiorites, [image: image] for gabbro and [image: image] for ultramafic rocks) (Xiong et al., 2015). Therefore, the magnetization of ultramafic, mafic, and associated metamorphic rocks contributes most to the observed magnetic anomalies.
MAGNETIC ANOMALIES ANALYSIS
In this section, we utilize several methods to process the magnetic data including RTP, first vertical derivative (FVD), analytical signal amplitude (ASA), upward continuation (UC), Euler deconvolution (ED), estimation of CPD and determination of total magnetization direction (TMD). The aim is to study the distribution patterns and their generation mechanism. To show the procedure more intuitively, we draw a flow chart in Figure 2. RTP, FVD, ASA and UC are used to locate the magnetic complexes, including their position and depth. RTP, UC and ED are used to outline the magnetic boundary of different blocks. CPD and TMD are used to determine the lower magnetic boundary and magnetization direction. The above means are used to build the magnetic structure model.
[image: Figure 2]FIGURE 2 | Flow chart for the magnetic anomaly analysis.
Original and Reduction to the Pole Magnetic Anomalies
The magnetic anomaly we use here is the Earth Magnetic Anomaly Grid EMAG2-v3, which provides the ∆T anomalies of 4 km above the geoid and was compiled from satellite, marine, and aeromagnetic survey data, with a resolution of two arc-minutes. Figure 3 shows the ∆T distribution of the EMAG2v3 map around LFZ. As can be seen, the anomalies have, in general, a NE-SW trend which is subparallel to the strike of LFZ. The middle and northern segment of LFZ is located in a significant negative anomaly region with amplitudes of about −170∼−70 nT. A strong negative anomaly lies between the Wenchuan-Maoxian fault and the Yingxiu-Beichuan fault known as the Pengguan complex. This negative anomaly was previously attributed to the reverse magnetization with a magnetic inclination of −20° due to reverse strata after intense compression or remanent magnetization (Zhang et al., 2010). The southern segment of LFZ connects to the Xianshuihe fault, which delineates the boundary between the positive anomaly (40–100 nT) in the east and the weak negative anomaly (−20∼-5 nT) in the west. SB is characterized by a broad high positive anomaly in the range of 50–350 nT, which is presumed to be generated by the Precambrian crystalline basement due to its high susceptibility (Wang et al., 2020). Most Precambrian shields, cratons, and platforms exhibit positive anomalies globally (Frey, 1982), and are supposed to have a similar origin (Arkani-Hamed and Strangway, 1985). The northern SB has a strong negative anomaly of −240∼−100 nT that extends to LFZ. The anomaly in SGFB is weaker (−100–3 nT) compared to that of SB.
[image: Figure 3]FIGURE 3 | Magnetic anomaly (EMAG2-v3) in Longmenshan region at altitude of 4 km with resolution of two arc-minutes. The geological base map is the same as Figure 1.
In order to align the magnetic anomaly with the source, RTP is routinely used to convert oblique magnetization to vertical magnetization. The latitude of the study area spans six degrees, thus a differential RTP (DRTP) scheme (Blakely, 1995; Arkani-Hamed, 1988, 2007) is adopted here and the result is shown in Figure 4. As can be seen, the anomalies have a tendency to move northward after RTP, which is consistent with previous results (Wang et al., 2020). The RTP map shows better correspondence with the geological structure (compared to Figure 3). LFZ divides the anomalies into western negative and eastern positive parts, revealing the obvious contrast of magnetic properties of the basement across the faults. Exception occurs at the south segment of LFZ, where significant negative anomalies (−11∼−5 nT) appear between the 2008 Wenchuan and 2013 Lushan earthquakes corresponding to the seismic gap. SB shows significant NE-SW banded positive anomalies ranging from 130 nT to 420 nT, extending northwestward to the Pengguan complex along LFZ and southwestward to the Kangding complex, indicating that the magnetic properties in the basement of the Pengguan, Baoxing and Kangding complex are similar, and may have common origins (Guo et al., 2014a). The positive anomalies above the Pengguan and Kangding Precambrian metamorphic complexes are consistent with their high susceptibility (Xiong et al., 2015; Xiong et al., 2020). After the RTP procedure, most of the original negative anomalies caused by oblique magnetization in the northern SB diminish and change to positive anomalies with only a negative band left. Hence, the broad positive anomalies in SB should be dominated by induced magnetization, consistent with an inverted result (Wang et al., 2020). Although SGFB generally shows weak negative anomalies, some Mesozoic and Cenozoic intrusive rocks correspond to small positive RTP anomalies, such as the Manai (up to 74 nT) and the Rilonguan granites (up to 170 nT) (Roger et al., 2004; Guo et al., 2014a).
[image: Figure 4]FIGURE 4 | The RTP magnetic anomaly calculated from Figure 3.
The First Vertical Derivative
The first vertical derivative (FVD) is used to identify the boundary of shallow magnetic source. It is positive above the source, zero around the edge and negative outside the source (Bhattacharyya, 1965; Hood and McClure, 1965; Hugh and Vijay, 1994). Figure 5A shows FVD of the RTP anomalies. As can be seen, the short-wavelength anomalies are more obvious. Many faults such as FTF, MLF, QCF, WCMXF are distributed along obvious negative FVD belts and roughly parallel to the zero-lines. High gradients can be found along the Xianshuihe-Anninghe fault and the middle and southern segments of LFZ, coinciding with the Precambrian intrusions such as Kangding and Pengguan complexes. The zero-lines delineate their boundaries more clearly. Mesozoic Rilonguan granites also show high FVD. These indicate that the complexes and the granites are strongly magnetized. The FVD in the northwestern margin of SB has a complex pattern and faults there cut the magnetic block into smaller pieces.
[image: Figure 5]FIGURE 5 | (A) The first vertical derivation map of the RTP anomalies. (B) The analytical signal amplitude of the RTP anomalies. Solid white lines mark the zero-values.
Analytical Signal Amplitude
Analytical signal amplitude (ASA) is defined as the square root of the squared sum of the vertical and horizontal derivatives of the anomalies, whose max values are used to determine the outlines of sources (Nabighian, 1984; Roest et al., 1992). Figure 5B shows the ASA map of RTP anomalies. To highlight the potential magnetic sources, only ASA values larger than 6 nT/km are plotted. As we can see, the ASA map is similar to the FVD map, confirming the existence of strong magnetized sources in Precambrian Kangding, Pengguan complexes and Mesozoic Manai, Rilonguan granites.
Upward Continuation
The UC is used to eliminate the effects of noise and anomalies generated by shallow and small-scale magnetic sources. In the UC map of Figure 6, the overall anomaly becomes smaller and smoother with increasing of altitude. The SB shows similar positive anomalies at different altitudes (Figure 6), which confirms that a deep magnetic crystalline basement spreads westward to LFZ. The small-scale anomalies originally distributed over the Pengguan and Kangding complexes are gradually incorporated into the surrounding large-scale anomalies, indicating that Pengguan and Kangding complexes connect with the Precambrian basement of SB at depth. The similar amplitude of RTP anomalies (Figure 4) and strong magnetism between the complexes and SB basement suggest that they were formed in the same situation.
[image: Figure 6]FIGURE 6 | Upward continuation of the magnetic anomaly at (A) 10 km; (B) 25 km calculated from RTP anomalies (Figure 4).
Euler Deconvolution
To quantitatively analyze the depths of the magnetic sources, we use the Euler deconvolution (Thompson, 1982; Reid et al., 1990). The method is based on Euler’s equation:
[image: image]
where (x, y, z) is the estimated location of the source, [image: image] is the observed location of the anomaly T (RTP), N is the structure index, and B is the ambient field. To estimate the location of the source, Eq. 1 is solved using a sliding window and the calculation is done only in the region where the horizontal gradient is larger than a certain value (1.5 times the average). To obtain reliable location of magnetic sources, the structure index should be an integer and carefully chosen (Reid and Thurston, 2014; Reid et al., 2014). Here, we choose structure index of 0, which stands for the magnetic contact with large drop (infinite contact) (Reid et al., 1990; Reid and Thurston, 2014), and window size of [image: image]. An obvious linear feature appears in Figure 7A, which surrounds the region of positive RTP anomalies in Figure 4, indicating that the positive anomalies are generated by a deep and strong magnetic basement, coinciding with pervious inversion studies (e.g. Wang et al., 2020). The northwest boundary of the basement is represented by the linearly distributed dots corresponding to the Yingxiu-Beichuan Fault, and a deep contact (>10 km) appears, indicating that SGFB is covered by a weak magnetic layer compared to the strong magnetic basement beneath SB. The Kangding, Baoxing, Pengguan complexes and Rilonguan granitic massifs all show shallow buried depth within 10 km, consistent with the rapidly attenuating magnitude of anomalies with increasing altitude (Figure 6). The southern boundary of the positive anomalies over SB corresponds to the Longquanshan Fault, showing the contact at depth of ∼14 km, which may stand for the rapid changes of the thickness of sediments, results in a different anomaly pattern in the southern SB. The dots distributed near Bazhong delineate the northern border of positive anomalies and do not correspond to any faults exposed to the surface. It may relate to a magnetic contact with large drop at depth which results in lateral variation of anomalies.
[image: Figure 7]FIGURE 7 | (A) Estimation of the position of magnetic bodies using Euler deconvolution (SI = 0). The solid dots marked by different colors correspond to different buried depths. (B) Distribution of CPD around LFZ. The map is interpolated for better display. The triangles with different colors represent suface heat flow measurements. The heat flow data come from Jiang et al. (2019).
Estimation of the Curie Point Depth
The CPD is a specific temperature interface in the lithosphere, above which temperature rocks will lose their ferromagnetism. It is often assumed to be 580°C, the Curie temperature of magnetite, a major magnetic mineral in the crust (Thébault et al., 2010). Sometimes CPD represents the petrological boundary instead due to the non-magnetic mantle rocks (Langel and Hinze, 1998; Demarco et al., 2020). The CPD is significant to reveal deep thermal structure of the lithosphere.
Many methods have been used in the estimation of CPD, among which, the power density spectrum (PDS) for aeromagnetic data is widely used. Spector and Grant (1970) first proposed that the radial average power spectrum is related to the thickness and depth to the upper boundary of the magnetic layer. Then, Tanaka et al. (1999) further developed the method and made it the mainstream. Here, we use PDS to study the thermal state and magnetic structure beneath the study area.
Tanaka et al. (1999)’s method assumes that 1) the magnetic layer extends infinitely in horizontal directions; 2) the thickness of the layer is smaller than the horizontal scale and 3) the magnetization M (x, y) is a random function of x and y. The depth to the top [image: image] and centroid [image: image] of magnetic layer are estimated by fitting the slope of power spectrum at different wavenumber range. Then, the CPD can be calculated by:
[image: image]
During calculation, the total anomaly map needs to be divided into several smaller zones (windows), and the depth can be obtained for each window using the power spectrum, corresponding to the averaged CPD within the window.
Due to the assumption of smaller thickness of magnetic layer compared to horizontal scale, the window should be large enough to obtain signals of deep source. Some studies argued that the window should be at least 3 or 4 times the depth of the magnetic layer (Hussein et al., 2013), while others suggested that this ratio should be 2π or even larger (Ravat et al., 2007; Manea and Manea, 2011). To date, there is no consensus for the selection of window size. To ensure the response of the deepest magnetic layer, a larger window size should be selected (Demarco et al., 2020). Here, we use the window size of [image: image], equivalent to the 220 × 220 km at the equator, and it meets the requirements of most studies. To better display the final result, the windows are overlapped by 75%.
In addition, the selection of fitting wavenumber range is also an important factor that affects the estimation as inappropriate fitting may skew the result. In Tanaka et al. (1999)’s research, the wavenumber range for determining the [image: image] is 0.06–0.18 rad/km, and that for [image: image] is 0.3–0.6 rad/km (visual estimation on the Figure 1 in their paper). In a study of CPD on the eastern margin of the Tibetan Plateau (Gao et al., 2015), the estimation of [image: image] and [image: image] are in the range of 0.042–0.47 and 0.23–0.5 rad/km, respectively. However, a recent study (Demarco et al., 2020) has shown that the fitting of slope should be carried out in bands above 0.05 rad/km for [image: image], and [image: image] should be obtained in the range of 0–0.05 rad/km. For shallower sources, the range for estimating [image: image] should extend to a higher wavenumber and that for calculating [image: image] should shrink to a low wavenumber. The anomaly map contains the components of noise and shallow magnetic body, so that the fitting of a high wave number segment cannot reflect the actual depth at the top of magnetic layer. Constrained by the limited window size, the low wave number range often lacks fitting points, which significantly affects the result. Therefore, we determine the [image: image] in the range of 0.034–0.204 rad/km, and [image: image] in the range of 0.238–0.477 rad/km, which can effectively avoid contaminations of shallow magnetic sources and noise.
Data processing, such as filter or truncation, will also influence the result. Okubo et al. (1985) argued that since the main magnetic field is not completely removed in the crustal anomaly, the component at low wave number domain will increase and result in a deeper CPD. To remove the influence of long-wavelength anomalies, they conducted high-pass filtering. However, Ravat et al. (2007) argued that the anomalies should not be filtered, because they will significantly change the shape of the power spectrum, especially the low-wavenumber signals associated with the bottom of the magnetic layer. Therefore, in this paper, the original anomaly grids of EMAG2-v3 are used without filtering, but a 12-point Hanning cut-off window is applied on the edges of each window to prevent spectrum leakage.
The final result of CPD is exhibit in Figure 7B. On the whole, it is relatively shallow in SGFB and deep in SB. In SB, there are two large obvious CPD depressions in the west and in the east. The western CPD depression (46–51 km) extends westward to LFZ, while the eastern CPD depression is located in Nanchong-Bazhong area with a depth of ∼48 km. There are also two distinct CPD uplifts in the south of SB. The western one is located near Yibin with a depth of 30–36 km, while the eastern one roughly starts from Chongqing and extends to the northeast with a depth of 34–40 km. Another relatively small CPD depression is located in the eastern edge of SB with a depth of 51 km. The CPD of SGFB is relatively shallow. It drops from 49 km in SB on the east side of the Shuangshi-Dachuan fault to 38 km in SGFB on the northwest side of the Wenchuan-Maoxian fault. Different CPD results were obtained around the LFZ. The differences between them are associated with the data source, processing, and algorithm. The result of Zhang et al. (1996) is based on the assumption of magnetic dipole and 3D inversion algorithm. They show a shallow CPD area (∼24.5 km) located in the center of SB. With the development of magnetic satellite and aeromagnetic survey, accurate geomagnetic data and models are available. Xiong et al. (2016b), Wang et al. (2018b), Gao et al. (2015) used magnetic data derived from the aeromagnetic survey, EMAG2 grid model, and NGDC-720 model to investigate the CPD. Although they all showed depression area of CPD in SB corresponding to the stable Yangtze Block, the range and distribution pattern are different. Xiong et al. (2016b) concluded that the CPD in Sichuan is between 30–40 km, and that in SGFB is 36–44 km. Wang et al. (2018b) proposed that the CPD extends to a great depth (up to 40 km) in SB and SGFB, and the LFZ exhibit shallow CPD of ∼30 km. Gao et al. (2015) suggested that the CPD around SB and SGFB range from 24–34 km, the depression area of CPD is located in northern SB, and the CPD in SGFB is shallow, which means that the LFZ is the gradient belt of CPD. Different distribution patterns of CPD directly concern the role of LFZ in geological tectonics. Our results show that LFZ is roughly the gradient belt of CPD, which leads to different characteristic of magnetic anomalies on both sides.
The surface heat flow is closely related to the CPD, so we mark it by triangles with different colors in Figure 7B. It can be seen that low heat flows (blue and purple triangles) appear in the northern SB with deep CPD, and higher values (green triangles) are distributed in the southern SB with relative shallow CPD, or in areas as CPD gradient belts, such as the two green triangles in middle LFZ.
Seismic wave studies showed that the crustal thickness of this region is 50–58 km, thus the CPD is located in the middle and lower crust. Studies showed that the middle crustal temperature of SGFB reaches 700–800°C, the lower crust reaches 1,000°C (Wang et al., 2015b, 2017a), and the surface heat flow is greater than that of SB, which also supports that the CPD in SGFB is relatively shallow. The relatively high temperature may result in partial melting of the middle and lower crust. Magnetotoluric and seismological studies indicated that there is a channel flow in the middle and lower crust of SGFB (Royden et al., 1997; Bai et al., 2010; Wang et al., 2015b, 2017a), where the Tibetan Plateau material moves, but is blocked by the cold YB, and then shifts to southeast and northeast corresponding to the shallow CPD of Qinling orogenic belt on northern SB (27–38 km) and the western part of Xianshuihe fault (30–36 km). Fault systems distributed in these two areas may promote the upwelling of deep thermal materials, resulting in the uplift of CPD (Zhang, 2013).
Determination of Total Magnetization Direction
The total magnetization is the vector sum of the induced and remanent magnetization, and the relative contribution between the two is defined by the Koenigsherg ratio Q:
[image: image]
where [image: image], and [image: image] are the scalar remanent and induced magnetization, respectively.
Previous studies have shown that, in most cases, the TMD in continents is parallel to the current direction of the geomagnetic field (Q << 1) (Thébault et al., 2010). Since continental rocks cooled and formed over long geological periods and may have undergone multiple reversals of the geomagnetic field, the minerals in the continental crust host multiple directions of remanent magnetization which may cancel each other out (Shive, 1989), with only the induced component left. Meanwhile, previous studies indicate that the susceptibility of magnetic minerals above the CPD in the lower crust increases with temperature and reaches a maximum value called the Hopkinson peak, while the remanent magnetization attenuates rapidly (Kiss et al., 2005; Dunlop et al., 2010). In addition, a study showed that multi-domain (MD) magnetite in the lower crust is dominated by induced magnetization, but rapidly cooled magnetite is dominated by remanent magnetization as seen in mid-ocean ridges and volcanic regions (Lanza and Meloni, 2006). Therefore, most magnetic studies in the continents are based on the assumption of induced magnetization, including the RTP operation mentioned above. If the actual direction deviates from the assumption of induced magnetization, the RTP anomalies may not align to the magnetic sources exactly (Blakely, 1995; Dannemiller and Li, 2006).
Some studies have challenged the assumption of continental induction. McEnroe et al. (2004) pointed out that the hemo-ilmenite or ilmeno-hematite could be retained at middle and lower crustal temperature and thus may have a remanent component. Meanwhile, high Q values were found in many regions (McEnroe et al., 2002), which suggests the existence of remanent component. In our RTP map, strong negative anomalies appear in the SGFB, Bikou continental flood basalt, and northern margin of SB, which cannot be interpreted by induced magnetization. Therefore, the TMD need to be estimated.
To determine the direction of magnetization, we use the method proposed by Dannemiller and Li (2006). It was based on the correlation between the vertical and total gradient of the RTP field and the cross-correlation coefficient can be evaluated by the following formula:
[image: image]
where [image: image] and [image: image] are the vertical and total gradients, respectively, j denotes the index of each data point, [image: image] and [image: image] can be expressed as:
[image: image]
[image: image]
where R denotes the observed total magnetic anomaly, and [image: image] and [image: image] are magnetic inclination and declination, respectively. Both vertical and total gradients can be quickly calculated in the Fourier domain (Blakely, 1995).
To avoid the unstable RTP process in areas with small magnetic inclination, we introduce the suppression filter (Yao et al., 2003) into the RTP process, and the results are checked to ensure the stability of the RTP operation. To suppress the noise in the magnetic data, the anomaly at an altitude of 25 km is used. We select three areas with negative RTP anomalies and one with positive anomaly to determine the TMD, as shown in Figure 8A. The results are listed in Figures 8B–E, in which the red “+” marks the most possible declination and inclination. These indicate that remanent magnetization really exists and the TMD deviates from the induced component. Whether the basement beneath SB is dominated by induced magnetization can be inferred from the direction determining process for the positive anomalies (block 4 in Figure 8A). The result (Figure 8E) shows that the inclination and declination of the Precambrian basement is 49° and −26° respectively, close to the direction of the main geomagnetic field (49° and −2° in average). Therefore, the stable magnetic basement of SB is largely dominated by induced magnetization.
[image: Figure 8]FIGURE 8 | (A) Regional magnetic anomaly used to determine the total magnetization directions are marked by four black boxes. (B–E) show the contour maps of correlation coefficient between analytic signal and vertical derivative in the block 1–4. The most possible magnetize directions are marked by the red crosses, and the inclination and declination are shown by red text.
DISCUSSION
Rock Magnetization
The observed anomalies are generated by rocks with varied magnetization. To determine the properties of magnetic rocks underground, we construct a simple forward model. The study area is divided into 9 blocks according to the faults distribution, RTP anomaly, and result of Euler deconvolution, as shown in Figure 9A. The magnetic property of each block is set to be uniform. Based on the CPD estimated in section 3.6, we assign the lower magnetic boundaries to the 9 magnetic blocks. The magnetic parameters of the blocks are list in Table 1. The TMD are based on the results in Section 3.7 and the magnetization directions are parallel to the main geomagnetic field.
[image: Figure 9]FIGURE 9 | (A) Magnetic anomalies (EMAG2v3) and (B) the forward calculated anomalies at altitude of 25 km. The black lines divide the study area into nine blocks according to the faults distribution, RTP anomalies and Euler deconvolution result.
TABLE 1 | Parameters of the magnetic blocks for anomaly calculation.
[image: Table 1]Figure 9B shows the calculated anomalies at 25 km. As can be seen, the forward calculated anomaly (Figure 9B) is roughly consistent with the observed anomaly (Figure 9A). The cross-correlation and root mean square between them are 0.946 and 16.5 nT, respectively. The forward model suggests that the NE-strike banded Precambrian basement with great CPD provide abundant magnetic sources with high magnetization (0.75 A/m equivalent to 0.0189 SI in the west and 1.55 A/m equivalent to 0.039 SI in the east), which generate the NE-strike positive anomalies and associated negative anomalies in the north due to the induced oblique magnetization. The susceptibility is consistent with the 2D forward model in Xiong et al. (2020) (0.01885–0.04398 SI in SB). The board weak negative anomalies distributed in SGFB and north Yunnan block result from the relatively weak remanent magnetization of 0.19 A/m and 0.1 A/m.
The Kangding and Pengguan complexes show positive RTP anomalies and high values in FVD map and ASA map (Figures 5A,B), indicating magnetic sources with high susceptibility exist in the complexes. Meanwhile, Proterozoic quartz diorite with high susceptibility ([image: image] in average) and Proterozoic granites with relatively low susceptibility [image: image] are found in these areas (Xiong et al., 2020), consistent with the susceptibility of 0.0189–0.039 SI beneath SB calculated in our model. The formation of these complexes is related to the Neoproterozoic magmatic events at 825-760 Ma (Zhang et al., 2008b; Kang et al., 2017; Wang et al., 2020) in South China due to mantle plume activities (Li et al., 1999; Li et al., 2003; Li et al., 2008a, Li et al., 2008b) or the subduction-related arc magmatism (Zhou et al., 2002a, 2002b; Zhou et al., 2006a, b; Cawood et al., 2013). The magmatic events brought the mafic-ultramafic minerals into the bottom of continental lithosphere and may uplift through weak and thin orogens (Wang et al., 2009), forming the complexes with high susceptibility and thus produce high positive anomalies. The SB shows similar positive magnetic anomalies at different altitudes (Figure 6), which confirms that a deep magnetic crystalline basement spreads westward to LFZ. Recent U-Pb dating studies show that the basement of SB was also formed during the Neoproterozoic magmatic events (Gu and Wang, 2014; He et al., 2017), the same as the complexes around the basin, which means that the complexes and basement of SB have experienced similar magmatic events (Wang et al., 2020). Therefore, during the magmatic events, the upwelling mafic-ultramafic melts may facilitate the formation of the magnetite in MD size dominated by induced magnetization (Lanza and Meloni, 2006). That should be the reason why the NE-strike positive anomalies and associated negative anomalies in the original map are produced by induced magnetization.
Unlike the Kangding and Pengguan complexes with positive anomalies, the Neoproterozoic Bikou Group located on the northwest margin of SB contains basic volcanic rocks which should have high susceptibility but shows negative anomalies (Figure 4). There may be two reasons. Firstly, the volcanic rocks in the Bikou Group are generally bimodal in composition, consisting of basaltic rocks and subordinate felsic rocks (Xu et al., 2002; Wang, et al., 2008), and lack intermediate rocks. Therefore, the magnetic susceptibility varies by several orders of magnitude, and may not generate observable anomalies. Secondly, the Bikou Group consists of large amounts of effusive volcanic rocks (Xu et al., 2002), which cool rapidly with small dimensions of the crystals of Fe-Ti oxides, therefore, cannot carry enough induced magnetization but only remanent magnetization (Lanza and Meloni, 2006) which may have reversed direction and thus shown as negative anomalies in the RTP map.
West Margin of the YB
LFZ is used as the boundary between YB and SGFB due to the different physical properties between the two blocks. However, recent studies indicate that the western margin of YB may extend to the Longriba fault which is about 200 km northwest and subparallel to LFZ (Guo et al., 2014a, b). Xiong et al. (2020) showed that the basement extends to only 33 km west of Wenchuan-Maoxian fault and decreases to about 17–19 km under the south segment. Wang et al. (2018a) also found a clear low-resistivity abnormal zone exists between Longriba and Minjiang Fault, the abnormal zone runs through the lithosphere and may be the deep boundary of YB. In our RTP anomalies map (Figure 4), LFZ delineates the western border of the positive anomalies, and the anomalies calculated by NE banded magnetic basement also match well with the observed anomalies around LFZ. The result of Euler deconvolution shows a potential magnetic contact beneath LFZ (Figure 7A), which suggest that the west margin of magnetic basement of YB does not spread much to the west. To simulate the anomalies generated by westward extension, we set a strong magnetic basement whose west boundary spreads to the west (marked by the white line in Figures 10A–D), and have the same magnetic property with the magnetic basement of SB (induced magnetization of 1.55 A/m). The results show that the westward extending basement generates positive anomalies and cancels out the original negative anomalies, so that the positive anomalies will significantly spread westward (Figures 10A–D). With the increasing distance to the Yingxiu-Beichuan Fault, which is the central fault of LFZ, the root mean square between the calculated anomalies and observed anomalies increases from 16.5 to 27.87 nT, and the cross-correlation coefficient decreases from 0.946 to 0.85, indicating a worse fitting. Therefore, the west margin of strong magnetic basement is more likely to lie beneath LFZ.
[image: Figure 10]FIGURE 10 | Calculated anomalies generated by models with different west margin corresponding to (A) 53 km; (B) 106 km; (C) 158 km; (D) 211 km from the YXBCF. Black lines are the same boundaries of magnetic blocks as Figure 9. White lines mark the west margin of block 5 and 6. (F) Varied standard deviation (blue) and cross-correlation coefficient (red) with different boundary marked by white lines.
However, we cannot rule out the possibility of the western extension of weak magnetic or non-magnetic basement, which cannot produce obvious measurable anomalies. That means the magnetic boundary beneath LFZ may not represent the true basement in the petrological sense, since the uplift of CPD may eliminate most rock magnetism. As we can see in Figure 7B, the CPD decreases from 49 km in SB to 34–44 km in SGFB, thus large amounts of strong magnetic basement loses their magnetism, leaving only the upper part of the basement with weak magnetism remains and generates weak anomalies. Two clear isolated positive anomalies in the east exhibit high vertical gradients and positive anomalies at different altitudes (Figure 5A, Figure 6), corresponding well to the Manai and Rilonguan granitic massifs. Geochemical studies showed that the Mesozoic Manai and Rilonguan granites are syn-kinematic granites resulting from partial melting of the basement of SGFB or South China block based on the relatively young TDM (672 and 896 Ma) and the moderately negative εNd values (Roger et al., 2004). The young TDM suggests that the granites incorporate the Neoproterozoic basement, which means these granites inherit the high susceptibility from the Precambrian basement beneath YB, and thus exhibit strong positive anomalies. By contrast, the Markam granitic massif on the north does not show any positive anomalies, and the geochemical evidence showed that the Markam granites are with older TDM (1,612–1793 Ma) and negative εNd, suggesting that they came from the melts of Middle Triassic sediments (Roger et al., 2004), which have low susceptibility. Therefore, the two strong positive anomalies corresponding to the granite massifs are ascribed to the addition of Precambrian basement with high susceptibility during the Mesozoic, proving the existence of the Precambrian basement beneath SGFB, which may be the westward extending basement of YB but loses its magnetism due to the relatively shallow CPD. Zhang et al. (2006) also argued that the adakites distributed in SGFB was generated at depth >50 km and proved the existence of mafic continental crust similar to the basement of YB, which can be used to identify the western boundary of YB (Guo et al., 2014a).
In short, as shown in Figure 11, we proposed that the west margin of the magnetic basement of YB (marked by red block) is more likely to stay beneath LFZ, and the weak or non-magnetic basement extends westward beneath SGFB (marked by blue block), supported by magnetotelluric study (Li et al., 2017; Wang et al., 2018a). However, the question of how far the basement spreads needs further study.
[image: Figure 11]FIGURE 11 | Sketch of magnetic structure along the profile AA’. Different colors represent different magnetic layers. Black and green dotted line marks the CPD and Moho boundary. F1: Wenchuan-Maoxian Fault, F2: Yingxiu-Beichuan Fault, F3: Shuangshi-Dachuan Fault.
Formation of the Neoproterozoic Magnetic Basement
As shown in Figure 9, the magnetic pattern in the study area is dominated by NE banded magnetic basement. The magnetic basement is postulated to be formed by the Neoproterozoic magmatic events (Wang et al., 2020; Xiong et al., 2020). Two models have been proposed to explain these magmatic events, mantle plume model (Li et al., 1999; Li et al., 2003; Li et al., 2008a; Li et al., 2008b) or the subduction-related arc model (Zhou et al., 2002a, b; Zhou et al., 2006a, b; Cawood et al., 2013).
A recent study has shown that the Permian plume beneath the Tarim Basin has a radial pattern of linear anomalies emanating from a central region (Xu et al., 2020), indicating that the anomalies are related to the plume-induced mafic intrusions. If the anomalies in the study area are produced by the Neoproterozoic magnetic basement, the pattern of the anomalies may also relate to the interaction of the crust and mantle during Neoproterozoic. For the plume model, Li et al. (2003) proposed that the widespread granitoids were formed within a short time interval of ∼5 Ma at ca. 825−820 Ma, and coeval intrusion of granitoids and mafic-ultramafic rocks over an area of >1000 km [image: image] 700 km were caused by conductive heating above a mantle plume. If these mafic-ultramafic rocks exist and were related to mantle plume, the anomaly pattern shown in the Tarim Basin should also be seen in SB. However, the RTP anomaly, FVD and ASA map show no characteristics of radial pattern, but banded anomalies instead. For the arc model, a 1000-km long Panxi-Hannan arc existed for over 100 My, suggesting that the western margin of YB was an active arc above an oceanic subduction (Zhou et al., 2002a, b; Zhou et al., 2006a, b). In the subduction zones, the continental mantle may be hydrated by release of water from the underlying oceanic plate and generate the magnetite which have strong magnetism and contribute to the magnetic anomalies (Blakely, 1995; Lanza and Meloni, 2006). The linear or banded anomalies produced by the magnetized mantle wedge where subduction has been ongoing for a long period of geological time are common globally (William and Gubbins, 2019). When the subduction ceases, the remnant magnetized mantle wedge and ocean slab at temperature below the Curie temperature will generate magnetic anomalies. Magnetic anomalies of subduction with no seismicity reveal existence of fossil slab and subduction zone (William and Gubbins, 2019). In the study area, a deep seismic reflection profiling has been set across SB to probe crustal structure and an ancient subduction zone was found which support the view of arc model (Gao et al., 2016; Wang et al., 2017b). In this case, the banded magnetic anomalies around the west margin of YB are the reflection of fossil subduction zone with strong magnetism.
CONCLUSION
In this study, we established connections between magnetic anomalies and tectonic structure around LFZ. Good correspondence exists between the RTP anomalies and tectonic structure, in that the positive anomalies delineate the shape of magnetic basement beneath SB. The CPD of SB estimated by PDS shows that the depth to the bottom of the magnetic basement is 30–51 km, which allows strong magnetized rocks to be preserved and exhibit strong anomalies. The west margin of the magnetic basement of YB lies beneath LFZ and does not extend westward. However, the basement in the petrological sense may spread westward to SGFB and generate positive anomalies over the Manai and Rilonguan granites by melts of basement. The magnetic basement is associated with the Neoproterozoic magmatic events. The banded shape and absence of radial pattern of the positive anomalies as well as the existence of fossil subduction zone all support that the magnetic basement is generated by the subducted oceanic crust or serpentine mantle wedge.
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The Kexueshan Basin in the western Ordos Block is characteristic of typical regional superimposed folds in the Jurassic strata, documenting the main tectonic shortening since the Mesozoic. Field structural investigation, fault kinematic analysis, together with regional structural analysis, we reconstruct two-phase tectonic stress fields related to crustal shortening. Synthesizing the regional structural analysis and geochronology, two stages of tectonic evolution are proposed in the Kexueshan Basin since the late Mesozoic. In the mid-late Middle Jurassic (J2), controlled by NW-SE compaction, NW-SE structures formed in the Kexueshan Basin on the western margin of the Ordos Block, marked by NE-to NNE-trending folds and thrust faults. Growth strata found in the study area constrain the starting time of the NW-SE structures. This shortening is likely related to a combination of the southward convergence of the Siberian plate and the northwestward subduction of the Pacific plate. In the end Cenozoic (N12-N2), the tectonic stress field was transformed to NE-SW compression, resulting in the development of NW- to NNW-trending fold structures, which were superimposed on early NE-to NNE-trending structures to produce regional superimposed folds. The tectonic shortening coincided with the northeastward growth of the Tibetan Plateau.
Keywords: ordos block, kexueshan basin, superimposed deformation, fault kinematics, tectonic stress field
INTRODUCTION
As an important tectonic boundary in the western part of the North China Craton (NCC), the western marginal structural belt of the Ordos Block (OB) has attracted the attention of many researchers for a long time (Figure 1). In previous studies, this belt has been named the “Longxi System” and “the spine of the Qilian-Lvliang-Helan mountain-shaped structure” (Li, 1954), the Helan-Liupan fold belt (Ma et al., 1961), and the Ordos platform fold belt (Huang, 1983). Some later studies indicated that this region was a plate suture zone formed in the early Paleozoic, a Meso-Neoproterozoic rift trough (Zhang, 1983; Zhang, 1989), or a “thrust structural belt on the western edge of Ordos” (Chen, 1986; Tang et al., 1988; Liu et al., 2000). Based on the basin-mountain coupling mechanism, combined with geodynamic analysis, Liu et al. (2000) proposed that the southwestern edge of the Ordos Basin was a peripheral foreland basin formed by Late Triassic-Cretaceous arc-continent collision and continental collision orogeny. U–Pb and Hf isotope studies of Middle-Late Devonian detrital zircons in the southeastern part of the Alxa Block and paleomagnetic analysis show that the Indosinian movement caused the Alxa Block to rotate 32° counterclockwise relative to the North China Block, followed by convergence and amalgamation to form a Triassic continental collision zone (Yang et al., 2014; Yuan and Yang, 2015). Detailed structural geology and sedimentological analysis showed that the northern part of the western margin of the Ordos Block formed a rift basin in the Late Triassic, while the southern part developed a foreland basin controlled by thrust faults (Liu et al., 2013). Liu et al. (1997) proposed an unrestricted lateral extrusion structure model through the north-south structural difference in the western margin, which was reasonably explained from the perspective of structural geology and dynamic mechanism (Liu and Yang, 1996; Liu and Yang., 1996; Liu and Yang, 1997; Liu et al., 2013).
[image: Figure 1]FIGURE 1 | Regional structural map of the North China Plate (modified after Liu et al., 2013).
Sedimentary analysis shows that the western margin of the Ordos Block belonged to a residual inner cratonic basin in the Mesozoic; the foreland basins began to form in the Late Jurassic and further developed in the Early Cretaceous, and the current foreland basin pattern was basically formed by the middle of the Cenozoic (Zhao, 2003; Liu et al., 2005; Liu et al., 2006a; Wang et al., 2006). Darby and Ritts (2002) proposed that the Helan Mountains and Zhuozishan areas on the western margin of the Ordos Block represent an intracontinental deformation zone, in which deformation and structural shortening of at least 30% occurred from the Middle-Early Jurassic to the Late Jurassic. Its tectonic shorting and deformation mechanism may have been related to the subduction of the Paleo-Pacific plate. Zhang et al. (2008) concluded that the northern part of the western margin of the Ordos Block is a large-scale continental margin thrust nappe structural system through regional structural investigation and analysis; this system consists of a Mesozoic sedimentary strata and an early Paleozoic continental margin sedimentary cap layer. The main development stage of the thrust structure was the Jurassic, and the cumulative displacement can reach 60–80 km. A recent analysis of the superimposed deformation of the Helan Mountains shows that the western margin of the Ordos Block experienced two main phases of intracontinental shortening and deformation during the end of Triassic in the NNE-SSW direction and during the Middle Jurassic in the NW-SE direction, forming a regional superimposed fold, which is typical of an intracontinental tectonic deformation zone (Cheng et al., 2019; Huang et al., 2015). These studies show that the western margin of the Ordos Block has experienced complicated intracontinental deformation since the Mesozoic, and the tectonic evolution process remains very controversial. In addition to the controversy over the structures in the western margin of the Ordos Block, the kinematic model and the geodynamic origin of this area still remain unclear due to a lack of detailed structural investigations and the fact that there is no comprehensive understanding of regional structures within the western of the Ordos Block, This paper selects the late Mesozoic basin in the Kexueshan basin on the western margin of the Ordos Block (Figure 1), presents a detailed structural analysis, proposes the main tectonic evolution processes since the Mesozoic, and provides a basis for determining the late Mesozoic-Cenozoic tectonic framework of the western margin of the Ordos Block.
Geological Setting
The Kexueshan Basin (KB) is located on the western edge of the Ordos Block and adjacent to the Alxa Block in the northwest; the KB developed as a late Mesozoic basin extending in the N-S direction. It is bounded by Tujingzi to the north, includes the Dazhanchang to the west where it is bounded by Qianguchengzi, extends to the Xinjing coal mine to the south, and is limited by the Liumugao fault to the east. The central part of the KB is flat and surrounded by mountains. The Mesozoic sedimentary characteristics and stratigraphic contact relationships in the basin are consistent with those in the Ordos Block (Wang et al., 2006; Zhao et al., 2006). Ordovician, Devonian, Jurassic, Cretaceous and a few Cenozoic strata are exposed in the study area (Figure 1; Geological Bureau and Mineral Resources of Ningxia Hui Autonomous Region, 1983; Region, 1990; Li et al., 1999). The Mesozoic stratigraphic distribution is characterized by the Jurassic strata exposed in the central part of the KB (Ningxia Hui Autonomous Region Geological Survey Institute, 2017), including the Yan’an Formation (J1-2y), Zhiluo Formation (J2z), and Anding Formation (J3a); the eastern margin is bounded by the Early Cretaceous Miaoshanhu Formation (K1ms), and older strata are exposed south, west and north of the KB.
The Jurassic Yan’an Formation (J1-2y) is mainly distributed in the Wanbulegou, Tujuan, Shuangjuan, Dazhanchang, Heigeda, and Weigou areas; the lithology is characterized by purple, purple-brown, gray-yellow moderately calcareous breccia and conglomerate at the bottom of the Yan’an Formation, with purple-brown calcareous feldspar quartz sandstone, quartz sandstone, gravel-bearing coarse sandstone, and a coal-bearing seam in the middle of the Yan’an Formation. The Yan’an Formation (J1-2y) is the most important coal-bearing layer in the Ordos Basin. In the KB, it mainly comprises sandstones and mudstones intercalated with coal beds (Figure 2). The Xinjing coal mine produces coal mainly from the Yan’an Formation, and the Yan’an Formation can be further divided into five members representing five sedimentary cycles (Liu et al., 2006b). The results of previous studies show that the Yan’an Formation (J1-2y) records the complete evolution of a continental lake from its occurrence and development to its shrinkage and extinction, and the middle three members represent the phases of lake expansion (Li et al., 2015). During the deposition of the last member, along with the evident uplift of the Ordos Basin, the lake shrank considerably, and fluvial facies dominated the western margin of the Ordos Block. There are many feldspar quartz sandstones in the Yan’an Formation, indicative of recycled sedimentation. Then, a short-lived sedimentary hiatus occurred, and the upper part of the Yan’an Formation was exhumed and eroded to varying degrees (Liu et al., 2006a).
[image: Figure 2]FIGURE 2 | (A) Regional geological map of the Kexueshan basin, western margin of the Ordos (KB; adapted from 1/250000 geological map of China (China Geological Survey,2008)). Cross sections of A-B-C-D, G-H and I-J. See Figure 1 for location of this map. (B) Schematic stratigraphy of the Jurassic strata in the Kexueshan Basin. (C) Simplified schematic figure of evolutional history of the Ordos Basin from Triassic to Neogene (adapted after Liu et al., 2006).
The Zhiluo Formation (J2z) is widely distributed in the study area and is found from north of the Xinjing coal mine to the Dazhanchang. The Zhiluo Formation (J2z) and the underlying Yan’an Formation (J1-2y) are in parallel unconformity contact, and the Zhiluo Formation (J2z) and the Anding Formation (J3a) are in conformable contact.
The Zhiluo Formation is a significant uranium-bearing layer in the Ordos Basin (Liu et al., 2006b). Its lithology is comparatively uniform and mainly comprises sandstones, with a small proportion of mudstones. Conglomeratic sandstone is developed locally in the Zhiluo Formation (Figure 2). Braided rivers occurred in the early phase, and meandering and anastomosed rivers then dominated in the later phase. At its base, a unit of thick-bedded conglomerate was deposited, which can be correlated across the whole basin (Zhao et al., 2006). Many large lithic fragments are found in the Zhiluo Formation sandstones, including extrusive rocks and quartzite grains. Compared with the Yan’an Formation, the coarser sediments with more lithic fragments in the Zhiluo Formation may indicate tectonic disturbance in the source areas.
The Anding Formation (J3a) has a wider distribution range than the Yan’an Formation (J1-2y) and Zhiluo Formation (J2z), with obvious lithological and lithofacies differentiation from south to north. The sedimentary rocks south of Tujuan are relatively coarse in grain size, and the proportion of coarse clastic rocks is higher than that in the northern sedimentary rocks. The lithologies are mainly purple and gray-brown conglomerate and sandstone, with interposed gray-purple feldspar quartz sandstone. The upper part often contains purple-red calcareous siltstone, argillaceous siltstone and a small number of glutenite lenses, and the sedimentary rocks are mainly purple-red. During its deposition, the color of the sediments changed from gray and grayish green to aubergine and olive, possibly indicating a change in climate (Zhao et al., 2006). The main sedimentary characteristics are fluvial facies and bank-flood floodplain sedimentary facies. The sediments of the Anding Formation are much finer than those of the Zhiluo Formation.
The Anding Formation (J3a) is in conformable contact with the underlying Zhiluo Formation (J2z), and the top is in unconformable contact with the clastic rocks of the Lower Cretaceous Miaoshanhu Formation (K1ms). The eastern mountain is dominated by Early Cretaceous Miaoshanhu Formation (K1ms) strata comprising a set of sedimentary rocks dominated by clastic rocks, with an overall upward thinning sequence structure belonging to alluvial fan-lacustrine deposits. The lower part of the Miaoshanhu Formation (K1ms) has brown-red, massive medium-coarse conglomerates and coarse boulders, intercalated conglomerate sandstone lenses and a small amount of silty mudstone. The upper part is a light brown-red and light gray-green thick layer of coarse boulders, glutenite and interbedded gray-green mudstone, siltstone, and sandy limestone. The southern and western mountains are composed of the Miboshan Formation (O2-3mb) limestone and Abuqiehai Formation (Є2-O1a) moderately thin microcrystalline limestone with argillaceous bands. Triassic granodiorite intrusions (Tγδ) in the western part of the study area are produced in the form of stock (Bai and Lu, 2009). The pluton is in intrusive contact with the surrounding limestone of the Abuqiehai Formation (Є2-O1a) and the feldspar quartz sandstone of the Jurassic Yan’an Formation (J1-2y). The northern part of the study area is dominated by the Ordovician Majiagou Formation (O1-2m) with gray-yellow fragmented crystalline limestone and the Devonian Laojunshan Formation (D3l) with gray-purple and gray-green calcareous siltstone. The lower part of this formation is dominated by purple-red medium-thick calcareous conglomerate, and the upper part is gray-purple calcareous siltstone with a small amount of glutenite. The lithological combination is characterized by piedmont accumulation-fluvial lacustrine deposits.
METHODOLOGY
Stress Inversion of Fault-Slip Vectors
The reconstruction of the paleotectonic stress field is one of the important topics in the study of structural deformation, providing a basis for regional structural evolution and structural reconstruction (Zhang et al., 2003a; 2003b). Interlayer sliding and fold-related fault kinematics, as an important method for the restoration of the paleotectonic stress field in a fold deformation zone, are gradually applied in structural analysis to study the stress mechanism of crustal shortening (Shi et al., 2012; Shi et al., 2013a; Shi et al., 2013b; Shi et al., 2015b).
Mesoscale shear faults, notably slickensides, are widespread in geological terrains that are affected by brittle deformation. Shear faults permit the acquisition of so-called fault-slip vector in the field. These data consist of orientations of faults and slip sense or direction from kinematic indicators such as slickensides. By now, fault-slip vectors are almost routinely acquired in structural, mostly neo-tectonic, field studies (Shi et al., 2015b). In this paper, we using the Fault software from Géophysique et Géodynamique Laboratore, Université de Paris-Sud, France (Carey, 1979; Angelier, 1984), yielding three principal stress axes (σ1, σ2, σ3). The reliability and regional significance of a stress field have to be considered, including data collection, separation, calculation so on (see Mercier et al. (1991), and Sperner and Zweigel (2010) for the details). The usage of such data sets for regional tectonic analyses is motivated by the availability of software packages enabling rapid processing of strain increments or states of paleo-stress from fault-slip data, known as fault-slip inversions. To define the formation mechanism of the superposed folds, we reconstructed their paleo-stress fields in this work based on the syn-folding fault kinematic methodology. Better definition of a paleo-stress field can be achieved by calculating fault slip vectors comprising dip directions and angles of fault planes, pitch directions and angles of striations, and strike-slip directions.
In this paper, we dominantly introduce two approaches to determine a paleo-stress direction regarding syn-tectonic shortening by measuring folding-related striations based on the previous studies (Shi et al., 2007; Shi et al., 2015a). One of the approaches is to measure the striations on bedding (S0) that are largely perpendicular to the fold hinge as the result of the mutual slipping along bedding planes within sediments during folding deformation in the study area. Another method is to measure the striations presenting on fault planes and coevally parallel to bedding, which generally indicate the orientation of initial strike-slip movements on fault planes, coincident with the shortening of the original units (see Shi et al., 2015b for the details).
STRUCTURAL ANALYSIS IN THE KEXUESHAN BASIN
Structural Deformation and Fault Kinematic Analysis
Relevant structural analysis was carried out in the KB on the western margin of the Ordos Block. The results of regional geological mapping showed that two sets of fold structures have developed in this area, namely, fold structures extending in the NW-SE and NE-SW directions, forming superimposed folds (Figure 2). Based on the structural maps and field observations, the main superimposed fold structure styles in this area are “T-shaped”, “crescent-shaped”, “dome-shaped”, etc. (Figure 2; Ramsay, 1987). The edge of the KB is mainly controlled by thrust faults. The faults mostly cut the late Mesozoic-Cenozoic strata and locally cut the Cambrian-Ordovician strata, indicating that the fold-thrust deformation has mainly developed since the late Mesozoic. Regional structural analysis shows that most NE-SW-trending thrust faults are cut by NW-SE-trending faults, which roughly indicates that the NE-SW-trending faults in this area were active earlier than the NW-SE-trending faults. The KB is preliminarily confirmed to have experienced two main strong tectonic shortening and deformation events since the late Mesozoic. In this research work, some typical structures in the field were investigated, and structural analysis was carried out from three aspects, namely, NE-SW-oriented structures, NW-SE-oriented structures and superimposed structures, to obtain the two-phase structural shortening and deformation events in the KB.
NW-SE Structural Shortening Deformation
A large Jurassic stratum is exposed in the study area, which was subjected to strong tectonic compressive stress, forming a series of NE-SW-trending anticline and syncline structures with various fold styles. According to the size of the limb angle, open folds (Figure 3E, Figure 4A), medium-normal folds, and closed folds are found in the field; according to the differences in fold axis morphology, there are arc folds, box-shaped folds, and flexural structures (Song et al., 2013). The strata of the southwestern Anding Formation (J3a) at Guodikeng in the northern part of the study area are strongly deformed, some strata are nearly vertical or even overturned, and some folds retain a series of simultaneous thrust faults and associated secondary faults (Figure 4B).
[image: Figure 3]FIGURE 3 | Deformation of the NW-SE shortened structure in Kexueshan basin (Results of slip vectors and fold hinges). (A) Composite fold of outcrop-scale and lower hemisphere, equal-area stereographic diagram plotted from bedding planes of the fold indicating NW-SE shortening; (B) Flexure, a flexural structure has developed in the Anding Formation indicating NW-SE shortening; (C,D) Box fold indicating NW-SE compressive stress; (E) Wide anticline indicating NW-SE shortening. Lower hemisphere, equal-area stereographic diagram of fold hinges largely shows NW–SE shortening.
[image: Figure 4]FIGURE 4 | Deformation of the NW-SE shortened structure in Kexueshan basin (Results of slip vectors and fold hubs) (A) Broad anticline of outcrop-scale and lower hemisphere, equal-area stereographic diagram plotted from bedding planes of the fold indicating NW-SE shortening; (B) Breaking fold indicating the existence of a NW-SE compressive paleostress field; (C) Thrust fault and fault slip vectors indicate the effect of NW-SE compression; (D) “X-shaped” conjugate shear joints in Anding Formation show that joints are controlled by the compressive stress in the NW-SE direction.
At the northern margin of the KB, the Laojunshan Formation (D3l) is unconformably thrust over the gray-green sandstone of the Yan’an Formation (J1-2y); the limestone of the Majiagou Formation (O1-2m) is thrust over the Yan’an Formation (J1-2y) (Figure 3A), and the structure has been shortened and strongly deformed in this area. The Laojunshan Formation (D3l) has developed a fan-shaped compound anticline. The left limb of the fold is an “S”-shaped fold, and the right limb is a “Z”-shaped fold. The fold axis extends in the NE-SW direction. The results of statistical analysis of the fold hinge roughly indicate the effect of NW-SE compression (Figure 3A). Near Tujuan in the middle of the KB, a flexural structure has developed in the Anding Formation (J3a) (observation point K06 in Figure 3B). The gentle strata suddenly became steep, the fold surface is bent into a knee shape, and the rock surface attitudes are 120°∠15°, 120°∠48°, and 105°∠34°. The stereographic projection method is used to calculate the data of the fold hinge, and the statistics of the hinge indicate the occurrence of shortening deformation in the NW-SE direction (Figure 3B). At observation point K60, an outcrop-scale box fold has developed in the Anding Formation (Figures 3C,D). The fold limb has a steep dip, the turning end is flat and wide, and the fold hinge extension position statistics show that it is close to NE-SW (Figure 3D), which indicates that it formed by NW-SE compressive stress. There are open folds in the Anding Formation (J3a) west of Guodikeng (Figure 3E, observation points K55 and K57). The angle between the limbs of the anticline is 70°–120°, and the fold measurement and statistical analysis show compressive deformation in the NW-SE direction. At this point, the sliding phenomenon between the folds can be observed, and calcite has developed growth lines. The analytical results for the fault-slip vectors indicate the effect of NW-SE compressive stress (Figure 3E).
North of Dazhanchang (Figures 4A,B; observation points 55, 67), the fold limb angles developed in the Anding Formation (J3a) are 70°–120°, which mark open folds. The field measurement of limb attitudes yield 9 pivot data, and the polar density maps of the lower hemisphere equal-area stereographic projection are arranged in the NE-SW direction (Figures 4A,B), indicating the existence of a NW-SE compressive paleostress field. Due to the differences in lithology in various regions and the diverse compressive deformation coefficients of similar rocks, a thrust fault has developed on the right flank of the fold (Figure 4B) with a fault throw of approximately 1 m. Observation point K73 in the Anding Formation (J3a) has developed a recumbent fold with two limbs spaced less than 10 m apart. The inversion results for the fold hinge are scattered in the NE-SW direction also indicates the occurrence of shortening stress in the NW-SE direction. In summary, the analysis of folds with different shapes shows that this area is controlled by compressive stress in the NW-SE direction and is mainly characterized by the development of NE-SW-trending fold structures.
At observation point K05 east of Dazhanchang, the moderately thick sandstone of the Anding Formation (J3a) has developed an outcrop-scale thrust fault (Figure 4C), and fault slip has produced obvious calcite lineations on the fault plane (Figure 4C). The statistical result for the slip vector indicates the effect of NW-SE compression (Figure 4C). In the sandstone of the Anding Formation (J3a) near Tujuan (observation point K04), “X-shaped” conjugate shear joints have developed (Figure 4D). The purple-red pebbly sandstone is cut into a diamond-shaped checkerboard, and the two sets of joints are arranged nearly equidistantly; part of the gravel is cut off, the joint surfaces are straight and clean, and the data projection results for the joint surfaces show that joints are controlled by the compressive stress in the NW-SE direction.
In recent years, some researchers have combined growth strata with tectonic chronology to further reveal the time limits of regional tectonic events and constrain the dynamics and kinematics of the basin (Wang et al., 2017a; Liu et al., 2018) and have made good research progress. There are two types of growth strata: fold growth strata and thrust fault growth strata. Growth strata are often found in orogenic foreland basins. In the process of structural deformation, newly deposited strata from nearby provenances form growth folds and growth strata related to thrusting. At present, scholars recognize two main types of deformation mechanism models of growth strata (Figure 5): a. Hinge migration and b. Limb rotation. The characteristics of growth strata controlled by the two different deformation mechanisms are quite distinct. The characteristics of growth strata formed by hinge migration are as follows: the limb inclination angle of the growth strata remains unchanged, and the fold axis of the growth strata continues to change with structural deformation. Obvious growth triangles can be observed on the vertical section or on the seismic section. In growth strata controlled by the rotation of the limbs, the strata on the side of the rotation are subject to continuous changes in the mechanical direction, resulting in the continuous active structural deformation of the axial plane with tectonic activity (Figure 5).
[image: Figure 5]FIGURE 5 | Two modes of growth strata (modified after Ford et al., 1997). (A) Model of hinge migration; (B) Model of limb rotation; (A–C) represent the growth strata development process and the fold axis change; (D) is the final form of the growth strata, in which the growth axis under the pivot migration mode is always in a constant state, and the growth triangle can be clearly identified, In the wing rotation mode, the growth axis is active and migrates to the front edge, and the growth triangle is not obvious.
The KB is located in the northern part of the thrust tectonic belt on the western margin of the Ordos Block. On the eastern side of Dazhanchang in the KB, synsedimentary structural growth strata developed in the Jurassic Zhiluo Formation (J2z) and Anding Formation (J3a) at Songjigou. Two profiles were measured in the field, section G-H (Figure 7) and section I-J (Figure 6). The locations are shown in Figure 2. The two measured sections record the dynamic process of shortening and deformation of the Middle-Late Jurassic structures and the related thrust faults and thrust fold structural styles. Through the analysis of growth strata, the time limits of structural deformation can be well defined (Ford et al., 1997; Zhang P. Z et al., 2006; Liu et al., 2018). Growth strata are a special style of synsedimentary structural deformation, and their bottom age can be used as the starting age of growth folds to constrain the time limit of structural deformation. The growth strata in the study area (Figures 6, 7) mark the time limit of the early NW-SE compression in the KB that caused shortening and structural deformation, although sedimentary strata that can be sampled for dating have not yet been found in the Zhiluo Formation (J2z) and Anding Formation (J3a) in the study area. However, new progress has been made regarding the chronological data of growth strata in the Middle Jurassic Changhangou Formation (J2c) in Daqingshan on the northern margin of the Ordos Block. Scholars have obtained the U–Pb age of zircons in the middle-lower volcanic ash interlayers of the growing strata and restricted the onset of this period of tectonic compression to the late Middle Jurassic (∼170 Ma) (Wang et al., 2017b). The dynamics of this tectonic shortening event are generally attributed to control by the East Asian multidirectional convergence system during the Middle-Late Jurassic (∼165 Ma) (Zhang Y. Q et al., 2006; Dong et al., 2008), which may have been related to the combined effect of the southward convergence of the Siberian plate and the NW subduction of the Pacific plate.
[image: Figure 6]FIGURE 6 | Structural section of Growth strata in Songjigou (I–J) (Point K38, The position is shown in Figure 2) (A,B) are typical photos of the section, reflecting the characteristics of the rapid changes in the occurrence of the sedimentary strata and the rapid thickness after a short distance.
[image: Figure 7]FIGURE 7 | Structural section of Growth strata (G-H) (Point K38, the position is shown in Figure 2) Figure (A–D) are typical photos of the section, reflecting the characteristics of the rapid changes in the occurrence of the sedimentary strata and the rapid thickness after a short distance.
NW-SE Structural Shortening Deformation and its Tectonic Stress Field
A series of NW-SE-striking folds and thrust structures are also developed in the Jurassic strata in the study area. This paper analyzes some typical outcrop-scale structures. The moderately thin sandstone of the Anding Formation (J3a) from east of Dazhanchang in the northern part of the KB to Guodikeng is strongly deformed, and large-scale vertical folds can be seen in many places, which may indicate superimposed deformation. Observation point K58 (Figure 8A) has developed superimposed folds. The inclination angle of the fold pivot is between 14° and 21°, and the axial inclination angle is in the range of 47°–70°. According to the classification criteria of the fold position, the fold is described as a plunging and inclined fold (Song et al., 2013). The stereographic projection results for the fold hinge indicate that it was controlled by the stress field of NW-SE compression. The results of the interlayer sliding vector analysis reveal the existence of the NE-SW compression stress field, indicating that the vertical fold was controlled by a two-phase compressive stress (Figure 8A).
[image: Figure 8]FIGURE 8 | Structural section on the northern margin of the Kexueshan basin (The section position is shown in Figure 2).
An outcrop-scale vertically dipping fold (Figure 8B) can be seen in the sandstone of the Anding Formation (J3a) at observation point K91. The lower hemisphere equal-area stereographic projection of the fold hinge data indicates that it is controlled by a NE-SW-directed compressive stress field. At the top of the northern mountain in Dazhanchang (observation point K95), the Anding Formation (J3a) exposes a broad and gentle syncline (Figure 8C). The results for the interlayer slip vector and the stereographic projection of the fold hinge all indicate this NE-SW direction of tectonic compressive stress. Well-developed “X”-shaped conjugate shear joints are present in the Anding Formation (J3a) near Tujuan in the KB (Figure 8D). The joint surfaces are straight and smooth, with large inclination angles and long extent. The joint spacing is small and equidistant. The projection results for the joint surfaces show that they are affected by the NE-SW-directed tectonic stress field. At observation point K01 of the Xinjing coal mine in the north, the Ordovician Miboshan Formation (O2-3mb) has been thrust onto the Yan’an Formation (J1-2y) sandstone; the fault plane has developed fine rough grooves, and the sliding vector projection results indicate that the thrust extrusion in this period was controlled by the NE-SW extrusion stress (Figure 8E). These structural analyses confirm that strong NE-SW crustal shortening occurred in the KB.
Analysis of Superimposed Deformation
Typical small regional superimposed folds have developed near Dazhanchang in the middle of the KB, showing a relatively complete dome-basin structure (Figure 2, Figure 9A). The latest strata affected by this fold deformation are the Zhiluo Formation (J2z) and Anding Formation sandstone (J3a).
[image: Figure 9]FIGURE 9 | Deformation of the NE-SW shortened structure in Kexueshan basin. (A) large-scale vertical folds can be seen in Anding formation, the stereographic projection results for the fold hinge indicate that it was controlled by the stress field of NW-SE compression. The results of the interlayer sliding vector analysis reveal the existence of the NE-SW compression stress field; (B) An outcrop-scale vertically dipping fold can be seen in the sandstone of the Anding Formation; (C) The results of slip vectors and poles of fold indicate NE-SW compressive stress; (D) “X”-shaped conjugate joint in Anding formation indicate the effect of NE-SW compression; (E) the Ordovician Miboshan Formation (O2-3mb) has been thrust to overlie the Yan’an Formation (J1-2y) sandstone, Thrust fault structure and the result of slip vectors confirming the strong NE-SW crustal shortening occurred in Kexueshan basin.
At observation point K13 (Figure 9B), small, superimposed syncline basins can be seen spreading in the north-south direction. The graphical interpretation of remote sensing data and the analysis of stratigraphic attitudes show that the basin is caused by shortening in the NW-SE and NE-SW directions, and the topography of superimposed folds resembles a “dumbbell shape” with a clear structure and is called an effective superimposed fold (Ramsay, 1987). NW-SE compression controls the syncline structure oriented in the north-south direction in the basin. Due to shortening in the NE-SW direction, the anticline crosses and overlaps, the dorsal hinge is tilted, and the syncline hinge has risen, forming a saddle structure (Song et al., 2013). At observation point K15, the Zhiluo Formation (J2z) thick sandstone is nearly horizontal; two dense and nearly orthogonal vertical cleavages have developed, and partial replacement has occurred. The bedding attitudes are is 033°<70° and 120°<70° (Figures 9B,C), and the bedding attitude is 335°<13°, which indicates that the basin was controlled by crustal shortening in both the NW-SE and NE-SW directions.
At observation points K14 and K16 on the western edge of the basin (Figures 9D,E), a nearly upright cleavage has developed in the Anding Formation (000°<15°), and the attitudes of cleavage are 250°<85° and 248°<70°, indicating the existence of the NE-SW-directed extrusion stress field. Another stage of cleavage developed at observation point K20 (Figure 9I) in the central part of the superimposed deformed basin, and the attitudes of cleavage are 301°<42° and 330°<59°, indicating that the cleavage in this period was formed by NW-SE structural extrusion. Two sets of diamond-shaped intersecting cleavages have developed at observation points K17, K18, and K19 in the Anding Formation (J3a) in the northern part of the basin (Figures 9F–H); the stratum attitude is 110°<25°, and cleavage planes and stratum planes intersect obliquely, NW-SE compression-related interlayer cleavage attitudes are 301°<42°, 330°<59°, and 332°<60°, and the attitudes of interlayer cleavage related to NE-SW structural shortening are 237°<54°, 240°<60°, and 242°<58°. The two sets of cleavages at observation point K19 (Figure 9H) have an obvious crosscutting relationship. The cleavage controlled by NW-SE compression is cut by the cleavage controlled by NE-SW crustal shortening, which shows that the structural extrusion deformation in the NE-SW direction occurred later than that in the NW-SE direction. In addition, there are slip vectors at observation points K21 and K23 at the northern and southern ends of the superimposed deformation basin. The inversion results for the slip vectors on the northern margin indicate NW-SE structural compression (Figure 9J), and the results for the slip vectors on the southern margin indicate NE-SW structural compression (Figure 9K). A small-scale superimposed deformation syncline has developed at K22 in the Anding Formation (J3a) at the northern observation point of the small basin (Figure 9L). In the early stage, the basic outline of synclinal folds was formed due to extrusion in the NW-SE direction. Later, due to extrusion in the NE-SW direction, the syncline hinge was bent into a wide and gentle “Z” shape, which produced a superimposed fold at the outcrop scale. This shows that the NW-SE tectonic stress field occurred earlier than the NE-SW tectonic stress field.
In summary, the analysis of the deformation of superimposed folds and the crosscutting relationship between the cleavages associated with tectonic compression show that since the Middle-Late Jurassic, the KB has experienced two main periods of structural shortening and deformation oriented NW-SE and NE-SW, and the NW-SE crustal shortening and deformation occurred earlier than the NE-SW deformation; the later NE-SW crustal shortening event basically shaped the tectonic pattern of the KB.
Superimposed Deformation Tectonic Stress Field
Regarding the tectonic stress field in the superimposed fold area, it is necessary to consider the deformation relationship between the earlier and the later fold deformation and fold-related faults. According to the field measurement data, a structure screen is applied to extract the structural deformation patterns at different stages, including the interlayer slip vector, to measure and process tectonic elements at different stages and to restore the tectonic stress field in the superimposed fold area (Shi et al., 2007; Shi et al., 2012; Shi et al., 2015b). In accordance with the abovementioned ideas and methods, this paper restores the paleotectonic stress field in the superimposed fold deformation zone of the Kexueshan Basin. This work mainly involved fold and fault kinematic analysis of the Mesozoic and Cenozoic strata in the KB, combined with the two phases of structural deformation analysis, and restored the two phases of the tectonic stress field (Figures 10A,B; Table 1).
[image: Figure 10]FIGURE 10 | Characteristics of superposed deformation and typical slip vectors in Kexueshan basin. (A) Remote sensing map of syncline basin; (B–E,I) Cleavage of bedding around the syncline basin; (F–H) Cutting relationship of two phase cleavage; (J,K) Two-stage compression, NW-SE and NE-SW, in the superposed syncline basin; (L) Superimposed deformation syncline.
TABLE 1 | Slip vectors on fault planes measured in the Kexueshan Basin and their paleostress fields.
[image: Table 1]Observation point K38 at the northern edge of the study area (Figures 10A,B; Figure 11) is located in the superimposed deformation zone of the Anding Formation in southwestern Guodikeng. The stratum attitude is 145°<25°, and the stratum has not been overturned. There are many secondary calcite stretching lineations developed in the rock layer. The calcite layer is approximately 1–2 cm thick and retains the sliding vector of the shortening deformation that produced the two-stage structure. The lower hemisphere equal-area stereographic projection of the sliding vector retained by the bottom calcite indicates NW-SE tectonic compression, and the overlying late calcite retains the sliding vector formed by NE-SW compression.
[image: Figure 11]FIGURE 11 | The two tectonic stress fields resulted from bedding plane and fault slip vectors observed in the Kexueshan basin. (A) NW-SE compressive stress regime in Kexueshan superposed folds derived from the analysis of the synfolding slip vectors; (B) NE-SW compressive stress regime in Kexueshan superposed folds derived from the analysis of the synfolding slip vectors; (C) the result of the NW-SE compressive structural stress field; (D) the result of the NE-SW compressive structural stress field; (E) Through statistical analysis of all fold hinges in the study area, the stereographic projection results also indicate the existence of the two-phase paleotectonic stress field. Same legends as Figure 2.
Although the early slip vector was destroyed by late tectonic action, it can still be clearly distinguished. According to the crosscutting relationship of the scratch slip vector, the stress field of the NW-SE compression structure in the early stage and the compression structure stress field in the NE-SW direction in the late stage are shown.
Early near-NW-SE compression is found in the Ordovician, Devonian, and Jurassic strata in the study area (Table 1; Figure 10A). The study area has large and wide folds, and due to the uneven local forces on the right limbs of the folds, right limb thrust fault folds developed at Dazhanchang in the Anding Formation (Figure 4B). Under the control of the early NW-SE-trending paleotectonic stress field, various structural styles, such as flexural folds and box folds, formed in the study area (Figure 3). Interlayer cleavage and “X”-shaped conjugate shear joints developed in some areas. The abovementioned various structural styles are the result of the NW-SE compressive structural stress field (Figure 10C). Both the Jurassic Yan’an Formation (J1-2y) and Zhiluo Formation (J2z) reveal compressive tectonic stress during this period (Table 1; Figure 10A). In summary, the above studies indicate that the starting time of the NW-SE compression paleotectonic stress field was at least after the Middle Jurassic or Late Jurassic. At the same time, the analysis of the statistical results for the slip vector between the folds in the field shows that the NE-SW compression tectonic stress field is well reflected in the strata from the Middle Jurassic Zhiluo Formation (J2z) to the end of the Jurassic (Table 1; Figure 10B), forming NW-SE-striking folds, thrust faults, “X”-type conjugate joints, and interlayer cleavage and reforming the early folds to produce cross- or diagonal-span superimposed folds. Most importantly, contemporaneous folds developed in the Hongliugou (N1h) and Anding Formation (J3a) strata (Figure 2), and the pivot direction is oriented NW-SE. Syncline folds are developed in the Hongliugou Formation (N1h) northwest of Guodikeng, with the fold axes in the NW-SE direction (Geological Bureau and Mineral Resources of Ningxia Hui Autonomous Region, 1983, 1990). This is consistent with fold deformation controlled by the NE-SW-trending paleotectonic stress field (Figure 10D) in the study area, indicating that NE-SW-trending tectonic compression occurred after the deposition of the Hongliugou (N1h) strata in the later period. The Liumugao fault has been an active fault controlled mainly by the NE-SW compressional tectonic stress field since the late Cenozoic (Chen et al., 2013; Gong et al., 2016). After analyzing the two-stage sliding vector lineations in the Jurassic Zhiluo Formation (J2z) sedimentary strata (Figure 10) and the structural results for the Dazhanchang superimposed deformation basin (Figure 9), the above two lines of evidence support the interpretation that the NW-SE compressional tectonic deformation event occurred earlier than the NE-SW compressional tectonic deformation event. Through statistical analysis of all fold hinges in the study area, the stereographic projection results also indicate the existence of the two-phase paleotectonic stress field (Figure 10E). Therefore, the above analytical results imply that there have been at least two important tectonic compression and deformation events since the Mesozoic in the KB: the early tectonic stress field was dominated by NW-SE compression (Figure 10C), and the late tectonic stress field was dominated by NE-SW compression (Figure 10D).
DISCUSSION: TECTONIC EVOLUTION PROCESS
In summary, the KB on the western margin of the Ordos Block has experienced two main periods of structural shortening events oriented NW-SE and NE-SW. Combining regional structural analysis and deformation-affected stratigraphic characteristics, the two periods of deformation events can be determined to have occurred since the late Mesozoic. This paper proposes a tectonic evolution model of the western margin of the Ordos Block since the late Mesozoic (Figure 12). The specific analysis is as follows:
[image: Figure 12]FIGURE 12 | Two sets of striations grown in the sandstone of the same Anding formation, early-stage stiations showing NW-SE striking compression and late-stage striations indicating NE-SW striking compression.
The Jurassic strata in the Ordos Basin can be divided into five formations, from lower to upper, the Lower Jurassic Fuxian (∼201–175.6 Ma), the Middle Jurassic Yan’an (∼175.6–168 Ma), Zhiluo and Anding (∼168–161.2 Ma), and the Upper Jurassic Fenfanghe formations (∼161.2–135 Ma), Influenced by the late Triassic tectonic crust shorting events, KB was in a relatively high relief, Fuxian Formation was not deposited (Liu et al., 2006a). Although there existed no sedimentary hiatus between the Zhiluo and Anding formations, U–Pb ages of detrital zircons, lithology, and sedimentary facies show great difference between these two formations (Guo et al., 2017), the sediment colour of the Anding Formation is mainly aubergine and olive and that of the underlying Yan’an and Zhiluo formations is mainly greyish green, the climate of the Anding Formation period was interpreted as cold and dry and that of the Yan’an and Zhiluo formations was warm and humid (Li et al., 2015). All of those indicate that there was a tectonic deformation event in the study area during the Middle Jurassic (Figure 2C).
The above structural analysis shows that the early NW-SE-trending tectonic compression affected all the Mesozoic Jurassic strata, forming a regional NE-SW-trending fold in the KB and the basin edge thrust structure involved in the base (Figure 2; Figure 10A). Existing research data indicate that the western margin of the Ordos Block was compressed and uplifted during the Middle-Late Jurassic. The analysis of regional tectonic geology shows that the Ordos Basin and its periphery were compressed in multiple directions under stress field control during the Middle-Late Jurassic (Zhang Y. Q et al., 2006; Zhang Y et al., 2007). The closure of the Paleo-Tethys Ocean in the southern Ordos Basin resulted in strong intracontinental deformation and a strong northward compressive force. The Mongolia-Okhotsk tectonic belt to the north was in a closure stage, and the Siberian plate was thrust southward, forming a southward compressive force. The eastern circum-Pacific belt, as an active continental margin, formed a strong NW-trending compressive force. Sedimentary analysis shows that the paleocurrent direction on the western margin of the Ordos Basin changed during the Middle Jurassic (J2), indicating a strong intracontinental deformation event (Darby and Ritts, 2002). These studies suggest that the shortening time of the NW-SE-trending structure in the KB should have been in the Middle-Late Jurassic. This period of tectonic shortening and deformation events resulted in a regional angular unconformity contact between the Late Jurassic and Early Cretaceous strata in this area, and thick bottom conglomerates developed (Zhao, 2003; Zhang Y. Q et al., 2006; Zhang Y. Q et al., 2007). The Helan Mountains at the northern margin of the KB experienced superimposed deformation during the Middle-Late Jurassic; that is, the shortening associated with the NW-SE-trending structure was superimposed on the early NW-trending structure (Huang et al., 2015). These studies indicate that the KB also experienced a NW-SE tectonic compression event during this period (Figure 10A). New progress has been made in the chronological data of the growth strata of the Middle Jurassic Changhangou Formation (J2c) in the Daqingshan area on the northern margin of the Ordos Block. The zircon U–Pb ages of the middle-lower volcanic ash interlayers in the growth strata have been obtained, and the structure of this period formed by compression. The onset of compression is limited to the late Middle Jurassic (∼170 Ma) (Wang et al., 2017b). The dynamics of this tectonic shortening event are generally attributed to the control of the Middle-Late Jurassic (∼165 Ma) East Asian multidirectional convergence system (Zhang Y. Q et al., 2006; Dong et al., 2008), which may have been related to the joint effect of southward convergence of the Siberian plate and northwestern subduction of the Pacific plate.
Another strong NE-SW-trending tectonic shortening event is identified in the KB, which led to the widespread development of fold structures and thrust faults in the Jurassic strata, and the main structures are NW-SE-trending folds. This period of deformation strongly reshaped the structure related to the early NW-SE compressive stress. In the area, superimposed structural deformation described as “folding”, “T-shaped”, “crescent” and “dome-shaped” formed, and recumbent folds and overturned folds developed in local areas (Figure 10B). This tectonic shortening event also affected the Paleogene-Neogene strata on the eastern margin of the study area. Previous studies have shown that a set of stable red clastic sediments in the Eocene-Miocene lake environment developed around the Haiyuan fault zone on the western margin of the Ordos Basin. This indicates that the crust was relatively stable during this period, and the northeastward expansion of the Qinghai-Tibet Plateau did not affect the Haiyuan fault zone on the western margin of the Ordos Basin (Shi et al., 2013c). A large amount of research shows that since the late Miocene, strong tectonic uplift has occurred on the western margin of the Ordos Block (Zhao et al., 2006; Wang et al., 2011). Low-temperature thermochronological data also show that a strong NE-SW-trending tectonic shortening event occurred on the western margin of the Ordos Block in the late Miocene (10–8 Ma) (Zhang Y. Q et al., 2006; Bai and Lu, 2009). From the analysis of the Cenozoic structures on the western margin of the Ordos Block, NE-SW tectonic compression can be seen to have controlled the deposition of the Ganhegou Formation, which unconformably overlies the Qingshuiying Formation (Zhang et al., 2005; Shi et al., 2012); as a result, the sedimentary facies of this group change from underlying river-lake facies to fluvial facies (Wang et al., 2011), and regional basin-mountain arc structures formed (Shi et al., 2013a; Shi et al., 2013b; Chen et al., 2015; Shi et al., 2015a). The latest strata involved in the deformation are the late Miocene-Pliocene Ganhegou Formation (Figure 13), and the structural deformation age may be 16.7–5.4 Ma (Wang et al., 2011). Since the end of the Pliocene, against the background of northeastward extrusion of Qinghai-Tibet Plateau material, the Ordos Block has rotated counterclockwise (Zhang et al., 1998). The tectonic stress field in the study area has been mainly transformed to NE compression (Chen et al., 2015). A recent Cenozoic paleomagnetic study on the western margin of the Ordos Block determined the age of the Ganhegou Formation to be 9.5–2.7 Ma (Liu et al., 2019), which indicates that the NE-SW-trending structure shortened from the late Miocene to the end of the Pliocene.
[image: Figure 13]FIGURE 13 | Tectonic evolution models of the Kexueshan basin. (A): Mid-late Jurassic NW-SE structure shortening deformation. (B): Short-term deformation of NE-SW to the Late Miocene—late Pliocene.
In summary, the KB on the western margin of the Ordos Block has experienced two main crustal shortening events. The early NW-SE shortening deformation occurred in the Middle-Late Jurassic, and the late NE-SW shortening deformation occurred from the late Miocene to the end of the Pliocene. The abovementioned two tectonic deformation events jointly shaped the superimposed fold structure and geomorphic characteristics of the KB. The late dynamic background should be related to the uplift and northeastward material expansion of the Qinghai-Tibet Plateau since the late Cenozoic (Shi et al., 2015a; Shi et al., 2015a).
CONCLUSION
In summary, through analyzing the structural deformation of the KB on the western margin of the Ordos Block and combining this information with the regional structural analysis, the following preliminary interpretations have been obtained:
1) Growth strata were discovered in the Jurassic Zhiluo Formation (J2z) and Anding Formation (J3a) in the KB; these growth strata indicate that the initial period of early NW-SE structural shortening occurred in the late Middle Jurassic-Late Jurassic, and the structural shortening and deformation during this period controlled the deposition of the Late Jurassic Anding Formation.
2) Since the late Mesozoic Era, the KB has experienced two main phases of intracontinental shortening and deformation. The early period (J2) was compressed in the NW-SE direction, resulting in strong NE-SW-directed fold shortening; the late period (N12-N2) was controlled by a NE-SW-trending structural compressive stress field, and a series of NW-SE-directed fold structures developed, strongly transforming the early NE-SW structure to form a regional superimposed structure. These results show that the western margin of the Ordos Block is a Meso-Cenozoic intracontinental deformation zone.
3) In terms of the dynamic background of the two phases of crustal shortening and deformation in the KB, the early intracontinental shortening and deformation may have been related to the combined effect of the southward convergence of the Siberian plate and the northwestward subduction of the Pacific plate. The late intracontinental deformation was mainly due to the strong northeastward extrusion of the Qinghai-Tibet Plateau.
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In this study, we performed receiver function profiling and fitted harmonic functions to the arrival time variations of Pms phases to calculate the crustal seismic anisotropy with delay time and fast polarization direction, using broadband seismic data obtained from 55 temporary stations in two linear profiles and 39 stations in the Lower Yangtze and adjacent region. Moreover, we determined the crustal thickness and Poisson’s ratio using a novel H-κ-c stacking method. Our results revealed that the Middle-Lower Yangtze Metallogenic Belt and the north east section of the Qinzhou-Hangzhou Metallogenic Belt are characterized by Moho upliftment (<32 km), a relatively high Poisson’s ratio (>0.26), local lithospheric thinning (<70 km), and a pattern of deep faults that connect the crust and asthenosphere and serve as conduits for magma upwelling. The NE-SW fast polarization direction was consistent with the SKS splitting results, and the average delay time was 0.45 s. Moreover, underplating of deep magma and upwelling along the weak zone caused local Moho uplift and ductile shear of the lower crust, resulting in the directional arrangement of amphibole and other minerals, which may be the controlling mechanism for the crustal anisotropy in the study area. The variations in crustal structure and anisotropy characteristics indicated that in the context of the northeastern Paleo-Pacific plate subduction, the existence of weak lithospheric zones and the northeastern asthenospheric flow are important conditions for metal supernormal enrichment in the Lower Yangtze region.
Keywords: lower Yangtze, crustal anisotropy, H-κ-c, asthenosphere flow, Paleo-Pacific plate subduction
INTRODUCTION
The Mesozoic period is regarded as the lithospheric active period of eastern South China when multi-phase structure-magma-thermal events were extensively developed and marked by massive and explosive mineralization (Li and Li, 2007; Lin et al., 2019; Wang et al., 2021). The Middle-Lower Yangtze Metallogenic Belt (MLYMB) and the Dexing porphyry copper deposit in the northern east part of the Qinzhou-Hangzhou Metallogenic Belt (QHMB) are typical representatives of copper-gold deposits in eastern South China (Mao et al., 2011; Ni and Wang, 2017; Yan et al., 2021). Scholars concur that the deep process of its mineralization is intimately connected to the transformation of the Mesozoic tectonic system and associated widespread magmatism (Shu, 2012; Lü et al., 2015; Li et al., 2017).
Recent seismic studies in the Lower Yangtze region have revealed the deep structure of the metallogenic area, providing new evidence for the genesis of these super normally enriched deposits. The deep seismic reflection profiles have shown that the crust in the MLYMB has undergone significant compression and detachment deformation (Gao et al., 2010; Dong et al., 2013; Liu et al., 2018; Lü et al., 2021). Moreover, wide-angle reflection profiles revealed uplifting of the Moho beneath this belt and low-velocity anomalies zone extending from the upper mantle to the crust of the metallogenic area (Xu et al., 2014; Zhang et al., 2015). Seismic tomography results indicated a “sandwich” structure of velocity anomalies in the upper mantle of the metallogenic area (Jiang et al., 2014, 2021), and the ambient noise tomography results suggested that the upper and lower crusts are characterized by relatively low velocities, whereas the middle crust is characterized by relatively high-velocities (Meng et al., 2021). The joint inversion results of receiver functions analyses and surface wave dispersions suggested that low-velocity anomalies exist in the upper mantle of the Lower Yangtze Block, several of which occur beneath the Dexing and Tongling ore deposits, and have been attributed to the ponding of relic (still cooling) mantle magma chambers (Ye et al., 2019). However, existing research has predominately focused on the crust-mantle structure below the MLYMB, with few studies describing the seismic anisotropy characteristics below the belt and its adjacent areas and the correlation between the dynamic environment and mineralization.
Seismic anisotropy is related to the material composition and velocity structure of the Earth, and it reflects the past and present stress field states. Moreover, seismic anisotropy is one of the important parameters used to investigate continental dynamics. Various methods are used to obtain the anisotropic characteristics or parameters, including shear wave splitting analyses (Wang et al., 2014; Tian and Santosh, 2015), the receiver function method (Wang et al., 2016; Yang et al., 2018), and surface wave velocity inversion (Wang et al., 2015; Gu et al., 2016). A XKS splitting analysis of the belts beneath eastern South China indicated a NE-SW (Zhao et al., 2007) and E-W (Yang et al., 2019) orientation of the fast directions. The fast directions and delay times calculated by several stations were relatively discrete and showed no clear spatial correspondence with the main structural direction, reflecting the complexity of the anisotropy. Shi et al. (2013) argued that the differences in the fast directions beneath the North China block (NW-SE), the metallogenic area (NE-SW), and the Yangtze Block (WNW-ESE) are related to the properties and evolution history of the structural unit. Belt-parallel azimuthal anisotropy below the MLYMB revealed by surface wave studies is considered to be caused by belt-parallel flow under the extensional tectonic stress field (Ouyang et al., 2015). However, XKS splitting analyses are limited by low vertical resolution, and they reflect only the average data of the whole lithosphere (Savage, 1999). The surface wave method is characterized by high vertical resolution; however, the horizontal resolution is insufficient due to the long period of the surface wave (Yang et al., 2020). Therefore, the internal anisotropy of the crust needs to be further explored in the study area.
The receiver function method is sensitive to lateral discontinuities inside the Earth. Moreover, the Pms converted wave is the seismic phase generated by the Moho and is sensitive to shear wave splitting (Frederiksen and Bostock., 2000; Nagaya et al., 2008). Anisotropy information about the medium conducted by the propagation Pms is derived from the inside of the crust and not the mantle. The characteristics of crustal anisotropy vital for exploring crust-mantle coupling and revealing the mechanism of crustal deformation. In recent years, the receiver function method has been widely applied to crustal anisotropy studies and has aided the discovery of significant crustal anisotropy (e.g., Liu and Niu, 2012; Tan and Nie, 2021; Wu et al., 2021). In this study, based on the observation data of 55 temporary stations in two linear profiles and 39 surrounding stations, as well as a novel H-κ-c method, we attempted to derive crustal structures and anisotropy beneath the study region. The results provide constraints on the dynamic mechanism of crustal deformation in the study area, as well as the metallogenic relationship between the metal deposits in the MLYMB and the northeast section of the QHMB.
GEOLOGICAL AND MINERALIZATION SETTINGS
The QHMB is evolved from the Jiangnan-Shaoxing Fault. Striking NNE, this fault is a boundary fault zone developed from strong Mesozoic tectonic activation of a Neoproterozoic collision suture between the Yangtze Block in the north side and the Cathaysian Block in the other side (Zhang et al., 2015; Yan et al., 2021). This area can be divided into two secondary tectonic units, namely the Jiangnan Proterozoic island arc and the Caledonian orogenic belt in southeastern China (Zhou et al., 2017). The Dexing deposit in the northeastern part of the QHMB is the largest porphyry copper deposit in eastern China (Ni and Wang, 2017). The stratum in this area presents a typical dual-element structure. The lower part is the Shuangqiaoshan Group, which is regarded as the Neoproterozoic basement strata of shallow metamorphic rocks. The upper part is the terrestrial volcanic tuff of the Jurassic Ehuling Formation, and most of the other strata are missing (Chen et al., 2017). The MLYMB, adjacent to the north of the QHMB, is originates from strong crustal compression caused by the collision between the North China and Yangtze Blocks in the Indonesian period. A great quantity of horizontally shrunken material may be uplifted or descended in the collision process, leaving the tectonic belt sandwiched between the two uplifts (Jiang et al., 2014; Meng et al., 2021). Under the background of strong crustal extension and stress transformation in Yanshanian period, the MLYMB further evolved in to three parts: the fault fold zone in the north of the Yangtze River, the ramp zone along the Yangtze River and the transitional zone in the south of the Yangtze River, where later widely began to deposit (Chang et al., 2019). Several large Cu-Fe ore clusters mainly of skarn type Porphyry type and hydrothermal vein type with a structural trend of NNE have been developed in this area, such as Anqing, Luzong, Tongling and Ningwu ore deposits (Lü et al., 2021).
DATA AND METHOD
Data
The study area includes five geological units, from south to north, namely, the Cathaysia Block (CB), the Jiangnan Orogenic Belt (JOB), the Lower Yangtze Block (LYB), the Qinling-Dabie Orogenic Belt (QDOB), and the south margin of the North China Block (NCB), with many large and super-large deposits such as the Dexing porphyry copper deposit crossed by Line 1, the Tongling polymetallic deposit crossed by Line 2, as well as several others (e.g., the Ningwu ore deposit, the Anqing ore deposit, and the Luzong ore deposit) (Figure 1). Line1 consists of 24 portable stations belongs to the Land Resource Survey Project of China Geological Survey (recording time is from January 2015 to June 2016, Han et al., 2020). Line 2 consists of 31 portable stations belongs to the SinoProbe-02 (recording time is from 2009 to 2010, Zheng et al., 2013; Ye et al., 2019). In addition, as an essential supplement, data recorded by 20 permanent stations and 19 temporary stations around the study area were added to the raw data, in which the data of the temporary stations belonged to the same project as Line 1. All the temporary stations were equipped with two types of data collectors (REFTEK-130 or Q330S+) and three types of the broadband seismometers [CMG-3ESP (60 s–50 Hz), CMG-3T (120 s–50 Hz), and STS-2.5 (240 s–50 Hz)]. Furthermore, each continuously operating station with a 100 Hz sampling rate could generate a single file with a length of 3,600 s. All the permanent stations collected seismic data from January 2012 to December 2017.
[image: Figure 1]FIGURE 1 | Seismic stations and teleseismic event locations (upper right corner) in the study area. The background color maps indicate the topography (unit: m). The triangles represent the temporary stations, squares represent the permanent stations, yellow triangles and squares denote stations without harmonic corrections, and white triangles and squares indicate abandoned stations. NCB, North China Block; LYB, Lower Yangtze Block; JOB, Jiangnan Orogenic Belt; QDOB, Qinling-Dabie Orogenic Belt; CB, Cathaysia Block; F1, Jiangnan Buried Fault; F2, Jiangshao Fault; F3, Zhenghe-Dapu Fault; F4, Tanlu Fault; F5, Xinyang-Shucheng Fault; F6, Xiangfan-Guangji Fault; F7, northeast Jiangxi Fault; F8, Yangtze River Deep Fault. Showing locations of major Cue-Au and Iron deposits. The black lines are the position of the research profiles (Line 1 and Line 2 used in Figure 7), and the triangle and black dots in the upper right corner indicate the center of the study area and teleseismic events, respectively. Main structural lines and fault lines are described in (Shu et al., 2013) and (Lü et al., 2015, Lü et al., 2021).
In this study, we calculated and obtained new receiver functions of 63 stations, and the receiver functions of Line 2 (31 stations) used the previous calculation results and were further selected according to waveform quality (Ye et al., 2019). In accordance with standard processing flow (Han et al., 2020), we first selected the earthquake events with epicentral distances in the range of 30°–90° and magnitudes >5.5 from raw waveform data. Next, three-component event waveforms were bandpass-filtered (two-pole Butterworth filter, corner frequency = 0.05–2 Hz) and rotated into Z-R-T components after the waveforms were detrended and demeaned. Finally, a total of 4,110 high quality receiver function records were calculated using a time-domain deconvolution (Ligorría and Ammon, 1999) with the Gaussian parameter of 2.5 and 100 times in iteration. Overall, the data from four stations was disregarded due to inferior quality caused by interference of the receiver function records in the shallow layer. Figure 2 shows the receiver function records of station C080 with clear Pms converted phases and relatively good back-azimuthal coverage, which met the requirement of harmonics correction.
[image: Figure 2]FIGURE 2 | Receiver function records from station C080: (left) receiver functions arranged according to back-azimuth, where the numbers on the axis denote the latency time of P wave arrival. The results of the linear superposition receiver functions are shown at the top of the left figure. The seismic phases (Ps, PpPs, PpSs + PsPs) are marked by red and broken lines. Red rectangles represent the back-azimuth in the figure on the right, and the black triangles denote epicenter distance distribution.
H-κ-c Method
The widely used method of H-κ stacking scans the crustal thickness (H) and Vp/Vs ratio (κ) within a certain range, and obtains the weighted sum of the Pms and crustal multiples (PpPs and PpSs + PsPs) (Zhu and Kanamori, 2000). The maximum value corresponding is the optimal estimate of H and κ.This method constructs stacking function S (H, κ) is defined as:
[image: image]
Here r (t) denotes the radial receiver function. wi is weighting factors of the Pms and crustal multiples which satisfy w1 + w2 + w3 = 1. The errors estimation of H (δH) and κ (δκ) can be obtained by using the Taylor expansion of S (H, κ) at the maximum and solve the quadratic differential and its standard deviation (Zhu and Kanamori, 2000):
[image: image]
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In H-κ-c stacking (where “c” denotes “correction”), the influence of crustal anisotropy and inclined interface is further considered and harmonic corrected to the azimuthal arrival variations of converted wave, and then performed H-κ stacking processing on the corrected receiver functions (Li et al., 2019). The weights used for the three waves in the traditional H-κ method are 0.7, 0.2, and 0.1, and H-κ-c calculation are 0.6, 0.3, and 0.1. The weights were altered to enhance the consistency of the converted wave.
Figure 3 indicates the results of the data obtained from stations AH. TOL and C079, before and after the harmonic corrections. Overall, the seismic phase of the Pms and crustal multiples were clearly aligned and the uncertainty among the H-κ energy maps was significantly reduced. The harmonic fit provides a more robust and reliable stacking result (Li and Song, 2021). It should be noted that the effectiveness of harmonic correction is reduced when effective receiver functions have an uneven and incomplete back-azimuthal coverage. The H and κ continue to use traditional H-κ results for these stations, which are mostly concentrated in areas with thick sedimentary basins lacking sufficient receiver functions.
[image: Figure 3]FIGURE 3 | Arrival time and waveform fitting of the Pms and multiples before (A,C) and after (B,D) harmonic corrections. The white circles represent the peak amplitude of the Pms and multiples. The dynamic correction stacking is shown below (ray parameter is 0.06 s/km), where the red lines and inverted triangles represent the arrivals of the Pms and multiple phases, respectively. H-κ energy maps are indicated at the bottom of the figures; the obtained H and Vp/Vs (κ), as well as corresponding errors and error ellipses, are shown.
Crustal Anisotropy Analysis
Based on the H-κ-c calculation (Li et al., 2019), we obtained the anisotropy of the entire crust by fitting the azimuth arrival changes of the Pms through a harmonic analysis. This method has been applied in Eastern Iran (Mahmoodabadi et al., 2020) and the eastern margin of the Tibetan Plateau (Tan and Nie., 2021). The arrival time of the Pms is characterized by a cosine function with the incident azimuth of seismic events, which is a tool for diagnosing anisotropy (Savage, 1998; Frederiksen and Bostock, 2000). The back-azimuthal variation of the Pms arrival times in the radial receiver functions from the crustal anisotropy, dipping Moho can be fitted by a combination of cosθ function and cos2θ function (Li et al., 2019).
The equation for the harmonic fitting is:
[image: image]
where F (θ) represents the variation of arrival times with the back-azimuth (θ) for Ps or crustal multiples; A0 is the central arrival time, A1, A2 and θ1, θ2 are the amplitudes and phases of the two-lobed and four-lobed variations, respectively. The delay time (δt) and the fast polarization directions (φ), which mirrors the strength and orientation of anisotropy, correspond to 2A2 and θ2, respectively. The delay time is related to the anisotropic strength of the media and the propagation path length of the shear wave in the media, and the fast directions mainly correspond to the direction of the symmetry axis of the anisotropic media orientation (Yang et al., 2018). The harmonic corrections method includes the following three main steps: 1) Apply the traditional H-κ stacking to obtain the reference arrival times for Pms and crustal multiples; 2) Perform the grid search to get harmonic fits of back-azimuthal variations of Ps and crustal multiples; 3) Correct the Pms and multiples and redo H-κ stacking with the receiver functions. The key of this method is to obtain the optimal solution for five parameters (A1, A2, θ1, θ2, dt = A0-tref), where tref represent reference arrival time which obtained by the traditional H-κ stacking; The searching range is: A1 and A2 ∈ (0–0.5 s), θ1 ∈ (0°–355°), and θ2 ∈ (0°–175°), dt ∈ (–1.0–1.0 s). The Pms fitting results of three stations (AH.TOL, C083, and ST16) are shown in Figure 4, indicating a good fit between the Pms arrival times and the four parameters of A1, A2, θ1, θ2.
[image: Figure 4]FIGURE 4 | Pms fitting results of three stations AH.TOL (A), C083 (B) and ST16 (C). The black lines represent the arrival times of Pms, the crosses mark indicate the best solutions, and the 99% contours to show the empirical uncertainty.
RESULTS
Crustal Thickness and Vp/Vs Ratio
Figure 5 shows the crustal thickness (H) and Vp/Vs ratio (κ) for the study area, and Supplementary Table S1 shows all the statistical results obtained in this study. The crustal thickness varied from 28.0 to 37.5 km, with an average value of 33.2 km, and the error range was 0.5–3.1 km. The Vp/Vs ratio ranged from 1.63 to 1.88, with an average value of 1.74 and an error range of 0.01–0.13. The results with relatively large errors were obtained for the areas directly on either sides of the fault zone or in the orogenic zone and are marked in Figure 5. Our results are consistent with adjacent profiles of deep seismic sounding (Deng et al., 2011; Teng et al., 2013) and coincide with the results of other studies using the H-κ method (Liu et al., 2021; Zhang et al., 2021). In this study, the effects of dip interface and velocity anisotropy were also considered, and based on a denser seismic array, which can enhance resolution and decreasing uncertainty and reveal more details of regional horizontal variation of crust thickness than predecessors.
[image: Figure 5]FIGURE 5 | Distribution of crustal thickness (A) and Vp/Vs ratio (B) beneath the stations. Labels are the same as Figure 1.
We achieved three-dimensional variation characteristics of the crustal thickness and Vp/Vs ratio in the study area (Figure 6). The high-resolution results revealed that the QD crust is the thickest (average value >37 km), followed by the southern margin of the NCB and JOB (32–34 km), and the LYB, which is the thinnest (average value <32 km). Moreover, a negative correlation was observed between the crustal thickness and the Poisson’s ratio (Vp/Vs ratio (κ) conversion: [image: image] ) in the JOB and LYB, indicating that the lower crust accounts for a large proportion of the whole crust (Ji et al., 2009). Moreover, we obtained two profiles using the common conversion point (CCP) method (Figures 7A,G) with the following parameter settings: IASP91 as the reference model, stacking grids with 5 km/grid parallel to the profile strike and 50 km/grid perpendicular to the profile strike, and 1 km/grid in vertical (Dueker and Sheehan, 1997). Moreover, the variation of the crustal thickness estimated by CCP method and H-κ-c method are relatively consistent, which can be mutually confirmed. Overall, our results demonstrate the depth of Moho upliftment near 3 km and show a relatively high Poisson’s ratio beneath the Tanlu Fault Zone (F4). Previous studies inferred that F4 could cut across the Moho to upper mantle (Niu et al., 2005; Bao et al., 2015). The negative correlation between crustal thickness and Poisson’s ratio was significant in the Dexing (Line 1) and Tongling (Line 2) ore deposits, as well as several other metallogenic areas (Figure 6), which may be related to Moho upliftment and mantle material underplating increasing the iron magnesium component in the crust, as well as the Poisson’s ratio (Chen et al., 2006; Yan et al., 2021).
[image: Figure 6]FIGURE 6 | Distribution of crustal thickness (A): the length of the bars denotes the delay time, the azimuths of the bars indicates the fast wave directions, and the rose maps is shown in the corresponding geological unit, the red and black bars represent the anisotropy parameters of each station and average values of the LYB and JOB, respectively. The interval between each ring and from the center to the outermost ring is 2 and 1 s, respectively. Distributions of Vp/Vs (B): the blue bars indicate the average splitting parameter of the SKS (Yang et al., 2019), and the green bars indicate the maximum horizontal stress (SHmax) orientations (Heidbach et al., 2018). The black circle indicates the metallogenic area. Labels are the same as Figure 1.
[image: Figure 7]FIGURE 7 | Migration cross sections of “Line 1” (A) and “Line 2” (G) of CCP stacking, where the light blue dotted lines denote the location of LAB, and the green squares and error bars correspond to the single station H-κ-c results; Vp/Vs ratio (B,H) and associated errors; anisotropic parameters (δt, φ) (C,D,I,J) and associated errors. We subtracted 180° if φ was >90°, so that the range of φ was (−90°, 90°); velocity structure (E,F,K,L) of nonlinear joint inversion (Ye et al., 2019). Station location and topography along the profile are shown on the top. Gray shading in the background indicates the different metallogenic areas, and the black dashed lines show the positions of the northeast Jiangxi fault (F7) and the Yangtze River Deep Fault (F8) in the sections. Labels are the same as for Figure 1.
Crustal Anisotropy
Overall, we obtained 72 high-quality measurements of crustal anisotropy (Pms) that met the harmonic correction conditions (Figure 6). The delay time varied from <0.1 to 0.95 s, with an average value of 0.35 s. The Pms fitting results for those with Pms delay times greater than 0.5 s of Line 1 and Line 2 are shown in Supplementary Figure S1. The delay time caused by microcracks in the upper crust was typically <0.2 s (Wu et al., 2021). Therefore, the larger delay time observed (mean value of Line1 = 0.4 s; mean value of Line 2 = 0.35 s) most likely resulted from the deformation of the middle or lower crust.
There are a total of 10 stations in the NCB, and the delay time was approximately 0.2 s, indicating weak crustal anisotropy (Shahzad et al., 2021; Wu et al., 2021). The fast directions of the stations close to the Xinyang-Shucheng Fault (F5) were approximately NW-SE, which is nearly parallel to the fault direction and consistent with previous results (Huang et al., 2013; Shi et al., 2013). The LYB has a total of 20 stations and the rose diagram shows a consistent NE-SW fast wave direction for all the stations except for C032, C035, and the two stations close to the Tanlu Fault (F4). Our results are consistent with results revealed by shear wave splitting analyses (Huang et al., 2013). The average polarization direction was 45° and delay time was 0.35 s, which is larger than that for the NCB. The stations C032 and C035 measured large delay times, and the polarization direction was close to the NWN-SES direction, which may be attributed to their location on the thick deposit layer. There are 30 stations in the JOB. The rose diagram shows that the fast direction was also predominately NE-SW, with an averaged polarization direction of 75° and a delay time of 0.32 s. The fast polarization direction was approximately S-N at station C038, which may be affected by the adjacent Jiangnan Buried Fault (F1). At the southern end of JOB, the distribution of fast directions was relatively discrete and the anisotropy pattern was more complex, reflecting the local tectonic complexity of the area (Gao et al., 2011). Except for the two stations distribute close to the Jiangshao Fault (F2), only four stations are located in the CB, and the anisotropy characteristics of these stations differed significantly. The fast directions of stations C074 and C075 in Line1 were NE-SW and those of stations ST40 and ST41 in Line2 were W-E, suggesting a deep and more complex dynamic environment beneath the station CB.
After a comparison of the crustal fast directions in this study with those obtained by SKS wave splitting (blue short bars in Figure 6B, Yang et al., 2019) in LYB and JOB, we observed that the directions were relatively similar, particularly for the stations C024, C083, and C084 situated near the Dexing ore deposits; AH. TOL, ST19, and ST20 located near the Tongling ore deposits; AH. ANQ situated near to the Anqing ore deposits; and JS. NJ located near the Ningwu ore deposits. The crustal fast directions measured at these stations was closer to those noted in of the SKS splitting results, showing a consistent NE-SW direction (Shi et al., 2013), which is nearly perpendicular to the direction of the Paleo-Pacific plate subduction (Li and Li, 2007).
The Tanlu Fault (F4) is a large-scale strike-slip fault formed at the end of the Triassic. The decrease in crustal thickness (<32 km) and the increase in Poisson’s ratio (>0.26) measured for the stations situated near this fault may be related to shear deformation of the lithosphere (Zhang et al., 2015). Moreover, the fast direction gradually rotates near F4 and becomes nearly parallel to the fault when it is close to the fault. The fast direction of station ST16 is parallel to the fault direction (NE-SW), and station C033 is almost perpendicular to the fault strike, indicating that F4 has a weaker influence on the anisotropy at the southern end of the study area.
DISCUSSION
Crustal Structure and Magma Upwelling Channel
Previous studies have shown that the Moho of the MLYMB and the eastern QHMB is relatively uplifted (Shi et al., 2013; Huang et al., 2015; Luo et al., 2019). The results obtained from the broadband seismic array and linear profile further proved that the Moho beneath the metallogenic region is uplifted by 2–4 km compared with its southeast and northwest sides, and the Poisson’s ratio is also higher (>0.26) in this study (Figure 6), which is consistent with the prediction of the underplating model (Lü et al., 2014). The LAB depth acquired by our CCP stacking results was 60–70 km in the Lower Yangtze region (medium light blue dotted line in Figures 7A,G), which is consistent with previous results (Sodoudi et al., 2006; Zheng et al., 2013; Bao et al., 2015; Ye et al., 2019; Zhang et al., 2019). Moreover, we observed an obvious low velocity zone 70 km below the Dexing and Tongling ore deposits (Figures 7F, L, Ye et al., 2019). The P-wave tomography results revealed recognizable low-velocity anomalies in the depth range of 150–400 km beneath the LYB (Jiang et al., 2014, 2021). These velocity anomalies have been interpreted as the source of hot magma injected into the lithosphere (Jiang et al., 2021; Lü et al., 2021).
Deep and large faults significantly influence crustal anisotropy and control the spatial distribution of ore deposits (Yan et al., 2021). Moreover, they provide good channels for magma transporting to the shallow of the crust. The Dexing porphyry copper deposit was formed at the background of Neoproterozoic copper-gold crust remelting (Wang et al., 2019). During the post-orogenic stage of the Jiangnan Orogeny, significant NE shear strike-slip occurred (Zhang et al., 2013). As shown in Figure 7, station C024 near the metallogenic region measured the thinnest crustal, a larger Poisson’s ratio, and the largest delay time compared to both sides, and fast direction deflection was also observed for this station. All of them reveal the trace of the northeast Jiangxi Fault (F7, black dotted line in Figures 7A–D, Yan et al., 2021), providing a channel for the upwelling of mantle-derived materials. However, the delay times obtained by SKS wave splitting of near the metallogenic region show normal values (Figure 6B), and a possible explanation is stronger deformation and anisotropy in the crust after the lithosphere is weakened. The Tongling ore deposit is located in the southeastern uplift and fold belt of the NNE tectonic belt, which is formed during the Indosinian period of the lower Yangtze region. Stations ST17 and ST18 from the Tongling area measured thin crustal thicknesses, larger Poisson’s ratios, and the largest delay time compared to both sides, as well as fast direction deflection. Based on these results, we determined that these most likely represent the trace of the Yangtze River Deep Fault and provide a channel for the upwelling of mantle-derived materials (F8, black dotted line in Figures 7G–J, Lü et al., 2015). The two-dimensional results more clearly limit a possible track of the fault zone in the study area. The mineralization of the Tongling, Anqing, Luzong, and Ningwu ore deposits along the belt indicate that the mineralization process in the MLYMB may be controlled by F8 (Figure 6).
Crustal Anisotropy and Mineralization
Generally, due to the action of the non-hydrostatic stress field, numerous microcracks occur in the shallow crust, and the anisotropy of the shallow crust is mainly caused by the directional arrangement of these microcracks (Crampin and Gao, 2014). The direction of anisotropy caused by the fracture is parallel to the direction of compressive stress. The anisotropy of the middle and lower crust is generally considered to be caused by the directional arrangement of minerals. In particular, rocks rich in mica and hornblende typically exhibit strong anisotropy (Crampin and Peacock, 2008). When compressive stress is applied to rocks, minerals will align along the direction of maximum shear or tensile stress, intersecting or even perpendicular to the compressive stress direction (Tatham et al., 2008). Most of the fast polarization directions in the study area were in the NE-NNE direction, which is consistent with the tectonic direction but inconsistent with the main compressive stress direction (green short rods in Figure 6B). This indicates that crustal anisotropy in the study area predominately arises from the local deformation field in the middle and lower crust.
By comparing the crustal delay time and the splitting time of the SKS wave, we observed that the LYB and JOB measurements (approximately 0.33 s) approached a quarter of the mean splitting time (approximately 1.2 s) determined from the SKS data (Yang et al., 2019). Furthermore, we estimated the thickness of the anisotropic layer from the relationship of [image: image] (Barruol and Fontaine, 2013), where Ks represents the intrinsic anisotropy (selected as 4%) (McNamara et al., 1994), β0 represents the isotropic shear velocity (selected as 4.5 km/s). Considering the lithospheric thickness (<100 km) (An and Shi, 2006; Zhang et al., 2019) and crustal thickness (approximately 30 km) (Han et al., 2019; Zhang et al., 2021) in the study area, the calculated SKS splitting time (= 0.63 s) is significantly less than the measured time (= 1.2 s) (Yang et al., 2019). In this study, the anisotropic fast directions of the lower crust measured were generally consistent with the results of SKS splitting in with LYB and JOB, showing an obvious NE-SW direction (Figure 6). On the basis of removing the SKS splitting time (= 0.63 s) caused by the lithospheric mantle, we further deducted the time delay of crustal anisotropy (=0.33 s) and obtained the remaining SKS splitting time (= 0.24 s). Therefore, in addition to the lithospheric anisotropy caused by the alignment of hornblende and other minerals along the direction of maximum shear or tensile stress, asthenospheric convection contributes significantly to the results of SKS splitting (Zhao et al., 2007; Huang et al., 2011).
During the early stage (began from the early Jurassic), Pacific subduction was characterized by low angles and rapid subduction rates along the NW–NWW direction at approximately 180 Ma. The dip angle of subduction then increased gradually, accompanied by wedge melting of the mantle and basalt intrusion. The strike-slip shear and torsion related to subduction are considered to be the driving forces of lithosphere extension, as well as thinning and magmatic activities in eastern South China (Gilder et al., 1996). During the early Cretaceous, the direction of back arc extension of the eastern continental margin of China was controlled and changed by the direction of Pacific subduction, resulting in strong NW-SE stretching and the formation of numerous related extensional basins in the eastern part of South China (Zhu et al., 2012). The crustal thinning zone (Li et al., 2013; Han et al., 2019; Shahzad et al., 2021) and upper-mantle low-velocity anomalies (Jiang et al., 2014) show a consistent distribution in the NE-SW direction, which is consistent with that of the crustal anisotropic fast directions revealed in this study and approximately parallel to the strike of the adjacent fault, indicating the direction of migration with ore-forming fluid (or magma) (Jiang et al., 2021). At the block scale, various layers of the lithosphere are dominated by coupling deformation. Moreover, crustal anisotropy in the metallogenic area was significantly enhanced (Figure 6A, average delay time = 0.45 s), which may be attributed to the migration of large-scale molten magma along the fault zone and the superposition of ductile shear deformation in the lower crust.
CONCLUSION
This paper investigated the crustal structure and anisotropy in the Lower Yangtze region and its adjacent areas by teleseismic receiver functions, combining the previous velocity structure of the crust and upper mantle. The high resolution results show that: 1) The Moho is uplifted by 2–4 km beneath the metallogenic area, and the Poisson’s ratio is also relatively higher (>0.26), which is consistent with the prediction of the underplating model. 2) The significant local anisotropy of the MLYMB and the Dexing porphyry copper deposit (delay time = 0.45 s) is caused by mantle-derived material upwelling and underplating or the local lateral ductile shear in the lower crust. The NE-SW fast polarization direction is consistent with those of the SKS splitting results, indicating that various layers of the lithosphere are dominated by coupling deformation. 3) The variation characteristics of crustal thickness, Vp/Vs ratio, fast polarization direction and delay time have consistently revealed that the northeast Jiangxi Fault and Yangtze River Deep Fault Zone may serve as the channel for the upwelling of ore-forming fluid.
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The Mesozoic syn- and post-collision structures were revealed in the southern Tarim Basin based on careful seismic interpretation and field investigation. The syn-collision structures are the Late Triassic thrusts in the piedmonts of W. Kunlun and Altun Mountains and the Markit Slope. They include both newly formed thrusts and reactivation of some preexisting thrusts, such as the Qarqan fault in the piedmont of the Altun Mountains. The post-collision structures are the Jurassic–Cretaceous normal faults, with the development of horsts and grabens. In the Late Triassic, the maximum stress was SSW-NNE-directed in the piedmont of the W. Kunlun Mountains and the Markit Slope but SSE-NNW-directed in the piedmont of the Altun Mountains, forming many reverse faults thrusting from the mountains to the Tarim Basin with the development of some back-thrusts in the Markit Slope. They are the syn-collision structures in response to the North Qiangtang–Tarim collision. This Late Triassic collision is an important tectonic event in the complicated closing process of the Paleo-Tethys. The Jurassic–Cretaceous extensional structures are the post-collision structures.
Keywords: Late Triassic thrust, Jurassic–Cretaceous normal fault, collision-related structures, S Tarim Basin, N Qiangtang—Tarim collision, Cimmerides, closing of the Paleo-Tethys
INTRODUCTION
The Tarim Basin is located between the Tethysides and Altaids (or Central Asian Orogenic Belt), two super orogenic complexes in the world (Figure 1). Its tectonic history is closely related to these two orogenic systems. Previously, the geologists studied the Tethysides and Altaids mainly within the mountains, few in the neighboring basins. The key reason is that the basins are covered with younger deposits, especially the Cenozoic deposits. It is impossible to investigate the geology of the basins on the Earth's surface. The stratigraphic sections in the basin are relatively complete, from the Upper Precambrian to the Quaternary (Zhou, 2001; Jia et al., 2004a; Sun, 2004). The tectonic events in the surrounding orogenic belt resulted in different structural deformations in and around the basin. As the Tarim Basin is a sedimentary basin with a Precambrian cratonic crystalline basement, the deformation in it is relatively weaker, and the preexisting structures were relatively weakly transformed during the later deformation. Therefore, the deformations of different tectonic events at different times could be well preserved in the basin. The newly collected seismic and drilling data during petroleum exploration in the basin provide a possibility for the geologists to study the underground geology in the basin. So, the pre-Cenozoic structures in the Tarim Basin could be analyzed in detail (Jia, 1997; Jia et al., 2004b; Yang et al., 2007; Li et al., 2013; Li et al., 2015; Yang et al., 2015; Li et al., 2016a; Li et al., 2016b; Li Y. et al., 2016; Li et al., 2019; Li et al., 2020; Wen et al., 2020). These structures of different ages, different types, and different origins are important records of the tectonic evolution process of the Tethysides and Altaids.
[image: Figure 1]FIGURE 1 | Tectonic elements of Tarim Basin, showing study area.
Triassic is a key time in the tectonic evolution history of both the Tethysides and Altaids. For the Tethysides, the oceanic crust subduction, the oceanic basin(s) closing, and some collision events occurred in the Paleo-Tethyan realm during the Triassic time, and the Neo-Tethys was opened in Triassic (Hsü and Bernoulli, 1978; ȘengÖr, 1985; Chang et al., 1986; ȘengÖr, 1987; ȘengÖr et al., 1988; ȘengÖr, 1990; ȘengÖr, 1992; ȘengÖr and Nata’in, 1996; Mattern and Schneider, 2000; Jia, et al., 2001; Yang et al., 2002; Xiao et al., 2005; Chen et al., 2009; Wu et al., 2020; Zeng et al., 2020). For the Altaids, the Southern Tianshan Ocean was closed during the Triassic and formed the South Tianshan Mountains at its southernmost margin. The Paleo-Asian Ocean was possibly finally closed after this collision orogeny (ȘengÖr et al., 1993; Li et al., 2002; Xiao et al., 2002; Li et al., 2005; Windley et al., 2006; Xiao et al., 2008; Li et al., 2009; Xiao et al., 2009; Li et al., 2010; Li et al., 2012; Zhao et al., 2012; Li et al., 2013; Huang et al., 2020; Li et al., 2020; Wen et al., 2020). The closing of the Southern Tianshan Ocean led to the Tarim–Yili collision. Its collision-related structures in the northern Tarim Basin have been revealed and analyzed systematically (Zhao et al., 2012; Li et al., 2020; Wen et al., 2020).
The Mesozoic collision-related structures in the southern Tarim Basin imply an important collision event in the Paleo-Tethys closing history. Previously, these collision-related structures were ignored or unnoticed for a long time. Recently, some Late Triassic structures have been discovered in the piedmont of the West Kunlun Mountains (Chen Y.G et al., 2018). Based on several years of continuous field investigation and seismic interpretation, we have revealed more and more Mesozoic collision-related structures, including the Late Triassic syn-collision structures and Jurassic–Cretaceous post-collision structures in the southern Tarim Basin, not only in the piedmont of West Kunlun Mountain but also in the Markit Slope and the piedmont of Altun Mountains. Their related collision should be located south of the Tarim plate. It is the North Qiantang–Tarim collision. This paper reports these collision-related structures preserved in the southern Tarim Basin and discuss their significance for the Paleo-Tethys study.
SEISMIC DATA AND INTERPRETATION
Seismic Data Are Used in This Paper, Under Kind Permission of the Tarim Oilfield Company, PetroChina
The Mesozoic collision-related structures are hard to be preserved in the Kunlun and Altun Mountains because of the severe deformation in the Late Cenozoic under the far-field effect of the India–Asia collision (Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1977; Sobel and Dumitru, 1997; Cui et al., 2002; Yang et al., 2002; Chen H. L. et al., 2018). Although the (late) deformation is much weaker and the stratigraphic system is more complete in the Tarim Basin, the pre-Cenozoic structures (including the Mesozoic collision-related structures) could be relatively well preserved within the basin (Jia et al., 1992; Jia et al., 2001; Li et al., 2013; Li et al., 2015; Li et al., 2016a; Wen et al., 2020). However, the Tarim Basin is covered with thick Upper Cenozoic deposits, especially, the Taklamakan Desert. The Mesozoic strata and structures are deeply concealed and are impossible to be directly investigated in the field. Thus, the seismic data and interpretation are essential for this study. They make it possible to investigate and analyze the underground strata and structures.
Seismic interpretation is the key method in this research. It is a method widely used in petroleum exploration and development in the world. The relationship between seismic stratigraphy, chronostratigraphy, and lithostratigraphy is the base of seismic interpretation. After then, the geological meaning of each main seismic reflector is given. In the Tarim Basin, each petroleum exploration well has a drilling report and even a single-well evaluation report for the important exploration wells. Based on the stratigraphy of the drilling reports from representative drilling wells, the correlations between the seismic reflectors and chronostratigraphic horizons are carefully discussed. For horizon calibration, we usually choose the respective seismic profile(s) across the well and carefully define the geological (chronostratigraphic and lithostratigraphic) meanings of the major reflectors on the basis of the single-well stratigraphic study results, synthetic seismogram, and single-well vertical seismic profile data. This work is essential for the following interpretation. At the same time, many special stratigraphic studies were carried out, such as Jia et al. (1992,2004b), Li et al. (1992), and Zhang et al. (2004). Also, now, the relationship between the seismic stratigraphy, chronostratigraphy, and lithostratigraphy in the Tarim Basin is clear and definite. We quote this study result directly in this paper. Also, then, the seismic interpretation is just like structural geology. During the interpretation, we trace the reflectors to identify faults, folds, and unconformities. The deformation is timed according to the variation and termination of seismic reflectors.
Mesozoic Collision-Related Structures in the Southwestern Tarim Basin
The Mesozoic collision-related structures were discovered in the piedmont of the West Kunlun Mountains and the Markit Slope of the Tarim Basin. They are the Late Triassic syn-collision structures and the Jurassic–Cretaceous post-collision structures.
Mesozoic Collision-Related Structures in the Piedmont of the West Kunlun Mountains
The far-field effect of India–Asia collision led to the reviving of many ancient orogenic belts, such as Kunlun, Altun, and Tianshan in Central Asia during the Late Cenozoic (Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1977; Zhang et al., 1996; Yin et al., 1998; Li et al., 2001a; Bullen et al., 2001; Cowgill, 2010; Cao et al., 2015). During this intracontinental orogenic process, the mountain massifs were pushed toward the neighboring basins while uplifted rapidly, forming foreland fold-thrust belts in the piedmont of the mountains (Lu et al., 1994; Sobel and Dumitru, 1997; Wang et al., 2002; Guan et al., 2007; Wang et al., 2009; Yang et al., 2010; Cheng et al., 2012a; Chen H.L et al., 2018).
The previous structural analysis in the piedmont of the West Kunlun mostly focused on the Late Cenozoic fold and thrust deformations (Wu et al., 2004; Cheng et al., 2012a; Xie et al., 2012; Wang, 2014; Xu et al., 2016; Chen H.L. et al., 2018), rare on the pre-Cenozoic structures (Chen Y. G. et al., 2018), which were strongly transformed during the Late Cenozoic deformation and difficult to identify. The Mesozoic collision-related structures in southern Tarim Basin were first discovered in the piedmont of the West Kunlun Mountains (Chen Y. G. et al., 2018) and verified by our following field investigations, seismic interpretations, and drilling data analysis.
The Triassic strata are sparsely outcropped in the piedmont of the West Kunlun. The Jurassic and Cretaceous strata distribute only in a narrow zone at the foot of the mountains and rapidly pinched out toward the basin (Figures 2 and 3).
[image: Figure 2]FIGURE 2 | Distribution of residual Jurassic strata in piedmont of western Kunlun.
[image: Figure 3]FIGURE 3 | Distribution of residual Cretaceous strata in piedmont of western Kunlun (see location also in Figure 1).
The only known Triassic strata in the piedmont of West Kunlun are the Lower Triassic Wuzunsayi Formation in the Duwa area (Figure 4). It is a 200–300-m-thick clastic rock formation, including purple-red feldspathic quartz sandstone, silty mudstone, interbedded with gray-yellow, gray-black, gray-green silty mudstone, and mudstone. The Wuzunsayi Formation is conformably overlying the Upper Permian Duwa Formation and unconformably overlain by the Jurassic and Cretaceous strata (Yang, 1994; Li, 2000; Huang et al., 2012; Chen Y. G. et al., 2018). This is important evidence for the time of the Triassic collision. The Jurassic or Cretaceous strata are directly unconformably overlying the Permian and older strata, missing the entire Triassic in almost the whole piedmont of West Kunlun except the Duwa area (Figures 5 and 6A,B). It is conformity or parallel unconformity between the Jurassic and Cretaceous, indicating a relatively stable tectonic setting without major tectonic events during Jurassic–Cretaceous. There is a major unconformity between the Jurassic–Cretaceous and Lower Triassic strata in the piedmont of West Kunlun. The Lower Triassic (Wuzunsayi Formation) in the Duwa area and its stratigraphic relationship with the underlying and overlying strata indicate an obvious Late Triassic tectonic event (Sobel, 1999; Yang et al., 2002; Cheng et al., 2012b; Chen Y.G et al., 2018). That is the collision between the North Qiangtang and Tarim Basin.
[image: Figure 4]FIGURE 4 | Geological map of Duwa area (see location in Figures 2 and 3).
[image: Figure 5]FIGURE 5 | Mesozoic stratigraphic columns and correlation in piedmont of western Kunlun (locations of wells and section are also shown in Figures 2 and 3).
[image: Figure 6]FIGURE 6 | Triassic thrusts and bottom unconformity of Jurassic–Cretaceous strata on outcrops in piedmont of West Kunlun (see section locations in Figures 2 and 3). Yellow dotted line: unconformity; white dotted line: stratigraphic level drawn to show structural deformation; red line: fault. (A) Unconformity between Cretaceous Kezilesu Group and Permian Dariyol Formation in Qimeigan section; (B) asymmetric syncline of Permian Keziliqiman Formation in Qipan section; (C) asymmetrical anticline of Azigan Formation of Carboniferous in Qipan section; (D) weakly structurally deformed Cretaceous unconformity over strongly structurally deformed Carboniferous Karawuyi Formation; (E) ductile shear deformation in granite gneiss of Eliankat Group in Sangzhu section.
The Jurassic–Cretaceous strata above this unconformity were slightly deformed. The thrusts are developed in the Permo-Carboniferous and older rocks under the unconformity (Figures 6B–D), and the Jurassic–Cretaceous strata were not involved in the thrust deformation (Figure 6B). The thrusting occurred in the (Late) Triassic. The thrusting direction in the piedmont of West Kunlun is basin-ward, i.e., from Kunlun to Tarim Basin.
The ductile shear deformation in the granite gneiss in the Ailiankat Group on the Sangzhu section is possibly a special type of the Late Triassic thrust, which also indicates the basin-ward thrusting (Figure 6E). In the Early Paleozoic, the Paleo-Tethys oceanic crust subducted under the Tarim continental crust, forming an accretionary wedge, the West Kunlun Early Paleozoic accretionary wedge (Xiao et al., 2002; Xiao et al., 2005). In this accretionary wedge, the main structural deformation should be thrust southward. However, the thrust direction of ductile shear deformation of Sangzhu granite gneiss is northward. Furthermore, the ductile shear deformation in the Sangzhu granite gneiss is a rather deep structure, which is obviously different from the late Cenozoic brittle thrust structures widely distributed in the West Kunlun (Sobel and Dumitru, 1997; Cowgill, 2010; Sobel et al., 2011; Xie et al., 2012; Cao et al., 2015; Xu et al., 2016). Therefore, we can fairly infer that this ductile shear structure is possibly also a Late Triassic syn-collision structure.
The Late Triassic collision-related structures were also be revealed by seismic interpretation (Figures 7 and 8).
[image: Figure 7]FIGURE 7 | A–A′ two-dimensional seismic section in piedmont of W. Kunlun (see locations in Figures 2 and 3). (A) section’s initial appearance; (B) flattened its Paleogene bottom. Red lines represent faults active in Triassic (syn-collision structure); blue lines represent Jurassic–Cretaceous normal faults (post-collision structure, that one on right is a negative inversion structure).
[image: Figure 8]FIGURE 8 | B–B′, C–C′, and D–D′ seismic sections (see locations in Figures 2 and 3). B–B′ and C–C′ are two-dimensional seismic sections. D–D′ is a three-dimensional seismic section. Red lines represent faults active in Triassic (syn-collision structure); blue lines represent Jurassic–Cretaceous normal faults (post-collision structure).
On the seismic sections, the Late Triassic thrusts cut through the Paleozoic and stop at the bottom of the Jurassic–Cretaceous. The deformations in the Jurassic–Cretaceous and the overlying Cenozoic are similar. They were not involved in the Late Triassic thrusting (Figures 7 and 8).
The Jurassic–Cretaceous deposited in half grabens and/or grabens are controlled by the normal faults (Figures 7 and 8). The Jurassic–Cretaceous half-graben can also be directly observed in the field (Figure 6A). They were formed subsequently after the Late Triassic syn-collision thrusts.
Drilling and outcrop data also show that the thickness of the Jurassic–Cretaceous strata is laterally various and basin-wardly pinched out rapidly. The YC1 well on the east side of Kekeya Oilfield encountered a large fault at a depth of 472 m (Figure 5). It thrusts from the Kunlun to the Tarim Basin. On its hanging wall, the oldest strata are the 280-m-thick Jurassic strata. Above the Jurassic strata is the 97-m-thick Lower Cretaceous Kezilesu Group, which is unconformably overlaid by the Quaternary strata. On the footwall, the Permian mudstone was revealed at the bottom of the well. Upward is the 506-m-thick Jurassic strata, the 1,067-m-thick Lower Cretaceous Kezilesu Group, and the 201-m-thick Upper Cretaceous Yingjisha Group. There is a large stratigraphic hiatus between the Jurassic and Permian. Also, then, the Paleogene Altash Formation unconformably overlies the Upper Cretaceous Yingjisha Group (Figure 5). The footwall is the in situ stratigraphic system, and the hanging wall of the fault is the allochthonous system that came from the south. The Jurassic strata on the hanging wall are thicker than the footwall, and the (Lower) Cretaceous strata on the hanging wall are much thinner than the footwall. That is to say, the Jurassic–Cretaceous strata are not simply thickened southwardly. They were possibly deposited in many strip-shaped grabens.
The Jurassic–Cretaceous strata deposited in strip-shaped grabens formed on the Triassic thrusts. The initial features of the Late Triassic thrusts and Jurassic–Cretaceous grabens can be shown by the seismic section flattened its Paleogene bottom (Figure 7B).
The Jurassic and Cretaceous strata in the piedmont of the West Kunlun are distributed in strip-shaped (Figures 2 and 3), showing the planar distribution characteristics of graben–horst structures. The strata deposited in the grabens and missing on the horsts.
Mesozoic Collision-Related Structures in the Markit Slope, SW Tarim Basin
The Markit Slope is a secondary tectonic unit of the Southwestern Depression, SW Tarim Basin (Figure 1). Unlike the Kunlun Mountains, the pre-Cenozoic strata and structures are covered by kilometers-thick Cenozoic strata in the Markit. The Mesozoic collision-related structures cannot be directly investigated on the surface. Seismic interpretation is necessary to study these structures. On the basis of careful seismic interpretation, the Late Triassic syn-collision thrusts have been revealed in the Markit Slope, but no Jurassic–Cretaceous post-collision structures are revealed so far.
There are two widely distributed gypsum-salt series in the Markit Slope. They occur at the Middle Cambrian and lower Paleogene. They are not only high-quality regional caprocks but also the stratigraphic horizons where the main regional décollement faults developed (Yang et al., 2007; Yang et al., 2015; Li et al., 2016a; Yang et al., 2016). The Paleogene gypsum-salt series has no influence on the Mesozoic collision-related deformations. The Middle Cambrian gypsum-salt series serves as the main décollement surface of the Late Triassic syn-collision thrusts (Figure 9).
[image: Figure 9]FIGURE 9 | Fault distribution in Markit Slope, showing distribution of Triassic thrusts and strike-slip faults (see location also in Figure 1). BST F.—Bashituopu fault; WLT F.—Wolituogelake fault; SLB F.—Selibuya fault; KTK F.—Kangtakumu fault; HMLS F.—Haimiluosi fault; GDS F.—Gudongshan fault; MZT F.—Mazhatage fault; SL F.—Shalong fault; NS F.—Niaoshan fault; MN F—Manan fault; SH2 F.—Shenghe2 fault; YB1 F.—Yubei1 fault.
The Mesozoic strata are completely missing in the Markit Slope, and the Paleogene strata overlie the Permian strata directly (Figures 10 and 11). The Late Triassic syn-collision structures are a series of thrust and some strike-slip faults developed in the Paleozoic strata.
[image: Figure 10]FIGURE 10 | Seismic sections across Bashituopu structural belt (see location in Figure 9). E–E′ is a regional two-dimensional seismic section; others are three-dimensional seismic sections. Red lines represent faults active in Late Triassic (syn-collision thrust structures); black lines represent other faults.
[image: Figure 11]FIGURE 11 | I–I′ 2D seismic section across Niaoshan and Shalong faults and J–J′ three-dimensional seismic section across Manan fault. Red lines represent faults active in Triassic (syn-collision thrust structures). Black lines represent other faults.
Among the thrusts, the Bashituopu structural belt in the western Markit Slope is a typical representative (Figures 9 and 10). The initial structural style of the Bashituopu belt is a fault-bend fold. In the late deformation stage, the southern wing of the fault-bend fold (Bashituopu anticline) was broken through and formed a faulted anticline, showing an illusion appearance of the fault-propagation fold. Careful observation reveals that the fault displacement of this breakthrough fault is only approximately 20 ms, and the original fault-bend folds can be basically preserved (G-G′ section on Figure 10). This fault-bend fold was not even broken and maintained its initial structural style on some sections (E-E′ section on Figure 10).
The Bashituopu anticline is mainly developed in the Cambrian–Permian and unconformably overlain by the Paleogene strata. At the top of the anticline, the Permian was more eroded, and the thickness of the eroded strata increased toward the core of the anticline and resulted in an angular unconformity between the Paleogene and the Permian. Away from the top of the anticline, it is a parallel unconformity or micro-angle unconformity between the Paleogene and Permian. Obviously, this anticline was formed after Permian and before Paleogene. Due to the lack of all the Mesozoic strata, its exact deformation time cannot be determined directly from the seismic sections. According to regional geology, from Jurassic to Cretaceous, Tarim Basin was in a regional extensional tectonic setting, and the Bashituopu structure was not likely formed at that time. Combined with the previous analysis on the Mesozoic deformations in the piedmont of the West Kunlun, the Bashituopu should be a Late Triassic thrust.
The Cenozoic strata above the anticline have a relatively slight deformation, forming a wide gentle anticline, indicating that the Bashituopu structure revived in the Cenozoic.
The Late Triassic syn-collision structures such as Shalong, Niaoshan, and Manan faults are also developed in the middle and eastern Markit Slope (Figure 11). The Shalong and Niaoshan faults are basement-involved Late Triassic thrusts. The Manan structural belt has obvious characteristics of a palm tree structure (J-J′ section in Figure 11). It is a shear-compressional strike-slip fault zone formed in the Late Triassic. The obvious deformations of the Cenozoic above the Shalong, Niaoshan, and Manan indicate that all these three structural belts and possibly all the Late Triassic syn-collision structures in the middle and eastern Markit Slope revived obviously in the Cenozoic.
Mesozoic Collision-Related Structures in the SE Tarim Basin
The SE Tarim Basin is also the northwestern piedmont of the Altun Mountains (Figures 1 and 12). The Qarqan fault is the largest fault zone in the Tarim Basin (Figures 12 and 13). The Jurassic–Cretaceous extensional structures in the piedmont of the Altun were once reported and interpreted as post-orogenic structures of the Cimmerides (Chen et al., 2009). Our recent seismic interpretation revealed the Late Triassic thrusts together with the Jurassic–Cretaceous extensional structures in the SE Tarim Basin. The Late Triassic thrusts include newly formed and revived thrusts. The Qarqan fault was revived during the Late Triassic. Several newly formed smaller Late Triassic thrusts were revealed on the hanging wall or the southern side of the Qarqan fault (Figure 13). The Late Triassic thrust structures and Jurassic–Cretaceous normal faults together in the piedmont of the Altun constitute an integrated set of collision-related structures of the North Qiangtang–Tarim collision, which is one of the most important collisions in the Cimmerides.
[image: Figure 12]FIGURE 12 | Fault distribution of SE. Tarim Basin.
[image: Figure 13]FIGURE 13 | K–K′, L–L′, M–M′, and N–N′ 2D seismic sections across Qarqan fault. Red lines represent faults active in Late Triassic (syn-collision thrust structures). Blue lines represent Jurassic–Cretaceous normal faults (post-collision extensional structures). Black lines represent other faults.
The Qarqan fault is a high-angle basement-involved thrust dipping to SE and forming the NW boundary fault of the Tanan Rise. The fault plane distribution is in a wave-like shape. Its overall strike direction is SW–NE, and its breaking length is approximately 1,600 km (Figures 12, 13).
Because the Qarqan Fault is neighboring to the Altun Late Cenozoic strike-slip fault system and their overall trend is basically parallel, many geologists believe that the Qarqan is a branch of this strike-slip system (Cui et al., 2002; Lu et al., 2006). In fact, the Qarqan is not a branch of the Altun Late Cenozoic strike-slip system because they do not match in both deformation time and structural type. The Qarqan Fault is a basement-involved thrust but not a strike-slip fault. It was formed in the Late Ordovician–Early Silurian (Li et al., 2016a; Yang et al., 2016), revived in the Triassic, and partly revived in the Late Cenozoic. The Late Cenozoic faulting only occurred at Qarqan’s SW segment, with no Late Cenozoic reactivation at its other segments.
The Qarqan fault thrusts on a large scale for the second time during the Late Triassic. Together with it are the newly formed Late Triassic smaller thrusts on Qarqan’s hanging wall (Figures 12 and 13). The footwall of the fault developed the Late Ordovician–Early Silurian Tangguzibas fold-thrust belt. After the formation, the fold-thrust belt is relatively stable, and the deformation is weak. It is a well-preserved Early Paleozoic fold-thrust belt (Li et al., 2016a; Yang et al., 2016). A large number of strata are missing on the Qarqan’s hanging wall. The Jurassic–Cretaceous and even the Cenozoic strata often directly unconformably overlie the Precambrian (?) metamorphic rocks. Between the metamorphic rocks and the Jurassic–Cenozoic strata, the Triassic is missing, and the partially developed Permo-Carboniferous strata can only be seen locally. The Permo-Carboniferous strata were involved in the Late Triassic deformation and formed the angular unconformity between the Permo-Carboniferous and the overlying Jurassic–Cenozoic (Figure 13). This unconformity represents the (Late) Triassic tectonic event, and that between the Permo-Carboniferous and the underlying metamorphic rocks represents an Early Paleozoic tectonic event. The existing Permo-Carboniferous is the key to identifying the (Late) Triassic tectonic event.
The Qarqan's NE segment is a basement-involved thrust. The Jurassic–Cretaceous unconformably overlies on the Precambrian (?) metamorphic rocks (hanging wall) and Ordovician (footwall) directly. The Jurassic strata pinch out toward the Qarqan’s top. The Cretaceous, Jurassic, and Cenozoic exhibit similar deformation features. Between them are conformity or parallel unconformity. The fault cuts upward to the bottom of the Jurassic–Cretaceous and then stops. The deformation is mainly seen in the strata below the Jurassic–Cretaceous bottom unconformity. Above this unconformity, the Jurassic–Cenozoic strata were deformed slightly (N-N′ section on Figure 13). Obviously, the fault activity of the Qarqan's NE segment ended before the Jurassic. Its faulting history includes two thrust phases that occurred at the Late Ordovician–Early Silurian and the Late Triassic.
The Qarqan’s SW segment is composed of two to three basement-involved thrusts (K-K′, L-L′, and M-M′ sections on Figure 13). The Permo-Carboniferous strata are not only developed on its footwall but also can be partially seen in the fault zone and on the hanging wall. In the fault zone and on the hanging wall, the Permo-Carboniferous unconformably overlies the metamorphic rocks and underlying the Jurassic–Cenozoic strata (Figures 13, 14). The unconformity between the Permo-Carboniferous and the metamorphic rocks represents the Early Paleozoic collision on the southeastern margin of the Tarim plate (Li et al., 2016a; Yang et al., 2016). The unconformity between the Permo-Carboniferous and the overlying Jurassic–Cenozoic on the hanging wall indicates the Qarqan's reactivation in the Late Triassic. Accompanying with the Qarqan’s reactivation, several Late Triassic thrusts were formed on Qarqan’s hanging wall. On the seismic sections, it is clear that the Permo-Carboniferous strata were involved in this thrust deformation, and the Jurassic–Cretaceous and Cenozoic strata were not involved (Figure 13).
[image: Figure 14]FIGURE 14 | A simplified chronostratigraphic section across SW segment of Qarqan fault.
Different from the NE segment, the Qarqan's SW segment does not stop at the bottom of Cenozoic strata (the Jurassic–Cretaceous strata are absent on the top of the Qarqan fault at its SW segment). It cuts through the Cenozoic bottom and upward to the Upper Cenozoic and even near the ground surface. There are also some smaller faults on the Qarqan’s hanging wall that cut upward into the Cenozoic and stopped near the surface (K-K′, L-L′ and M-M′ sections in Figure 13). Evidently, there is a third thrust phase in the Qarqan’s SW segment. It occurred in the Late Cenozoic under the far-field effect of the India–Asia collision (Tapponnier and Molnar, 1977; Sobel and Dumitru, 1997; Li et al., 2016b).
DISCUSSION AND CONCLUSION
Late Triassic Thrusts and Jurassic–Cretaceous Normal Faults Developed in the Southern Tarim Basin
The known Late Triassic thrusts in the southern Tarim Basin distribute in the piedmonts of West Kunlun and Altun Mountains and the Markit Slope in Tarim Basin. The Jurassic–Cretaceous extensional structures are only found in the piedmonts of West Kunlun and Altun Mountains.
The Late Triassic thrusts (including décollements) and related folds developed in the Permian and below strata, indicating that the deformation occurred after the deposition of the Permian strata. In the studied area, almost all of the Triassic systems are missing; the Jurassic–Cretaceous and even the Paleogene strata, which were not involved in the thrust deformation, are directly unconformably overlying the thrusts. These indicate that the deformation ended before the deposition of the Jurassic strata. The existence of the Lower Triassic Wuzunsayi Formation in the Duwa area (Figure 4) and the Jurassic–Cretaceous strata in the piedmonts of the West Kunlun and Altun are significant for accurately timing the deformation. The Wuzunsayi Formation is conformably overlying the Upper Permian strata and unconformably overlaid by the Jurassic–Cretaceous strata. Obviously, the thrusting occurred in the Middle–Late Triassic. Many geologists believe that this thrusting occurred in the Late Triassic (Sobel, 1999; Chen and Wang, 2000; Chen H. L et al., 2009; Chen Y. G. et al., 2018).
The Jurassic–Cretaceous extensional structure is a series of normal faults, forming horst–graben structures that controlled the distribution and deposition process of the Jurassic–Cretaceous strata in the piedmonts of the West Kunlun and Altun. The Jurassic–Cretaceous is the growth-strata of normal faults. In other words, the normal faults are the growth faults of the Jurassic–Cretaceous strata. The normal faulting time is clear and credible.
Late Triassic Thrusts Are Syn-Collision Structures in Response to the North Qiangtang–Tarim Collision
The Late Triassic thrusts in the southern Tarim Basin are distributed in the piedmonts the West Kunlun and Altun. They thrust mainly from the mountains to the basin (Figures 7, 8, 12 and 13). There are also some back-thrusts in the Markit Slope (Figures 10 and 11). These thrusts indicate a nearly N–S maximum (σ1) of the Late Triassic compressional tectonic stress field in the southern Tarim Basin. What tectonic event resulted in this paleo-compressional stress field? The ancient Asian Ocean on the north side of Tarim had been closed, and the collision on the northern margin of the Tarim plate occurred before Late Triassic (Li et al., 2001a; Li et al., 2001b; Li et al., 2002; Xiao et al., 2002; Li et al., 2005; Xiao et al., 2008; Li et al., 2009; Xiao et al., 2009; Li et al., 2010; Zhao et al., 2012; Li et al., 2013; Li et al., 2020; Wen et al., 2020). The Altaids have no relation to the Late Triassic thrusts in the southern Tarim Basin. The related tectonic event must be on the Tarim Basin's southern margin. The thrusting time (Late Triassic) is basically the same as the onset time of the North Qiangtang–Tarim collision (Jia et al., 2001; Yang et al., 2002; Chen et al., 2009). This collision is fairly inferred as the related tectonic event of the Late Triassic thrusts in the southern Tarim Basin. In other words, these Late Triassic thrusts are the syn-collision structures in response to the North Qiangtang–Tarim collision.
Jurassic–Cretaceous Extensional Structures Are the Post-Collision Structure of the North Qiangtang–Tarim Collision
The Jurassic–Cretaceous extensional structures in the southern Tarim Basin are the normal faults and the horst–graben structures controlled by them (Figures 6A, 7, 8 and 13). They were formed immediately after the Late Triassic syn-collision structures and contemporary with the post-collision relaxation stage of the North Qiangtang–Tarim collision (Jia et al., 2001; Yang et al., 2002; Chen et al., 2009). Thus, they should be the post-collision structures of the North Qiangtang–Tarim collision. The collision between North Qiangtang and Tarim blocks onsets at the beginning of the Late Triassic lasted to the end of the Late Triassic and then ceased. The tectonic stage evolved from the Late Triassic syn-collision stage to the Jurassic–Cretaceous post-collision stage and the structural deformation from the Late Triassic thrusting to Jurassic–Cretaceous normal faulting.
Implications of the Mesozoic Collision-Related Structures in the Southern Tarim Basin to the Closing Process of the Paleo-Tethys
The Late Triassic syn-collision structures and Jurassic–Cretaceous post-collision structures in the southern Tarim Basin constitute a complete set of collision-related structures in response to the North Qiangtang–Tarim collision. This collision is an important tectonic event in the Paleo-Tethys closing history.
The closing history of the Tethyan oceanic basins is very complex, resulting in numerous sutures and lasting for a very long time. This complex closing process is also a complex collision process that resulted in the Tethysides, a super orogenic complex between the Laurasia and Gondwana (ȘengÖr, 1987; ȘengÖr et al., 1988; ȘengÖr, 1990; Hsü et al., 1995; ȘengÖr and Nata’in, 1996; Wu et al., 2020; Zeng et al., 2020). The North Qiangtang–Tarim collision was seen as the final collision of the Paleo-Tethysides (Jia et al., 2001; Yang et al., 2002; Chen et al., 2009).
The Tethys is usually divided into Carboniferous–Jurassic Paleo-Tethys and Meso-Cenozoic Neo-Tethys (StÖcklin, 1968; ȘengÖr et al., 1988). Some geologists think that the ancient oceanic basins before the Carboniferous in the Tethys domain and the suture zone formed by their closure do not belong to the category of Tethys (ȘengÖr et al., 1988). Some other geologists named them the Proto-Tethys (Pan, 1989; Zhang et al., 2015; Wu et al., 2020). There are also some geologists who believed that the Tethys came into being during Cambrian or late Precambrian but not limited to Carboniferous–Cenozoic (Tozer, 1989; Scotese, 2002).
This is because many ancient oceanic basins represented by the ancient sutures in the Paleo-Tethys domain were evolved continuously from the Early Paleozoic ancient oceanic basins (Metcalfe, 1988; Tozer, 1989; Yang et al., 1999; Scotese, 2002; Li et al., 2008; Wu, 2013; Zhang et al., 2015) rather than Permo-Carboniferous newly formed oceanic basins. Therefore, we see these pre-Carboniferous oceanic basins as the components of the Paleo-Tethys and the sutures formed by their closure as the components of the Paleo-Tethysides.
Almost all the blocks in the Paleo-Tethys domain are Gondwana-land fragments. They collided with each other due to the closure of the oceanic basins between them and resulted in the Cimmeride orogenic system or Cimmerian continent (ȘengÖr, 1984; ȘengÖr et al., 1988).
In the Tibet Plateau, the Qiangtang terrane is the main part of the Cimmerian continent. It is separated into the North and South Qiangtang by the Longmucuo-Shuanghu Suture (Li, 1987; Metcalfe, 1994; Li et al., 1997; Deng et al., 2000; Kapp et al., 2003). According to the analysis on the chronology of blueschist (Bao et al., 1999; Deng et al., 2000; Kapp et al., 2003; Lu et al., 2006; Zhai et al., 2009; Zhu et al., 2010), subduction–collision-related magmatic activities (Kapp et al., 2003; Zhang et al., 2014; Li et al., 2015; Gao et al., 2019), radiolarian fauna (Li et al., 1997; Zhu et al., 2006), and sedimentary tectonic background (Li et al., 2000), the Longmutuo-Shuanghu ancient oceanic basin was not closed yet in the Late Triassic, and the paleo-oceanic crust is still subducting to the north and forming a volcanic island arc on the southern margin of the North Qiangtang. In other words, the North and South Qiangtang were still separated from the Longmutuo-Shuanghu oceanic basin and had not been united as one terrane in the Late Triassic. Therefore, in the Late Triassic, it was the North Qiangtang that collided with the southern margin of the Tarim plate, and the Paleo-Tethys had not finally closed yet (Figure 15).
[image: Figure 15]FIGURE 15 | A sketch showing tectono-paleogeographic framework of Tarim Basin and its adjacent units in Early (A) and Late (B) Triassic.
Just before the collision, the southern margin of the Tarim block was an active continental margin, including the Kangxiwa oceanic crust subduction zone, Central Kunlun Arc, and Aoyitage-Kudi back-arc basin in the Early Triassic (Figure 15). This Late Paleozoic active margin system was formed from the Early Paleozoic West Kunlun accretionary complex (Xiao et al., 2000; Xiao et al., 2003; Xiao et al., 2005). Just for this reason, there are both Early and Late Paleozoic oceanic crust fragments (ophiolites) in the Aoyitage-Kudi Suture (Yang et al., 1999; He et al., 2001; Xiao et al., 2002; Xiao et al., 2005). It is the Central Kunlun Arc that directly collided with the North Qiangtang block firstly in the Late Triassic. This collision immediately led to the closure of the Aoyitage-Kudi back-arc basin and the arc–continent collision between the Central Kunlun Arc and Tarim continent. To be exact, it is this arc–continent collision that led to the formation of the Mesozoic collision-related structures in the southern Tarim Basin.
Following the North Qiangtang–Tarim collision in the Late Triassic, the Longmutuo-Shuanghu oceanic basin between the North and South Qiangtang closed in the Jurassic. This is possibly the final closing of the Paleo-Tethys and then is the closing history of the Neo-Tethys. There is not a clear demarcation between the Paleo- and Neo-Tethys both in time and space. The evolution history of the Tethys is the process of numerous Gondwana-land fragments moving northward and colliding on the southern margin of the Eurasian plate one by one from Early Paleozoic to Cenozoic. The final collision between the Gondwana and Eurasia in the Late Cenozoic led to the formation of the Alps–Zagros–Himalaya Mountains.
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Supradetachment basins can record the stratigraphy and development of metamorphic core complexes (MCCs). The Fuxin supradetachment basin, which lies immediately to the west of the Yiwulvshan MCC in NE China, provides an excellent opportunity to establish the relationship between supradetachment basins and MCCs. In this study, we conducted field investigations, sedimentary facies analysis, and seismic profile interpretation to decipher the sedimentary processes and structural evolution of the basin and link them to the development of the Yiwulvshan MCC. The Fuxin Basin is filled predominantly by syn-rift volcanic sedimentary and post-rift clastic rocks, which developed in four stages, namely, proto-rift, fault subsidence, transition, and compression. The Fuxin Basin developed simultaneously with the two stages (earlier faulting-dominated and later exhumation stages) of development of the MCC. Erosion of the core of the Yiwulvshan MCC provided clastic material to the Fuxin Basin. Based on multi-stage reconstruction of the formation and evolution of the Fuxin Basin and Yiwulvshan MCC, we propose that rollback of the Paleo-Pacific Plate and retreat of the subduction trench provided the geodynamic setting for the crustal extension that formed the basin and MCC.
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1 INTRODUCTION
Metamorphic core complexes (MCCs) comprise metamorphic rocks at the bottom and unmetamorphosed sequences at the top (e.g., Davis and Coney, 1979; Martinez et al., 2001; Whitney et al., 2013). Detachment fault zones are dominated by mylonite and separate the brittle top and ductile bottom of MCCs (e.g., Qiu et al., 2020a). The upper unit of an MCC develops brittle normal faults that merge into a master fault, with sedimentary basins being formed in association with this fault geometry. Supradetachment basins controlled by listric normal faults record the progressive development and evolution of detachment faults as well as the exhumation of MCCs (e.g., Friedmann and Burbank, 1995; Zeynep et al., 2011). Thus, the provenance of sedimentary rocks and the structural evolution of supradetachment basins are key to understanding the mechanism of formation of MCCs and reconstructing their evolution.
The Fuxin Basin, which is in the northern North China Craton (Qiu et al., 2020b), is a half-graben basin whose development and geometry have been controlled by the Songling and Waziyu normal faults. The basin is filled by Jurassic volcano-sedimentary and Cretaceous clastic rocks (e.g., Li et al., 1985; Cai et al., 2011; Su et al., 2020; Jia et al., 2021). Some studies have interpreted it as a supradetachment basin in the western part of the Yiwulvshan MCC (e.g., Jia et al., 2021). However, other studies have argued that the basin is a rift or back-arc basin of the Paleo-Pacific Plate (e.g., Li et al., 1988; Wei et al., 2010; Suo et al., 2020; Wu et al., 2019). The sedimentary–structural evolution of the basin thus remains uncertain. Nevertheless, the basin constitutes an excellent natural laboratory to reconstruct the evolution of the Yiwulvshan MCC.
In this study, we present results of field geological mapping, seismic profile imaging, and sedimentary facies analysis to reveal the development and evolution of the Fuxin Basin. We construct a structural and sedimentary model to link the development of the basin to the evolution of the Yiwulvshan MCC.
2 GEOLOGICAL SETTING
2.1 Tectonic History
The Fuxin Basin is located on Liaodong Peninsula in the eastern North China Craton (Figure 1). During the Triassic, NE China was in a compressive tectonic environment as a result of Indosinian orogenesis (e.g., Li et al., 2017; Zhao et al., 2020; Dong et al., 2021). The collision between the North China and Siberian cratons during the Late Triassic formed the Central Asian Orogenic Belt (e.g., Windley et al., 2007; Xiao and Santosh, 2014). Also, during the Triassic, the North China Craton collided with the South China Block, producing the Qinling–Dabie and Sulu orogens. The Liaodong Peninsula lay between these collisional boundaries, forming an E- or NNE-striking fold–thrust belt (e.g., Yang et al., 2011). NW–SE-directed compression resulting from subduction of the Paleo-Pacific Plate during the Early–Middle Jurassic formed NE-oriented compressional depression basins. From the Jurassic to the Early Cretaceous, the regional structure changed markedly as a result of a transition from compression to extension in the overriding plate caused by rollback of the subducted Paleo-Pacific Plate (e.g., Xiao et al., 2003; Zhang et al., 2020; Ren et al., 2021). Large-scale lithospheric thinning took place, forming a series of NE- or NNE-trending extensional basins, and MCCs, including the Fuxin Basin (e.g., Wang et al., 1997; Li et al., 2007; Dong et al., 2008).
[image: Figure 1]FIGURE 1 | Tectonic sketch with digital elevation map of the North China Block and adjacent regions. (A) Inset map of tectonic sketch of northeastern Asia. (B) Simplified tectonic map and the MCC distribution of North China, showing the continents, suture zones, major faults, and location of the study area (after Clinkscales and Kapp, 2019).
2.2 Regional Geology
The western Liaoning region contains several Jurassic–Cretaceous NE- to N-trending basins, including the Beipiao, Jinyang, Chaoyang, Fuxin, Yixian, and Shaohuyingzi basins. The Early Cretaceous Fuxin and Yixian basins are located on the western Liaodong Peninsula and in the northeastern part of the Yanshan tectonic belt of the North China Craton (Figure 2). NE-striking normal, reverse, and strike-slip faults are widely distributed on the western Liaodong Peninsula. Larger normal faults, such as the Lvshan Fault, are generally developed along basin boundaries, and smaller normal faults are developed throughout the basins. The NW-dipping Nantianmen and Dongguanyingzi Faults are major reverse faults. At a regional map scale, there are two angular unconformities on the western Liaodong Peninsula: one between the Tuchengzi (J3–K1t) and Yixian (K1y) formations, and one between the Fuxin (K1f) and Sunjiawan (K2s) formations (Figure 3). The NNE- to NE-trending Fuxin and Yixian Basins are bordered by the NNE-trending Lvshan and Songling mountains to the east and west, respectively (Figure 3). The Fuxin Basin covers an area of 1500 km2 and is 11–22 km wide and 80 km long (e.g., Wu et al., 2007; Chen et al., 2019).
[image: Figure 2]FIGURE 2 | Geological map of the Yiwulvshan metamorphic core complex and Fuxin supradetachment basin in the eastern Asian margin (modified after Su et al., 2020).
[image: Figure 3]FIGURE 3 | Geological map and transects of the Fuxin Basin on the Liaodong Peninsula (modified after the Regional Geological Map of Yixian, scale 1:20,000). (A) Geological map of the Fuxin Basin and adjacent area, showing the strata, faults, observation sites (red stars), and section lines. (B,C) Sections of NW–SE transects through the Fuxin Basin.
3 DATA AND METHOD
3.1 Data Summary
Based on the structural analysis on map view, we observed and collected field data of structures and strata from 72 field observation sites. We used Tensor software to analyze field data of structures. In addition, we selected representative seismic reflection profiles and borehole data from the dataset of Fuxin Basin that was conducted in the last half century. The dataset includes 4481 km of 2-D seismic data, 78 km2 of 2-D seismic data, and more than 3000 wells for coal exploration and approximately 10 wells for hydrocarbon exploration. These materials were used to study stratigraphy and structural patterns in the Fuxin Basin.
3.2 Sedimentary Facies
The lithology and logging curves and seismic data were conducted to reconstruct and interpret sedimentary facies and environments (Shi et al., 2012; Jia et al., 2021). The types of sedimentary facies in the Fuxin Basin have been identified directly from field outcrops and drill cores, including color, texture, bedding, structure, fossils, and mineral assemblage. Additionally, mud logging and well-log data without drill cores and 2-D seismic interpretation were used to infer sedimentary facies in areas without boreholes and fault patterns (Jia et al., 2014). All data in this study were collected by the Liaohe Oilfield Company, Petrochina, China.
4 GEOLOGY OF THE FUXIN BASIN
4.1 Stratigraphy and Sedimentology
Mesozoic strata distributed in the Fuxin Basin are mainly Cretaceous in age (K2s, Sunjiawan Formation; K1f, Fuxin Formation; K1sh, Shahai Formation; K1jf, Jiufotang Formation; and K1y, Yixian Formation). The Tiaojishan (J3t) and Tuchengzi (J3–K1t) formations are poorly exposed in the western Fuxin Basin. The Lower Cretaceous strata unconformably overlie Archean metamorphic rocks (Figure 4).
[image: Figure 4]FIGURE 4 | Columnar section of the Fuxin Basin (modified after Su et al., 2020; Jia et al., 2021).
Controlled by the Lvshan Fault, the Sunjiawan Formation is distributed in the eastern and northeastern margins of the Fuxin Basin (Figure 3). The lithology comprises mainly conglomerate and glutenite, intercalated with sandstone, and shale. The conglomerate is poorly cemented, with clasts showing a wide range of compositions, poor sorting, and subangular–subrounded shapes. The maximum size of the clasts is greater than 2 m.
The Fuxin Formation is unconformably overlain by the Sunjiawan Formation and is widely exposed in the eastern and northern margins of the Fuxin Basin. This formation is composed of sandstone, glutenite, shale, and coal seams. Cross-bedding structures measuring 5–6 m long and 0.5 m high are observed. The lithological assemblage and sedimentary structures indicate that the Fuxin Formation was deposited in a sedimentary environment consisting of floodplains and swamps.
The Shahai Formation is conformably overlain by the Fuxin Formation and divided into four members. From bottom to top, the first and second members are composed mainly of siliceous cemented conglomerate, and the third member consists predominantly of greyish-green mudstone and dark-grey carbonaceous mudstone, intercalated with gray feldspar debris, medium- to coarse-grained sandstone, and thin layers of black coal. The fourth member comprises mainly dark-gray and gray mudstone of deep- and moderately deep-lacustrine facies. In addition, subaqueous fan deposits with intervening sub-deep-water gravity flow sandy conglomerates are found in the eastern part of the basin, and fan-delta deposits are developed over the entire Fuxin Basin.
The Jiufotang Formation is conformably overlain by the Shahai Formation. The lower Jiufotang Formation is dominated by tuffaceous conglomerate and sandstone, gray–green tuffaceous mudstone, and gray–green calcareous shale that were deposited in an alluvial-fan–shallow-lacustrine environment. The middle part of the formation is dominated by a set of fine-grained sedimentary rocks, with extensive grayish-green, dark-gray, and black mudstone, and represents further development of the lacustrine depositional environment. The upper part of the formation comprises a set of variegated conglomerates containing volcanic gravel intercalated within grayish green to light-red mudstone that was deposited in a moderately deep lake. The period of sedimentation of the Jiufotang Formation represents subsidence during the initial expansion of the Fuxin Basin, involving transformation from alluvial-fan to fan-delta and moderately deep-lacustrine environments.
The Yixian Formation is unconformably overlain by the Jiufotang Formation. The Yixian Formation is divided into the Yixian, Jingangshan, and Tuhulu members from bottom to top. The Yixian Member is dominated by a volcanic rock assemblage evolving from mafic to felsic, intercalated with multi-cycle intermittent volcanic sediments. Grayish-green to purplish-red andesite and porphyritic trachyandesite are widely developed and show extensive stomatal almonds structure. The Tuhulu Member comprises agglomerate, tuffaceous sandstone, and mudstone and shows cross-, parallel-, and horizontal-bedding.
4.2 Structures
4.2.1 Mesoscopic Structures
There are few outcrops of the Cretaceous stratigraphy in the Fuxin Basin, meaning that a limited number of structural features were observed in the field (Figure 5). During our field investigation, we observed two large-scale folds in the Fuxin Basin, exposed in an abandoned coal mine. The folded strata are ∼1 m thick and comprise sandstone and a coal seam. The twofold axes trend 82° with a dip angle of 64° and 165° with a dip angle of 77°, respectively. Some smaller structures were also observed (Figure 6). Stress tensor data for joints recorded in dolomite and tuff to the east (Figure 6G) and west (Figure 6H) of the basin analyzed using Tensor software show a NE–SW-directed compressive stress field, which reflects a compressional setting in the study area before the formation of the Fuxin Basin.
[image: Figure 5]FIGURE 5 | Field photographs of the Fuxin Basin, showing the sedimentology and unconformities. (A) Conglomerates in the Shahai Formation. (B) Mafic dyke intruding sandstone of the Fuxin Formation that is cut by a normal fault. (C) Sandstone with conglomerate in the Jiufotang Formation. (D,E) Andesite in the Yixian and Tiaojishan formations. (F) Agglomerate interlayered with tuffaceous sandy shale in the Yixian Formation.
[image: Figure 6]FIGURE 6 | Field photographs of the Fuxin Basin, showing structural patterns, mesoscopic structures, and kinematics. (A) Normal fault dipping to the northeast in the Shahai Formation. (B) Normal fault cutting the Jiufotang Formation. (C) Slickenside on fault plane cutting the Neoproterozoic basement.; (D) Folds in the Archean basement. (E) Folds in the Proterozoic basement. (F) Porphyry clasts in granitic mylonite showing dextral shearing. (G) Joints cutting Neoproterozoic dolomite. (H) Joints developed within Late Jurassic Tiaojishan tuffaceous rocks. (I) Felsic dykes truncating granite in the core of the Yiwulvshan MCC to the east of the Fuxin Basin.
We observed three normal faults in the Fuxin Basin, which cut through the Sunjiawan, Fuxin, and Jiufotang Formations, respectively (Figures 6A,B). The fault that cuts through the Shahai Formation extends along the boundary between this formation and Quaternary strata. The 30-m-long fault plane strikes 091° with a dip angle of 40°. The fault cutting through the Fuxin Formation is developed at the junction of sandstone and a mafic dyke (Figure 5B). The 10-m-long fault plane strikes 155° with a dip angle of 48°. Three intrusive dykes can be seen at the outcrop of this fault. Microscopic observations show that these three rock bodies are composed of olivine, feldspar, and pyroxene, consistent with a basaltic composition. The 10-m-long fault in the Jiufotang Formation strikes 060° with a dip angle of 34°. The fault plane cuts through another smaller normal fault below that strikes 237° with a dip angle of 85°.
4.2.2 Seismic Reflection Profiles
We obtained high-resolution seismic reflection profiles from the Fuxin Basin over an area of ∼2000 km2. Multichannel seismic data were collected and processed (filtered and stacked) using Landmark software. The results presented here are based on interpretations of ultrahigh-resolution chirp profiles and time slices analyzed using this software. Data from several deep boreholes (Figure 3) were also used for well-ties with the seismic data.
Seismic profile c–c′ shows 11 faults (F1–F11; Figures 7C, C′). Faults F1 (Songling Fault) and F11 (Lvshan Fault) are located on the eastern and western sides of the basin, respectively. These are two oppositely inclined listric faults with large offset, cutting the strata of the Yixian to Fuxin formations in the basin and controlling the sedimentary evolution of the Fuxin Basin as boundary faults. The F11 (Lvshan Fault) is a high-angle normal fault that gradually shallows in deeper strata and transitions into the Waziyu detachment fault. F3 and F5 are two east-dipping listric secondary faults that also cut all of the strata from the Yixian to Fuxin formations. F2, F6, and F7 are three ∼2.5-km-long east-dipping listric normal faults that cut the Jiufotang to Fuxin formations. F8 and F10 have shallow dip angles and control the deposition of the Sunjiawan Formation in the eastern Fuxin Basin, cutting the Shahai to Sunjiawan formations.
[image: Figure 7]FIGURE 7 | Interpreted seismic profiles [(c,c′), (d,d′), and (e,e′)] across the Fuxin Basin.
Seismic profile d–d′ shows eight faults (F1–F8; Figures 7D, D′). The characteristics of F1 (Songling Fault) and F8 (Lvshan Fault) are the same as those in profile c–c′ described previously. F2 and F3 are two east-dipping listric secondary faults and cut the Yixian to Fuxin formations. F4, F5, and F6 are three ∼2.5-km-long faults that cut the Yixian to lower Shahai formations. F4–F6 form a series of west-dipping listric faults whose respective dips steepen progressively toward the center of the basin, thereby converging downward and intersecting with the main eastern boundary fault to form a fault terrace. F7 is a 1-km-long normal fault developed in shallow strata and dips eastward, opposite in a sense to faults developed in the deeper strata.
Seismic profile c–c′ reveals nine faults (F1–F9; Figures 7E, E′). The characteristics of F1 (Songling Fault) and F8 (Lvshan Fault) are the same as those in profiles c–c′ and d–d′. F2 is a high-angle west-dipping normal fault in the western part of the profile and cuts the Yixian Formation to the lower Shahai Formation. F3 and F4 are two small-scale listric faults. F3 cuts only the upper Shahai Formation, but F4 cuts the entire formation. F3 to F6 together form a ∼3.5-km-wide graben. F7 cuts the Yixian to Fuxin formations, and F8 cuts the Yixian Formation to the upper Shahai Formation. Both faults are listric and dip to the west.
The faults in the Fuxin Basin as revealed by the seismic profiles are mainly listric normal faults, with small grabens being developed locally. Integrating the three profiles, the basin can be divided into three structural zones: the western step-fault zone, central graben zone, and eastern step-fault zone.
4.2.3 Sequence of Deformation
On the basis of deformation style and the cross-cutting relationships between strata and faults observed in seismic profiles and outcrops, and disregarding the pre-D1 shortening events marked by faults and folds of the basement rocks, we define three stages of deformation during D1 extension: 1) D11, extensional deformation represented by normal faults controlling the deposition of the Yixian Formation to the first member of the Shahai Formation (K1y–K1sh1); 2) D12, extensional deformation represented by normal faults controlling the deposition of the Yixian to Fuxin formations (K1y–K1f); and 3) D13, extensional deformation represented by low-angle normal faults and coeval secondary faults controlling the deposition of the second member of the Shahai Formation to the Sunjiawan Formation (K2s–K1sh2).
Integrating the regional geology with the results of the present study allows chronological constraints to be placed on the three stages of deformation. The timing of D11 is contained by the deposition of K1sh2 and K1sh1, which lasted until approximately 113 Ma (He et al., 2004; Zhu et al., 2004); the end of D12 is constrained by the deposition of K2s and K1f, at approximately 97 Ma (Zheng et al., 2004); and D13 took place after the deposition of K2s, after the cessation of MCC activity, through to approximately 57 Ma (Lin et al., 2013).
5 DISCUSSION
5.1 Model of the Evolution of the Fuxin Basin
5.1.1 Pre-Extensional Deformation
Lower Cretaceous strata of the Fuxin Basin lie directly on pre-Sinian basement, which underwent multi-stage structural deformation before the formation of the basin. During the Early and Middle Jurassic, owing to westward subduction of the Paleo-Pacific Plate, the Liaodong Peninsula underwent NW–SE-directed compression, forming NE-oriented fold–thrust structures and compression-related depression basins (e.g., Yang et al., 2011; Qiu et al., 2018).
5.1.2 Evolution of the Extensional Environment
During the formation of the Yixian Formation, strong regional extension led to the development of the Waziyu detachment fault and rapid uplift and exhumation of the Yiwulvshan MCC (Liang et al., 2020; Su et al., 2020). Large-scale volcanic eruptions occurred, forming an association of mafic–intermediate–felsic volcanic rocks belonging to the calc-alkaline series. The source magma of these rocks was derived from the lithosphere with a component of metasomatized subducted oceanic crust (Wu et al., 2005; Pei et al., 2011).
With the weakening of volcanism during the development of the Yixian Formation and the continuing uplift of the Yiwulv Mountains to the east, the Fuxin Basin entered the sedimentary period corresponding to deposition of the Jiufotang Formation. A fan-delta–shallow-lake sedimentary system developed on both the western and eastern sides of the basin. With the expansion of the lacustrine-based basin, subsidence and deepening of the lakes occurred, into which sediments were deposited, ranging from moderately deep- to shallow-lake facies together with locally developed fan-delta deposits and fan slumps (Figure 8A).
[image: Figure 8]FIGURE 8 | Sedimentary facies of the formations of the Fuxin Basin. (A) Jiufotang Formation. (B) First member of the Shahai Formation. (C) Fourth member of the Shahai Formation. (D) The Fuxin Formation.
During deposition of the first member of the Shahai Formation, regional extension became more pronounced, and the rate of uplift of mountain ranges bordering the Fuxin Basin increased. In addition, the sedimentary area of the basin underwent marked expansion, with lake environments correspondingly shallowing and reducing in area and being transformed to fan-delta and plain sedimentary environments (Figure 8B).
During the depositional period of the fourth member of the Shahai Formation, the Fuxin Basin continued to extend and formed an extensive area of sediments of moderately deep-lacustrine facies. A fan-delta–lake sedimentary system developed in the eastern part of the basin, and several small-scale slump-fan deposits formed at the ends of fan deltas. In the western part of the basin, owing to the reduced influence of the Songling Fault, a small-scale fan-delta–shallow-lake sedimentary system developed but without slump-fan deposition, and some strata were locally uplifted and eroded (Figure 8C).
During the depositional period of the Fuxin Formation, the activity of the Songling Fault in the west of the basin and the Waziyu detachment fault in the east weakened, and expansion of the basin ceased. Strata in the west of the basin continued to be eroded, large-scale alluvial-fan sediments and local swamp-facies deposits developed in the center of the basin, and lacustrine sedimentation stopped. Swamp-facies deposits developed in areas of subsidence, forming a high-quality coal seam in the Fuxin Formation, as exposed at Haizhou open-pit coal mine (Figure 8D).
Deposition of the Sunjiawan Formation was controlled by the uplift of the Yiwulv Mountains to the east of the Fuxin Basin. The Sunjiawan Formation is developed only near the eastern boundary fault of the basin, where narrow, large-scale alluvial-fan deposits are found, alongside variegated molasse deposits with a thickness of several hundred meters. The central–western part of the basin was severely eroded because of local uplift.
In summary, the sedimentary evolution of the Fuxin Basin included two phases of lacustrine expansion and two phases of lacustrine contraction. There was continuous expansion of lake bodies from the deposition of the lower Jiufotang Formation until gradual shrinkage during the deposition of the lower Shahai Formation. The climax of the lacustrine environment in terms of lake extent and depth occurred during the deposition of the upper Shahai Formation, following which the lakes shrank during deposition of the upper Shahai to Sunjiawan Formations (Figure 9).
[image: Figure 9]FIGURE 9 | Sedimentary section compiled from borehole data from the Fuxin Basin, showing the vertical variation in the sedimentary facies.
5.2 Implications for the Evolution of the Yiwulvshan MCC
The Mesozoic tectonic evolution of the Yiwulvshan NCC was characterized by tectonic switching from early Mesozoic shortening to late Mesozoic extension (e.g., Yan et al., 2021). The extensional tectonic regime identified from structures in the present study is reflected in the development of the Yiwulvshan MCC, the Fuxin superdetachment basin, and normal faulting. Lin et al. (2013) proposed that the deformation of the Yiwulvshan MCC can be divided into two stages, namely, D1 and D2. D1 deformation is defined by compressional structures that developed in the Yiwulv Mountains from the Late Jurassic to the Early Cretaceous (ca. 141 Ma). D2 deformation represents an Early Cretaceous extension event at approximately 126 Ma (e.g., Li et al., 2012; Lin et al., 2013; Li et al., 2016). Furthermore, Liang et al. (2020) proposed that the D2 extensional event involved the main period of cooling and exhumation of the Yiwulvshan MCC along the Waziyu ductile shear zone on the western boundary of the Fuxin Basin between 130 and 100 Ma. The Late Jurassic to Early Cretaceous (135–130 Ma) extension was caused by movement on a low-angle detachment fault rooted in the middle crust (e.g., Liang et al., 2020). The Early Cretaceous (ca. 125 Ma) syn-tectonic magmatism resulted in isostatic rebound and in the abandonment of the initial breakaway and MCC dome formation. The timing of formation of the MCC is coeval with the timing of the Early Cretaceous magmatism. Previous studies have shown that the oldest age of the volcanic rocks of the Yixian Formation deposited during the early stage of development of the Fuxin Basin is 129 Ma (Xu et al., 2012; Zhang et al., 2016). Early Cretaceous (115–97 Ma) detachment of the upper plate and isostatic uplift of the lower plate, and a new breakaway developed in the transport direction and subsequently the activity of the MCC ceased. The late stage of deposition of the Fuxin Formation in the Fuxin Basin involved contraction of the lacustrine sedimentary environment and corresponded to the cessation of MCC activity. The oldest age of the Fuxin Formation is 100–97 Ma (e.g., Zhang et al., 2003; Zheng et al., 2004; Sun et al., 2010; Zhang et al., 2012), which is consistent with the timing of cessation of MCC evolution. According to the provenance arrows in sedimentary facies diagrams (Figure 8), erosion of the core of the Yiwulvshan MCC provided clastic materials for the filling of the Fuxin Basin. The interpreted seismic profiles (Figure 7) show that the deposition of sediments into the Fuxin Basin was controlled by the Waziyu detachment fault. In summary, we propose that the Fuxin Basin is a supradetachment basin located to the west of the Yiwulvshan MCC.
5.3 Tectonic Implications
The close spatial and temporal relationship between volcanic and sedimentary strata in the Fuxin Basin and the Yiwulvshan MCC to the east of the basin shows that the eastern NCC was in an extensional regime during the Early Cretaceous. Su et al. (2020) proposed four stages of deformation during the Cretaceous on the western Liaodong Peninsula, of which the first stage was characterized by compression during the early Cretaceous (137–136 Ma). The regional angular unconformity in the Fuxin Basin and in the nearby Yixian and Jinyang Basins can be used to constrain the transition time from compression to extension. Zircon U–Pb ages for the Tuchengzi Formation (J3–K1t) below the angular unconformity and the Zhangjiakou Formation (K1z) above the angular unconformity constrain the transition to 137–136 Ma (Su et al., 2020).
Integration of fieldwork results with seismic-profile data and sedimentary-facies information suggests that volcanic rocks of the Yixian Formation were deposited in the Fuxin Basin at 129–118 Ma (Xu et al., 2012; Zhang et al., 2016). The duration of magmatic activity in the region is around 29 Myr. From southwest to the northeast across the Fuxin and Yixian basins, ages of volcanic rocks of the Yixian Formation show a younging trend. Early Cretaceous igneous rocks in western Liaoning were derived mainly from the partial melting of crustal materials or lithospheric mantle (Wu et al., 2005; Pei et al., 2011). Therefore, we propose that the Fuxin supradetachment basin and the related Yiwulvshan MCC constitute an extensional basin that formed as a result of westward subduction and eastward trench retreat of the Paleo-Pacific Plate (e.g., Dmitrienko et al., 2016; Li et al., 2018).
6 CONCLUSION
Our multidisciplinary study of the stratigraphy and structure of the Fuxin Basin in NE China allows the following conclusions to be made:
1) The Fuxin Basin is a supradetachment basin located to the west of the Yiwulvshan MCC. The basin contains sedimentary rocks of the Yixian Formation (proto-rift), the Jiufotang and Shahai Formations (fault subsidence), the Fuxin Formation (transition), and the Sunjiawan Formation (post-rift). These sedimentary rocks were deposited during 120–97 Ma after a compressive event.
2) Mesoscopic-scale structures and seismic profiles reveal two deformation events, i.e., D1 and D2. D1 represents the expansion of the Fuxin Basin under the control of normal faults and can be divided into three stages: D11, D12, and D13. The three stages of D1 deformation are respectively defined by a group of large-scale normal faults that developed during the deposition of all strata in the basin, high-angle normal faults that developed during deposition of the fourth member of the Shahai Formation, and inverted low-angle normal faults that developed during deposition of the Sunjiawan Formation. D2 deformation is defined by the folds and the angular unconformity between the Fuxin and Sunjiawan Formations and by the shortening that occurred between deposition of these two formations. The deformations are consistent with the sedimentary facies of the basin, including two phases of expansion and two phases of contraction of lacustrine sedimentary environments, indicating that the basin developed in four phases: proto-rift, fault subsidence, transition, and compression.
3) Integrating our new stratigraphic and structural results with the regional geology and nearby coeval rift basins, the Fuxin Basin is interpreted as a supradetachment basin. The tectonic activity of the Yiwulvshan MCC and deposition of the Fuxin Formation ceased simultaneously at 100–97 Ma. Rollback of the Paleo-Pacific slab and slab retreat provided the geodynamic setting that caused tectonic extension and the development of the Fuxin Basin (Figure 10).
[image: Figure 10]FIGURE 10 | Model of the evolution of the Fuxin Basin, NE China. (A,B) Tectonic evolution of the Yiwulvshan MCC from compression to extension (modified after Lin et al., 2013). (C) Early Cretaceous (ca. 125 Ma) syn-tectonic magmatism generated isostatic rebound that resulted in abandonment of the initial breakaway and dome formation. (D) The Fuxin Basin expanded during deposition of the Jiufotang Formation, with a lacustrine sedimentary environment prevailing in the basin. (E) Extension intensified, and lakes reduced in area and depth, leading to only limited areas of lacustrine conditions in the basin. (F) The Fuxin Basin expanded and formed an extensive area of moderately deep-lacustrine facies. (G) Activity of the MCC ceased, the Fuxin Basin stopped expanding, and the lacustrine sedimentary environment was terminated.
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The Central Asian Orogenic Belt (CAOB) is a globally magnificent accretionary orogenic belt that has been formed since the Phanerozoic as a result of the Paleozoic closing of the Paleo-Asian Ocean (PAO). The transition zone between the North China Craton (NCC) and the Siberia Plate is located in the eastern CAOB and has been thoroughly investigated by various seismic investigations. However, other types of geophysical approaches lag behind, especially integrated magnetic-gravity surveying, which could provide regional continent-scale constraints on the deep crustal structure. Here, the high-resolution ground gravity and airborne magnetic data covering the study region are newly processed by upward continuation, an improved potential field normalization differential algorithm, an analytical signal approach, and correlation analysis. The processed gravity and magnetic anomalies reveal dominant differences between the CAOB and the northern margin of the NCC; these regions are tectonically divided by the upper crustal Chifeng-Baiyan Obo fault, which is expressed by an important geological boundary. In the middle and lower crust, this tectonic boundary extends northward to the Xar Moron fault. Unexposed Mesozoic granites may be distributed extensively in the mid-lower crust along the Solonker suture zone. The local negative correlation characteristics of gravity and magnetic anomalies may be related to the structural fabrics derived from the convergence of the two terrains.
Keywords: Central Asian Orogenic Belt, potential field data, tectonic boundary, deep structure, correlation coefficient
1 INTRODUCTION
As the most representative region of Phanerozoic crustal accretion and transformation, the Central Asian Orogenic Belt (CAOB) is an ideal laboratory to decipher continental growth, tectonics, and geodynamics (Xiao et al., 2003; Windley et al., 2007; Xiao et al., 2009; Xu et al., 2013; Han et al., 2017b). The CAOB extends from Kazakhstan in the west to eastern Siberia in the east, and is interpreted as the tectonic boundary between the Siberian plate in the north and the Tarim-North China Craton (NCC) in the south (Zonenshain, 1973; Zorin et al., 1993). As an accretionary collage of microcontinents, island arcs, seamounts, ophiolites, and accretionary wedges (Windley et al., 2007; Xu et al., 2013), it originated from the subduction, closure, convergence, and post-collisional extension of the Paleo-Asian Ocean (Şengör et al., 1993; Xiao et al., 2003) (Figure 1). The NCC is bounded to the south and covers the intersection zone of the Tethys, PAO, and Pacific Ocean tectonic domains, which are extensively destroyed by the Mesozoic subduction of the western Pacific slab (Gao et al., 2008).
[image: Figure 1]FIGURE 1 | (A) Location map of the study area and sketch map of the tectonic framework, which is modified from Zhou and Wilde (2013), Zhou et al. (2014). (B) Topographic map of the eastern CAOB. The pink solid line from A to A′ is the deep seismic reflection profile location (Zhang et al., 2014), and the geological structure is modified from Xiao et al. (2003); Zhang et al. (2014).
As an ideal natural laboratory to decipher the tectonic evolution of the CAOB, there is still controversy regarding the tectonic origin of the geological transitional zone between the CAOB and NCC; therefore, various integrated geophysical profiles have been conducted to reveal its crustal lithospheric structure over the past few decades, including a deep seismic reflection profile (Zhang et al., 2014), a wide-angle reflection profile (Wen-Hui Li et al., 2014; Ying-Kang Li et al., 2014), a broadband seismic profile (Wei and Chen, 2012; Gong et al., 2016; Zhang et al., 2018), and a magnetotelluric sounding profile (Liang et al., 2015; Han et al., 2019). Moreover, owing to the long-lived and complex tectonic process, the closure mode and suturing location of the PAO are still debated (Tang, 1990; Chen et al., 2000; Jin Yi Li, 2006; Jian et al., 2008; Han et al., 2015; Han et al., 2017a; Zhou et al., 2018). As an effective tectonic interpretation approach, gravity and magnetic exploration are extensively conducted across northeast China to outline the fault and tectonic domains. Dominated by Izanagi-Pacific subduction, NE-NEE-striking tectonic lineaments are widely distributed across northeast China, and the Xar Moron fault is mostly interpreted as the northmost tectonic boundary between the NCC and northeast China terrain (Zhang et al., 2010; Sun, 2013; Suo et al., 2015). However, little attention has been given to the lithospheric gravity-magnetic structure of the transition zone between such blocks, which tectonically corresponds to the eastern portion of the CAOB. In this study, we use newly processed high-resolution magnetic-gravity data to image the deep structure of the eastern CAOB, which provides upgraded geophysical constraints for deciphering the tectonic origin and evolution of the northern margin of the NCC and the eastern part of the CAOB.
2 REGIONAL GEOLOGICAL AND GEOPHYSICAL SETTINGS
2.1 Geological Setting
Tectonically, the study area is located in the eastern part of the CAOB and crosses the northern margin of the NCC and the southern margin of the Siberian Craton. The Solonker suture in the northern part of the study area, named by Şengör et al. (1993), is an important structural component of the CAOB. It separates the CAOB into two coeval orogenic systems with different subduction polarities and these two orogenic belts close along the Solonker suture (Şengör et al., 1993; Şengör, 1996; Chen et al., 2000; Xiao et al., 2003; Jian et al., 2008; Xiao et al., 2009; Zhang et al., 2014). The northern orogenic belt is divided into three substructural units from north to south by the Chagan Obo fault and Erenhot fault, namely, the Uliastai belt, the Hegenshan belt, and the Baolidao belt. The southern orogenic belt is divided into the Ondor Sum belt and Bainaimiao belt by the Xar Moron fault (Xiao et al., 2003; Zhang et al., 2014). In the southern part of the study area, the Chifeng-Baiyan Obo fault is considered the boundary between the NCC and the CAOB (BGMRIM, 1991; Chen et al., 2000; Xiao et al., 2003; Zhang et al., 2014). The NCC is also divided into two substructural units by the Jining-Longhua fault (or Shangyi-Gubeikou-Pingquan fault), namely, the Inner Mongolia paleo-uplift and the Yinshan–Yanshan belt.
The NCC, which formed at 1.85 Ga (Zhao et al., 2011; Zhang et al., 2014), is one of the oldest Precambrian cratons in the world. It has an Archean to Paleoproterozoic basement and is covered by unmetamorphosed Mesoproterozoic to Cenozoic overlying strata (Zhao et al., 2011). The northern NCC basement rocks are largely exposed and are intruded by igneous rocks derived from multiple magmatic events (Zhang et al., 2014). The basement rocks are mainly in south of the Baiyan Obo-Chifeng fault in our study area. Li et al. (2019) suggested that the northern margin of the NCC was located from Baiyan Obo to northern Huade during the early Paleozoic, and migrated southward to the Guyang-Shangyi-Longhua fault during the late Paleozoic.
In the northern orogenic belt region, the Hegenshan belt has numerous outcrops of mafic-ultramafic complexes, which are usually interpreted as ophiolitic rocks (Nozaka and Liu, 2002; Xiao et al., 2003; Miao et al., 2008; Zhou et al., 2015; Pei et al., 2016). However, Jian et al. (2012) suggested that the mafic-ultramafic magmas all formed in the mantle and were emplaced at crustal levels during the extension period. In the western part of the belt, the Paleozoic strata were intruded by Permian and Mesozoic granites which were largely exposed and there was north-vergent thrusting and folding across the Erenhot fault (Zhang et al., 2014). The Baolidao belt is located between Sonid Zuoqi and Xilinhot, and its structure is dominated by a north-dipping thrust system (Xiao et al., 2003; Xu et al., 2013). It consists of variably deformed, metaluminous to weakly peraluminous, hornblende-bearing gabbroic diorite, quartz diorite, tonalite, and granodiorite (Chen et al., 2000).
The southern orogenic belt region reflects the Paleozoic growth of the NCC (Jian et al., 2008). The Bainaimiao arc is located between the Baiyan Obo fault and Xar Moron fault, and formed from the Mid-Ordovician to early Silurian. The formation of the Bainaimiao arc was derived from the subduction polarity flip in Inner Mongolia; and the arc is interpreted as an active continental margin formed by the mixture of mantle-derived and crustal rocks. The Ondor Sum belt to the north of the Bainaimiao arc contains remnants of multiple subduction-accretion complexes that range in age from the late Precambrian to the mid-Paleozoic. During tectonic processes and accretion, the original rocks were intensely shredded (Xiao et al., 2003).
2.2 Regional Physical Properties
Gravity and magnetic explorations are based on the density and magnetism differences in rocks and ores, which yield relative variations in anomalies on the observation surface. Therefore, it is necessary to understand the magnetic and density characteristics of rocks in this study area for the interpretation and inference of potential field anomalies (Xiong et al., 2016). By collecting data and measuring the physical properties of outcrop specimens, Jiang et al. (2006) and Sun (2013) reported that the rock densities in NE China were approximately [image: image]. The large density range reflects the complexity of rock densities and complex regional tectonic settings. The density of sedimentary rocks is approximately [image: image], while metamorphic rocks present a higher arithmetic mean of approximately [image: image]. The densities of the igneous rocks vary from [image: image].
In our study area, the sedimentary strata have either no or weak magnetism (with a susceptibility less than [image: image]), which is not enough to cause obvious magnetic anomalies. Only the sedimentary strata enriched in ferromagnetic minerals present strong magnetism. Generally, the magnetism of metamorphic strata is stronger than that of sedimentary strata. The basement of the sedimentary basin is composed of metamorphic Paleozoic and pre-Paleozoic marine sedimentary rocks, which have medium magnetism (Jiang et al., 2006; Sun, 2013; Xiong et al., 2016). The granites are widely distributed in the study area, and show multiple magnetic anomaly features. The Cambrian, Carboniferous, and Triassic granites and Paleogene basalts are characterized by strong magnetism, while the Permian and Jurassic granites present weak magnetism (Xiong et al., 2016; Guo and Yang, 2018).
3 DATA AND METHOD
3.1 Aerial Magnetic and Ground Gravity Data
The gravity anomaly dataset, collected from the China Ministry of Natural Resources Regional Gravity Survey Technology Center, includes ground Bouguer gravity anomalies with a scale of 1:1,000,000, which is meshed with a gridding interval of [image: image]. The gravity anomaly values in this area are all negative, ranging from [image: image]. Figure 2A reveals that the gravity anomaly values have obvious zoning and directional characteristics. With the demarcation line around latitude [image: image] in the central part, the Eren Basin in the northern region has short-wavelength relative gravity highs with NE-trending distributions, while the southern area has relative gravity lows with gentle amplitudes and nearly E-W- trending distributions. In the Yinshan-Yanshan belt, the anomalous values gradually increase from west to east, while the maximum appears in the southeast corner.
[image: Figure 2]FIGURE 2 | (A) Map of ground Bouguer gravity anomalies in this study. The warm red and cool blue colors depict gravity highs and lows, respectively. Map of gravity anomalies after an upward continuation of 10 km (B) and 40 km (C). (D) Map of the residual gravity anomaly after upward continuation from 10 to 40 km.
With the increase in the upward continuation height (Figures 2B,C), the gravity anomaly variation tends to be gentle, resulting from the high-frequency anomalies in the shallow crust being stripped off; however, the regional anomaly characteristics are in accordance with the features of the original gravity anomalies, indicating that the gravity anomalies in this region are mainly controlled by deep structures. As shown in the difference between the upward continuation of the 10 and 40 km anomalies (Figure 2D), after stripping off the anomalies in the shallow and lower crust, this difference can be approximately interpreted as a local gravity anomaly caused by the nonuniform distribution of the density of the mid-lower crust. It is obvious that there is a demarcation line of relative gravity highs and lows near latitudes [image: image], which corresponds to the position of the Xar Moron fault.
The magnetic anomaly dataset with a scale of 1:1,000,000 was collected from the China Aero Geophysical Survey and Remote Center for Natural Resources (AGRS) and was meshed with the gridding interval of [image: image] (Figure 3A). As is known, it is necessary to carry out the procession of reduction to the pole before interpreting and analyzing aeromagnetic anomalies to reduce the influence of geomagnetic field oblique magnetization on anomaly morphology. Due to the large range of the study area, it is inaccurate to calculate the reduction to the pole by using a single geomagnetic declination and inclination. Therefore, we adopted an RTP data processing approach with variable inclination (Arkani‐Hamed, 1988) of aeromagnetic data by GeoProb (AGRS), an aero geophysical data processing system.
[image: Figure 3]FIGURE 3 | (A) Map of the aeromagnetic anomalies in this study. The warm red and cool blue colors depict magnetic highs and lows, respectively. (B) Aeromagnetic anomalies of reduction to the pole (RTP). Map of aeromagnetic anomalies after an upward continuation of 10 km (C) and 40 km (D).
The reduction to the pole (RTP) aeromagnetic anomaly contour (Figure 3B) shifts northward overall, reducing the influence of the oblique magnetization of the geomagnetic field. Moreover, the contour also shows obvious zoning characteristics. North of latitude [image: image], a magnetic high belt crosses over the central part of the study area; and this crossover might be related to the exposed granodiorite, Cretaceous volcanic rocks and late Mesozoic granitoid pluton in this region. The anomalies of Permian granite and early-middle Paleozoic granite (Tong et al., 2010) that are largely exposed south of latitude [image: image] are characterized as magnetic lows. The Eren Basin region is largely covered by Cenozoic sedimentary strata, where the anomaly presents negative values and where a small range of NE-trending magnetic high belts are distributed, which are controlled by the NE-trending regional faults. The regional magnetic lows may be related to crustal thinning resulting from extensional tectonic setting. Along the northern margin of the Eren Basin, there is a wide range of NE-trending high anomalies north of Sonid Zuoqi and Xilinhot that may be related to the Hegenshan ophiolite belt and the granite in the Uliastai belt (Tong et al., 2010). In the southern part of the study area, positive and negative anomalies are alternately distributed, without obvious orientation, indicating that this region experienced complex tectonic evolution processes and magmatic activities. The large range of magnetic highs, located in the south from Huhhot to Ulanqab and Zhangjiakou, is mainly the long-wavelength anomaly. With the increase in the upward continuation height, the amplitude of the anomaly gradually becomes gentle and the anomalies in the study area present high-low-high regional features from north to south (Figures 3C,D).
3.2 Aerial Magnetic and Ground Gravity Data Processing
3.2.1 Improved Potential Field Normalized Differential Method
Identification of boundaries in gravity and magnetic data is of great importance for potential field data processing and can fully develop the advantages of the high lateral resolution of potential field data and provide an important basis for regional geological structure inference and interpretation. Wang et al. (2013) proposed the potential field normalized differential edge detection method to improve the boundary recognition accuracy of potential field sources. The anomaly gradient belts of the second-order normalized differential method are in good accordance with the boundaries of the model bodies and the known fault structures via model testing and field data processing. Moreover, this processing approach with a smaller differential radius has a high resolution for structural boundary detection, while with a larger, it can effectively robust noise and identify large-scale geological structures.
It is assumed that the potential field anomaly [image: image] is obtained on the observation surface, and the second-order total differential [image: image] and the second-order normalized differential [image: image] of the anomaly can be expressed as follows (Wang et al., 2013):
[image: image]
where, [image: image], and [image: image] are second-order differential operators in three directions. In this study, the second-order total differential [image: image] is improved to let [image: image], [image: image]. In the formula, when n gradually increases, the anomaly gradient belt becomes tighter, while the introduction of [image: image] prevents singularities from appearing around the anomaly gradient zone. To reduce the influence of [image: image] and avoid the occurrence of singularities, the constant [image: image] value is 0.1 during the calculation. The improved second-order normalized differential can be expressed as:
[image: image]
We intercepted some gravity and magnetic anomaly data in this study area, adopted the improved second-order potential field normalized differential approach on the field dataset, and let [image: image]. Figure 4 illustrates that the anomaly gradient belts of the improved method are more tightened and some redundant information is removed. The lineament structure identification result is clearer which improves the recognition accuracy and depiction ability of this method for potential field boundaries.
[image: Figure 4]FIGURE 4 | Comparison of the effects of the second-order potential field normalized differential method before (A) and after (B) improvement on the local Bouguer gravity anomaly in the study area. The warm red and cool blue lines depict highs and lows, respectively. Application effects of the method before (C) and after (D) improvement on the local magnetic anomaly.
3.2.2 Analytical Signal Amplitude Method
To obtain more abundant anomaly information and enhance the credibility of the interpretation results, we processed the gravity and magnetic anomaly data by the analytical signal amplitude (ASA) method (Nabighian, 1972; Nabighian, 1984; Roest et al., 1992). The three-dimensional ASA of the potential field data [image: image] can be expressed as
[image: image]
The ASA method detects the edge of the geological body or structure by using the maxima position of the contours, which is suitable for the edge detection of gravity and magnetic anomaly data processing. This approach is independent of magnetization directions for two-dimensional anomalies (Nabighian, 1972; Li et al., 2006).
3.2.3 Correlation Analysis of Gravity and Magnetic Anomalies
The gravity and magnetic internal correspondence analysis (ICA) method based on Poisson’s theorem (Chandler, et al., 1981; Liu, 1985), using a moving window to calculate the correlation coefficient between the vertical first derivative of the gravity anomaly and the RTP magnetic anomaly, is a qualitative and semiquantitative research method for the inference and interpretation of potential field sources. Generally, the contour transition belts of the correlation coefficients correspond to the boundaries of geotectonic divisions, and the areas with gentle variation contours correspond to tectonic units. The area with a stable crustal structure usually presents a negative correlation of regional long-wavelength gravity and magnetic anomalies. The gravity lows and magnetic highs indicate crustal thickening and the deep burial depth of the Curie surface. In contrast, the gravity highs and magnetic lows manifest as crustal thinning and shallow burial depth of Curie surface. A positive correlation occurs when the crust contains low-speed, low-density, and low-resistivity bodies (or high-speed, high-density, and high-resistivity bodies). A gravity anomaly is irrelevant with a magnetic anomaly on the condition that they are derived from different potential field sources (Yin et al., 1999). In this study, the correlation coefficients of gravity and magnetic anomalies with different upward continuation heights of 5, 30, and 50 km are calculated to obtain the structural characteristics at the crustal scale in the study area.
4 RESULTS
The improved potential field normalized differential edge detection method has a high resolution of lineament structure identification, while the ASA method locates the position of the potential field source effectively. Therefore, it is helpful to obtain reliable tectonic structure information by comprehensively analyzing the interpretation results of these two approaches. Figures 5A,B illustrate the edge detection results of the gravity anomaly, which show that the fault structures also have significant zoning and directional characteristics. The Jining-Longhua fault in the southern region, which acts as a dividing line, separates different types of lineament structures and different scales of anomaly sources. On the southern side, the Yinshan–Yanshan belt presents long-wavelength anomaly characteristics with no obvious direction and massive distribution where the Archean basement rocks are largely exposed. On the northern side, there is a series of bead-shaped anomalies that are nearly E-W-trending and distributed in the Inner Mongolia paleo-uplift (Figure 5A), which may be related to Permian granites with weak magnetism. The anomaly contours of these structures are divergent, indicating their relatively small scale and shallow burial depth. The part of the Chifeng-Huade deep major fault in this region is the middle segment and its influence depth reaches only into the basement, which is a property of a major fault (BGMRIM, 1991). Therefore, in the processing results of the two methods, the location of the Chifeng fault in the literature (Xiao et al., 2003) is not clear. In general, there are similar anomaly characteristics of the Bainaiiao arc and the Inner Mongolia paleo-uplift, which is situated between the Jining-Longhua fault and the Xar Moron fault. In the northern region, the lineament structures of the Eren Basin have a significant NE-trending distribution, which is controlled by deep tectonic structures in the NE direction. Due to the large range of basalts exposed between Sonid Zuoqi and Xilinhot, the continuity of the faults in this region is destroyed, but the overall tracking and identification results for the Xar Moron fault, Xilinhot fault, and Erenhot fault are effectual.
[image: Figure 5]FIGURE 5 | Processing results of the Bouguer gravity anomaly (A) and RTP aeromagnetic anomaly (C) via the improved potential field normalized differential method (with a differential radius of 30 km). The warm red and cool blue colors indicate the highs and lows, respectively. Processing results of the Bouguer gravity anomaly (B) and RTP aeromagnetic anomaly (D) via the ASA method. The black dashed lines are the faults in this area.
In the edge detection results of the magnetic anomaly (Figures 5C,D), there is also an anomaly zoning feature similar to the gravity anomaly. A large range of magnetic highs are distributed south of the Jining-Longhua fault without obvious directions, caused by the large amount of exposed Archean basement rocks. In contrast, there are short-wavelength anomalies situated in the eastern part of the Bainaimiao arc and the Inner Mongolia paleo-uplift. In the central part, a magnetic high belt is located near the Xar Moron fault and Chifeng fault and is approximately 35 km in width. From west to east, the trend of this belt changes from NWW to NEE, which may be related to the exposed granodiorite, and igneous rock, etc. In the Eren Basin, it is partly covered by a desert in which a large number of magnetic lows are distributed. In Figure 5D, there is almost no obvious anomaly information in the Eren Basin, while in Figure 5C a series of small-scale NE-trending anomalies appear in the Baolidao belt and Solonker belt. The Hegenshan complex belt between the Erenhot fault and Chagan Obo fault shows a large range of magnetic highs, which may be caused by the complex rock composition in this region and the exposed ophiolite (Miao et al., 2008; Zhou et al., 2015; Pei et al., 2016).
Figure 6 is the correlation coefficient between the Bouguer gravity anomaly and the RTP magnetic anomaly with upward continuation heights of 5, 30, and 50 km, of which the calculation window width is [image: image]. Figure 6A illustrates the structure of the crystalline basement and part of the upper crust and the anomaly transition belt corresponds to the boundaries of different tectonic units (Yin et al., 1999). The Bainaimiao arc, acting as an important boundary with a nearly NE-trending distribution, separates different anomaly patterns in the northern and southern regions. The western part of the Bainaimiao arc shows an obvious positive correlation; and simultaneously, the northern and southern boundaries of this positive correlation region correspond to the western section of the Xar Moron fault and the Chifeng fault. The eastern part of the Bainaimiao arc gradually transitions into a weak correlation, which has a certain similarity with the anomaly features of the eastern part of the Ondor Sum belt in the north. Furthermore, the Chifeng fault is located in the anomaly transition zone of the negative correlation anomalies on both sides of it, which could be regarded as the boundary between different anomaly features of the northern and southern areas in the upper crust. At the northern margin of the NCC, most areas are mainly negative correlations, during which several small-scale weak positive anomalies are interspersed without fixed directions. Moreover, there is a similarity in the anomaly features between the Yinshan–Yanshan belt and the Inner Mongolia paleo-uplift regions. In the northern region, the main feature of the Eren Basin is the positive correlation with a NE-trending distribution. The anomaly feature of the middle-lower crust is similar to that of the upper crust, preserving the zoning and directional characteristics (Figure 6B). The eastern section of the Bainaimiao arc shows a positive correlation, which is connected with the positive correlation region with a N-S-trending distribution in the southeast, and has a certain similarity with the anomaly in the south. The Xar Moron fault is located in the transition zone of positive and negative anomalies on different sides and can be regarded as the boundary between different anomaly features in the middle-lower crust. In addition, there is a wide range of positive correlations between the Solonker belt and the Baolidao belt, mainly in the NE direction. In the crust-mantle transition zone, the anomaly features of the Bainaimiao arc have affinities with those in the northern margin of the NCC, showing weak correlation characteristics (Figure 6C). The Baolidao belt manifests as a positive correlation controlled by the Erenhot fault and the Xilinhot fault.
[image: Figure 6]FIGURE 6 | Contour maps of the ICA correlation coefficient of gravity and RTP magnetic anomalies with upward continuation heights of (A) 5 km, (B) 30 km, and (C) 50 km. The black solid line is the deep seismic reflection profile position of the SinoProbe project (Zhang et al., 2014). Warm red and cool blue indicate correlation highs and lows, respectively. The black dashed lines are the faults in this area.
5 INTERPRETATION
To conduct a comprehensive interpretation of the potential field anomaly of the profile, we analyzed the results of the deep seismic reflection and the magnetotelluric sounding explorations of the same survey line. Figure 7A illustrates the correlation coefficient of the gravity and RTP magnetic anomalies along the profile with different upward continuation heights. The correlation coefficient curves of the Uliastai belt, Bainaimiao arc, Inner Mongolia paleo-uplift, and Yinshan–Yanshan belt are relatively simple, showing the same variation in the anomaly curves at different depths. In the CAOB region between the Chagan Obo fault and Xar Moron fault, the curve changes substantially, indicating that this area has complex rock compositions and has experienced multistage tectonic evolution processes.
[image: Figure 7]FIGURE 7 | (A) Profile of the ICA correlation coefficients of gravity and the RTP magnetic anomalies along the deep seismic reflection profile, with different upward continuation heights of 5 km (green line), 30 km (blue line), and 50 km (red line). The black dashed line is the zero line. (B) Major crustal structures revealed from the SinoProbe deep seismic reflection profile (Zhang et al., 2014). (C) Interpretation of the electrical structural model of the same profile (Liang et al., 2015). The numbers along the horizontal axis in maps (A) and (B) are CMPs, and those in map (C) are distances.
There is a correlation coefficient curve mutation belt near CMP15500 that is interpreted as the position of the Chifeng fault, which is not exposed in the seismic profile and is characterized as the gradient belt of the high- and low-resistivity bodies in the magnetotelluric sounding results (Figures 7B,C). In the shallow crust, the anomaly features north of the Chifeng fault are similar to those in the southern margin of the CAOB and the anomaly characteristics south of the Chifeng fault are similar to those in the northern margin of the NCC. In the CAOB range, there are three regions with anomalous features of concave negative correlations, namely, the Erenhot fault, the Ondor Sum belt, and the area between the Chifeng fault, and Kangbao ductile shear zone. The negative correlations of gravity highs and magnetic lows in these three regions are all interpreted as high conductors in the electrical structure profile. Moreover, the correlation of the shallow crust in the Ondor Sum belt between the Xar Moron fault and the northern area of the Linxi fault is opposite to that of the mid-lower crust, indicating that there is a vertical crustal layered structure at the crustal scale of the Ondor Sum belt. There are two local convex positive correlation regions of gravity and magnetic highs along the profile corresponding to the Solonker suture zone and the Bainaimiao belt; and both have electrical features of high resistivity.
6 DISCUSSION
The gravity and magnetic anomalies in this study area have obvious zoning and directional features. The anomaly morphology is dominated by deep structures and the anomalies have crustal-scale anomaly characteristics. The northern margin of the NCC and the southern margin of the CAOB have different gravity and magnetic anomaly features and the Bainaimiao belt is an important boundary region of different anomalies. In the northern part of this belt, the anomalies are mainly NE and NEE-trending distributions, which may be related to the NW directed compression caused by the subduction of the Pacific plate (Tu et al., 2006). In the south, the anomalies are nearly EW-trending or have no fixed directional distribution, which may be related to the northern margin of the NCC experiencing intensive tectonic deformation, magmatic and volcanic activities, and synorogenic sedimentation during the Yanshanian tectonic movement (Song, 1999). The Chifeng-Baiyan Obo fault in the shallow crust is the boundary between different potential field anomaly features and it is also the transition belt of the gravity and magnetic correlation coefficient contours. The fault developed significantly in the mid-late Proterozoic and Paleozoic and the tectonic activity was strong. The influence depth of this fault segment reached only the basement (BGMRIM, 1991). The upper crustal Chifeng-Baiyan Obo fault is the tectonic boundary, which is consistent with the crustal velocity structure revealed by the seismic wide-angle reflection profile (Wen-Hui Li et al., 2014), the deep electrical structure revealed by magnetotelluric sounding (Liang et al., 2015), and the tectonic boundary obtained by the distribution of Archean-early Proterozoic rocks (Xiao et al., 2003). In the mid-lower crust, there are some differences in the features of gravity and magnetic anomalies between the north and south sides of the Xar Moron fault and it is also the transition belt of the correlation coefficient contours. The gravity and magnetic anomaly features in the eastern part of the Bainaimiao arc in the mid-lower crust are different from those in the CAOB but are more similar to those along the southern margin of the NCC. Moreover, the residual gravity anomaly of the middle-lower crust (Figure 2D) and the magnetic anomaly upward continuation results (Figures 3C,D) show that the anomaly characteristics south of the Xar Moron fault are similar to those of the northern margin of the NCC. Therefore, we infer that the northern margin of the NCC may extend northward to the Xar Moron fault in the deep crust, which is comparable with the deep seismic reflection profile results (Zhang et al., 2014).
The gravity and magnetic anomaly features of the Mesozoic granitoid pluton outcrops exposed in the Bainaimiao belt are characterized by regional positive correlations and show gravity and magnetic highs, corresponding to the large scale of high-resistivity bodies on the surface in the electrical structure profile of the same survey line (Liang et al., 2015). There are also massive high-resistivity bodies in the middle-lower crust of the Solonker suture belt (Liang et al., 2015), and its gravity and magnetic correlation also show a positive correlation between gravity and magnetic highs. Therefore, we speculate that the strong positive correlation of the gravity and magnetic anomalies in the middle-lower crust of the Solonker suture belt is caused by the concealed large-range Mesozoic granitoid pluton.
The gravity and magnetic anomaly correlation in the upper crust and deep crust of the Ondor Sum complex belt has opposite positive and negative properties and opposite trends, indicating that there is an anomalous stratified structure between the upper crust and the deep crust. The result of the first arrival tomographic imaging of the upper crust and the whole crustal velocity structure along the same survey line show that the velocity of the upper-middle crust changes substantially and the overall velocity of the middle-lower crust is low (Wen-Hui Li et al., 2014), indicating that there is also a stratified feature of the velocity structure. The influence range of this feature is from the Xar Moron fault to the northern Linxi fault, which is consistent with the structure revealed by the deep seismic reflection profile, in which the middle-lower crust of the Ondor Sum complex belt is inserted northward under the Solonker suture belt. The magnetotelluric sounding results show that there is a high conductivity layer in the middle-lower crust (Liang et al., 2015), and there are crocodile reflections in the middle crust of the Ondor Sum belt in the deep seismic reflection profile, indicating that crustal shortening exists in this area (Zhang et al., 2014). Therefore, we infer that the negative correlation anomalies caused by gravity highs and magnetic lows in the middle and lower crust of the Ondor Sum belt may be related to the compressional structure caused by plate convergence. The Ondor Sum complex belt is mainly composed of ophiolites, accretionary complexes, and high-pressure metamorphic rock belts, which contain multiple remnants of subduction accretionary complexes. The complex belt has experienced a complex tectonic evolution process of accretion, convergence, and extension since the early Paleozoic (Xiao et al., 2003), which causes this region to have complex material compositions and structural characteristics.
The Erenhot fault and the reflection structures near it are approximately parallel to each other, forming a south-dipping thrust structure. There are also high conductors in the middle-lower crust in this area (Liang et al., 2015). The local concave feature of the correlation curve is characterized by gravity highs and magnetic lows, which may be caused by the rocks in the fracture zone accompanying the fracture. The correlation curve between the Chifeng fault and Kangbao ductile shear zone is also negatively correlated with the local concave feature, which shows gravity highs and magnetic lows. The high conductor in the lower crust also has a certain scale, and the strong reflective boundaries in the deep seismic reflection profile are characterized by concave compression in this region. These physical and structural features reflect the structural characteristics generated by the convergence of the northern margin of the NCC and the southern margin of the CAOB.
7 CONCLUSION
Using the potential field processing of the conventional method and the improved method for the magnetic-gravity anomaly, we obtained the features of the gravity and magnetic anomalies at different scales, lineament structure characteristics, and gravity and magnetic correlation coefficients at the crustal scale in the northern margin of the NCC and the southern margin of the CAOB, and compared and analyzed the key crust-scale structures previously revealed by the deep seismic reflection profile. The gravity and magnetic anomalies across the eastern CAOB have obvious zoning and directional features. The gravity and magnetic anomalies in the southern margin of the CAOB are mainly oriented to the northeast, while the gravity and magnetic anomalies in the northern margin of the NCC are mainly east–west-striking or without fixed directions. The gravity-magnetic correlation analysis shows that the anomalous curve of the CAOB is more intense than that of the northern margin of the NCC, which indicates that the CAOB has experienced a complex tectonic evolution process. The geophysical lineaments are revealed by using the improved potential field normalized differential method, which effectively improves the detection accuracy, and depiction ability of the potential field boundary. It is inferred that the Chifeng-Baiyan Obo fault in the upper-middle crust is an important tectonic boundary between the CAOB and the NCC, and the boundary in the middle-lower crust may skew northward to the Xar Moron fault region. The local uplift and concavity of the correlation curve corresponds well to the location of the granitoid pluton distributed along the profile. Speculatively, there may be a large unexposed Mesozoic granitoid pluton distributed in the middle-lower crust of the Solonker suture belt. The negative correlation of the gravity and magnetic anomalies may be related to the tectonic fabrics derived from the N-S convergence of the CAOB and NCC.
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The accretionary processes and the continental growth of the Altaids are still controversial. The Beishan orogen is situated in the southernmost Altaids and is an ideal tectonic site to address these issues. In this study, we report the results of new field-based lithological mapping and structural analysis on the Huaniushan complex in the Beishan orogen, which is composed of blocks of serpentinized ultramafic, gabbro, basalt, chert, limestone, and other rocks within a strongly deformed and cleaved matrix of sandstone and schist. Our new zircon U-Pb date reveal that a gabbro block formed at 504 ± 3 Ma. Our geochemical and isotopic data of gabbroic and basaltic blocks show that they are relics of the Mid-Ocean-Ridge (MORB)-type and Ocean-Island-Basalt (OIB)-type oceanic lithosphere, with high values of εNd(t) (+4.3–+14.5) and εHf(t) (+8.07–+17.74). The maximum depositional ages (MDAs) of two sandstone blocks were dated at 309 ± 5 Ma and 502 ± 11 Ma, respectively. U-Pb ages and Hf isotopes of detrital zircons from the matrix sandstones indicate that they were derived only from the Shuangyingshan–Huaniushan arc to the north. Accordingly, the Huaniushan complex was part of the Liuyuan accretionary complex that fringed the Huaniushan arc, and, therefore, formed by the northward subduction of the Liuyuan oceanic plate. Combined with the basalt yields zircon U-Pb age of 1,071 ± 5 Ma, we concluded that the Huaniushan complex has an age of 1,071 Ma to 309 Ma. Furthermore, the oceanic blocks and sedimentary matrix of the Liuyuan accretionary complex have an age of 1,071–270 Ma and 920–234 Ma, respectively, suggesting that the Liuyuan Ocean was still open at ca. 234 Ma. Thus, the studies reveal that the Liuyuan Ocean, a major branch of the Paleo-Asian Ocean, may have experienced a prolonged tectonic history, starting in the late Mesoproterozoic (1,071 Ma) and terminating later than the late Triassic (234 Ma), with a long subduction and development of a series of seamounts and/or plateaus emplaced into the Liuyuan accretionary complex.
Keywords: late mesoproterozoic–late triassic, Huaniushan complex, Liuyuan accretionary complex, southern Beishan, altaids
INTRODUCTION
The Altaids or the southern Central Asian Orogenic Belt was a most critical site of juvenile crustal growth, lying among the European craton to the west, the Siberian craton to the north, and the Tarim and North China cratons to the south (Kröner et al., 2007; Windley et al., 2007; Schulmann and Paterson, 2011; Wilhem et al., 2012; Xiao et al., 2013; Safonova and Santosh, 2014; Xiao et al., 2018) (Figure 1A). It experienced long-lived accretion of island arcs, continental arcs, seamounts, microcontinents, and accretionary complexes (Coleman, 1989; Allen et al., 1995; Dobretsov et al., 1995; Buchan et al., 2002; Bazhenov et al., 2003; Kröner et al., 2007; Windley et al., 2007; Xiao et al., 2018; Liu et al., 2021). The Altaids is generally regarded as a result of the final formation of the Kazakhstan and Tuva–Mongol oroclines, accompanying the convergence of the Tarim and North China cratons along the South Tianshan–Solonker suture zone (Şengör et al., 1993; Xiao et al., 2018). The South Tianshan and Solonker belts are confirmed to be the final suture for the eastern and western segments of the southern Altaids. However, the exact position of the final position of the suture in the middle segment is not clear, which hampers our understanding of the accretionary processes of the southern Altaids and continental growth of Central Asia.
[image: Figure 1]FIGURE 1 | (A) Schematic tectonic map of Central Asia and adjacent regions, showing the tectonic position of the Beishan orogen (Şengör et al., 1993; Xiao et al., 2018) EST-BS, eastern Tianshan-Beishan orogen. (B) Tectonic map of the Beishan orogenic belt, showing the position of the Liuyuan accretionary complex in relation to the three main arcs (Xiao et al., 2010). (C) Geological map of the Liuyuan accretionary complex and adjacent areas showing the relations with the main stratigraphic units of the Beishan (GSBGMR, 1989; Mao et al., 2012b).
The Beishan orogen is the middle segment of the Tianshan–Solonker suture of the southern Altaids (Windley et al., 2007; Domeier and Torsvik, 2014; Xiao et al., 2018; Liu et al., 2021), which is one of the key areas for unraveling the accretionary processes and continental growth of Central Asia (Zuo et al., 1991; Nie et al., 2002a; Xiao et al., 2010; Mao et al., 2012b). It was formed by episodic amalgamation and accretion of continental margin arcs, island arcs, ophiolites, and accretionary wedges. The Liuyuan-Houhongquan mélange complex belt is located at the southern part of Beishan orogen, represents the ancient position of the Paleo-Liuyuan Ocean and one of the final sutures of the Beishan orogen (Windley et al., 2007; Mao et al., 2012b; Domeier and Torsvik, 2014; Xiao et al., 2010), is one of the key areas to constraint the evolution of the Beishan orogen. However, when the ocean opened and the nature of the Liuyuan Ocean and the early-stage tectonic evolution of the Beishan orogen are rarely discussed and debatable (Zuo et al., 1991; Liu and Wang, 1995; Nie et al., 2002a; Xiao et al., 2010; Mao et al., 2012b; Wang et al., 2016; Saktura et al., 2017). In this study, we report our new discovery of Proterozoic to Cambrian ophiolite fragments in the Huaniushan area in the southern Beishan orogen and present new geological, whole-rock geochemical, and Sr-Nd isotopic data for representative mafic rocks to constrain their genesis and reveal the early geodynamic evolution of the southern Altaids.
GEOLOGICAL SETTING
The Beishan Orogen is located in a key tectonic position of the southern Altaids, connecting with the eastern Tianshan suture to the west and the Solonker suture to the east (Figures 1A,B). The tectonics of the Beishan collages is characterized by several blocks/arcs separated by several ophiolitic belts which are regarded as suture zones (Zuo et al., 1991; Liu and Wang, 1995; Nie et al., 2002a; Xiao et al., 2010). These major mélange (accretionary complex) belts are the Kanguer-Hongshishan mélange, Xingxingxia-Shibanjin mélange, Hongliuhe mélange and Liuyuan accretionary complex (Figure 1B). A detailed description of these fault zones and terranes can be found in related references (Zuo et al., 1991; Liu and Wang, 1995; Nie et al., 2002a; Zuo et al., 2003; Xiao et al., 2010; Mao et al., 2012b). Here, we mainly introduced the regional geology associated with the Shuangyingshan–Huaniushan arc and Liuyuan accretionary complex and Shibanshan arc (Figures 1B,C).
The Shuangyingshan–Huaniushan arc is a composite arc, similar to the Japan arc (Xiao et al., 2010; Mao et al., 2012b). The northern part of the Shuangyingshan–Huaniushan arc comprises the Precambrian to Ordovician shelf clastic sediments and carbonates on which the Paleozoic Huaniushan arc was built. The late Proterozoic is characterized by a marine sedimentary layer (Zuo et al., 1991; Nie et al., 2002b; Xiao et al., 2010; Song et al., 2013). The Ordovician–Permian Huaniushan arc developed on the southern margin of the Shuangyingshan block. It comprises Ordovician–Permian calc-alkaline basalts, andesites, rhyolites, tuffs, and volcaniclastic rocks with interlayered clastics and carbonate (GSBGMR, 1989; Zuo et al., 1990; Zuo et al., 1991; Nie et al., 2002a; Xiao et al., 2010; Mao et al., 2012a; 2012b; Guo et al., 2014). A suite of metamorphic rocks is distributed discontinuously on the southern margin of the Huaniushan arc, mainly comprising gneisses, migmatites, schists, and marbles that show greenschist-to eclogite-facies metamorphism (Mei et al., 1998; Mei et al., 1999; Liu et al., 2002; Liu et al., 2011; Qu et al., 2011; Yang et al., 2006). The ages of the complex are not well-constrained; for example, the Ordovician–Silurian ages are mainly designated by regional comparison with the rocks nearby (GSBGMR, 1989; Zuo et al., 1990; Zuo et al., 1991; Nie et al., 2002a). Recently, U-Pb zircon dates reveal that the protolith of the Gubaoquan eclogites has an age of 819–1,007 Ma (Yang et al., 2006; Liu et al., 2011; Qu et al., 2011; Saktura et al., 2017), an augen orthogneiss has a zircon U-Pb age of 920 ± 14 Ma (Saktura et al., 2017), and the sandstone, schist, and mylonite have zircon U-Pb ages ranging from 293 to 457 Ma (Tian and Xiao, 2020; Wang et al., 2016). Different type intrusions are extensive and age of Ordovician to Triassic (Figure 2, (Nie et al., 2002a; Nie et al., 2002b; Zhao et al., 2007; Mao et al., 2012a; Li et al., 2012; Wang et al., 2016).
[image: Figure 2]FIGURE 2 | Geological map of the Huaniushan complex in the northern part of the Liuyuan accretionary complex.
The late Paleozoic Shibanshan arc is located on the northern margin of the Dunhuang block (Figures 2A,B), containing low-grade and high-grade metamorphic units. The low-grade unit, on the northern margin of the arc, contains low greenschist facies Devonian–Permian calc-alkaline volcanic rocks, volcaniclastics, tuffs, carbonates, and clastic rocks. The high-grade unit is mainly composed of gneisses, migmatites, schists, mylonitic schists, and marbles, and age of 896–294 Ma (Song et al., 2016; Tian and Xiao, 2020). Abundant granitic intrusions are formed from the Carboniferous to Triassic (Zuo et al., 1990; Zuo et al., 1991; Nie et al., 2002a; Zhang et al., 2010; Zhang et al., 2011; Song et al., 2016; Tian and Xiao, 2020; Zheng et al., 2020).
The Liuyuan accretionary complex, located south of the Huaniushan arc (Figure 1C), contains the Liuyuan, Houhongquan, Huaniushan, Zhangfanshan, Huitongshan complex, and Gubaoquan eclogite. These ophiolitic complexes contain metamorphic basalts, gabbros, hornblendites, ultramafic rocks, cherts, limestones, sediments, and metamorphic tectonic blocks (Zuo et al., 1991; Liu & Wang, 1995; Xiao et al., 2010; Mao et al., 2012b; Wang et al., 2016). The Huaniushan complex is located in the northernmost part of the Liuyuan accretionary complex along the Huaniushan fault (Figure 1C and Figure 2).
FIELD CHARACTERS AND SAMPLING
Field Characters
In order to understand the composition and structure of the Huaniushan complex, we mapped in detail based on the previous map data (GSBGMR, 1989). The main lithologies and structures that are representative of the complex are described below.
The Huaniushan complex has a block-in-matrix structure in which blocks of ultramafic rocks, gabbros, massive basalt, diabase dykes, cherts, limestone, and sandstone/siltstone embedded and imbricated in a matrix of chlorite–phyllite schist and cleaved sandstone (Figures 2–4), which should be renamed as the Huaniushan ophiolitic mélange.
[image: Figure 3]FIGURE 3 | Cross-sections of the Huaniushan complex; (A) cross-section (A-A′) in the western part; (C) cross-section (B-B′) in the eastern part.
[image: Figure 4]FIGURE 4 | Field photos and microphotos for different rocks of the Huaniushan complex, Beishan. (A) Serpentinized ultramafic; (B) gabbro; (C) schist basalt; (D) chert and basalt; (E) limestone blocks in basalt; and (F) sandstone. (G–I) Microphotos of gabbro, basalt, and sandstone. Px, pyroxene; Pl, plagioclase; Qz, quartz.
The Huaniushan ophiolitic mélange contains oceanic fragments which were thrusted on the calcareous sediments and volcanic and volcaniclastic rocks or emplaced into sedimentary matrix as large blocks (Figures 2–5). The Huaniushan complex mainly comprises basalt blocks and a few blocks of ultramafic rocks, gabbros, basalt, thinly bedded cherts, limestones, and tuff sandstones (Figure 4). Ultramafic blocks are located along the fault on the southwestern margin of the complex (Figures 2, 3), and are cleaved (Figure 4A). A few gabbros develop along the southern and northern boundary fault in the eastern parts of the complex (Figures 2, 3, 4B). We found a NW-trending chert + limestone+ tuff sandstone layer in the middle of the complex (Figures 3, 4D–F), namely, the thin chert cover on the basalts, the laminated limestone cover the cherts, and finally, the tuff sandstone lay on the limestone as shown in Figures 4D, F. The matrix limestone, sandstones, and chlorite–phyllites are highly cleaved (Figures 4, 5). The southern part Huaniushan Formation (O2hn) matrix calcareous sediments and volcanic and volcaniclastic rocks develop folds and EW-trending subvertical cleavage (Figure 5C). The central parts of the complex (containing the basalt, ultramafic gabbro, and sediments) also underwent subvertical cleavage (Figures 4A, C, F), and the gabbro also comprised gneisses (Figure 5D). The EW-trending, subvertical cleavage in the matrix in the northern parts of the complex is penetrative and has overprinted the bedding so strongly that the primary depositional structures are mostly difficult to observe (Figures 5G, H). And, they were intruded by the Huaniushan granite in the late Triassic and formed the skarn-type Pb-Zn mineralization (Figure 2).
[image: Figure 5]FIGURE 5 | Structural deformation photos for different rocks of the Huaniushan complex, Beishan. (A) Huaniushan complex thrust on Huaniushan Formation (O2hn) in the southern part; (B) section of the thrust in the southern part; (C) folded sediments in the southern part; (D) deformed gabbro blocks in the Huaniushan complex; (F) Huaniushan complex thrust on sediments in the northern part; (G) section of the thrust in the northern part; (H) strongly deformed and silicified basalt and suggest the dextral shear; (I) strongly deformed, folded, and silicified basalt.
Sampling
Thirty samples (twenty-two basalt and eight gabbros) were collected from the outcrops (Figures 2, 3) for major and trace element analyses.
Peridotite is dark gray and strong serpentinized and develops EW-trending foliations with network structures. It mainly consists of serpentine, a few pyroxenes, and magnetite (Figure 4A). Gabbro samples are gray and have altered display (Figures 4B,G). The gabbros in the faults are strongly deformed (Figure 5D). They are characterized by fine-to medium-grained hypidiomorphic textures and mainly contain plagioclase (55–65 vol%), clinopyroxene (30–35 vol%), and olivine (2-3 vol%), with minor amphibole and Fe-Ti oxides (Figure 4G). Most basalt are gray, massive, and altered, and the schist basalts are located along the faults (Figures 4C,D). Basaltic rocks are composed of plagioclase, magnetite, ilmentite, minor olivine, and volcanic glass (dis-glass), and some samples have a little amount of clinopyroxene (Figure 4H).
The sandstone samples were collected in the middle (20HNS34) and northern (18HNS15) part of the Huaniushan complex (Figures 2, 3). These samples are well-bedded and develop EW-trending foliations as shown in Figure 4F. They are mainly composed of bedded quartz and tuffs (Figure 4I).
ANALYTICAL METHODS
The zircon U-Pb datings were dated using a LA-ICP-MS with an ESI New Wave NWR 193UC (TwoVol2) laser ablation system connected to an Agilent 8900 Inductively Coupled Plasma Mass Spectrometry (ICPMS) at Beijing Quick-Thermo Science and Technology Co., Ltd,. Details of the procedure can be found in the study by Ji et al., (2020). In situ Lu–Hf isotope measurements were performed using a Thermo Finnigan Neptune-Plus MC–ICP–MS fitted with a J-100 femtosecond laser ablation system Applied Spectra Inc. housed at the Beijing Chron Technology Co., Ltd., Beijing, China. The analytical procedures and calibration methods are similar to those described by Wu et al. (2006). Zircons were ablated for 31 s at a repetition rate of 8 Hz at 16J/cm2, and ablation pits were ∼30 μm in diameter. During analysis, the isobaric interference of 176Lu on 176Hf was negligible due to the extremely low 176Lu/177Hf in zircon (normally <0.002). The mean 173Yb/172Yb value of individual spots was used to calculate the fractionation coefficient (βYb) and then to calculate the contribution of 176Yb to 176Hf. An isotopic ratio of 173Yb/172Yb = 1.35274.
Major elements were determined by X-ray fluorescence spectrometry (XRF); trace elements were analyzed by inductively coupled plasma techniques (ICP) at the Geological Test and Analysis Center of the Beijing Research Institute of Uranium Geology. Details of the procedure can be found in the study by Mao et al. (2018). Sr-Nd isotopic analyses were performed in the Institute of Geology and Geophysics (IGG), Chinese Academy of Sciences, Beijing.
Isotopic compositions of Sr and Nd analyses were analyzed on a Thermo Fisher Scientific Neptune Plus MC-ICP-MS at the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS) in Beijing. The measurements were carried out following the isotope dilution procedures of Yang YH et al., (2010). A static multi-collection mode was used during the measurements, and a traditional caution exchange technique was adopted for the chemical separation. The mass fractionation corrections for Sr and Nd isotopic ratios were based on 88Sr/86Sr = 8.375209 and 146Nd/144Nd = 0.7219.
RESULTS
The zircon U-Pb dates for the gabbro and sediment blocks are shown in Table 1. Major and trace element contents, zircon Hf, and Sr-Nd isotopic data are shown in Tables 1, 2, 3 and 4.
TABLE 1 | Zircon U-Pb ages of gabbros and sediment blocks from the Huaniushan complex in the Beishan orogen, NW China.
[image: Table 1]TABLE 2 | Data of zircon Lu-Hf isotopes for the Huaniushan complex in the Beishan orogen.
[image: Table 2]TABLE 3 | Major (wt%) and trace element (ppm) results for the Huaniushan complex in the Beishan orogen, NW China.
[image: Table 3]TABLE 4 | Sr-Nd isotopic data of basalt from the Huaniushan complex in the Beishan orogen, NW China.
[image: Table 4]Zircon U-Pb Age and Hf Isotopes
A gabbro and two sedimentary samples from the Huaniushan complex (Figures 3, 6) were analyzed. All the U-Pb and Hf isotopic data are shown in Tables 1 and 2.
[image: Figure 6]FIGURE 6 | CL images and Concordia U-Pb diagram for gabbros and sandstone of the Huaniushan complex in Beishan. (A and B) are LA-ICP-MS U-Pb age and CL images of gabbro (20HNS27); (C and D) are LA-ICP-MS U-Pb age and CL images of the sandstone in the complex (20HNS34); (E and F) are LA-ICP-MS U-Pb age and CL images of sandstone (20HNS15) in the northern part of the complex.
Gabbro
The zircon grains from the granite sample 20HNS27 show length/width ratios of 1.2–2 with size ranging from 50 to 120 μm. They are euhedral and transparent and show clear magmatic oscillatory zoning in CL images (Figure 6B). The Th/U ratios of analyzed zircons range from 0.92–2.91 and are consistent with a magmatic origin (Hoskin and Schaltegger, 2003). The 20 analyses give concordant 206Pb/238U ages ranging from 493 to 518 Ma, with a weighted mean age of 504.4 ± 3.2 Ma (MSWD = 3.7; Figure 6A). The age records the crystallization time for the gabbro block. Lu-Hf isotopic analyses of the gabbro yielded 176Hf/177Hf values of 0.282691–283097 and high εHf(t) values (+8.07 to +17.74) (Figure 7).
[image: Figure 7]FIGURE 7 | εHf(t) vs. age diagram for the Huaniushan complex in the Beishan orogen. The Hf isotope data of the sediments from the Heiyingshan block are after (Song et al., 2013).
Clastic Sediments
A total of 118 analyses of zircon grains from two sedimentary samples (20YY34 and 18HNS15) from the Huaniushan complex (Figure 6) yielded 116 concordant ages [concordance % > 90% or <110%, the age <1,500 Ma used U/Pb age, and the age >1,500 Ma used Pb/Pb age (Spencer et al., 2016)]. Only concordant ages are described and discussed below.
Zircons from sample 20HNS34 are weak rounded structures and are 50–100 μm long with length/width ratios of 1.0–1.5. They have prominent zones in CL images (Figure 6D). They have variable Th/U values of 0.04–1.88. The 89 analyzed zircon grains yield concordant ages ranging from 309 ± 5 Ma to 2,657 ± 29 Ma. The youngest zircon yields concordant Pb206/U238 age of 309 ± 8 Ma (Figures 6C, 12A). Eighty-one zircon grains (91% of the total) have concordant age of 703 Ma to 1903 Ma, and show three peaks at 706 Ma, 1,093 Ma, and 1880 Ma. Five grains are older than 2033 Ma, scattered ages at 2,468 Ma (Figures 6C, 12A). The youngest zircon age (309 Ma) is interpreted as the MDA of the sandstone. Lu-Hf isotopic analyses of the detrital zircons yielded εHf(t) values ranging from −11.7 to +10.5 (Figure 7).
Zircons from sample 18HNS15 are weak rounded structures too. They are 50–90 μm long, with length/width ratios of 1.0–1.5 and have prominent zones in CL images (Figure 6F). They have variable Th/U values of 0.19–1.36. Of 28 analyzed zircon grains, 27 zircon grains yield concordant ages ranging from 501 ± 5 Ma to 2,703 ± 28 Ma (Figures 6E, 12B). Twenty-three zircon grains (85% of the total) have concordant age range from 824 Ma to 1818 Ma and show four peaks at 840 Ma, 1,168 Ma, 1,680 Ma, and 1876 Ma. Three grains show age of 2,481–2,703 Ma (Figure 12B). The youngest zircon yields concordant Pb206/U238 age of 501 ± 5 Ma (Figures 6E, 12B). This age is interpreted as the MDA of the sandstone.
Whole-Rock Geochemistry
Whole-rock major, trace elements, and Sr-Nd isotope data of the basalts and gabbros are listed in Tables 3 and 4.
Basalt
The basalts can be separated into MORB and OIB types according to their element contents.
The major element compositions of the MORB-type basalts and gabbros have variable contents of SiO2 (44.08–51.22 wt%), TiO2 (0.55–1.45 wt%), Al2O3 (11.43–15.01 wt%), MgO (6.25–18.17 wt%), and CaO (8.83–13.98 wt%). They are classified as tholeiitic basalts (Figure 8). These basalts exhibit high Cr (104–1,303 ppm) and Ni (71–649 ppm) concentrations. Their depleted to slightly enriched REE patterns (Figure 9A) are like those of MORBs, with (La/Yb)N ratios of 0.68–1.53 and slightly negative to positive Eu anomalies (δEu = 0.90–1.38) (Figure 9A). On the primitive mantle–normalized spider diagrams (Figure 9B), they have a positive Rb, Ba anomalies, and negative to positive Sr anomalies. Four basaltic samples have relatively low (87Sr/86Sr)i values of 0.70354–0.70475, and high εNd(t) values of +4.5 to +14.5 (Figure 10).
[image: Figure 8]FIGURE 8 | Geochemical classification diagrams of the Huaniushan complex in the Beishan orogen, NW China. (A) Zr/Ti vs. Nb/Y diagram (Winchester and Floyd, 1977) and (B) FeOt/MgO vs. SiO2 diagram (Myashiro, 1974).
[image: Figure 9]FIGURE 9 | Chondrite-normalized REE patterns and Primitive Mantle (PM)–normalized multi-element diagrams for the gabbros from the Huaniushan complex. The chondrite values are given by Boynton, (1984). The PM, N-MORB, E-MORB, and OIB values are given by Sun and McDonough, (1989). Data of dash lines for the Gubaoquan eclogite are given by Qu et al., (2011).
[image: Figure 10]FIGURE 10 | εNd(t) vs. initial (87Sr/86Sr)i (Ma) diagram for the Huaniushan complex in Beishan orogen. DM, Depleted mantle; BSE, Bulk silicate earth; EMI and EMII, enriched mantle; HIMU, mantle with high U/Pb ratio; PREMA (Zindler and Hart, 1986). The Sr-Nd isotope data of the Liuyuan complex are after (Mao et al., 2012b).
Two OIB-type basaltic samples have contents of SiO2 (46.97–46.99 wt%), TiO2 (2.48–2.56 wt%), Al2O3 (8.59–9.06 wt%), CaO (10.51–10.74 wt%), and MgO (10.91–12.67 wt%), and relatively high Cr (656–828 ppm) and Ni (447–532 ppm). They are tholeiitic basalts (Figure 8). They are enriched in LREE and comparable to those of OIB with (La/Yb)N ratios between 7.13 and 7.17 on the REE pattern diagram (Figure 9C). They have positive Nb and Ti anomalies and negative Sr anomalies on the primitive mantle–normalized spider diagrams (Figure 9D). One sample has the highest (87Sr/86Sr)i value of 0.70590 and the lowest εNd(t) value of +4.3 (Figure 10).
Gabbro
The gabbroic rocks have similar geochemical compositions to the MORB-type basalts. They are tholeiitic basalts (Figure 8) and have narrow contents of SiO2 (46.57–49.19 wt %), but wide range of TiO2 (0.55–1.47 wt%), Al2O3 (10.46–17.83 wt%), CaO (8.40–12.14 wt%), and MgO (6.84–16.95 wt%), and high contents of Cr (143–1,535 ppm) and Ni (72–623 ppm). They have slightly enriched REE patterns ((La/Yb) N =(1.15–2.17) and positive Eu anomalies (δEu = 0.90–1.46, Figure 9E). They are enriched in Rb and Ba and have slightly negative to positive Sr and Ti anomalies on the primitive mantle–normalized spider diagrams (Figure 9F). The 176Hf/177Hf ratios of these zircons for the gabbros range from 0.281973 to 0.283097, and the high positive εHf (t) values range from +8.2 to +17.8 (Figure 7).
DISCUSSION
Age of the Liuyuan Accretionary Complex
Huaniushan Complex
The zircon U-Pb dates reveal the crystallization time for the gabbro block to be 504.4 ± 3.2 Ma (Figure 6A), suggesting that the Huaniushan complex contains the Cambrian oceanic fragments. Yang J. G. et al. (2010) reported that basalts of the Huaniushan complex yielded zircon U-Pb age of 1,071 ± 5 Ma. Thus, available data indicate that the ophiolitic blocks contain Cambrian to Proterozoic oceanic fragments.
Several methods are used for calculating the MDA of sedimentary rocks from their detrital zircon U-Pb ages (Coutts et al., 2019). Here, we use the youngest grain with a 2σ uncertainty. The sandstone samples (20YY34 and 18HNS15) yield minimum ages of 309 ± 5 Ma and 501 ± 5 Ma, respectively (Figures 6C,E). Thus, the MDA of the sandstone 20YY34 is less than 309 ± 5 Ma, while the MDA of the sandstone 18HNS15 is less than 501 Ma. The least MDA of the sandstone matrix of the Huaniushan complex belt deposit in the tholeiitic Carboniferous, which have younger ophiolite fragments (504 Ma), indicates that the northward subduction beneath the Huaniushan arc may have started at least at ca. 501 Ma, and final accretion of the Huaniushan ophiolitic mélange was after the tholeiitic Carboniferous (309 Ma). Thus, the geochronological studies reveal the blocks of the Huaniushan complex age ranging from 309 Ma to 1,071 Ma.
Liuyuan Accretionary Complex
Numerous ophiolite fragments have been reported in the Liuyuan accretionary complex at the southern margin of the Huaniushan arc (Figure 1B and Table 5). The zircon U-Pb dates reveal that the age of the ophiolite blocks of the Liuyuan accretionary complex is from 1,071 Ma to 270 Ma (Table 5), e.g. 1) the basalts and gabbros of the Huaniushan ophiolitic complex have ages of 1,071 ± 5 Ma and 504 ± 3 Ma [(Yang J. G. et al., 2010); this study], respectively; 2) the Gubaoquan eclogites have protolith ages of 819 Ma to 1,007 Ma (Yang et al., 2006; Liu et al., 2011; Qu et al., 2011; Saktura et al., 2017); 3) the gabbro of the Huitongshan ophiolite has an age of 446 ± 3 Ma (Yu et al., 2012); 4) the gabbro of the Zhangfangshan ophiolite has an age of 363 ± 4 Ma (Yu et al., 2012); 5) gabbros of the Liuyuan ophiolite have an age of 270–286 Ma (Mao et al., 2012b; Zheng et al., 2014; Wang et al., 2016); 6) the gabbro of the Yinaoxia ophiolite has an age of 281 ± 11 Ma (Zheng et al., 2014). The detrital zircon LA-ICPMS U-Pb dates for these sediments and metamorphic sediments blocks revealed that the minimum age of clastic sediments blocks is from 457 Ma to 234 Ma (Wang et al., 2016; Tian and Xiao, 2020; this study).
TABLE 5 | Regional age data for the Liuyuan accretionary complex.
[image: Table 5]In summary, the geochronological studies suggest the Liuyuan accretionary complex are composed of Neoproterozoic to late Triassic oceanic crust and sedimentary fragments. The Liuyuan Ocean may have been the latest closed branch of the Paleo-Asian Ocean.
Tectonic Setting of the Huaniushan Complex
The Huaniushan complex has been thrust-imbricated on the Ordovician volcanic sediments in the northern part of the Liuyuan accretionary complex. They display block-in-matrix structures and are intruded by the late Triassic Huaniushan A-type granite (Li et al., 2012). Different degree schists and cleaved fragments in the complex consist of ultramafic rocks, gabbros, basalts, cherts, limestones, and sandstones which are enclosed in a matrix of chlorite–phyllite strong schist and cleaved sandstone (Figures 4, 5). Ordovician sediments developed sub-vertical tight folds, the axes of which strike east–west. All these structures indicate that the Huaniushan complex underwent intense top-to-the-south thrusting and east–west shearing. Although most of the different rock types in the Huaniushan complex are mutually juxtaposed by thrusts, the blocks of basalt, gabbro, serpentinized ultramafic, limestone, and chert with tuff beds are probably fragments of oceanic plate stratigraphy. They would have provided information on the travel history of the oceanic plate from ridge to trench (Kusky et al., 2013). All the mafic blocks in the Huaniushan complex are tholeiitic magma, but as described above, they consist of MORB- and OIB-type geochemical signatures.
The MORB-type basalts and gabbros have slightly depleted to enriched LREE patterns (La/YbN = 0.68–1.53, Figures 9A,E), as also are the similar trace element patterns with their positive Ba and negative to positive Rb and Sr anomalies (Figures 9B,F). Their enrichments in fluid-soluble elements (Rb and Ba) and Sr-Nd isotope plot above the mantle array indicate seawater alteration (Hawkins, 2003; Reagan et al., 2010) (Figure 10). On Ti-V and Cr-Y diagrams, most of the mafic rocks plot in the field of MORB (Figures 11A,B). And, they further plot as MORB and within-plate tholeiites on the Nb-Zr-Y diagram (Figure 11C), and close to the E-MORB basalt field on the Th/Yb-Nb/Yb diagram (Figure 11D). Their εNd(t) values have relatively high and wide range changes (+4.5 to +14.5) and can be subdivided into two groups. Group 1 has higher εNd(t) values (+11.2 to +14.5) which are more depleted than the MORB-type rocks of the Liuyuan ophiolite (+6.6 to +9.0) and the Gubaoquan eclogite (+6.3 to +6.4) (Qu et al., 2011; Mao et al., 2012b). Group 2 has relatively low εNd(t) values (+4.5- +6.0) which are lower than those of the MORB-type rocks of the Liuyuan ophiolite and Gubaoquan eclogite, but higher than those of the E-MORB–type rocks of the Gubaoquan eclogite (−1.6 to −0.1). The gabbro blocks have high εNf(t) values (+8.2–+17.8). These geochemical and isotopic features suggest that the basalts of the Huaniushan complex blocks contain MORB- and E-MORB–type basalts which are derived from the depleted to relatively enriched mantle.
[image: Figure 11]FIGURE 11 | (A) Ti vs. V discrimination diagram for the rocks from the Huaniushan complex (Shervais, 1982). (B) Cr vs. Y discrimination diagram for the rocks from the Huaniushan complex, after (Pearce et al., 1981), BON-boninite, IAT-island arc tholeiite, and MORB-mid-oceanic ridge. The fields of the Lau Basin-Axial Ridge, the Tofua Arc, Mariana Trough and Mariana Arc are after (Hawkins, 2003). (C) Nb-Zr-Y discriminant diagrams (Meschede, 1986) and (D) Th/Yb vs. Nb/Yb discriminant diagram [SHO: shoshonite, CA-Calc: alkaline, TH: tholeiite (Pearce, 2008)]. Symbols are the same as those in Figure 6.
The OIB-type basalts have high contents of TiO2 (2.48–2.56 wt%), MgO (10.91–12.67 wt%), and ΣREE (99–103 ppm). Their REE patterns and trace element patterns plot between the MORB and OIB lines on the chondrite-normalized REE diagrams (Figure 9C). They have relatively lower Nd isotopic value (+4.3) than the MORB-type rocks (Figure 10), suggesting relatively enriched mantle sources.
All these geochemical features demonstrate that these mafic blocks in the Huaniushan complex containing the MORB-, E-MORB-, and OIB-type oceanic crust fragments, which have similar REE and trace patterns to the Gubaoquan eclogite (Figures 9, 11), were probably generated in an oceanic plateau/seamount. These results are consistent with the geological fact that they consist of gabbros, basalts, cherts, and limestones. Combined with the regional data, our results and the 1,071–866 Ma MORB and E-MORB–type ocean slab metamorphic genetic Gubaoquan eclogite (Qu et al., 2011) suggest a hot spot in the Liuyuan oceanic from 1,071 Ma to 466 Ma.
Provenance of the Sediment Matrix of the Huaniushan Complex
The Huaniushan complex is located in the northernmost part of the Liuyuan accretionary complex which is situated between the Shuangyingshan–Huaniushan arc in the north and the Shibanshan arc in the south (Figure 1B). Therefore, the Shuangyingshan–Huaniushan arc was the main potential provenance for the sandstone matrix of the Huaniushan complex.
The two sandstones (18HNS15 and 20HNS 34) have similar and consistent detrital zircon U-Pb age populations (Figures 12A,B) with dominant age peaks in the period 820–1900 Ma (more than 85% of total concordant ages for each sample), and a second peak at 2,500 Ma. This age spectrum of these detrital zircons for the sedimentary blocks is similar to that of the sediments in the Shuangyinshan–Huaniushan arc (Figure 12C) (Song et al., 2013; Ao et al., 2016). Lu-Hf isotopic analyses of these detrital zircons yielded εHf(t) values ranging from −11.7 to +10.5 (Figure 7), which are plotted in the same area to the sediments in the Shuangyinshan–Huaniushan arc (Song et al., 2013). In summary, our detrital zircon LA-ICPMS U-Pb dates and Lu-Hf isotopic analyses for the sandstone blocks of the Huaniushan complex indicate that they are mainly sourced from the Precambrian blocks. Our detrital zircon LA-ICPMS U-Pb dates also find a few Paleozoic zircon grains, suggesting the young sources. As described before, the Shuangyinshan–Huaniushan arc is a Japanese type island arc. Large volume of granitoids and volcanic rocks was formed by the Liuyuan ocean subduction in the Paleozoic to Neoproterozoic to Triassic [673 Ma–217 Ma (Nie et al., 2002a; Nie et al., 2002b; Zhao et al., 2007; Mao et al., 2012a; Li et al., 2012; Wang et al., 2016); Table 5]. Thus, the Carboniferous to Cambrian zircon grains maybe sourced from these magmas. Both the detrital zircon age spectra and εHf(t) values are comparable with the sedimentary and magmatic record in the Shuangyinshan–Huaniushan arc. The sedimentary samples (20HNS15 and 34) were probably derived from the Shuangyinshan–Huaniushan arc in the north, further to constrain the Huaniushan complex probably formed in the forearc of the Shuangyinshan–Huaniushan arc.
[image: Figure 12]FIGURE 12 | Comparison of probability plots for zircon U-Pb ages of sedimentary rocks. (A and B) are from the sedimentary rocks of the Huaniushan complex in the Beishan orogen, (C) is from the metasedimentary rocks of Shuangyinshan block in the Beishan orogen (Song et al., 2013; Ao et al., 2016; Song et al., 2016).
Tectonic Evolution of the Liuyuan Ocean
The Liuyuan accretionary complex is very essential to understand the evolution of the Paleo-Asian Ocean and the accretionary orogenic processes of the southern Altaids (Zuo et al., 1991; Xiao et al., 2010; Domeier and Torsvik, 2014; Xiao et al., 2018). The compositions and emplaced processes of the Liuyuan accretionary complex are extremely complicated (Zuo et al., 1991; Liu and Wang, 1995; Qu et al., 2011; Mao et al., 2012b; Yu et al., 2012; Zheng et al., 2014; Wang et al., 2016). As discussed above, the oceanic fragments are aged from Neoproterozoic (1,071 Ma) to Middle Permian (270 Ma).
The geochemical and isotopic studies reveal that these ophiolitic mélange blocks have OIB, E-MORB, and MORB geochemical signatures[(Qu et al., 2011; Mao et al., 2012b; Zheng et al., 2014); this study], For example, our studies indicate that the Huaniushan complex consists of OIB, EMORB, and/or MORB fragments; the protolith of the Gubaoquan eclogite is mainly composed of E-MORB and N-MORB fragments (Qu et al., 2011); the Liuyuan ophiolite mainly consists of MORB fragments (Mao et al., 2012b); the fragments of the Yinaoxia ophiolite have an OIB-like mantle source and are metasomatized by fluids and/or melts derived from the subducted slab (Zheng et al., 2014). These data suggest that the oceanic fragments of the Liuyuan accretionary complex are composed of seamounts and the oceanic crust. The 1,071 Ma to 504 Ma E-MORB and OIB fragments indicate that the oceanic island or seamounts is an important component of the Liuyuan oceanic plate. At least, the mantle plume is continuously active from 1,071 Ma to 504 Ma. The clastic sediments and metamorphic clastic blocks of the Liuyuan accretionary complex contain Middle Ordovician to Low strata (GSBGMR, 1989; Wang et al., 2016; Shi et al., 2018; Ｘu et al., 2019). In summary, the ophiolitic blocks of the Liuyuan accretionary complex consist of Neoproterozoic to Middle Permian seamounts and/or oceanic islands and oceanic crust fragments, Neoproterozoic to Triassic sediments units, and Neoproterozoic to late Triassic granitic and volcanic rocks.
Our data, integrated with published information on the Huaniushan ophiolitic mélange and the Liuyuan accretionary complex in the Beishan orogen, provide new constraints on the tectonic evolution and the geodynamic mechanism of the southern Paleo-Asian Ocean from the late Mesoproterozoic to late Triassic (Figure 13):
[image: Figure 13]FIGURE 13 | Schematic tectonic diagrams illustrating the development of the Liuyuan accretionary complex in the Beishan orogen, NW China. (A) Neoproterozic. (B) Cambrian to Middle ordovician. (C) Late carboniferous. (D) Early permian to late triassic.
The Liuyuan ocean, a branch basin of the Paleo-Asian Ocean, may be born in the late Mesoproterozoic (1,071 Ma) by the mantle plume or earlier. Mantle plumes continuously acted from late Mesoproterozoic (1,071 Ma) to late Cambrian (504 Ma) and formed a series of seamounts and/or plateaux (Figure 13A). In the late Cambrian to Middle Ordovician (Figure 13B), the deep subduction of the seamount with oceanic crust formed the Gubaoquan eclogites (Liu et al., 2011; Qu et al., 2011; Saktura et al., 2017). In the late Carboniferous (Figure 13C), the Huaniushan oceanic and seamount ophiolite fragments were docked on the southern margin of the Shuangyinshan–Huaniushan arc. In the early Permian to late Triassic (Figure 13D), large volume of the Liuyuan MORB-type ophiolitic blocks suggest that the Liuyuan Ocean was still growing (Mao et al., 2012b; Zheng et al., 2014; Wang et al., 2016), which is consistent with volume of Middle Permian–Triassic arc-related granites formed in the Shibanshan and Huaniushan arc, for example, high-Mg diorite, Nb-enriched dikes, and adakites (Li et al., 2012; Zheng et al., 2020). Finally, this branch of the Paleo-Asian Ocean was closed after 234 Ma (Ao et al., 2021), and the Liuyuan Ocean may have been the final closed branch of the Paleo-Asian Ocean.
CONCLUSION

1. The Huaniushan complex, located in the northernmost part of the Liuyuan accretionary complex, Beishan, is composed of blocks of serpentinized ultramafic rocks, gabbros, basalt, cherts, and limestones within a strongly deformed and cleaved matrix of sandstone and schist.
2. A gabbro block yields zircon U-Pb age of 504 ± 3 Ma. The gabbroic and basaltic blocks have Mid-Ocean-Ridge (MORB)-type and Ocean-Island-Basalt (OIB)-type geochemical characters and high values of εNd(t) (+4.3 to +14.5) and εHf(t) (+8.07 to +17.74).
3. The maximum depositional ages of two sandstone samples (20HNS34 and 20HNS15) from the complex matrix were 309 ± 8 Ma and 501 ± 5 Ma, respectively, indicating that the Huaniushan complex contains matrix rocks varying from 504 Ma to 309 Ma.
4. U-Pb ages and Hf isotopes of detrital zircons from the matrix sandstones indicate that they were derived only from the Shuangyingshan–Huaniushan arc to the north.
5. Available geochronological data reveal that the oceanic blocks and sedimentary matrix of the Liuyuan accretionary complex contain ages of 1,071–270 Ma and 920–234 Ma, respectively. These data suggest that the Liuyuan ocean, a major branch of the Paleo-Asian Ocean may have experienced a prolonged tectonic history, starting in the Late Mesoproterozoic (1,071 Ma), through a long subduction with development of a series of seamounts and/or plateaus emplaced into the Liuyuan accretionary complex in the Paleozoic. The Liuyuan ocean may have been closed later than the late Triassic (234 Ma).
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The complex deformation styles of large intraplate strike-slip fault systems in the multi-stage superimposed basin are hot topics worldwide. This article proposes structural models and evolution processes for such strike-slip fault systems in the Tarim Basin based on high-resolution 3D seismic data and deep wells. Our analyses reveal that strike-slip fault in the Tarim Basin formed with different structural styles in five tectonic layers from the Sinian to the Permian that accompanies the Sinian rift systems and uplift, the Lower–Middle Cambrian reversed faults and salt tectonics, the Ordovician fault-karst systems, the Silurian to the Carboniferous en-echelon transtensional faults, and the Permian volcanic structures. Influenced by the multi-tectonic layers and complex evolution history, the strike-slip faults performed as multi-layer flower structures and various fault types. The evolution history of paleo-uplifts also influenced the distribution characteristics of strike-slip faults, such as X, diamond, and V shapes in the Tabei uplift and T shapes in the Tazhong uplift. The strike-slip faults formed in late Cambrian stage were associated with unconformities, inverted structures, and growth strata in deep layers. The different tectonic evolution models of the Tabei and the Tazhong uplift were built, which shows pre-existing structures, the lithological combinations from the rift basin to the marine basin, and the change of regional tectonic stress from the Cambrian to Permian are controlling factors of the strike-slip fault systems. These models provide a new interpretation method for intraplate strike-slip fault systems worldwide.
Keywords: strike-slip fault system, deformation styles, ultra-deep layers, multi-stage evolution history, Tarim Basin
1 INTRODUCTION
The intraplate strike-slip fault system has been documented in detail by field studies (Woodcock and Fischer, 1986; Cunningham et al., 1996; Pluhar et al., 2006; Faulkner et al., 2003), seismic interpretation (Harding, 1974; Nicholson et al., 1986; Wu et al., 2020a; Deng et al., 2019), and analog experiment (Basile and Brun, 1999; Mcclay and Bonora, 2001; Dooley and Schreurs, 2012). Most strike-slip faults have experienced several evolution stages from initial fractures to large fault zones with complex structural patterns and internal architectures such as stepovers, fault ramps, overlap zones, and secondary fault systems (Sylvester, 1988; Little, 1995; Aydin and Berryman, 2010). Some are caused by pre-existing structures such as paleo-continental plate boundaries as transform faults and trench-linked and indent-linked strike-slip faults due to the complex evolution history of the plate boundaries (Woodcock and Fischer, 1986; Storti et al., 2003). Others have initiated from earlier basin discontinuities such as basement thrusts, normal faults, block boundaries, and regional joints or fracture systems (Nur et al., 1986; Davis et al., 2000; Storti et al., 2003; Berglar et al., 2010). The change of the regional tectonic stress field and basin structural evolution history also have a significant effect on fault patterns. If basins experienced long and complex evolution histories, zones of pre-existing structures could be reactivated many times (Sutton and Waston, 1986; Storti et al., 2003; Rolland et al., 2013). The presence of a weak body, such as a thick salt layer, mud layer, and volcanic layer, along a developing strike-slip fault zone has a profound influence on patterns of strike-slip fault in vertical and map view (Zouaghi et al., 2005; Mathieu and Vries., 2011; Dooley and Schreurs, 2012). The strike-slip faults also influenced the locations, architectures, and subsidence histories of associated sedimentary basins, many of which are rich in hydrocarbons (Morley, 2002; Storti et al., 2003).
A large strike-slip fault system was distributed widely in the Paleozoic carbonate and clastic rock layers in the Tarim Basin (Figure 1A). The geometry, kinematics, and dynamics of such intraplate strike-slip fault systems become a research focus, since these characteristics of the strike-slip fault systems were evidence to investigate the long plate tectonic movement history of north-western China (Jia et al., 1998; Li et al., 2012; Han et al., 2017; Neng et al., 2018; Wu et al., 2018; Deng et al., 2019; Wu et al., 2020a; Wu et al., 2020b; Deng et al., 2021). The Tarim Basin is characterized as a superimposed basin, which consists of rift systems, salt tectonics, thrust fault systems, paleo-uplifts, and strike-slip fault systems in sequence in a long and complicated evolution history spanning from the Precambrian to the Quaternary (Figures 1B, 2) (Carroll et al., 1995; Li et al., 2013a; Lin et al., 2015; Neng et al., 2016), due to micro-craton breakup from Rodinia and re-matched together from the Caledonian Movement to the Himalayan Movement (Jia and Wei, 2002; Wu et al., 2018). High-resolution 2D/3D seismic data and deep wells have revealed details of the large strike-slip fault systems, ranging from the Tabei uplift to the Tazhong uplift (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Geological map of the Tarim Basin (modified from Laborde et al., 2019). It is surrounded by the Tian Shan, Kunlun Shan, and Altun Shan Orogenic belts. Thrusts and strike-slip fault systems were found in the mountain belts. (B) Regional profile of the Tarim Basin (L1 line in Figure 1).
[image: Figure 2]FIGURE 2 | Stratigraphical chart of the Tarim Basin. Seismic data reflecting surfaces, tectonic movements, petroleum geology, basin, and fault types in different periods are shown (modified from Yu et al., 2014; Deng et al., 2019).
Past research has focused on the distributions and characteristics of strike-slip fault systems and developed a basic framework for them (Figure 3). The strike-slip faults can be divided into three types: positive flower structures, negative flower structures, and liner shear structures (Wu et al., 2020a; Deng et al., 2019; Han et al., 2017, Deng et al., 2021). In map view, strike-slip faults also occur in linear, oblique, feather, en-echelon faults, conjugated faults, and horsetail types. The strike-slip fault formed different types in the Tabei and Tazhong uplift, which performed like X, diamond, V shapes in the Tabei uplift and Tshapes in the Tazhong uplift based on the combination style (Neng et al., 2018b; Wu et al., 2020a) (Figure 1A). The X-type fault represents that two groups of faults with different strikes cut each other, and the angle between the two faults is between 30 and 45°, The diamond-type fault is composed of two groups of the X-type faults, and the plane pattern presents a diamond shape in map view. The V-type fault is half of the X-type fault. The Y-type fault is composed of a main fault and branch faults, which is Y shaped on the plane. The T-type fault represents that two groups of faults with different strike cut each other, and the angle between the two faults is between 60 and 90°. The criterion of the fault-type determination and the supplementary coherency attribute maps are given in Figure 8G. Most current research has focused on the deformation of strike-slip faults on top of the Ordovician carbonate layers and younger layers above them (Yuzhu and Zhihong, 1996; Pang et al., 2013; Zhiqian and Tailiang, 2015; Yu et al., 2016; Lu et al., 2017; Shen et al., 2019; Haijun et al., 2020; Wang et al., 2020, Figures 3A–C). The influence on strike-slip fault by pre-existing structures and multi-stage evolution histories was also discussed from the Middle Ordovician to Permian (Wu et al., 2020b; Deng et al., 2019; Deng et al., 2022; Han et al., 2017), but research on the relationship between the strike-slip fault system and Sinian rift system, the Middle Cambrian evaporite rock layers, and the Permian volcanic structure is insufficient. Latest studies (Deng et al., 2022) have shed light on contrasting characteristics and formation mechanisms of the two strike-slip faults in the Tabei and the Tazhong uplift, still proposing a distinct evolution model for the strike-slip faults of these two uplifts is essential to enhance the understanding of the coupling effect between the strike-slip fault evolution history and surrounding plate tectonic movements. Evidence from recently acquired 3D seismic data shows that some deformations within strike-slip fault belts are distributed in the Lower Cambrian and the Sinian tectonic layers (Figure 4). These structures are various between the Tabei uplift and Tazhong uplift, which are key to understanding the evolution history of strike-slip faults and the change of regional stress field. This paper applied recently acquired 3D seismic data from the Tabei uplift and Tazhong uplift to reveal the various deformation styles of strike-slip fault systems in different tectonic backgrounds. Structural models were also built for 3D seismic interpretation. The main aims of this study are 1) to build the models of strike-slip faults in different tectonic layers with other structures from the Sinian to the Permian, 2) to explain the formation mechanism of different types of faults in the Tabei uplift and Tazhong uplift, and 3) to provide new evolution models for the intraplate strike-slip fault system in the central Tarim Basin during the Paleozoic.
[image: Figure 3]FIGURE 3 | Models of strike-slip faults in the central Tarim Basin of the previous research (modified from Han et al., 2017; Wu et al., 2020a; Deng et al., 2019): (A1–A2) models of the evolution history of strike-slip faults from the Manxi low uplift (modified from Deng et al., 2019), (B) model of strike-slip faults from the Tabei uplift (modified from Wu et al., 2020b), (C1–C2) models of the stages of evolution of strike-slip faults from the northern slope of the Tazhong uplift (modified from Han et al., 2017), and (D) model of strike-slip fault from the Tazhong uplift (modified from Neng et al., 2018).
[image: Figure 4]FIGURE 4 | Models of the strike-slip fault and typical seismic profiles and coherence cube slices of the main reflecting surface: (A) five-layer strike-slip fault model, (B) typical seismic profiles of the Manxi low uplift, (C) typical seismic profiles of the Tazhong uplift, and (D) coherence cube slice of the main reflecting surface of the Tazhong uplift.
2 GEOLOGICAL SETTING
2.1 Tectonic Evolution History
The Tarim Basin is located in NW China. It is a typical superimposed basin that has experienced multi-stage evolution from the Neoproterozoic to the Quaternary closely related to the continental breakup and assemblage (Jia et al., 1998; Jia and Wei., 2002; Li et al., 2013a; Gao and Fan, 2014; Wu et al., 2018; Laborde et al., 2019; Qiu et al., 2019; Wu et al., 2020c; Qiu et al., 2022). This region encompasses an Archean-to-Early Neoproterozoic crystalline basement (Zhu et al., 2017; Wu et al., 2018) with very local distributed small rifts, which were trigged under the extension caused by the breakup of the Rodinia supercontinent. In Cambrian and Early Ordovician, the Tarim Basin was bounded by the South Tianshan Ocean to the north, North Altyn Ocean to the southeast, and Kudi Ocean to the southwest, respectively, and generally developed a succession of marine carbonate deposits. In the Late Ordovician and Silurian, the amalgamation of the Altyn–Qilian and the South Kunlun Terrane to the south Tarim Basin brought about the subsequent orogeny (Jia, 1997; Yang et al., 1998; Jia and Wei, 2002; Chen and Shi, 2003; Jin et al., 2009; Gao and Fan, 2014). The South Tianshan Ocean to the north of the Tarim Basin was mostly studied to be closed in Carboniferous (Gao et al., 2006). The tectonism in Permian is crucial to the basin evolution: for one thing, the Tianshuihai-Terrace amalgamation close the Tarim Basin forms an intracontinental basin and for the other, the plume beneath the Tarim Basin has strong activities in the Early Permian, forming a large igneous province in the central Tarim basin which was proved by the seismic data, wells, and aeromagnetic data (Yang et al., 1996; Chen et al., 2006; Yang et al., 2013; Li et al., 2014; Xu et al., 2021). The foreland basin dominated the basin Meso–Cenozoic evolution history which has three evolution stages: 1) the Triassic peripheral foreland basin caused by the southward migration and continuous uplift of the Tianshan Mountain (Li et al., 2012); 2) the Jurassic–Paleogene intracontinental depression basin (Zhang et al., 2021), and 3) the Neogene–Quaternary rejuvenated foreland basin due to the collision between the Indian and the Eurasian Plates (Lu et al., 1994; Jia and Wei, 2002; Laborde et al., 2019) (Figure 2).
2.2 Stratal Units and Tectonic Layers in the Central Tarim Basin
The Tarim Basin is divided into several structural units (Figure 1A). The first of these comprises three-fold-thrust belts, including the Kuqa and the Southwest Tarim fold-thrust belts on the margin of the Tarim Block and the Madong fault belt at the central part. Second, four major uplifts are present—the Bachu, the Tazhong, the Tabei, and the East Tarim uplifts. Third, two low uplifts are also located in the area between the Tazhong and the Tabei uplifts, as well as the Manxi and the Gucheng low uplifts in the northern part of the Tazhong uplift and the southeastern part of the Manjiaer Depression (Jia, 1997; Yang et al., 1998; Jia and Wei, 2002). Large and wide strike-slip fault systems have been found in the central Tarim Basin, including the Tabei uplift, the Manxi low uplift, and the Tazhong uplift (Figure 1A). Affected by the regional tectonic movements, the Paleozoic can be divided into several regional tectonic layers (Figure 1B). Regional extension from the Late Sinian to Mid–Early Cambrian formed rifts, aulacogens, a passive continental margin, and a carbonate platform, where clastic rock, carbonate rock, and evaporite rock deposited. A regional extension to slight compression from the Late Cambrian to Mid–Early Ordovician resulted in weak fault activities and formed a cratonic carbonate platform and slope where dolomite and limestone deposited. Strong regional compression in the Late Ordovician to Silurian formed a series of thrust, uplift, and strike-slip with thick mud rock deposited. From the Devonian to the Carboniferous, cratonic margin depression controlled the marine clastic rock and carbonate rock deposited. In the Permian, due to the intracratonic rift basin and plume, wide volcanic rock formed (Gao and Fan, 2014) (Figures1B, 2, 4).
2.3 Strike-Slip Fault System in the Central Tarim Basin
Large strike-slip fault systems developed from the Tabei uplift to the Tazhong uplift in the central Tarim Basin (Figure 5). Several regional strike-slip faults extend from the Tabei uplift to the Tazhong uplift, such as fault FⅠ5, which divided the strike-slip fault systems into two parts. In the east, most strike-slip faults are in the NE–SW orientation; by contrast, the western part of fault FⅠ5 is in the NW–SE trend. The faults in the Tabei uplift are performed like X, diamond, and V shapes, which consists of two sets of faults in the NNE and NNW strike directions (Han et al., 2017; Deng et al., 2019; Wu et al., 2020a). The strike-slip faults in the Tazhong uplift extend in the NE direction in the west part and NEE in the east part, and some of them cut the Tazhong No.1 fault and disappear into the Manjiaer Depression and others ended in the southwest part of the No.1 fault and formed cross and T shapes. In the Manxi low uplift, strike-slip faults connect the Tabei and the Tazhong uplifts, forming Y and V shapes (Figures 3, 5).
[image: Figure 5]FIGURE 5 | Diagram of a strike-slip fault system of the Ordovician carbonate rocks (based on the seismic reflecting surface of the Ordovician Yijianfang Formation, To3).
3 DATA AND METHODS
In this study, three typical 3D seismic surveys over a total area of 15,00 km2 were chosen for comparative research on strike-slip faults in the Tabei uplift and the Tazhong uplift (Figure 5), which were obtained from Tarim oilfield company. The 2D/3D seismic data were in post-stack time migration processing and loaded into Halliburton’s Landmark Decision Space Geosciences software for interpretation. Several deep wells were used in this area for horizon calibration, which was completed by the Tarim oilfield company. The main seismic reflection surfaces were determined from the Sinian to the Quaternary. They were interpreted carefully (Figures 4B,C) such as the bottom of the Sinian (TZ), the bottom of the Cambrian (TЄ1), the bottom of the Middle Cambrian (TЄ2), the bottom of the Upper Cambrian (TЄ3), the bottom of the Ordovician (To1p), the bottom of the Upper Ordovician (To3), the bottom of the Silurian (Ts), the bottom of the Carboniferous (Tc), and the bottom of the Permian (Tp). These reflection surfaces provide lithological information and constrain the interpretation method of strike-slip faults in different layers. In the section view, strike-slip faults can be recognized through the cut-off, bending, or deformation of the main reflectors. Some areas with chaotic seismic reflection configuration also indicated the existence of fault damage zones. A fault-karst reflection was the evidence for secondary faults in the fault belt. Such related structures as reverse faults, grabens, salt tectonics, and volcanic structures were found in special layers, and their relationships with the strike-slip faults were examined. A 3D coherence cube sliced along the reflector surface was used for the 3D interpretation of the strike-slip fault systems in map view (Figure 4D).
Depending on the seismic interpretation, unconformities, growth strata, and fault displacements in different layers were used to determine the evolution stages of strike-slip faults. For example, if positive and negative flower structures were superimposed along the same strike-slip fault in different layers in the section view, it indicated a two-stage evolution history of the given strike-slip fault (Figures 3C1–C2).
4 CHARACTERISTICS OF STRIKE-SLIP FAULTS IN THE CENTRAL TARIM BASIN
4.1 Characteristics of Strike-Slip Fault Deformation Styles in Different Layers
Based on 3D seismic data, deformations in different layers from the Sinian, Cambrian, Ordovician, and Silurian identified along with the major strike-slip fault system were recognized including reverse faults, normal faults, salt tectonics, and volcanic structures. These findings indicate that strike-slip fault systems occurred due to different tectonic movements and formed mixed structures consisting of various structural styles in different layers (Figures 4, 6).
[image: Figure 6]FIGURE 6 | (A) Characteristics of layered deformation of typical 3D seismic profiles across strike-slip faults within the Tabei uplift (for location, see Figure 5). (B) Characteristics of the layered deformation of typical 3D seismic profiles across strike-slip faults within the Tazhong uplift (for location, see Figure 5). (C) Seismic line location map and fault system of the Tabei uplift. (D) Seismic line location map and fault system of the Tazhong uplift. Please refer to the supplementary materials for the uninterpreted seismic data.
Strike-slip faults in the Tabei uplift performed various structural styles from the west to the east (Figures 6A, 8A). In the section view, the Ordovician went up to the west owing to tectonic lift; reverse faults (F1 and F2) were found in the western part in the Lower Cambrian superimposed on normal faults in the Sinian in orange (Figure 6A). The faults colored in blue, such as F1, were distributed in the Sinian to the Middle Cambrian layer and disappeared in the Middle Cambrian evaporite rock layer (TЄ2–TЄ3). The faults exhibited different structures, such as single-fault planes (F5 and F11), V-shaped faults (F4, F6, and F10), positive flower structures (F6, F8, and F9), and negative flower structures (F3 and F10). Some faults in orange located in the Sinian, which cut into the basement, acted like normal faults and influenced faults F1, F2, F6, and F7. Faults F5, F6, and F9 grew upward and were connected to the Ordovician faults, while others were disconnected, such as faults F4, F7, F10, and F11. The strike-slip faults in red from the Upper Cambrian–Ordovician carbonate rock layer occurred as flower structures on top of the carbonate rock layer (To3). Some secondary faults were located between F1 and F3, hanging in the upper part of the Middle Ordovician carbonate layer with some fault-karst reservoirs. Transtension fault in the Silurian (Ts) formed V-type grabens in the clastic rock layer, shown in green, that disappeared upward below the unconformity between the Permian and the Triassic. The Permian became thicker to the east, and the activities of strike-slip fault systems also became stronger, with wider flower structures and longer fault planes than those in the western part. The major faults have some common features. First, the strike-slip fault consists of several deformation layers, from the basement to the Mesozoic. Second, normal faults in the Sinian, reverse faults in the Lower Cambrian, and salt tectonics, such as salt sheets, mini-salt anticlines, and mini-salt sags, in the Middle Cambrian developed with the major strike-slip faults. Third, wider flower structures in the Middle Ordovician carbonate layer influenced the fault-karst reflection distribution. Finally, transtensional faults in the Ordovician–Silurian clastic rocks and fault anticlines in Permian magmatic rock performed various structures styles.
The strike-slip fault system in the Tazhong uplift has stronger layer deformation than that in the Tabei uplift (Figures 4, 6B). In the basement, normal faults controlled the distribution of the Sinian rift system. Some normal faults exhibited strong activities, with the hanging wall thicker than the footwall (F2, F6, F11, and F15), and others performed like transtensional fault systems with a vertical fault plane (F7 and F8). Several faults located in Lower and Middle Cambrian layers, in blue, represent deformation during the Late Cambrian to Mid–Early Ordovician with a slight compression. Some faults had vertical fault planes and cut into the Sinian, while others were gentler and were detached into the Middle Cambrian salt layer. Most faults in this layer ended in the salt layer with strong salt tectonic deformation; for example, salt pillow, salt anticline with detachment thrust, and lens-shaped structures can be recognized through 3D seismic. In the Upper Cambrian–Ordovician carbonate rock layer, strike-slip fault systems were distributed more widely in the west than those in the east. Both negative and positive structures can be found from west to east. In the Upper Ordovician and Silurian clastic rock layers, most faults were transtensional faults and performed V-shape faults or single, vertical faults. In the Permian, most faults stopped; only faults F6 and F11 kept moving upward and formed positive and negative flower structures at the same layer.
Compared with the Tabei uplift, strike-slip faults in the Tazhong uplift exhibited stronger layer deformation, especially in the Sinian and the Lower–Middle Cambrian layer. The following common features were observed. First, basement structures, such as the Silurian rift, influenced the strike-slip fault activities and distribution. Normal faults, reverse faults, and strike-slip faults were found in the Lower and Middle Cambrian layers. Second, salt tectonics played an important role in different deformation styles in the supra-salt layer and subsalt layers. A thick salt layer led to strong varied deformation styles among strike-slip faults. Third, strike-slip faults formed flower structures in different layers that were superimposed vertically (F6); some faults were connected directly (F6, F8, F11, and F14), while others were disconnected or vertically incorrectly positioned (F2, F11, and F15).
4.2 Multi-Layer Deformation Models of Strike-Slip Faults
Based on the 3D seismic data interpretation, a total of five deformation layers were identified (Figure 3A): a Sinian–Lower Cambrian structural layer (layer 1), a Middle Cambrian salt-related deformation layer (layer 2), a layer of deformed carbonate rocks from the Upper Cambrian to the Middle Ordovician (layer 3), a layer of deformed clastic rocks from the Upper Ordovician to the Carboniferous (layer 4), and a Permian volcanic rock layer (layer 5). Structural styles along the strike-slip faults varied from deep to shallow (Figure 7).
[image: Figure 7]FIGURE 7 | Styles of layered deformation of strike-slip fault systems: (A1–A3) Permian volcanic rock deformation layer, (B1–B3) Upper Ordovician–Silurian clastic rock deformation layer, (C1–C3) Upper Cambrian–middle Ordovician carbonate rock deformation layer, (D1–D3) Middle Cambrian salt-related deformation layer, and (E1–E3) Sinian–Lower Cambrian deformation layer.
Layer 1 represented the subsalt structural layer consisting of a Sinian rift system and reverse faults in the Sinian and the Lower Cambrian. Three types of structural styles were found: normal faults in the Sinian rift system, reverse faults, and paleo-uplifts caused by the tectonic inversion during the Late Cambrian to Mid–Early Ordovician. The seismic data show that strike-slip faults followed the pre-existing fault plane (Figure 7E1) or cut through a pre-existing fault (Figure 7E2). The paleo-uplift reactivated and induced several strike-slip faults (Figure 7E3).
Layer 2 was salt related. The distribution of evaporite rock layers in the Middle Cambrian varied in the central Tarim Basin. A thick salt layer always induced complex deformation styles such as salt sheets, salt anticlines, and complex salt flow structures (Figure 7D1). When a strike-slip fault occurred, a thick salt layer caused layered deformation and disconnected fault planes (Figure 7D3). When the salt layer became thinner, the strike-slip fault cut through it into the Lower Cambrian (Figure 7D2). Three types of structures named salt flow structures, salt sags, and salt anticlines represent different tectonic backgrounds when the salt layer deformed (Figure 7D2, D3).
Layer 3 was an Upper Cambrian–Ordovician carbonate rock layer. On top of the Ordovician carbonate layer, the strike-slip fault had a strong deformation style, such as well-developed flower structures and a wide, straight fault belt (Figure 7C2) in the map and section views. Secondary faults mainly developed along major faults and connect to the fault planes at depth to form negative (Figure 7C2) and positive (Figure 7C3) flower structures. When the strike-slip fault underwent weak transpression or transtension deformation, it performed as a liner shape in map and section view. The fault-karst caves were widely distributed close to the strike-slip faults. These karst caves became smaller from the fault belts to the undeformed rock wall. The fault anticlines and fault blocks always had strong deformation amplitudes, especially in the overlapping zones in map view (Figure 7C3).
Layer 4 consisted of the Upper Ordovician mudstones and Silurian clastic rocks. Single en-echelon fault, overlapping en-echelon faults, and inherited folds are three typical styles in this layer. Most strike-slip faults acted like extensional en-echelon faults to form half-grabens (Figure 7B1) and grabens (Figure 7B2). Inherited folds were found in the Silurian, where the fold formed in the Late Ordovician continued to be activated, and the en-echelon faults were not developed (Figure 7B3).
Permian volcanic structures were widely distributed in layer 5 including volcanic flow structures (Figure 7A1), detachment thrusts (Figure 7A2), and fault anticlines (Figure 7A3) which were the three typical structures formed because of the magmatic eruption and intrusion from deep layers along strike-slip faults. Complex deformations were recognized inside the layers and appeared as explosive volcanic facies, effusive facies, and volcano-sedimentary facies that erupted from deep layers into the Permian along strike-slip faults.
4.3 Characterization of Strike-Slip Faults in Map View
Strike-slip faults of different structural styles in map view were observed in the central Tarim Basin. These included X-, diamond-, V-, Y-, cross-, and T-shaped faults in deep layers at barrier depths greater than 7,000 m (Figure 8). The characteristics of the strike-slip faults in different layers were obtained from 3D seismic coherence slices of Ts, To3, TЄ3, and TЄ1 with the seismic lines (Figures 8–11) in the Tabei uplift and the Tazhong uplift.
[image: Figure 8]FIGURE 8 | Interpretations of strike-slip fault systems from 3D coherence cubes (To3, reflection surface; for location, see Figure 5): (A) 3D coherence cube slice from the Tabei uplift, (B) method of interpreting strike-slip fault systems for the Tabei uplift, (C) 3D coherence cube from the Tazhong uplift (for location, see Figure 5D, and (D) method of interpreting strike-slip fault systems for the Tazhong uplift. (E) Models of the strike-slip fault in map view. (F) Criteria for fault-type determination used in this study with the corresponding coherency attribute maps.
4.3.1 Strike-Slip Faults Within the Tabei Uplift
Strike-slip faults were well developed within the Tabei uplift. In this region, severe faults interacted to form a net shape comprising X, V, and diamond shapes. Thus, F5 and F4, as well as F8 and F9, were X-shaped faults, while F3, F4, F2, and F1 were diamond-shaped faults. The X-shaped faults were recognized as conjugate faults (Davis et al., 2000; Wu et al., 2020b). However, the faults, which formed an X shape, performed different activities in different layers (Figure 9). The NW trend faults dominated the surfaces of TЄ1 and TS with the weak activity of NE strike faults (Figure 9D). On the surfaces of To3 and TЄ3, the NE strike faults had longer fault planes than the NW trend faults (Figures 9B,C). Some common features were noted. First, fault systems on top of the Ordovician carbonate rocks (To3) did not comprise a single fault but several fault segments. The fault segments were expressed in en-echelon forms (F8), feather types (F4), and horsetails (F1) (Figure 9B). Second, two fault sets were shown to have opposite strike directions and interacted together, including F1 and F4. The first of these, in the west, operated as a right-lateral strike-slip fault (F1) (Figure 8A), while its eastern counterpart was expressed as a left-lateral fault (F4). The angles between these sets of faults were measured over a range from 26.5° to 40.1°; thus, faults F8 and F9 formed larger angles in the north and smaller angles in the south. These data show that the fault planes were not straight (Figure 8A). Third, the Riedel shear zone was well developed along the major fault, while a left-stepped minor fault array also occurred on the right-lateral strike-slip (F1 and F3) alongside a right-stepped array on the left-lateral strike-slip fault (F6, F4, and F9) (Figure 8A). Finally, several secondary faults had occurred inside the blocks between major faults (Figure 8A). Some fault-karst reservoirs that appeared round and black in map view and as a beaded reflection in pink in the section view were distributed along with the strike-slip fault system. The density of the fault-karst reservoirs decreased as they moved from the main fault to the secondary faults and the rock wall (Figures 8A, 10A).
[image: Figure 9]FIGURE 9 | Uninterpreted coherence slices (images to the left in A1–D1; for location, see Figure 5) and interpreted fault systems (images to the right in A2–D2) of different seismic reflection surfaces of the Tabei uplift: (A1) Ts reflection surface (bottom of the Silurian), (B1) To3 reflection surface (bottom of the Upper Ordovician), (C1) TЄ3 reflection surface (bottom of the Upper Cambrian), and (D1) TЄ1 reflection surface (bottom of the Lower Cambrian).
[image: Figure 10]FIGURE 10 | 3D seismic profiles of the Tabei uplift (for location, see Figure 9): (A) 3D seismic line of the northern part (L-1), (B) 3D seismic line in the central part (L-2), and (C) 3D seismic lines of the southern part (L-3). Please refer to the supplementary materials for the uninterpreted seismic data.
The 3D seismic coherence slices show the styles of layered deformation due to the strike-slip faults (Figure 9). In the Cambrian subsalt layer (TЄ1) (Figure 9D), most faults had segmented and led to weak deformation, such as left-stepped en-echelon faults or arcuate faults (F1, F3, F8, and F9). Strike-slip faults mainly developed in the NW–SE strike direction; F1, F2, F3, and F8 had clear and longer traces than those in the NE–SW direction, such as F6, F9, and F10. Above the Cambrian salt layer (Figure 9C), the strike-slip faults become longer than those in the subsalt layer, two opposite strike-slip fault systems intersected, and some NW–SE strike faults were cut by NE–SW strike faults. For instance, F9 was cut by F8, which indicates that F8 was a left-lateral strike-slip fault. However, on the To3 reflection surface, F8 performed as a right-lateral strike-slip fault (Figure 9B). The directions of movement of fault F6 were opposite on the reflection surfaces of TЄ3 and To3, which verified the strike-slip fault experienced two evolution stages. On the Ts reflection surface, only the NW–SE strike direction faults continued to be activated, forming an en-echelon fault system (Figure 9A).
Layered deformation styles were noted through the 3D seismic profiles (Figure 10; for location, see Figure 9). The faults in the Sinian have weak activities (F1, F5, F4, and F9) with small normal faults, low amplitude sags between F3 and F10, and low uplifts on its west side between F1 and F3. Some faults shown in blue (Figure 10) were distributed in the Middle and Lower Cambrian layers that disappeared into the Middle Cambrian layer (F2, F6, F8, and F9). The strike-slip faults were more active in the Ordovician carbonate layer performing wider flower structures, long fault planes (F1, F3, and F4), and bigger fault-karst caves (in pink). With the fault activities decreasing to the south (Figures 10A–C), the fault-karst caves become lower and smaller. Some fault-karst caves were distributed inside or along with fault belts, and others were distributed between major faults such as the east side of F6 (Figure 10B). The faults in green, distributed in the Silurian–Carboniferous layers, were transtensional fault systems that acted as normal faults in the seismic profiles. F1, F2, and F6 cut into the Carboniferous and ended in the Permian. Others had weak deformations in the Silurian. From the north (Figure 10A) to the south (Figure 10C), the fault activities weakened. Permian faults in violet were influenced by volcanic rock. Reverse faults, fault anticlines, and vertical and rotational faults were identified inside the volcanic layer.
4.3.2 Strike-Slip Faults in the Tazhong Uplift
A series of cross-shape fault systems had developed in the Tazhong uplift along with the NW–SE striking directional thrusts (Figure 8D, blue color) and NE–SW strike-slip fault (red color). First, the angle between the NW–SE fault and the NE–SW faults was larger than that between the X- and Y-shaped faults, between 38.6° and 87.5° (F16, F17, F18, and F19). Second, based on movements of the fault walls, the NE–SW-trend strike-slip fault performed left-lateral movements and cut the NW–SE striking thrusts (F15, F16, and F19). Third, a strike-slip fault also developed like a straight fault plane with a feature type or an en-echelon fault tail (F14, F15, F18, and F19). Secondary faults were influenced by these NW–SE striking thrusts and were formed mainly in the western side of the strike-slip faults (F15, F18, and F19). Fourth, based on the location of these strike-slip faults, three types were identified: boundary, cut, and foot/hanging wall types. The boundary types were located along the transfer zones of the thrusts, such as F18, F15, and F14. By contrast, cut types, including F16, F17, F19, and F20, were formed in the middle part of the thrusts, cut through thrusts, and generated displacements. The foot/hanging wall types were located on the footwall or hanging walls, intersected, or ended on the thrust fault planes, for example, F22 and F23.
The Tazhong uplift had a strong layered deformation style than the Tabei uplift and the Manxi low uplift (Figure 11). In the Cambrian subsalt layer, thrusts dominated and performed like the NW-direction trend, dipped to the NE. Strike-slip fault eventually formed in transfer zones between different thrusts in the southwest part of the uplift (Figure 11D). The strike-slip faults become longer and stronger in layers above the Cambrian salt layer (Figure 11C). Faults F16 and F17 cut the NW strike direction thrust to form a large intersecting angle ranging from 60° to 85°, like cross shaped. The left-lateral strike-slip faults were determined from the movement direction of the cut thrust segments (Figure 11C). On the top surface of Ordovician carbonate rocks, the strike-slip faults and thrusts dominate; secondary faults along the major fault formed feather-type, toothbrush-type, braided-type, and small en-echelon faults (Figure 11B). On the bottom surface of the Silurian, such faults also performed as right-stepped en-echelon strike-slip faults, varying from the Tabei uplift; most en-echelon faults were developed from linear strike-slip fault planes in the southwest to the en-echelon faults in the northeast (F15, F16, and F19). Thrusts remained active in the southeastern part (F20, F21, F22, and F23).
[image: Figure 11]FIGURE 11 | Uninterpreted coherence slices (top images in A1–D1; for location, see Figure 5) and interpreted fault systems (bottom images in A2–D2) of different seismic reflection surfaces of the Tazhong uplift: (A1) Ts reflection surface (bottom of the Silurian), (A2) To3 reflection surface (bottom of the Upper Ordovician), (A3) TЄ3 reflection surface (bottom of the Upper Cambrian), and (A4) TЄ1 reflection surface (bottom of the Lower Cambrian).
The stronger layered deformation styles were controlled by the complex evolution history, salt tectonics, and several unconformities (Figure 12). Most faults in the subsalt layer performed like reverse faults. Some faults (No. 1 fault, F15, F17, and F19) with thicker hanging walls proved that the faults are normal faults during the Sinian period. Others performed like a strike-slip fault with large flower structures in the subsalt layer. Because of the thick Cambrian salt layer, two fault systems were generated. The detachment thrust above the salt layer and the basement involved thrust in the subsalt layer. F14, F15, and F19 were mainly distributed in the supra-salt layer (Figure 12), influenced by the basement thrust faults. Some strike-slip faults were cut into the basement where the thrust fault was not active (F16 and F18). From the north (Figure 12A) to the south (Figure 12C), the deformation belts of strike-slip faults become narrow, such as F14, F15, and F18. The salt tectonics exhibited as the salt pillows, welt salt rollers, salt anticlines, salt walls, and salt sheets in the Middle Cambrian. The detachment thrusts always detached from the thick salt layer, where the strike-slip faults accompanied the thrusts (F14 and F19) or cut-thrusts (F15). On top of the Ordovician carbonate reflection surface (To3), flower structures were widely distributed. A large deformation belt was observed where the strike-slip fault and thrust intersected, such as in F15 (Figure 12A) and F18 (Figure 12C). Positive and negative flower structures were found in the same profiles, as in the case of F15 forming positive flower structures and F17 and F19 forming negative flower structures (Figure 12A). Some strike-slip faults had opposite activities in different layers, including positive structures in the Cambrian and negative flower structures in the Ordovician. Exemplars include fault F19 (Figure 12C), the negative flower structures in the Cambrian, and positive flower structures in the Ordovician, such as F18 (Figure 12D). From north to south, the strike-slip faults changed from en-echelon faults to liner-type faults on the bottom surface of the Silurian. The number of faults in the Permian decreased. Only one normal fault and two reverser faults were observed in this area and were superimposed on strike-slip faults F15 and F16 (Figures 12A–C). These indicated that the tectonic movement became stronger in the Tabei uplift than in the Tazhong uplift, during the Permian period.
[image: Figure 12]FIGURE 12 | 3D seismic profiles of the Tazhong uplift (for location, see Figure 11): (A) 3D seismic line of the northern part (L-4), (B) 3D seismic line of the central part (L-5), (C) 3D seismic line of the southern part (L-6), and (D) 3D seismic line along an S–N direction (L-7). Please refer to the supplementary materials for the uninterpreted seismic data.
4.4 Factors Controlling Deformation Styles of the Strike-Slip Fault
Based on the seismic data interpretation, three factors were found to control the deformation styles of strike-slip faults. They are the multi-stage history of tectonic evolution from the Sinian to the Permian, the lithological combinations from the rift basin to the marine craton basin and rift basin, and the change of regional tectonic stress.
The 3D seismic data show that strike-slip fault belts underwent several deformation stages from the Sinian to the Permian period. In the Sinian deformation layer, sags and paleo-uplifts were recognized below the Cambrian, accompanied by strike-slip faults as a boundary fault in the Manxi low uplift and the Tazhong uplift (Figures 13A,B,D,E). The Middle Cambrian salt layer was a key tectonic layer for strike-slip fault deformation. Some transpressional faults, with a high dip angle formed in the Cambrian subsalt layer (Figures 13A,D), were distributed wider than the strike-slip faults in the Ordovician layer, which showed that tectonic movement had occurred during Late Cambrian to the Middle–Early Ordovician. Some unconformities with the salt tectonics were also found in the Cambrian (Figures 13D,E). Because of the change of tectonic stresses from the Late Cambrian to the Middle Ordovician, the flower structures acted like opposite superpositions in different layers, such as the positive follower structures in the Cambrian salt layer and the negative flower structures in the Middle Ordovician layer (Figures 13A,E). The displacements of the strike-slip faults decreased from the Cambrian to the Ordovician, indicating that fault activities weakened during different evolution stages (Figure 13C). Some folds and fault-karst reflections were recognized above the reflection surface, which indicates that tectonic movements had occurred in the Early Ordovician (Figures 13B,C,E). Unconformities (Figures 13D,E), volcanic intrusiveness (Figures 13A,B), and growth strata (Figure 13C) above and below the To3 reflection surface indicated that several tectonic movements had occurred during the Late Ordovician Period. These had induced strong strike-slip fault layered deformations.
[image: Figure 13]FIGURE 13 | 3D seismic profiles of the central Tarim Basin (for location, see Figure 5): (A) Opposite superposition of strike-slip fault from the Cambrian to the Ordovician in the Manxi low uplift, (B) earlier sag in the Cambrian layer in the Manxi low uplift, (C) larger fault in the Cambrian layer in the Tabei uplift, (D) strong deformation in the Cambrian salt layer and unconformity in the Ordovician layer in the Tazhong uplift, and (E) opposite superpositions and strong deformation in the Cambrian salt layer in the Tazhong uplift. Please refer to the supplementary materials for the uninterpreted seismic data.
The lithological combinations were also a significant factor controlling the styles of the strike-slip faults. When the lithology varied significantly—for example, a transformation from clastic rocks to carbonate or volcanic rocks, from evaporite rocks to dolomite rocks, or carbonate rocks to clastic rocks—flower structures are always generated in the relevant layers. The weak bed like a salt rock layer and mudrock layer could also induce brittleness when the strain rates are high (Davison 2007, 2009) and cause the different fault systems above and below them which also influence the fault types of the strike-slip fault system. Also, a latest study (Bian et al., 2022) regarding the strike-slip salt tectonics in the Tarim Shunbei oilfield has demonstrated that the strike-slip faults in Cambrian weak salt bodies could connect the subsalt source rocks and supra-salt reservoirs, which had imposed significant impacts on petroleum migrations and accumulations.
5 DISCUSSION
Former studies have made great achievements in the geometry and kinematics of the strike-slip faults of the Tarim Basin (Jia et al., 1998; Han et al., 2017; Wu et al., 2018; Neng et al., 2018; Deng et al., 2019; Wu et al., 2020a; Wu et al., 2020b), while their conclusions are not consistent. The research on the relationship between strike-slip fault and other tectonics is still insufficient, especially in the Cambrian and Permian evolution stage.
A key period of tectonic change refers to a period when the basin dynamic characteristics and sedimentary environments change greatly which influenced not only the thrust faults and salt tectonics but also strike-slip faults. In this study, the regional stress fields of different periods that responded to periphery plate tectonic movements were mainly concluded from previous research (Jia et al., 1998; Wu et al., 2018; Qiu et al., 2019; Deng, et al., 2021; Qiu et al., 2022). The evolution model of the strike-slip faults was built to associate strike-slip fault evolution with the regional stress field alternations (Figures 14, 15).
[image: Figure 14]FIGURE 14 | Evolution model of the strike-slip fault system of the Tazhong uplift: (A) fault evolution stage in the Sinian–Early Cambrian, (B) fault evolution stage in the Late Cambrian–Early Ordovician, (C) fault evolution stage in the Late Ordovician, (D) fault evolution stage in the Silurian–Devonian, and (E) fault evolution stage in the Carboniferous–Permian.
[image: Figure 15]FIGURE 15 | Evolution model of the strike-slip fault system of the Tabei uplift: (A) fault evolution stage in the Sinian–Early Cambrian, (B) fault evolution stage in the Late Cambrian–Early Ordovician, (C) fault evolution stage in the Late Ordovician, (D) fault evolution stage in the Silurian–Devonian, and (E) fault evolution stage in the Carboniferous–Permian.
Previous studies show that the Tarim Basin experienced several tectonic cycles and the regional tectonic stress changed several times (Jia and Wei, 2002; Liu and Wang, 2012). In the Early Sinian, most of the Tarim Basin was repeatedly uplifted with some small rift basin and aulacogen in the northeastern and western part of the Tarim Basin under the extension stress field (refer to Tian, et al., 2020 and Bai et al., 2020 for the location of the rift). In the late Sinian, the Tarim Basin became a cratonic depression. At this stage, Manjiaer depression and Awati depressions were cratonic marginal basins (Jia and Wei, 2002). The normal faults and grabens dominated this tectonic layer. Influenced by the Kuluktak-Manjiaer aulacogen, the Tabei and Tazhong area had more normal faults in the eastern part than in the western part (Figures 14A, 15A). During the Early–Middle Cambrian, the central Tarim experienced an extensional tectonic background with a passive continental margin developed in the southwest and northeast, followed by a short episode of weak localized compression which lead to the compressive-reverse movements and foldings after the Early–Middle Cambrian (Gao and Fan, 2014). Some pre-existing faults were reactivated, and initial rupture of the strike-slip fault formed (Figures 14A, 15A). From the Late Cambrian to the Middle Ordovician, the ocean basins surrounding the Tarim Basin evolved dramatically: The north Tianshan Ocean began to subduct southwards beneath the Central Tianshan Microcontinent, generating compressive stress to the South, and the North Kunlun Ocean subducted to the North forming compressive stress (Jia and Wei 2002; Gao and Fan, 2014). These compressive stresses formed the initial strike-slip faults and reverse faults, foldings, and salt tectonics in the central Tarim Basin. The fault activities in the Tazhong area were stronger than those of the Tabei area during this period (Figures 14B, 15B). In the latest Middle Ordovician, regional compression strengthened and the Tarim craton became an active continental margin. The southwest Tarim, Tabei, and Tazhong areas uplifted. In the Late Ordovician, thrust faults formed accompanied with strike-slip faults. The thrust activities weakened from south to north as a result of the Kunlun, Altun ocean closure, and orogenies in the southern part of the Tarim craton (Gao and Fan, 2014). Fault segments were connected to form kinds of fault patterns along the fault belt. The thrusts formed together with the strike-slip faults, which also had stronger activities in the Tazhong uplift than in the Tabei uplift. The X, V, diamond type formed in the Tabei uplift, while the T and cross type formed in the Tazhong area (Figures 14C, 15C). During the Silurian–Devonian, Late Caledonian movements, and Hercynian movements caused the collision between the Tarim block and the Central Tianshan–Yining block. Also, the South Tianshan narrow ocean transformed into a foreland basin. Transtension en-echelon faults formed in this time, which weakened from the south Tazhong uplift to the north Tabei uplift (Figures 14D, 15D). From the Carboniferous to the early stage of the Permian Period, the southern margin of the Tarim continental plate was a passive continental margin, which became an active continental margin in the late stage of the Early Permian–Late Permian when the Paleo–Tethys closed to the south of the Tarim continental plate and triggered the isle arc volcanic activity. The northern margin of the Tarim Basin was an active continental margin, as the oblique collision between the Tarim continental plate and the Middle Tianshan block occurred. The igneous activity of the intracratonic rift of the Tarim Basin occurred in the Early Permian. The volcanic activity in the Tabei uplift was stronger and more complex than that of the Tazhong uplift (Figures 14E, 15E). In this study, the strike-slip fault deformation and fault patterns in the Sinian, the Early–Middle Cambrian, and the Permian were addressed and associated with the regional tectonic evolution studies (Jia et al., 1998; Li et al., 2007; Han et al., 2017; Neng et al., 2018; Wu et al., 2018; Deng et al., 2019; Wu et al., 2020a; Wu et al., 2020b), which was not systemically documented in previous studies.
6 CONCLUSION
A large strike-slip fault system was widely distributed in the Paleozoic layer of the central Tarim Basin, which formed X-, V-, Y-, diamond-, cross-, and T-shaped deformation styles on the top of the Ordovician carbonate layer. The X-, V-, and diamond-shaped deformation styles were mainly observed in the Tabei uplift, and the cross- and T-shaped deformation styles dominated the Tazhong uplift.
The strike-slip fault system consists of a five-layered architecture. They are normal faults and transtensional faults in the Sinian and reverse, transtensional, and transpressional faults with salt tectonics in the Lower–Middle Cambrian. Wider flower structures and fault-karst were found in the Ordovician carbonate rock layer. The en-echelon transtension system mainly developed from the Late Ordovician to the Carboniferous. Volcanic structures along the strike-slip fault formed thrusts, normal faults, and folds in the Permian.
The multi-stage tectonic evolution history from the Sinian to Permian, lithological combinations from the rift basin to the marine basin, and regional tectonic stresses were the main factors influencing layered deformation structural styles. The evolution history of the strike-slip fault started from the earlier Cambrian and ended in the Mesozoic.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
YN: conceptualization, project administration, writing—original draft, writing—review and editing, and funding acquisition. YL: resources and supervision. JQ: organization, supervision, and methodology. XM: conceptualization, investigation, software, Writing—review & editing. LZ: formal analysis. PC: investigation.
FUNDING
This work was supported by the Xinjiang Uighur Autonomous Region Tianshan Talent Project and Xinjiang Uighur Autonomous Region University Scientific Research Project, Number XJEDU 2019Y072.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors are grateful for constructive comments and suggestion from three reviewers. This work was supported by the Xinjiang Uygur Autonomous Region Natural Science Foundation Research Project (2021D01A199) as well as by a Xinjiang Uygur Autonomous Region Department of Education College Scientific Research project (XJEDU 2019Y072).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/feart.2022.837354/full#supplementary-material
REFERENCES
 Aydin, A., and Berryman, J. G. (2010). Analysis of the Growth of Strike-Slip Faults Using Effective Medium Theory. J. Struct. Geol. 3211, 1629–1642. doi:10.1016/j.jsg.2009.11.007
 Bai, Z., Cheng, M., and Chen, C. (2020). Distribution Features of the Nanhua-Sinian Rifts and Their Significance to Hydrocarbon Accumulation in the Tarim Basin. Acta Geol. Sin. Engl. Ed. 94, 15. doi:10.1111/1755-6724.14340
 Basile, C., and Brun, J. P. (1999). Transtensional Faulting Patterns Ranging from Pull-Apart Basins to Transform Continental Margins: an Experimental Investigation. J. Struct. Geol. 21, 23–37. doi:10.1016/s0191-8141(98)00094-7
 Berglar, K., Gaedicke, C., Franke, D., Ladage, S., Klingelhoefer, F., and Djajadihardja, Y. S. (2010). Structural Evolution and Strike-Slip Tectonics off North-Western Sumatra. Tectonophysics 480 (1-4), 119–132. doi:10.1016/j.tecto.2009.10.003
 Bian, Q., Deng, S., Lin, H., and Han, J. (2022). Strike-slip Salt Tectonics in the Shuntuoguole Low Uplift, Tarim Basin, and the Significance to Petroleum Exploration. Mar. Petroleum Geol. 139, 105600. doi:10.1016/j.marpetgeo.2022.105600
 Carroll, A. R., Graham, S. A., Hendrix, M. S., Ying, D., and Zhou, D. (1995). Late Paleozoic Tectonic Amalgamation of Northwestern China: Sedimentary Record of the Northern Tarim, Northwestern Turpan, and Southern Junggar Basins. Geol. Soc. Am. Bull. 107, 571–594. doi:10.1130/0016-7606(1995)107<0571:lptaon>2.3.co;2
 Chen, H. L., Yang, S. F., Wang, Q. H., Luo, J. C., Jia, C. Z., Wei, G. Q., et al. (2006). Sedimentary Response to the Early-MidPermian Basaltic Magmatism in the Tarim Plate. Geol. China 33, 545. doi:10.3969/j.issn.1000-3657.2006.03.010
 Chen, Z. Q., and Shi, G. R. (2003). Late Paleozoic Depositional History of the Tarim Basin, Northwest China: An Integration of Biostratigraphic and Lithostratigraphic Constraints. Bulletin 87, 1323–1354. doi:10.1306/0401032001115
 Cunningham, W. D., Windley, B. F., Dorjnamjaa, D., Badamgarov, J., and Saandar, M. (1996). Late Cenozoic Transpression in Southwestern Mongolia and the Gobi Altai-Tien Shan Connection. Earth Planet. Sci. Lett. 140, 67–81. doi:10.1016/0012-821x(96)00048-9
 Davis, G. H., Bump, A. P., Garcı́a, P. E., and Ahlgren, S. G. (2000). Conjugate Riedel Deformation Band Shear Zones. J. Struct. Geol. 22, 169–190. doi:10.1016/s0191-8141(99)00140-6
 Davison, I. (2009). Faulting and Fluid Flow through Salt. J. Geol. Soc. 166, 205–216. doi:10.1144/0016-76492008-064
 Davison, I. (2007). “Geology and Tectonics of the South Atlantic Brazilian Salt Basins ed ,”. Editors A. C. Ries, R. W. H. Butler, and R. H. Graham (London: Geological Society, Special Publication), 272, 345–359. doi:10.1144/gsl.sp.2007.272.01.18
 Deng, S., Liu, Y., Liu, J., Han, J., Wang, B., and Zhao, R. (2021). Structural Styles and Evolution Models of Intracratonic Strike-Slip Faults and the Implications for Reservoir Exploration and Appraisal: A Case Study of the Shunbei Area, Tarim Basin. Geotect. Metallogenia 45 (6), 1111–1126. 
 Deng, S., Li, H., Zhang, Z., Zhang, J., and Yang, X. (2019). Structural Characterization of Intracratonic Strike-Slip Faults in the Central Tarim Basin. Bulletin 103, 109–137. doi:10.1306/06071817354
 Deng, S., Zhao, R., Kong, Q., Li, Y., and Li, B. (2022). Two Distinct Strike-Slip Fault Networks in the Shunbei Area and its Surroundings, Tarim Basin: Hydrocarbon Accumulation, Distribution, and Controlling Factors. Bulletin 106 (1), 77–102. doi:10.1306/07202119113
 Dooley, T. P., and Schreurs, G. (2012). Analogue Modelling of Intraplate Strike-Slip Tectonics: a Review and New Experimental Results. Tectonophysics 574-575, 1–71. doi:10.1016/j.tecto.2012.05.030
 Faulkner, D., Lewis, A., and Rutter, E. (2003). On the Internal Structure and Mechanics of Large Strike-Slip Fault Zones: Field Observations of the Carboneras Fault in Southeastern Spain. Tectonophysics 367 (3–4), 235–251. doi:10.1016/s0040-1951(03)00134-3
 Gao, J., Long, L., Qian, Q., Huang, D., Su, W., and Reiner, K. (2006). South Tianshan: A Late Paleozoic or a Triassic Orogen?Acta Petrol. Sin. 22 (5), 1049. doi:10.3321/j.issn:1000-0569.2006.05.001
 Gao, Z., and Fan, T. (2014). Intra-platform Tectono-Sedimentary Response to Geodynamic Transition along the Margin of the Tarim Basin, NW China. J. Asian Earth Sci. 96, 178–193. doi:10.1016/j.jseaes.2014.08.023
 Haijun, Y., Chen, Y., Tian, J., Du, J., Zhu, Y., Li, H., et al. (2020). Great Discovery and its Significance of Ultra-deep Oil and Gas Exploration in Well Luntan1 of the Tarim Basin. China Pet. Explor. 25, 62. doi:10.3969/j.issn.1672-7703.2020.02.007
 Han, X., Deng, S., Tang, L., and Cao, Z. (2017). Geometry, Kinematics and Displacement Characteristics of Strike-Slip Faults in the Northern Slope of Tazhong Uplift in Tarim Basin: A Study Based on 3D Seismic Data. Mar. Petroleum Geol. 88, 410–427. doi:10.1016/j.marpetgeo.2017.08.033
 Harding, T. P. (1974). Petroleum Traps Associated with Wrench Faults. Am. Assoc. Petroleum Geol. Bull. 58 (7), 1290–1304. doi:10.1306/83d91669-16c7-11d7-8645000102c1865d
 Jia, C., and Wei, G. (2002). Structural Characteristics and Petroliferous Features of Tarim Basin. Chin. Sci. Bull. 47, 1–11. doi:10.1007/bf02902812
 Jia, C. Z. (1997). Tectonic Characteristics and Petroleum, Tarim Basin. China. Pet. Ind. Press , 1–120. (in Chinese with English abstract). 
 Jia, D., Lu, H., Cai, D., Wu, S., Shi, Y., and Chen, S. (1998). Structural Features of Northern Tarim Basin: Implications for Regional Tectonics and Petroleum Traps. AAPG Bull. 82, 147–159. doi:10.1306/1d9bc3b3-172d-11d7-8645000102c1865d
 Jin, Z., Zhu, D., Hu, W., Zhang, X., Zhang, J., and Song, Y. (2009). Mesogenetic Dissolution of the Middle Ordovician Limestone in the Tahe Oilfield of Tarim Basin, NW China. Mar. Petroleum Geol. 26, 753–763. doi:10.1016/j.marpetgeo.2008.08.005
 Laborde, A., Barrier, L., Simoes, M., Li, H., Coudroy, T., Van der Woerd, J., et al. (2019). Cenozoic Deformation of the Tarim Basin and Surrounding Ranges (Xinjiang, China): A Regional Overview. Earth-Science Rev. 197, 102891. doi:10.1016/j.earscirev.2019.102891
 Li, C., Wang, X., Li, B., and He, D. (2013a). Paleozoic Fault Systems of the Tazhong Uplift, Tarim Basin, China. Mar. Petroleum Geol. 39, 48–58. doi:10.1016/j.marpetgeo.2012.09.010
 Li, D., Yang, S., Chen, H., Cheng, X., Li, K., Jin, X., et al. (2014). Late Carboniferous Crustal Uplift of the Tarim Plate and its Constraints on the Evolution of the Early Permian Tarim Large Igneous Province. Lithos 204, 36–46. doi:10.1016/j.lithos.2014.05.023
 Li, Y., Yang, H., Zhang, G., Zheng, D., Liu, Y., Zhao, Y., et al. (2012). Redivision of the Tectonic Units of Tabei Rise in Tarim Basin, NW China. Acta Petrol. Sin. 28 (8), 2466
 Lin, B., Zhang, X., Xu, X., Yuan, J., Neng, Y., and Zhu, J. (2015). Features and Effects of Basement Faults on Deposition in the Tarim Basin. Earth-Science Rev. 145, 43–55. doi:10.1016/j.earscirev.2015.02.008
 Little, T. A. (1995). Brittle Deformation Adjacent to the Awatere Strike-Slip Fault in New Zealand: Faulting Patterns, Scaling Relationships, and Displacement Partitioning. Geol. Soc. Am. Bull. 107 (11), 1255–1271. doi:10.1130/0016-7606(1995)107<1255:bdatta>2.3.co;2
 Liu, H., and Wang, Y. (2012). Restoration of Eroded Stratal Thickness in Key Periods of Tectonic Change in a Multi-Stage Superimposed Tarim Basin in China. J. Palaeogeogr. 1, 149. doi:10.3724/SP.J.1261.2012.00012
 Lu, H. F., Howell, D. G., Jia, D., and Al, E. (1994). Rejuvenation of the Kuqa Foreland Basin, North Flank of Tarim Basin, Northwest China. Int. Geol. Rev. 36, 1151
 Lu, X., Wang, Y., Tian, F., Li, X., Yang, D., Li, T., et al. (2017). New Insights into the Carbonate Karstic Fault System and Reservoir Formation in the Southern Tahe Area of the Tarim Basin. Mar. Petroleum Geol. 86, 587–605. doi:10.1016/j.marpetgeo.2017.06.023
 Mathieu, L., and van Wyk de Vries, B. (2011). The Impact of Strike-Slip, Transtensional and Transpressional Fault Zones on Volcanoes. Part 1: Scaled Experiments. J. Struct. Geol. 33 (5), 907–917. doi:10.1016/j.jsg.2011.03.002
 McClay, K. R., and Bonora, M. (2001). Analog Models of Restraining Stepovers in Strike-Slip Fault Systems. AAPG Bull. 85, 233–260. doi:10.1306/8626c7ad-173b-11d7-8645000102c1865d
 Morley, C. K. (2002). A Tectonic Model for the Tertiary Evolution of Strike-Slip Faults and Rift Basins in SE Asia. Tectonophysics 347, 189–215. doi:10.1016/s0040-1951(02)00061-6
 Neng, Y., Wu, G., Huang, S., Zhang, X., and Cao, S. (2016). Formation Stage and Controlling Factors of the Paleo-Uplifts in the Tarim Basin: A Further Discussion. Nat. Gas. Ind. B 3, 209–215. doi:10.1016/j.ngib.2016.05.005
 Neng, Y., Xie, H., Yin, H., Li, Y., and Wang, W. (2018). Effect of Basement Structure and Salt Tectonics on Deformation Styles along Strike: An Example from the Kuqa Fold-Thrust Belt, West China. Tectonophysics 730, 114–131. doi:10.1016/j.tecto.2018.02.006
 Neng, Y., Yang, H., and Deng, X. (2018). Structural Patterns of Fault Damage Zones in Carbonate Rocks and Their Influences on Petroleum Accumulation in Tazhong Paleo-Uplift, Tarim Basin, NW China. Petroleum Explor. Dev. 45, 43–54. doi:10.1016/s1876-3804(18)30004-1
 Nicholson, C., Seeber, L., Williams, P., and Sykes, L. R. (1986). Seismic Evidence for Conjugate Slip and Block Rotation within the San Andreas Fault System, Southern California. Tectonics 5, 629–648. doi:10.1029/tc005i004p00629
 Nur, A., Ron, H., and Scotti, O. (1986). Fault Mechanics and the Kinematics of Block Rotations. Geology 14 (9), 746–749. doi:10.1130/0091-7613(1986)14<746:fmatko>2.0.co;2
 Pang, H., Chen, J., Pang, X., Liu, L., Liu, K., and Xiang, C. (2013). Key Factors Controlling Hydrocarbon Accumulations in Ordovician Carbonate Reservoirs in the Tazhong Area, Tarim Basin, Western China. Mar. Petroleum Geol. 43, 88–101. doi:10.1016/j.marpetgeo.2013.03.002
 Pluhar, C. J., Coe, R. S., Lewis, J. C., Monastero, F. C., and Glen, J. (2006). Fault Block Kinematics at a Releasing Stepover of the Eastern California Shear Zone: Partitioning of Rotation Style in and Around the Coso Geothermal Area and Nascent Metamorphic Core Complex. Earth Planet. Sci. Let. 2501–2, 134–163. doi:10.1016/j.epsl.2006.07.034
 Qiu, H., Deng, S., Cao, Z., Yin, T., and Zhang, Z. (2019). The Evolution of the Complex Anticlinal Belt with Crosscutting Strike‐Slip Faults in the Central Tarim Basin, NW China. Tectonics 38 (6), 2087–2113. doi:10.1029/2018tc005229
 Qiu, H., Deng, S., Zhang, J., Lin, H., Huang, C., Han, J., et al. (2022). The Evolution of a Strike-Slip Fault Network in the Guchengxu High, Tarim Basin (NW China). Mar. Petroleum Geol. 140, 105655. doi:10.1016/j.marpetgeo.2022.105655
 Rolland, Y., Alexeiev, D. V., Kröner, A., Corsini, M., Loury, C., and Monié, P. (2013). Late Palaeozoic to Mesozoic Kinematic History of the Talas-Ferghana Strike-Slip Fault (Kyrgyz West Tianshan) as Revealed by 40ar/39ar Dating of Syn-Kinematic White Mica. J. Asian Earth Sci. 67-68 (may), 76–92. doi:10.1016/j.jseaes.2013.02.012
 Shen, W., Chen, J., Wang, Y., Zhang, K., Chen, Z., Luo, G., et al. (2019). The Origin, Migration and Accumulation of the Ordovician Gas in the Tazhong III Region, Tarim Basin, NW China. Mar. Petroleum Geol. 101, 55–77. doi:10.1016/j.marpetgeo.2018.11.031
 Storti, F., Holdsworth, R. E., and Salvini, F. (2003). “Intraplate Strike-Slip Deformation Belts,” in Intraplate Strike-Slip Deformation Belts (London: Geological Society, London, Special Publications), 210, 1–14. doi:10.1144/gsl.sp.2003.210.01.01
 Sutton, J., and Watson, J. V. (1986). Architecture of the Continental Lithosphere, 317. London, Series A: Philosopical Transactions of the Royal Society, 5
 Sylvester, A. G. (1988). Strike-Slip Faults. Geol. Soc. Am. Bul. 100 (11), 1666–1703. doi:10.1130/0016-7606(1988)100<1666:SSF>2.3.CO;2
 Tian, Lei., Zhang, H., and Liu, J. (2020). Distribution of Nanhua-Sinian Rifts and Proto-type Basin Evolution in Southwestern Tarim Basin, NW China[J]. Petroleum Explor. Dev. 47, 62–73. doi:10.1016/s1876-3804(20)60130-1
 Turner, S. A. (2010). Sedimentary Record of Late Neoproterozoic Rifting in the NW Tarim Basin, China. Precambrian Res. 181, 85–96. doi:10.1016/j.precamres.2010.05.015
 Wang, Z., Gao, Z., Fan, T., Shang, Y., Qi, L., and Yun, L. (2020). Structural Characterization and Hydrocarbon Prediction for the SB5M Strike-Slip Fault Zone in the Shuntuo Low Uplift, Tarim Basin. Mar. Petroleum Geol. 117, 104418. doi:10.1016/j.marpetgeo.2020.104418
 Woodcock, N. H., and Fischer, M. (1986). Strike-Slip Duplexes. J. struct. geol. 87, 725–735. doi:10.1016/0191-8141(86)90021-0
 Wu, G., Kim, Y.-S., Su, Z., Yang, P., Ma, D., and Zheng, D. (2020a). Segment Interaction and Linkage Evolution in a Conjugate Strike-Slip Fault System from the Tarim Basin, NW China. Mar. Petroleum Geol. 112, 104054. doi:10.1016/j.marpetgeo.2019.104054
 Wu, G., Yang, S., Meert, J. G., Xiao, Y., Chen, Y., Wang, Z., et al. (2020b). Two Phases of Paleoproterozoic Orogenesis in the Tarim Craton: Implications for Columbia Assembly. Gondwana Res. 83, 201–216. doi:10.1016/j.gr.2020.02.009
 Wu, G., Zhao, K., Qu, H., Scarselli, N., Zhang, Y., Han, J., et al. (2020c). Permeability Distribution and Scaling in Multi-Stages Carbonate Damage Zones: Insight from Strike-Slip Fault Zones in the Tarim Basin, NW China. Mar. Petroleum Geol. 114, 104208. doi:10.1016/j.marpetgeo.2019.104208
 Wu, L., Guan, S., Zhang, S., Yang, H., Jin, J., Zhang, X., et al. (2018). Neoproterozoic Stratigraphic Framework of the Tarim Craton in NW China: Implications for Rift Evolution. J. Asian Earth Sci. 158, 240–252. doi:10.1016/j.jseaes.2018.03.003
 Xu, X., Zuza, A. V., Yin, A., Lin, X., Chen, H., and Yang, S. (2021). Permian Plume-Strengthened Tarim Lithosphere Controls the Cenozoic Deformation Pattern of the Himalayan-Tibetan Orogen. Geology 49 (1), 96–100. doi:10.1130/g47961.1
 Yang, S., Chen, H., Li, Z., Li, Y., Yu, X., Li, D., et al. (2013). Early Permian Tarim Large Igneous Province in Northwest China. Sci. China Earth Sci. 56, 2015–2026. doi:10.1007/s11430-013-4653-y
 Yang, S. F., Chen, H. L., Dong, C. W., Jia, C. Z., and Wang, Z. G. (1996). The Discovery of Permiansyenite inside Tarim Basin and its Geodynamic Significance. Geochimica 25, 121–128. [in Chinese]. 
 Yang, S. F., Chen, H. L., Dong, C. W., Zhao, D. D., Jia, C. Z., and Wei, G. Q. (1998). Geochemical Properties of Late Sinian Basalt in the Northwestern Boundary of Tarim Basin and its Tectonic Setting. J. Zhejiang Univ. Nat. Sci.) 32, 753–760. (in Chinese with English abstract). 
 Yu, J., Li, Z., Li, Z., and Yang, L. (2016). Fault System Impact on Paleokarst Distribution in the Ordovician Yingshan Formation in the Central Tarim Basin, Northwest China. Mar. Petroleum Geol. 71, 105–118. doi:10.1016/j.marpetgeo.2015.12.016
 Yu, Y., Tang, L., Yang, W., Huang, T., Qiu, N., and Li, W. (2014). Salt Structures and Hydrocarbon Accumulations in the Tarim Basin, Northwest China. Bulletin 98, 135–159. doi:10.1306/05301311156
 Yuzhu, K., and Zhihong, K. (1996). Tectonic Evolution and Oil and Gas of Tarim Basin. J. Southeast Asian Earth Sci. 13, 317–325. doi:10.1016/0743-9547(96)00038-4
 Zhang, Z., Lin, C., Liu, Y., Zhao, H., Li, H., Sun, Q., et al. (2021). Lacustrine to Fluvial Depositional Systems: The Depositional Evolution of an Intracontinental Depression and Controlling Factors, Lower Cretaceous, Northern Tarim Basin, Northwest China[J]. Mar. Petroleum Geol. 126, 104904. doi:10.1016/j.marpetgeo.2021.104904
 Zhiqian, G., and Tailiang, F. (2015). Unconformities and Their Influence on Lower Paleozoic Petroleum Reservoir Development in the Tarim Basin. J. Petroleum Sci. Eng. 133, 335–351. doi:10.1016/j.petrol.2015.06.015
 Zhu, G.-Y., Ren, R., Chen, F.-R., Li, T.-T., and Chen, Y.-Q. (2017). Neoproterozoic Rift Basins and Their Control on the Development of Hydrocarbon Source Rocks in the Tarim Basin, NW China. J. Asian Earth Sci. 150, 63–72. doi:10.1016/j.jseaes.2017.09.018
 Zouaghi, T., Bédir, M., and Inoubli, M. H. (2005). 2d Seismic Interpretation of Strike-Slip Faulting, Salt Tectonics, and Cretaceous Unconformities, Atlas Mountains, Central tunisia. J. Afr. Earth Sci. 43 (4), 464–486. doi:10.1016/j.jafrearsci.2005.09.010
Conflict of Interest: The author YL was employed by Research Institute of Petroleum Exploration and Development, Tarim Oilfield Company, PetroChina.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Neng, Li, Qi, Ma, Zuo and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 25 July 2022
doi: 10.3389/feart.2022.850324


[image: image2]
Geological Characteristics of the Mesozoic Unconformities in Eastern Heilongjiang, NE China: Implications for the Mesozoic Continental Margin Evolution of Northeast Asia
Xueqin Zhao1,2*, Congcong Lv1, Yaoxi Jiang1, Heyan Zhu1, Fudong Wang1 and Peiran Chai1
1School of Environment and Resources, Southwest University of Science and Technology, Mianyang, China
2State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Chengdu University of Technology, Chengdu, China
Edited by:
Xiubin Lin, Zhejiang University, China
Reviewed by:
Boris Alekseevich Natalin, Istanbul Technical University, Turkey
Dianjun Tong, China University of Geosciences Wuhan, China
* Correspondence: Xueqin Zhao, zxqch@sina.com
Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science
Received: 07 January 2022
Accepted: 24 June 2022
Published: 25 July 2022
Citation: Zhao X, Lv C, Jiang Y, Zhu H, Wang F and Chai P (2022) Geological Characteristics of the Mesozoic Unconformities in Eastern Heilongjiang, NE China: Implications for the Mesozoic Continental Margin Evolution of Northeast Asia. Front. Earth Sci. 10:850324. doi: 10.3389/feart.2022.850324

Most of the significant petroleum- and coal-bearing sedimentary basins in Northeast Asia originated via rifting and thermal subsidence during the Late Jurassic-Early Cretaceous, followed by basin inversion in the Late Cretaceous. However, the tectonic background governing these basin prototype shifts has not been fully explored. The unconformities are excellent archives of plate boundary interactions and geodynamic switches in subduction zones. The Eastern Heilongjiang Province (EHLJ), Northeast China (NE China), comprises a series of Mesozoic-Cenozoic residual basins with well-preserved successions and provides significant insights into the tectonic characteristics and background of Northeast Asia. Mesozoic unconformities and large-scale contractional structures in the basins mark a series of important tectonic transitions in Northeast Asia. Based on the synthesis information of regional Mesozoic unconformities identified in the seismic reflection profiles and field outcrops of EHLJ, the tectonic characteristics and geodynamic background of the Mesozoic continental margin basins in Northeast Asia are analysed. The Middle-Upper Jurassic/basement unconformity (U1) can only be found in some areas of the Sanjiang and Hulin basins. It was a response to the continental collision of Siberia and the northern China–Mongolia tract along the Mongolia–Okhotsk suture during the Jurassic. The Paleo-Pacific Plate rapidly subducted in the NNW direction towards the eastern margin of Eurasia in the early Lower Cretaceous resulting in a mass of strike-slip faults and the widespread absence of deposits (Valanginian) (U2) in the EHLJ. Because of the subduction slab rollback of the Paleo-Pacific Plate during the late Lower Cretaceous, the local asthenospheric material upwelled, and fault and volcanic activities intensified in Northeast Asia. The Lower Cretaceous Dongshan Formation (Fm)/Muleng Fm unconformity (U3-1) reflects a specific scale of bimodal magmatism in the Songliao Basin and the EHLJ. The Pacific Plate subducted in a transformation from NNW to WNW during the early Upper Cretaceous (Cenomanian). The Houshigou Fm (Qixinhe Fm)/Lower Cretaceous angular unconformity (U3) reflects that on the basins experienced denudation after being extensively uplifted from the subduction events. With the subduction of the Kula Plate, a compression stress field during the later Upper Cretaceous Period controlled NE China. The basins underwent a widely compressive deformation, accompanied by large-scale thrusts, denudation and deplanation, resulting in Paleogene/Cretaceous unconformity (U4) was formed.
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1 INTRODUCTION
Several significant petroleum- and coal- bearing sedimentary basins exist in Northeast Asian, such as the Songliao, Sanjiang, Hailar, Erlian, and Sanjiang-Middle Amur basins (Cao and Zheng, 2003; Wu et al., 2004; Liu et al., 2006; Jia and Zheng, 2010; Men et al., 2010). Previous studies have proposed that these basins have undergone underwent rifting, thermal subsidence; and then basin inversion since the Mesozoic (Song, 1997; Wang et al., 2016; Guo et al., 2018). It is widely accepted that the two-sided active continental margin tectonics of the Mongolia–Okhotsk Belt, with suturing in the north, and the Pacific Plate subduction in the east during the Mesozoic are caused the series of basin tectonics (Northrup et al., 1995; Maruyama et al., 1997; Song, 1997; Wang et al., 2001; Zhang et al., 2012; Song et al., 2015; Cui et al., 2020).
The NE Asian margin has undergone prolonged Paleo-Pacific subduction and the accretion of island arcs, oceanic plateaus and microcontinents since the early Mesozoic (Meng, 2003; Zhang et al., 2017b). Two decisive factors caused these tectonic movements. One is the closure of the Mongolia-Okhotsk Sea in the north during the Late Jurassic-Early Cretaceous (Halim et al., 1998; Zhang et al., 2001; Ren et al., 2002; Kirillova, 2003; Liu et al., 2004; Metelkin et al., 2007; Yin, 2010; Zhu et al., 2010; Guo et al., 2018); the other is the ancient Pacific Plate subduction beneath the Eurasia Plate in the east during the Mesozoic (Faure et al., 1995; Shao, 1995; Liu et al., 2001; Kirillova, 2003; Li et al., 2003; Huang and Zhao, 2006; Chen et al., 2008; Duan et al., 2009; Cho et al., 2016). Several studies have proposed significant collision between the Okhotomorsk Block and Northeast Asia in the Late Cretaceous (Yang, 2013; Zhang et al., 2017b). This tectonic configuration has created complicated structural patterns within Northeast Asia (Song et al., 1996; Wang, 1997; Cao and Zheng, 2003; Kirillova, 2003; Wen et al., 2008). However, these geological events in Northeast Asia are poorly explained using a successive tectonic and geodynamic model of the eastern Asia continental margin (Yang, 2013; Lee, 2018) because the complex evolution of the NE Asian margin involves deformations of extension, contraction and strike-slip related to active margin tectonics.
The tectonic history, including mantle dynamics, kinematic interactions between converging continental and oceanic plates, and variations in the convergence and slab rollback rates, can be recorded on the surface and at shallow lithospheric depths as tectonic responses (Dilek and Sandvol, 2009; Zhang et al., 2015; Zhang et al., 2017b). As boundaries of stratigraphic units, the unconformities are common phenomena at shallow lithospheric depths (Steno, 1669) and can be divided into angular unconformity, nonconformity and disconformity. Their formation results from sea-level changes and regional tectonic processes. They are significant in the crust’s evolution and deformation mechanisms and provide vital evidence and guidance in reconstructing orogenic phases or dividing geotectonic cycles (Walter, 1952; Heller et al., 1988; He, 2007). Therefore, unconformities are excellent archives of plate boundary interactions and geodynamic switches in subduction zones (Wilson, 1991; Zhang et al., 2015).
In the Eastern Heilongjiang Province (EHLJ), NE China, a series of Mesozoic-Cenozoic residual basins are distributed in the pre-Jurassic basement (Zhao et al., 2017). With the well-preserved Mesozoic–Cenozoic successions, the basins provide significant insights into Northeast Asia’s structure characteristics and tectonic. Mesozoic unconformities and large-scale contractional structures in the basins mark a series of crucial tectonic transitions (Zhang et al., 2012; Zhang et al., 2015; Zhao et al., 2017). This study provides comprehensive synthesis information of regional Mesozoic unconformities from high-resolution seismic profiles and field investigations. Then the tectonic kinematics of Northeast Asia during the Mesozoic are discussed and analysed, and the tectonic characteristics and geodynamic background of the Mesozoic continental margin basin’s evolution in Northeast Asia are explored.
2 GEOLOGICAL SETTING
Located in NE China, the EHLJ contains several adjacent Mesozoic-Cenozoic basins, including Sanjiang, Boli, Jixi, Hulin, Hegang, Tangyuan, and Fangzheng basin (Jia and Zheng, 2010; Men et al., 2010). They are separated by the NNE-trending Jiamusi-Yitong Fault (JYF) and the NS-trending Jiayin-Mudanjiang Fault (JMF). West of the EHLJ is the Zhangguangcai Range, and east is the Nadahada Range, between which there is the NS-trending Dahezhen Fault (DZF). Southeast of the EHLJ is the Yanji Fold Belt with the NE-trending Dunhua-Mishan Fault (DMF) between them (Figure 1).
[image: Figure 1]FIGURE 1 | Distribution of Mesozoic-Paleogene sedimentary strata and tectonic framework map of the EHLJ (modified after Zhang et al., 2015; Zhao et al., 2017; Jia and Zheng, 2010; Men et al., 2010), showing the locations of seismic profiles, outcrops, and drill holes. A tectonic sketch map (inset, bottom right) shows the primary subdivisions of central and eastern Asia and the location of the study areas (modified after Zhou et al., 2009). Abbreviations: JYF, jiamusi-yitong fault; JMF, jiayin-mudanjiang fault; DZF, dahezhen fault; DMF, dunhua-mishan fault.
The EHLJ’s basement comprises three large tectonic units, including the Jiamusi, Khanka, and Bureya blocks (Zhang and Shi, 1993; Zhang and Zhang, 1999; Wang et al., 2009; Meng et al., 2010; Zhang et al., 2010), primarily comprising of the Archean Mashan group and the Late Hercynian to Indo-Chinese epoch Heilongjiang group Complexes and Permian granites (Zhou et al., 2010; Sun et al., 2013). The EHLJ’s sedimentary cover the contains marine and terrestrial deposits of the Upper Jurassic- Cenozoic (Kirillova, 2003; Yang et al., 2007; Zhu and He, 2007; Sha and Galina, 2009).
Figure 2 summarises the inter-correlation of stratigraphic units of the EHLJ’s sub-basins (Zhao et al., 2017). The Middle-Upper Jurassic sequence includes terrestrial deposits, including the Suibin (Peide) Formation (Fm) and the Dongrong (Qihulin) Fm. Figure 2 shows they are found only in the northern Sanjiang basin and the eastern Hulin basin (Figure 1). The Lower Cretaceous sequence is widely distributed in EHLJ, including the Didao Fm, the Chengzihe Fm, the Muleng Fm and the Dongshan Fm. However, complete successions are conserved only in the Hulin basin, the Jixi basin, and part of the Sanjiang basin. The Didao, the Chengzihe and the Muleng Fms were deposited in terrestrial environments from the Hauterivian to early Albian (Sha and Galina, 2009). Unconformably overlying the Muleng Fm, the Dongshan Fm is dominated by tuffs and basalts (also Albian). Locally distributed in the Sanjiang, the Hegang, the Jixi, and the Boli basins, the Upper Cretaceous sequence in the EHLJ primarily comprises the Houshigou Fm (also the Qixinghe and Yanwo Fms). Multi-coloured, sandy conglomerates deposited in a fluvial environment dominate this Cenomanian to Santonian sequence.
[image: Figure 2]FIGURE 2 | Stratigraphic classification and comparison of the primary basins in the EHLJ (modified after Sha and Galina, 2009; Zhang et al., 2015; Zhao et al., 2017; He et al., 2009). Chronostratigraphic correlations are from the 2013 Geological Time Scale (Walker et al., 2013). Note: U1–U4 are unconformities; U1 = Jurassic/basement; U2 = Cretaceous/Jurassic; U3 = Upper Cretaceous/Lower Cretaceous; U3-1 = Dongshan Fm/Muleng Fm; U4 = Paleogene/Cretaceous.
3 METHODOLOGY
This study’s methods and new integrated data include outcrop surveys, drill core observations, well logging data analysis and 2D/3D seismic profile interpretations.
The study area’s stratigraphic information was based on the 1:200000 China Regional Geological Survey Reports. The outcrop observations along the basin margins were from fieldwork. Most structural information about outcrops was collected from investigating exposed sections in several quarries and open-pits that benefit from exploitation depth and variably orientated walls, allowing for 3D analyses. Additional information was obtained from numerous road slopes.
The Daqing Oilfield Co. Ltd., a subsidiary of PetroChina provided the seismic reflection data and related drilling data. With a length of over 2,000 km, 3D and 2D seismic reflection data mostly stretch across the central zone of the basins and were used to analyse their subsurface structures. Furthermore, drilling data and cores were from over 200 oilwells supplied by the Daqing Oilfield, which provided the related geological information for seismic interpretation, and constraining the strata units.
4 MESOZOIC UNCONFORMITIES
4.1 Middle-Upper Jurassic/Basement Nonconformity (U1)
The Middle-Upper Jurassic Dongrong and the Suibin Fms in the EHLJ are limitedly distributed in the Sanjiang Basin’s Suibin Depression. However, the Peide and Qihuilin Fms have limited distribution in the Hulin Basin (Figure 1). Therefore, the U1 nonconformity can only be found in some areas of the Sanjiang and Hulin basins. The main characteristic of the selected seismic profile is that a regime of uniform reflections in the underlying basement changes to chaotic and sub-parallel reflections in the overlying Middle-Upper Jurassic sequence (Figure 3B).
[image: Figure 3]FIGURE 3 | Geological interpretations of seismic reflection profiles A-A’ and B-B’ (after Zhao et al., 2017) showing five unconformities (i.e., U1, U2, U3, U3-1, and U4). (A) showing four unconformites in Mesozoic. (B) showing five unconformites. Furthermore, these profiles show a transition from fault (half) graben of the K1d period to a depression of the K1c and K1m periods. Symbols and abbreviations: J2-3, Middle-Upper Jurassic; K1, Lower Cretaceous; K2, Upper Cretaceous; K1d, Didao Fm; K1c, Chengzihe Fm; K1m, Muleng Fm; K1ds, Dongshan Fm; K2h, Houshigou Fm; E1-2b, Wuyun Fm and Xin’Anchun Fm; E2d, Dalianhe Fm; E3b, Baoquanling Fm; N1f, Fujing Fm. See Figure 1 for the location.
4.2 Lower Cretaceous/Jurassic Angular Unconformity (U2)
The unconformity found at the base of the Lower Cretaceous Didao and Chengzihe Fms is angular to the underlying strata. In the selected seismic section of the Suibin Depression, the Dongrong and the Suibin Fms are chaotic and sub-parallel reflections, whereas the overlying Didao and the Chengzihe Fms are parallel and sub-parallel reflections (Figure 3B). Furthermore, the chaotic characteristics in the lower strata turn into parallel and sub-parallel reflections in the Didao and the Chengzihe Fms in the Jixi Basin (Figure 3A). Some outcrops show that the Lower Cretaceous Muleng Fm directly covered the Pre-Mesozoic basement (Zhao et al., 2012).
Because Jurassic is only confined to the interior of individual basins and is absent at the basin margins, only the nonconformity between the Chengzihe Fm and the underlying ancient basement can be seen in the field outcrop. A typical outcrop is exposed to the side of the road from Guangyi Town to Hongxin Town (Figure 4). Two sets of rocks occur under the surface of the unconformity: one is a Proterozoic migmatitic granite cut by multiple granite dikes; the other is strongly deformed metamorphic rock containing dark grey schist, gneiss, and marble (Figure 4B). Overlying the unconformity, the Lower Cretaceous Chengzihe and the Muleng Fms are primarily grey and grey-white coarse sandstone and a coal seam (Figures 4C,E). The bedrock’s orientation of the Muleng Fm is 165°∠34°. In the upper outcrop, the Muleng and Houshigou Fms are involved in a large anticline. The Houshigou Fm comprises conglomerate or interbedded conglomerate and sandstone (Figures 4D,F) at 340°∠40° and 89°∠35°, respectively. It is speculated that a major thrust fault has developed in the middle of the section.
[image: Figure 4]FIGURE 4 | Outcrop on the side of the road from Guangxin Town to Hongxin Town, showing two unconformities between the Lower Cretaceous Chengzihe Fm and the Pre-Mesozoic basement, and between the Houshigou and Muleng Fms. An anticline on the upper outcrop is also shown. (A) Proterozoic migmatitic granite, which has been cut by multiple granite dikes. (B) Strongly deformed Proterozoic metamorphic rock containing dark grey schist, gneiss, and marble. (C) Grey and grey-white coarse sandstone of the Muleng Fm, oblique bedding is developed. (D) Interbedded conglomerate and sandstone of the Houshigou Fm. (E) The Muleng Fm, the upper part is grey and grey-white coarse sandstone, the lower part is grey-black siltstone and silty mudstone. (F) The thick beds of conglomerate of the Houshigou Fm.
4.3 Lower Cretaceous Dongshan Fm/Muleng Fm Disconformity or Angular Unconformity (U3-1)
The U3-1 unconformity is on the top of a sequence of the delta plain and lacustrine facies in the Muleng Fm and is overlain by pyroclastic rocks of the Dongshan Fm (Sha and Galina, 2009; Zhang et al., 2016). The 1:2,00,000 China Regional Geological Survey Reports and field outcrops show the conformity, disconformities or local angular unconformities. The seismic reflection profiles in the Jixi and Sanjiang basins show that the lower reflection of the U3-1 has no noticeable erosion, a type of contact with either conformity or disconformity (Figure 3).
An angular unconformity occurs the outcrops between the Dongshan and Muleng Fms (Figure 5). The underlying Muleng Fm contains thick grey-white sandstone intercalated with a coal seam whose attitude is 153°∠37°. However, the Dongshan Fm comprises disordered conglomerates, containing mainly of grey-white sandstones and lava (felsite) pebbles and cobbles with round shapes.
[image: Figure 5]FIGURE 5 | The outcrop in an abandoned mine in Dongxing Town, Hegang City. It shows an unconformity between the Lower Cretaceous Dongshan and Muleng Fms, and a strike-slip fault cutting the strata of an attitude of 90°∠70°. The right picture showing the Muleng Fm contains thick grey-white sandstone intercalated with a coal seam below the (angular) unconformity, whereas the Dongshan Fm comprises of disorderly conglomerates above the unconformity.
4.4 Upper Cretaceous Houshigou Fm (Qixinhe Fm)/Lower Cretaceous Angular Unconformity (U3)
Outcrops with angular unconformity between the Dongshan and the Muleng Fms are widely distributed in the Jixi and the Boli basins. In outcrop 2 (Figure 4), the Muleng Fm underlies the unconformity, with an attitude of 340°∠40° and the Houshigou Fm overlies the unconformity, with an attitude of 20°∠45° (Figure 6).
[image: Figure 6]FIGURE 6 | Angular unconformity between the Houshigou and Muleng Fms (U3) (see Figure 4 for the locations).
On the selected seismic reflection profile in Figure 3A, the strata underlying the unconformity’s surface have been denuded, and an incised valley can be observed in some areas.
4.5 Paleogene/Cretaceous Angular Unconformity (U4)
The U4 unconformity is widespread in the EHLJ, noticeable in seismic profiles. For instance, an angular unconformity occurs between the Paleogene (or Neogene) and Cretaceous in Figures 3, 7. Below the unconformity, thrust faults are well developed and the strata exhibit strong denudation and deformation due to the compression associated with the thrusting showing that the EHLJ underwent widespread tectonic activity at the end of the Cretaceous.
[image: Figure 7]FIGURE 7 | Seismic reflection profile C-C’ (A) and related geological interpretation (B), showing the characteristics of the U4 unconformity (see Figure 1 for the location). A cluster of Cenozoic faults occurs above the Mesozoic faults. Symbols and abbreviations are the same as those in Figures 2, 3.
5 DISCUSSION
The complex evolution of the NE Asian margin involves deformations of extension, contraction and strike-slip related to active margin tectonics. Some geodynamic models have been previously established (Faure et al., 1995; Northrup et al., 1995; Wang, 1997; Kirillova, 2003; Wen et al., 2008); however there is a lack of sufficient evidence and systematic understanding of the evolution process since the Mesozoic. Based on the five regional Mesozoic unconformities, combined with the geotectonic background (Zhang et al., 2012; Zhang et al., 2015; Zhao et al., 2017), we correlate the identified unconformities with the Mesozoic continental margin in Northeast Asia and establish evolution models (Figures 8, Supplementary Material).
[image: Figure 8]FIGURE 8 | The tectonic evolution of NE China and its geodynamic backgrounds during the Mesozoic era. It shows that two-sided active continental margin tectonics of the Mongolia–Okhotsk Belt suturing in the north, and the Pacific Plate subduction in the east controlled the evolution (Wang et al., 2016). It also shows the changes towards the increasing dominance of the Pacific Plate subduction (Li et al., 2012). Abbreviations: SC, siberian craton; MOO, mongolia–okhotsk ocean; MOB, mongolia–okhotsk orogenic belt; HL, hailer basin; GX, greater khingan range; SB, songliao basin; LX, lesser khingan range; HE, EHLJ; SAB, sikhote-alin orogenic belt, PP, pacific plate, also called Izanagi (180–85 Ma) and Kula (85–70 Ma) plates during the Cretaceous (Maruyama et al., 1997); IP, izanagi plate; KP, kula plate.
5.1 The Transitional Environment of Convergent Orogeny and Intra-Continental Extension During the Jurassic
The Mongolia-Okhotsk Ocean’s northward subduction began at the end of the Lower Jurassic Period and ended during the Middle-Upper Jurassic Period (Zonenshain et al., 1990; Zorin, 1999), and the Ocean began to close (Huang et al., 2021) (Figure 8A). Located at the Southern Ocean’s active continental margin (Zorin, 1999), the Ergun-Greater Khingan Range composite plates generated massive N-S thrusts during the subduction, while the Nadanhada Arc Terrane began to accrete onto the East Asian Continent (Whan, 2006; Isozaki et al., 2010; Khanchuk et al., 2016; Yang et al., 2017).
Crustal shortening prevailed in Northeast Asia during the Middle to early Upper Jurassic times in response to the continental collision of Siberia and the northern China–Mongolia tract along the Mongolia–Okhotsk suture (Meng, 2003) (Figures 8A,B). Following the subducting plate’s partial melting, magma intrusion and large-scale volcanic activity were generated by lithospheric extension and mantle upwelling due to slab break-off from the Mongolia-Okhotsk subducting plate (Ma et al., 2017; Tang et al., 2018). During this period, a complex Middle and Upper Jurassic passive continental margin rift formed with a near NS direction in Northeast Asia (Figure 8B). Volcano-sedimentary formations of the Suibin and Peide Fms were deposited in the eastern basin, whereas those of the Tamulagou and Maketouebo Fms were deposited in the western basin (Figure 9).
[image: Figure 9]FIGURE 9 | Stratigraphy of seven representative late Mesozoic basins in NE China (Zhang et al., 2017b).
During the Late Jurassic Period, the eastern basin went into a post-rift depressional stage with continuous subduction of the Pacific Plate (Huang et al., 2021; Li et al., 2021). Consequently, the Sanjiang basin connected with the Amur-Bureya basin and the Dongrong Fm’s littoral facies were deposited during a massive transgression (Jin et al., 2007).
5.2 Adjustments to the Paleo-Pacific Plate Subduction During the Early Lower Cretaceous
In the Lower Cretaceous (Valanginian), the Paleo-Pacific Plate rapidly subducted in an NNW direction towards the eastern margin of Eurasia (Maruyama et al., 1997). During the Asian continental plate convergence, the accreted-plates maintained a self-rotational motion due to continuous adjustment after accretion (Zhu et al., 2009; Hou et al., 2010; Yang, 2013), whereas there was significant strike-slip deformation between the plates (Halim et al., 1998; Metelkin et al., 2007; Metelkin et al., 2010), which could have been constrained by the Yangtze, North China, Pacific and Siberian Plates. The most significant strike-slips occurred during the Upper Jurassic to Lower Cretaceous, one of which was the Tanlu Fault Zone’s sinistral strike-slip ductile deformation (Uchimura et al., 1996). The strike-slip damaged the integrity of Eurasia’s eastern margin’s lithosphere and thinned of the Lower Cretaceous lithosphere. In Northeast Asia, it generated a wide shear stress field, causing numerous Palaeozoic suture zones to rejuvenate (Li et al., 2004; Zhu et al., 2006; Sun et al., 2008; Guo et al., 2018) (Figure 8C), resulting in a mass of strike-slip faults (Meng, 2003) and the widespread absence of early Lower Cretaceous (Valanginian) deposits (U2).
5.3 The Transition From an Extensional to Compressional Framework During the Middle-Late Lower Cretaceous
5.3.1 The Middle Lower Cretaceous
After the northward and north-westward subduction of the Pacific Plate, Northeast Asia’s the tectonic framework transformed from compressional to extensional during the Lower Cretaceous (Figure 8D). The thick deep crust and lithosphere underwent massive delamination from west to east (Wang et al., 2006; Zhang F. Q. et al., 2010; Zhang J. et al., 2010), resulting in the thinning of the lithosphere and intense magmatism in Northeast Asia (Kirillova, 2003; Shao et al., 2007; Tang et al., 2018). Numerous igneous rocks and sag basins were formed as a result. During the Lower Cretaceous, intense magma upwelling induced extensional tectonic events, followed by thermal cooling subsidence, causing the Northeast Asia Mesozoic basins to enter the syn-rift stage.
As a significant Cretaceous intra-continental rift basin on the Eurasian continent in the central zone, the Songliao Basin was formed and filled under the control of mantle upwelling and rifting (Li and Liu, 2015; Zhang F. et al., 2010). The basin bounded by normal faults comprised isolated grabens or half-grabens. In ascending order, the syn-rift strata included the Huoshiling (K1h), Shahezi (K1s), and Yingcheng (K1y) Fms (Figure 9) and the sediment thickness sediment reached 4,000 m in the south-eastern uplift zone (Xie et al., 2003).
In the EHLJ, the Jixi, Boli and Sanjiang basins deposited the Didao Fm during the early stage. During the Aptian phase, the basins expanded and underwent subsidence, enterING the depression stage. During a widespread transgression, the Mesozoic-Cenozoic residual basins in the EHLJ (i.e., the Jixi, Boli, Jiamusi, Sanjiang, Hegang basins) might have become well connected, regarded as the Cretaceous ‘Grand Sanjiang Unified Lake Basin’ (Sha et al., 2003; Sha, 2007; Wen et al., 2008; Sha and Galina, 2009; Jia and Zheng, 2010; Zhao et al., 2012; Zhao et al., 2017) comprising the coal-bearing strata of the Chengzihe and the Muleng Fms. The Sikhote-Alin Orogenic Belt uplifted, and deep faults in Northeast Asia (such as the Tanlu fault) began a sinistral strike-slip activity. Local volcanic activity occurred at the intersection of the NE and EW orientated faults (Zhao, 2011).
5.3.2 The Late Lower Cretaceous Period
Because of the plate’s slab roll-back during the late Lower Cretaceous (after the deposition of the Muleng Fm), local asthenospheric material upwelled, and fault and volcanic activities intensified (Li et al., 2007; He et al., 2009; Zhu Z. P. et al., 2009; Sun et al., 2013; Ling et al., 2017; Tang et al., 2018) (Figure 8E). Some scale of bimodal magmatism occurs in the Songliao Basin and the EHLJ, and the corresponding sedimentary strata are the Denglouku and Dongshan Fms. The Dongshan Fm was deposited in the EHLJ basins, containing of intermediate volcanic breccia, lithic tuff, altered basalt, siltstone, fine sandstone, and mudstone (Figure 9).
After the late Lower Cretaceous Period (Middle Albian), a massive collisional orogeny occurred in the eastern Eurasian margin (Figure 8E). The orogeny is named the Sakawa orogenesis in southwestern Japan (Kobayashi, 1941; Faure, 1985; Okada and Sakai, 2000) and the Minchen movement in south-eastern China (Gu, 2005). Based on research data, Vaughan (1995) highlighted that the collisional orogeny on the Pacific Rim occurred at 110–100 Ma, and generated wide thrust nappes and nonconformities. Sato et al. (2002) argued that the geodynamic and magmatic processes in Eurasia’s east margin in this stage were controlled by the Izanagi and Pacific Plates’ transition in configuration and style of convergence styles.
5.4 Compression System During the Upper Cretaceous Period
During the early Upper Cretaceous (Cenomanian), the Kula Plate began impinging on Eurasia and subducting after the Izanagi Plate entirely subducted under the Eurasia Plate, whereas the Pacific Plate subducted in a transformation from NNW to WNW (Maruyama et al., 1997; Northrup et al., 1995; Zhang et al., 2017a). These geodynamic movements shifted the Eurasian Plate’s eastern margin into an Andean-type continental margin (Sato et al., 2002). Based on thermochronological data in the Songliao Basin, Song et al. (2015) and Zhao et al. (2013) proposed that the Pacific-induced deformation at 87–89 Ma encompassed the entire eastern Asia from the subduction boundary to the hinterland. During these episodes, the large deep thrust faults (Zhang and Dong, 2008; Sun et al., 2010) developed under the large-scale orogeny domination (Han et al., 2008; Shi et al., 2008). In the EHLJ, after being extensively uplifted, some basins, such as the Jixi and the Boli Basins, became separated and experienced erosion. However, the Songliao Basin entered a post-rift stage (Figure 9).
The Upper Cretaceous stratigraphy in some Northeast Asia basins reveals internal angular unconformities and folds and thrust/reverse faults (Cho et al., 2016), indicating that the basins underwent compressional deformation episodes (Figure 8F). Two unconformities were displayed in the EHLJ, including those of the early Cenomanian–Turonian and the early Campanian–Maastrichtian consistent with the event of two discrete regional contractions in the Upper Cretaceous (Zhang et al., 2017b). In the Songliao Basin, two significant episodes of drainage pattern switches were found in the Upper Cretaceous strata, of which the thickness is up to 5 km, although no unconformities occurred in such a complete deposition (Wang et al., 2016; Zhang et al., 2017b).
With the subduction of the Kula Plate, a compression stress field entirely controlled NE China during the late Upper Cretaceous (Figure 8G). The basins underwent widely compressive deformation, accompanied by large-scale thrust, denudation and deplanation (Zhao et al., 2017). The intensive structural contraction lasted until the Paleogene, and divided the Cretaceous basin into individual ones, forming the present basin framework (Zhang et al., 2017b).
6 CONCLUSION
The data obtained seismic reflection profiles and field outcrops have revealed several regional Mesozoic unconformities in the EHLJ, NE China. The unconformities indicate that the two-sided active continental margin tectonics of the Mongolia-Okhotsk suture in the north during the Upper Jurassic and the Pacific Plate subduction in the east during the Cretaceous controlled the Mesozoic tectonic evolution of Northeast Asia.
(1)The U1 reflects the transitional environment from a convergent orogeny to an intra-continental extension in Northeast Asia during the Jurassic in response to the continental collision of Siberia and the northern China–Mongolia tract along the Mongolia–Okhotsk suture. The Lower Cretaceous/Jurassic angular unconformity (U2) results from numerous Palaeozoic suture zones and the activity of strike-slip faults at the eastern margin and in the neighbouring area of Eurasia, and indicating that the Paleo-Pacific Plate rapidly subducted in the NNW direction towards the Eurasia’s eastern margin.
(2)During the late Lower Cretaceous Period, subduction slab rollback of the Paleo-Pacific Plate resulted in the upwelling of local asthenospheric material, intensifying the fault and volcanic activity. The Lower Cretaceous Dongshan Fm/Muleng Fm unconformity (U3-1) reflects a scale of bimodal magmatism in the Songliao Basin and the EHLJ. During the early Upper Cretaceous (Cenomanian), the Kula Plate began impinging on Eurasia and subducting after the Izanagi Plate entirely subducted under the Eurasia Plate, whereas the Pacific Plate subducted in a transformation from NNW to WNW. Some the basins in the EHLJ, such as the Jixi and the Boli Basins, became separated at that epoch and experienced denudation after being extensively uplifted (U3). With the subduction of the Kula Plate, compression stress field controlled NE China during the later Upper Cretaceous. The EHLJ basins underwent widely compressive deformation, accompanied by large-scale thrusts, denudation and deplanation, and consequently Paleogene/Cretaceous unconformity (U4) was formed.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
XZ contributed to the conception of the study and field works; CL and YJ performed the interpretation of seismic; XZ, HZ, and FW wrote the manuscript; PC helped perform the analysis with constructive discussions.
FUNDING
The National Natural Science Foundation of China (Grant Nos. 41672206, 41603041) funded this work. Financial support for this study was also partially supported by open fund (PLC20210203) of State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation (Chengdu University of Technology).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We appreciate it very much that the Daqing Oilfield Co. Ltd., PetroChina has provided us drilling data and seismic reflection data. We would also like to express our sincere thanks to Prof. Feng-qi Zhang, Dr. Jun Xiao and Xu Yan from Zhejiang University for their help with the field work.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/feart.2022.850324/full#supplementary-material
REFERENCES
 Cao, C. R., and Zheng, Q. D. (2003). Stuctural Evolution Features and its Significance of Hydrocerbon Exploration in Rilict Basin Group,Eastern Heilongjiang Province. J. Jilin Univ. (Earth Sci. Ed. 33 (2), 167–172. doi:10.1177/0144598719852419
 Chen, C., Lee, C., and Shinjo, R. (2008). Was There Jurassic Paleo-Pacific Subduction in South China?: Constraints from 40Ar/39Ar Dating, Elemental and Sr–Nd–Pb Isotopic Geochemistry of the Mesozoic Basalts. Lithos 183 (1), 9–39. doi:10.1016/j.lithos.2008.06.009
 Cho, H., Son, M., Cheon, Y., Sohn, Y. K., Kim, J.-S., and Kang, H.-C. (2016). Evolution of the Late Cretaceous Dadaepo Basin, SE Korea, in Response to Oblique Subduction of the Proto-Pacific (Izanagi/Kula) or Pacific Plate. Gondwana Res. 39 (Suppl. C), 145–164. doi:10.1016/j.gr.2016.07.004
 Cui, F. H., Xu, X. C., Zheng, C. Q., Yao, W. G., and Shi, L. (2020). The Paleo-Pacific Plate Subduction and Slab Rollback beneath Eastern North China Craton: Insights from the Late Mesozoic Granitoids in Xingcheng Area. West. Liaoning Prov. 36 (08), 2463–2492. doi:10.18654/1000-0569/2020.08.12
 Dilek, Y., and Sandvol, E. (2009). Seismic Structure, Crustal Architecture and Tectonic Evolution of the Anatolian-African Plate Boundary and the Cenozoic Orogenic Belts in the Eastern Mediterranean Region. Geol. Soc. Lond. Spec. Publ. 327 (1), 127–160. doi:10.1144/sp327.8
 Duan, Y., Zhao, D., Zhang, X., Xia, S., Liu, Z., Wang, F., et al. (2009). Seismic Structure and Origin of Active Intraplate Volcanoes in Northeast Asia. Tectonophysics 173 (3), 197–206. doi:10.1016/j.tecto.2009.01.004
 Faure, M., Natal'in, B. A., Monie, P., and Vrublevsky, A. A. (1995). Tectonic Evolution of the Anuy Metamorphic Rocks (Sikhote Alin, Russia) and Their Place in the Mesozoic Geodynamic Framework of East Asia. Tectonophysics 241 (3-4), 279. doi:10.1016/0040-1951(94)00186-d
 Faure, M. (1985). The Pre-cretaceous Structure of the Outer Belt of Southwest Japan. Tectonophysics 113 (1), 139–162. doi:10.1016/0040-1951(85)90114-3
 Gu, Z. W. (2005). Conventions of Language. J. Stratigr. 29 (1), 1–48. doi:10.1075/hop.9.con11
 Guo, Z.-X., Shi, Y.-P., Yang, Y.-T., Jiang, S.-Q., Li, L.-B., and Zhao, Z.-G. (2018). Inversion of the Erlian Basin (NE China) in the Early Late Cretaceous: Implications for the Collision of the Okhotomorsk Block with East Asia. J. Asian Earth Sci. 154, 49–66. doi:10.1016/j.jseaes.2017.12.007
 Halim, N., Kravchinsky, V., Gilder, S., Cogne, J., Alexyutin, M., Sorokin, A., et al. (1998). A Palaeomagnetic Study from the Mongol-Okhotsk Region: Rotated Early Cretaceous Volcanics and Remagnetized Mesozoic Sediments. Earth Planet. Sci. Lett. 159 (3-4), 133–145. doi:10.1016/s0012-821x(98)00072-7
 Han, G. Q., Liu, Y. J., Li, J. J., Bai, J. Z., Sun, X. M., Wen, Q. B., et al. (2008). Uplifting Time of Huanan Uplift in the Northeastern Heilongjiang, China. J. Jilin Univ. (Earth Sci. Ed. 38 (3), 389–397. doi:10.3969/j.issn.1671-5888.2008.03.006
 He, D. (2007). Structure of Unconformity and its Control on Hydrocarbon Accumulation. Petroleum Explor. Dev. 34 (2), 142–149. doi:10.3321/j.issn:1000-0747.2007.02.003
 He, Z. H., Liu, Z. J., Zhang, X. D., Chen, Y. C., and Dong, L. S. (2009). Subdivisions of Structural Layers and Tectonic-Sedimentary Evolution of Eastern Basins in Heilongjiang in Late Mesozoic. Glob. Geol. 28 (1), 20–27. doi:10.3969/j.issn.1004-5589.2009.01.003
 Heller, P. L., Angevine, C. L., Winslow, N. S., and Paola, C. (1988). Two-phase Stratigraphic Model of Foreland-Basin Sequences. Geol 16 (6), 501. doi:10.1130/0091-7613(1988)016<0501:tpsmof>2.3.co;2
 Hou, G., Wang, Y., and Hari, K. R. (2010). The Late Triassic and Late Jurassic Stress Fields and Tectonic Transmission of North China Craton. J. Geodyn. 50 (3-4), 318–324. doi:10.1016/j.jog.2009.11.007
 Huang, F., Zhang, Z., Xu, J., Li, X., Zeng, Y., Xu, R., et al. (2021). Lithospheric Extension in Response to Subduction of the Paleo-Pacific Plate: Insights from Early Jurassic Intraplate Volcanic Rocks in the Sk2 Borehole, Songliao Basin, NE China. Lithos 380–381, 105871. doi:10.1016/j.lithos.2020.105871
 Huang, J., and Zhao, D. (2006). High-resolution Mantle Tomography of China and Surrounding Regions. J. Geophys. Research-Solid earth 111 (B9), 1–21. doi:10.1029/2005jb004066
 Isozaki, Y., Aoki, K., Nakama, T., and Yanai, S. (2010). New Insight into a Subduction-Related Orogen: A Reappraisal of the Geotectonic Framework and Evolution of the Japanese Islands. Gondwana Res. 18 (1), 82–105. doi:10.1016/j.gr.2010.02.015
 Jia, C. Z., and Zheng, M. (2010). Sedimentary History, Tectonic Evolution of Cretaceous Dasanjiang Basin in Northeast China and the Significance of Oil and Gas Exploration of its Residual Basins. J. Daqing Petroleum Inst. 34 (6), 1–12. doi:10.3969/j.issn.2095-4107.2010.06.001
 Jin, S., Park, P., and Zhu, W. (2007). Micro-plate Tectonics and Kinematics in Northeast Asia Inferred from a Dense Set of GPS Observations. Earth Planet. Sci. Lett. 257 (3-4), 486–496. doi:10.1016/j.epsl.2007.03.011
 Khanchuk, A. I., Kemkin, I. V., and Kruk, N. N. (2016). The Sikhote-Alin Orogenic Belt, Russian South East: Terranes and the Formation of Continental Lithosphere Based on Geological and Isotopic Data. J. Asian Earth Sci. 120, 117–138. doi:10.1016/j.jseaes.2015.10.023
 Kirillova, G. L. (2003). Late Mesozoic–Cenozoic Sedimentary Basins of Active Continental Margin of Southeast Russia: Paleogeography, Tectonics, and Coal–Oil–Gas Presence. Mar. Petroleum Geol. 365 (1), 45–76. doi:10.1016/S0264-8172(03)00046-1
 Kobayashi, T. (1941). The Sakawa Orogenic Cycle and its Bearing on the Origin of the Japanese Islands. Jour. Fac. Sci. Univ. Tokyo 2, 219–578. 
 Li, J. Y., Mo, S. G., He, Z. J., Sun, G. H., and Chen, W. (2004). The Timing of Crustal Sinistral Strike-Slip Movement in the Northern Great Khing' an Ranges and its Constraint on Reconstruction of the Crustal Tectonic Evolution of NE China and Adjacent Areas since the Mesozoic. Earth Sci. Front. 11 (03), 157–168. doi:10.3321/j.issn:1005-2321.2004.03.017
 Lee, C. (2018). Initiation of Adakite Occurrence in Cretaceous Arc, Northeast Asia. Geosci. J. 22 (3), 383–391. doi:10.1007/s12303-017-0070-0
 Li, C., and Liu, S. (2015). Cretaceous Anomalous Subsidence and its Response to Dynamic Topography in the Songliao Basin, Northeast China. J. Asian Earth Sci. 109, 86–99. doi:10.1016/j.jseaes.2015.04.045
 Li, C. W., Guo, F., Fan, W. M., and Gao, X. F. (2007). Ar-Ar Chronology of Late Mesozoic Volcanic Rocks in Yanji Area and its Tectonic Significance. Sci. China (Series D). 37 (03), 319–330. doi:10.3969/j.issn.1674-7240.2007.03.004
 Li, K.-m., Wang, Y., Zhao, J.-h., Zhao, H.-l., and Di, Y.-j. (2003). Mantle Plume, Large Igneous Province and Continental Breakup. Acta seimol. Sin. 16 (3), 330–339. doi:10.1007/s11589-003-0037-2
 Li, S., Chen, F., Siebel, W., Wu, J., Zhu, X., Shan, X., et al. (2012). Late Mesozoic Tectonic Evolution of the Songliao Basin, NE China: Evidence from Detrital Zircon Ages and Sr–Nd Isotopes. Gondwana Res. 22 (3), 943–955. doi:10.1016/j.gr.2012.04.002
 Li, Z.-Q., Chen, J.-L., Zou, H., Wang, C.-S., Meng, Q.-A., Liu, H.-L., et al. (2021). Mesozoic-Cenozoic Tectonic Evolution and Dynamics of the Songliao Basin, NE Asia: Implications for the Closure of the Paleo-Asian Ocean and Mongol-Okhotsk Ocean and Subduction of the Paleo-Pacific Ocean. Earth-science Rev. 218, 103471. doi:10.1016/j.earscirev.2020.103471
 Ling, Y.-Y., Zhang, J.-J., Liu, K., Ge, M.-H., Wang, M., and Wang, J.-M. (2017). Geochemistry, Geochronology, and Tectonic Setting of Early Cretaceous Volcanic Rocks in the Northern Segment of the Tan-Lu Fault Region, Northeast China. J. Asian Earth Sci. 144, 303–322. doi:10.1016/j.jseaes.2016.12.025
 Liu, J., Han, J., and Fyfe, W. S. (2001). Cenozoic Episodic Volcanism and Continental Rifting in Northeast China and Possible Link to Japan Sea Development as Revealed from K–Ar Geochronology. Tectonophysics 247 (1), 144–161. doi:10.1016/S0040-1951(01)00132-9
 Liu, M., Cui, X., and Liu, F. (2004). Cenozoic Rifting and Volcanism in Eastern China: A Mantle Dynamic Link to the Indo-Asian Collision?Tectonophysics 393, 39–42. doi:10.1016/j.tecto.2004.07.029
 Liu, Y. W., Tang, Z. G., and Liu, L. W. (2006). Evolutional Characteristics of Sanjiang Basin and Direction of Hydrocarbon Exploration. J. Oil Gas Technol. 28 (2), 1–5. doi:10.3969/j.issn.1000-9752.2006.02.001
 Ma, X.-H., Zhu, W.-P., Zhou, Z.-H., and Qiao, S.-L. (2017). Transformation from Paleo-Asian Ocean Closure to Paleo-Pacific Subduction: New Constraints from Granitoids in the Eastern Jilin-Heilongjiang Belt, NE China. J. Asian Earth Sci. 144, 261–286. doi:10.1016/j.jseaes.2016.11.003
 Maruyama, S., Isozaki, Y., Kimura, G., and Terabayashi, M. (1997). Paleogeographic Maps of the Japanese Islands: Plate Tectonic Synthesis from 750 Ma to the Present. Isl. Arc 6 (1), 121–142. doi:10.1111/j.1440-1738.1997.tb00043.x
 Men, X. Y., Li, X. F., and Li, M. (2010). Structural Evolution and Oil/Gas Prospects of Basin Groups East of Songliao Peripheral Basins. China Pet. Explor. 15 (3), 7–10. doi:10.3969/j.issn.1672-7703.2010.03.002
 Meng, E., Xu, W., Pei, F., Yang, D., Yu, Y., and Zhang, X. (2010). Detrital-zircon Geochronology of Late Paleozoic Sedimentary Rocks in Eastern Heilongjiang Province, NE China: Implications for the Tectonic Evolution of the Eastern Segment of the Central Asian Orogenic Belt. Tectonophysics 485 (1-4), 42–51. doi:10.1016/j.tecto.2009.11.015
 Meng, Q. (2003). What Drove Late Mesozoic Extension of the Northern China–Mongolia Tract?Tectonophysics 253 (1), 76–85. doi:10.1016/s0040-1951(03)00195-1
 Metelkin, D. V., Vernikovsky, V. A., Kazansky, A. Y., and Wingate, M. T. D. (2010). Late Mesozoic Tectonics of Central Asia Based on Paleomagnetic Evidence. Gondwana Res. 18 (2-3), 400–419. doi:10.1016/j.gr.2009.12.008
 Metelkin, D. V., Gordienko, I. V., and Klimuk, V. S. (2007). Paleomagnetism of Upper Jurassic Basalts from Transbaikalia: New Data on the Time of Closure of the Mongol-Okhotsk Ocean and Mesozoic Intraplate Tectonics of Central Asia. Russ. Geol. Geophys. 48 (10), 825–834. doi:10.1016/j.rgg.2007.09.004
 Northrup, C. J., Royden, L. H., and Burchfiel, B. C. (1995). Motion of the Pacific Plate Relative to Eurasia and its Potential Relation to Cenozoic Extension along the Eastern Margin of Eurasia. Geol 23 (8), 719–722. doi:10.1130/0091-7613(1995)023<0719:motppr>2.3.co;2
 Okada, H., and Sakai, T. (2000). “The Cretaceous System of the Japanese Islands and its Physical Environments,” in Developments in Palaeontology and Stratigraphy (Amsterdam: Elsevier), 113–144. doi:10.1016/s0920-5446(00)80027-8
 Ren, J., Tamaki, K., Li, S., and Junxia, Z. (2002). Late Mesozoic and Cenozoic Rifting and its Dynamic Setting in Eastern China and Adjacent Areas. Tectonophysics 13 (3), 305–315. doi:10.1016/s0040-1951(01)00271-2
 Sato, K., Vrublevsky, A. A., Rodionov, S. M., Romanovsky, N. P., and Nedachi, M. (2002). Mid-Cretaceous Episodic Magmatism and Tin Mineralization in Khingan-Okhotsk Volcano-Plutonic Belt, Far East Russia. Resour. Geol. 52 (1), 1–14. doi:10.1111/j.1751-3928.2002.tb00112.x
 Sha, J. (2007). Current Research on Cretaceous Lake Systems in Northeast China. Cretac. Res. 28, 143–145. doi:10.1016/j.cretres.2007.02.001
 Sha, J., Matsukawa, M., Cai, H., Jiang, B., Ito, M., He, C., et al. (2003). The Upper Jurassic-Lower Cretaceous of Eastern Heilongjiang, Northeast China: Stratigraphy and Regional Basin History. Cretac. Res. 24, 715–728. doi:10.1016/j.cretres.2003.07.006
 Sha, J., Wang, J., Kirillova, G., Pan, Y., Cai, H., Wang, Y., et al. (2009). Upper Jurassic and Lower Cretaceous of Sanjiang-Middle Amur Basin: Non-marine and Marine Correlation. Sci. China Ser. D-Earth Sci. 52 (12), 1873–1889. doi:10.1007/s11430-009-0173-1
 Shao, J. A., Zhang, L. Q., Mu, B. L., and Han, Q. J. (2007). Upwelling of Da Hinggan Mountains and its Geodynamic Background. Beijing: Geological press, 254. 
 Shao, J. (1995). Terranes in Northeast China and Evolution of Northeast Asia Continental Margin. Beijing: Earthquake Press, 185. 
 Shi, F., Xin-rong, Z., Zhao-jun, L., He-yong, W., and Jian-guo, Y. (2008). Thrust Event of the Provenances Revealed by Zircon Fission Track Ages in Tangyuan Fault-Basin, NE China. Radiat. Meas. 43 (Suppl. 1), S324–S328. doi:10.1016/j.radmeas.2008.04.079
 Song, J. G., Dou, L. R., and Li, J. Z. (1996). Tectonics and Petroliferous Systems of Late Mesozoic Basins in China. Acta Pet. Sin. 17 (4), 1–7. 
 Song, T. (1997). Inversion Styles in the Songliao Basin (Northeast China) and Estimation of the Degree of Inversion. Tectonophysics 283 (1-4), 173–188. doi:10.1016/s0040-1951(97)00147-9
 Song, Y., Stepashko, A. A., and Ren, J. (2015). The Cretaceous Climax of Compression in Eastern Asia: Age 87-89 Ma (Late Turonian/Coniacian), Pacific Cause, Continental Consequences. Cretac. Res. 55, 262–284. doi:10.1016/j.cretres.2015.01.002
 Sun, M.-D., Chen, H.-L., Zhang, F.-Q., Wilde, S. A., Dong, C.-W., and Yang, S.-F. (2013). A 100Ma Bimodal Composite Dyke Complex in the Jiamusi Block, NE China: An Indication for Lithospheric Extension Driven by Paleo-Pacific Roll-Back. Lithos 162-163, 317–330. doi:10.1016/j.lithos.2012.11.021
 Sun, X. M., Liu, Y. J., Chun, S. Q., Han, G. Q., Qin, W. S., and De, W. Y. (2008). 40Ar/39Ar Geochronology Evidence of Strike-Slip Movement in Dunhua-Mishan Fault Zone. J. Jilin Univ. (Earth Sci. Ed. 38 (06), 965–972. doi:10.3969/j.issn.1671-5888.2008.06.009
 Sun, X., Wang, S., Wang, Y., Du, J., and Xu, Q. (2010). The Structural Feature and Evolutionary Series in the Northern Segment of Tancheng-Lujiang Fault Zone. Acta Petrol. Sin. 26 (1), 165–176. 
 Tang, J., Xu, W., Wang, F., and Ge, W. (2018). Subduction History of the Paleo-Pacific Slab beneath Eurasian Continent: Mesozoic-Paleogene Magmatic Records in Northeast Asia. Sci. China Earth Sci. 61 (5), 527–559. doi:10.1007/s11430-017-9174-1
 Uchimura, H., Kono, M., Tsunakawa, H., Kimura, G., Wei, Q., Hao, T., et al. (1996). Paleomagnetism of Late Mesozoic Rocks from Northeastern China: the Role of the Tan-Lu Fault in the North China Block. Tectonophysics 262, 301–319. doi:10.1016/0040-1951(96)00016-9
 Vaughan, A. P. M. (1995). Circum-Pacific Mid-cretaceous Deformation and Uplift: A Superplume-Related Event?Geol 23 (6), 491–494. doi:10.1130/0091-7613(1995)023<0491:cpmcda>2.3.co;2
 Walker, J. D., Geissman, J. W., Bowring, S. A., and Le Babcock, (2013). The Geological Society of America Geologic Time Scale. Geol. Soc. Am. Bull. 125 (3-4), 259–272. doi:10.1130/b30712.1
 Walter, H. B. (1952). Geologic Structure and Orogenic History of Venezuela. New York: Geological Society of Americ. 
 Wang, C. W., Sun, Y. W., Li, N., Zhao, G. W., and Ma, X. Q. (2009). Late Paleozoic Stratigraphic Distribution Laws and its Tectonic Significance in Northeastern china and Adjacent Areas. Sci. China (D earth Sci. 39 (10), 1429–1437. doi:10.1007/s11430-009-0062-7
 Wang, F., Zhou, X. H., Zhang, L. C., Ying, J. F., Zhang, Y. T., Wu, F. Y., et al. (2006). Late Mesozoic Volcanism in the Great Xing'an Range (NE China): Timing and Implications for the Dynamic Setting of NE Asia. Earth Planet. Sci. Lett. 251 (1-2), 179–198. doi:10.1016/j.epsl.2006.09.007
 Wang, P., Liu, W., Wang, S., and Song, W. (2001). 40Ar/39Ar and K/Ar Dating on the Volcanic Rocks in the Songliao Basin, NE China: Constraints on Stratigraphy and Basin Dynamics. Int. J. Earth Sci. 91 (2), 640. doi:10.1007/s005310100219
 Wang, P.-J., Mattern, F., Didenko, N. A., Zhu, D.-F., Singer, B., and Sun, X.-M. (2016). Tectonics and Cycle System of the Cretaceous Songliao Basin: An Inverted Active Continental Margin Basin. Earth-Science Rev. 159, 82–102. doi:10.1016/j.earscirev.2016.05.004
 Wang, X. W. (1997). Meso-cenozoic Tectonic Event and Evolution of Northeastern Asia Continental Margin. Geol. Sci. Technol. Inf. 16 (4), 9–15. 
 Wen, Q. B., Liu, Y. J., Han, G. Q., Sun, X. M., Zhan, Y. L., and Li, W. (2008). Mesozoic and Cenozoic Tectonic Evolution of the Basin Group in Eastern Heilongjiang,China. Glob. Geol. 27 (4), 370–377. doi:10.3969/j.issn.1004-5589.2008.04.004
 Whan, O. C. (20062006). A New Concept on Tectonic Correlation between Korea, China and Japan: Histories from the Late Proterozoic to Cretaceous. Gondwana Res. 9, 47–61. doi:10.1016/j.gr.2005.06.001
 Wilson, T. J. (1991). Transition from Back-Arc to Foreland Basin Development in the Southernmost Andes: Stratigraphic Record from the Ultima Esperanza District, Chile. Geol. Soc. Am. Bull. 103 (1), 98–111. doi:10.1130/0016-7606(1991)103<0098:tfbatf>2.3.co;2
 Wu, H. Y., Wang, S. H., Yang, J. G., Tang, Z. H., Wang, Z. J., and Zhang, Q. S. (2004). Analysis of Exploration Potential in Surrounding Basins of Daqing Oilfield. China Pet. Explor. 9 (4), 23–30. doi:10.3969/j.issn.1672-7703.2004.04.005
 Xie, X., Jiao, J. J., Tang, Z., and Zheng, C. (2003). Evolution of Abnormally Low Pressure and its Implications for the Hydrocarbon System in the Southeast Uplift Zone of Songliao Basin, China. Aapg Bull. 87 (1), 99–119. doi:10.1306/080602870099
 Yang, D.-G., Sun, D.-Y., Gou, J., and Hou, X.-G. (2017). U-pb Ages of Zircons from Mesozoic Intrusive Rocks in the Yanbian Area, Jilin Province, NE China: Transition of the Paleo-Asian Oceanic Regime to the Circum-Pacific Tectonic Regime. J. Asian Earth Sci. 143, 171–190. doi:10.1016/j.jseaes.2017.04.019
 Yang, X., Li, W., and Batten, D. J. (2007). Biostratigraphic and Palaeoenvironmental Implications of an Early Cretaceous Miospore Assemblage from the Muling Formation, Jixi Basin, Northeast China. Cretac. Res. 28, 339–347. doi:10.1016/j.cretres.2006.07.008
 Yang, Y.-T. (2013). An Unrecognized Major Collision of the Okhotomorsk Block with East Asia during the Late Cretaceous, Constraints on the Plate Reorganization of the Northwest Pacific. Earth-Science Rev. 126, 96–115. doi:10.1016/j.earscirev.2013.07.010
 Yin, A. (2010). Cenozoic Tectonic Evolution of Asia: A Preliminary Synthesis. Tectonophysics 488 (1-4), 293–325. doi:10.1016/j.tecto.2009.06.002
 Zhang, C. H., and Zhang, S. H. (1999). Proto-basin and Possible Orogenic Mechanism of Wandashan Orogenic Belt. Geoscience 13 (01), 25–31. doi:10.1006/mcpr.1998.0211
 Zhang, F. Q., Chen, H. L., Yu, X., Dong, C. W., Yang, S. F., Pang, Y. M., et al. (2010). Early Cretaceous Volcanism in the Northern Songliao Basin, NE China, and its Geodynamic Implication. Gondwana Res. 369 (3), 155–174. doi:10.1016/j.gr.2010.03.011
 Zhang, F.-Q., Chen, H.-L., Batt, G. E., Dilek, Y., Min-Na, A., Ming-Dao, S., et al. (2015). Detrital Zircon U-Pb Geochronology and Stratigraphy of the Cretaceous Sanjiang Basin in NE China: Provenance Record of an Abrupt Tectonic Switch in the Mode and Nature of the NE Asian Continental Margin Evolution. Tectonophysics 665, 58–78. doi:10.1016/j.tecto.2015.09.028
 Zhang, F.-Q., Chen, H.-L., Yang, S.-F., Feng, Z.-Q., Wu, H.-Y., Batt, G. E., et al. (2012). Late Mesozoic-Cenozoic Evolution of the Sanjiang Basin in NE China and its Tectonic Implications for the West Pacific Continental Margin. J. Asian Earth Sci. 49, 287–299. doi:10.1016/j.jseaes.2011.12.017
 Zhang, F.-Q., Dilek, Y., Chen, H.-L., Yang, S.-F., and Meng, Q.-A. (2017a). Late Cretaceous Tectonic Switch from a Western Pacific- to an Andean-type Continental Margin Evolution in East Asia, and a Foreland Basin Development in NE China. Terra nova. 29 (6), 335–342. doi:10.1111/ter.12286
 Zhang, F.-Q., Dilek, Y., Chen, H.-L., Yang, S.-F., and Meng, Q.-A. (2017b). Structural Architecture and Stratigraphic Record of Late Mesozoic Sedimentary Basins in NE China: Tectonic Archives of the Late Cretaceous Continental Margin Evolution in East Asia. Earth-Science Rev. 171 (Suppl. C), 598–620. doi:10.1016/j.earscirev.2017.05.015
 Zhang, J., Gao, S., Ge, W., Wu, F., Yang, J., Wilde, S. A., et al. (2010). Geochronology of the Mesozoic Volcanic Rocks in the Great Xing'an Range, Northeastern China: Implications for Subduction-Induced Delamination. Chem. Geol. 2010 (276), 144–165. doi:10.1016/j.chemgeo.2010.05.013
 Zhang, S. H., and Shi, Y. S. (1993). The Deep Structure of Liamusi Terrane, Heilongjiang Province. Geotect. Metallogenia 17 (1), 93–101. 
 Zhang, X., Zhang, H., Wilde, S. A., Yang, Y., and Chen, H. (2010). Late Permian to Early Triassic Mafic to Felsic Intrusive Rocks from North Liaoning, North China: Petrogenesis and Implications for Phanerozoic Continental Crustal Growth. Lithos 17 (1), 125–134. doi:10.1016/j.lithos.2010.03.005
 Zhang, Y. P., Ren, J. Y., Wang, S., and Zhao, X. Q. (2016). The Sedimentary Evidence for the Existence of Unified Basin in Early Cretaceous in Dasanjiang Basin Group, Northeast China. Geol. China 43 (4), 1280–1290. doi:10.12029/gc20160414
 Zhang, Y. Q., and Dong, S. W. (2008). Mesozoic Tectonic Evolution History of the Tan-Lu Fault Zone, China: Advances and New under Standing. Geol. Bull. China 27 (9), 1371–1390. doi:10.3969/j.issn.1671-2552.2008.09.002
 Zhang, Y. Q., Qian, X. L., and Li, J. H. (2001). The Spread of Long-Range Effects from Plate Collision and the Movement the Earth's Layers. Earth Sci. Front. 8 (04), 341–342. 
 Zhao, B., Wang, C., Wang, X., and Feng, Z. (2013). Late Cretaceous (Campanian) Provenance Change in the Songliao Basin, NE China: Evidence from Detrital Zircon U-Pb Ages from the Yaojia and Nenjiang Formations. Palaeogeogr. Palaeoclimatol. Palaeoecol. 385 (Suppl. C), 83–94. doi:10.1016/j.palaeo.2012.03.017
 Zhao, X. Q. (2011). Structural Deformation and Evolution of the Mesozoic-Cenozoic Basins in Eastern Heilongjiang. NE China. [D]. Hangzhou: Zhejiang University. 
 Zhao, X., Chen, H., Zhang, F., Sun, M., Yang, J., and Tan, B. (2017). Characteristics, Structural Styles and Tectonic Implications of Mesozoic-Cenozoic Faults in the Eastern Heilongjiang Basins (NE China). J. Asian Earth Sci. 146, 196–210. doi:10.1016/j.jseaes.2017.05.004
 Zhao, X. Q., Yang, S. F., Chen, H. L., Zhang, F. Q., Zhang, Y. P., Yang, C. Z., et al. (2012). Features of Multistage Cretaceous Conglomerate Deposition and its Palaeogeographic Significance in Jixi Basin of Eastern Heilongjiang, NE China. Acta Sci. Nat. Univ. Pekin. 48 (3), 27–29. 
 Zhou, J., Wilde, S. A., Zhang, X., Zhao, G., Zheng, C., Wang, Y., et al. (2009). The Onset of Pacific Margin Accretion in NE China: Evidence from the Heilongjiang High-Pressure Metamorphic Belt. Tectonophysics 478 (3-4), 230–246. doi:10.1016/j.tecto.2009.08.009
 Zhou, J.-B., Wilde, S. A., Zhao, G.-C., Zhang, X.-Z., Zheng, C.-Q., Wang, H., et al. (2010). Pan-African Metamorphic and Magmatic Rocks of the Khanka Massif, NE China: Further Evidence Regarding Their Affinity. Geol. Mag. 147 (5), 737–749. doi:10.1017/s0016756810000063
 Zhu, G., Shi, Y., and Tackley, P. (2010). Subduction of the Western Pacific Plate underneath Northeast China: Implications of Numerical Studies. Phys. Earth Planet. Interiors 277 (1), 244–252. doi:10.1016/j.pepi.2009.10.008
 Zhu, G., Liu, G. S., Niu, M. L., Xie, C. L., Wang, Y. S., and Xiang, B. (2009). Syn-collisional Transform Faulting of the Tan-Lu Fault Zone, East China. Int. J. Earth Sci. Geol. Rundsch) 98 (1), 135–155. doi:10.1007/s00531-007-0225-8
 Zhu, G., Xu, Y. D., Liu, G. S., Wang, Y. S., and Xie, C. L. (2006). Structural and Deformational Characteristics of Strike-Slippings along the Middle-Southern Sector of the Tan-Lu Fault Zone. China Geol. 41 (2), 226–241. 
 Zhu, Y., and He, C. (2007). Middle Jurassic to Early Cretaceous Dinoflagellate Assemblage Zones in Eastern Heilongjiang Province, Northeast China. Cretac. Res. 28, 327–332. doi:10.1016/j.cretres.2006.10.001
 Zhu, Z. P., Liu, L., Ma, R., Qiu, Z. K., and Ma, S. H. (2009). 40Ar/39Ar Isotopic Dating and Geological Significance of Mafic Rocks from the Jixi Basin, Heilongjiang Province. J. Jilin Univ. (Earth Sci. Ed. 39 (2), 238–243. doi:10.3969/j.issn.1671-5888.2009.02.010
 Zonenshain, L. P., Kuzmin, M. I., and Natapov, L. M. (1990). Geology of the USSR: A Plate Tectonic Synthesis. Washington: Am. Geophys. Union Geodyn.. 
 Zorin, Y. P. (1999). Geodynamics of the Western Part of the Mongolia-Okhotsk Collisional Belt, Transb-Baikal Region and Mongolia. Tectonophysics 306 (1), 33–56. doi:10.1016/s0040-1951(99)00042-6
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zhao, Lv, Jiang, Zhu, Wang and Chai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


[image: image]


OPS/images/feart-09-752693/feart-09-752693-g001.gif





OPS/images/feart-09-752693/feart-09-752693-g002.gif





OPS/images/feart-09-752693/feart-09-752693-g003.gif





OPS/images/feart-09-752693/feart-09-752693-g004.gif





OPS/images/feart-09-722699/feart-09-722699-g003.gif





OPS/images/feart-09-722699/feart-09-722699-g004.gif





OPS/images/feart-09-722699/feart-09-722699-t001.jpg
Region

Coats Land

Dronning
Maud Land

Lambert Rift

Scott and
Denman rifts

Vostok Basin

Aurora Basin

Adventure
Trench

Astrolabe
Subglacial
Basin
Vanderford
and Totten
ifts

Wikes
Subglacial
Basin

Ross lce Shelf

Byrd and
Bentley
Subglacial
pasins

Filchner-
Ronne Basin

Pensacola-
Pole
Subglacial
Basin

sediment
thickness, km

2-4

2-4

1-4

Total

1-3

1-2

25

24

27

1-3

2-4

24

Upper

1-2
1-2
2
2
2
1-2
2
2
2
1-2
2
2
2
1-2

02

02

02

04

Middle
sediments, km ~ sediments, km  sediments, km

[

02

25

o1

02

02

Lower

0-7

Upper
sediments,
Vp, km/s

4.3-4.47

47

3.4-35

34-35

34

19-24

a1

2630

43-4.47

Middle
sediments,
Vp, km/s

?

3537

3637

36-3.77

42

42-43

33-40

Lower

sediments,
Vp, km/s

46-49

Source

Bamber et al. (2006),
Shepherd et al. (2006),
Scheinert et al. (2016)
(Radio-echo sounding,
gravity and magnetic
data)

Hungeling and Tyssen
(1991), Scheinert et al.
(2016) (seismic and
gravity data)

Kolmakov et al, (1975)
(0SS profies); Mitra et a.
(1999), Scheinert et al.
(2016) (granity and magnetic:
datz)

Golynsky and Golynsky
(2012) Schenet etal Q016)
(gravity datg)

Isaninaet al. (2009) (sessmic
profie with converted
waves); Golynsky and
Golynsky (2012) (radar,
graity and magnetic date)
Aken et a. (2014) (racr,
graty and magnetic data)
Ferracciol et al. (2001),
Studinger et al. (2004)
(gravity and magnetic
data)

Altken et dl. 2014) (radar,
graity and magnetc data)

Altken, et al. (2014),
Golynsky and Golynsky
(2019) (radir, gravity and
magnetic data)
Ferracciol et al. (2001),
Ferracciol et al. (2009),
Frederick et al. (2016)
(radar, gravity and
magnetic data)

Bentley (1973) (B8, DSS
profie); Rooney et a. (1987)
(two refraction profils);
Brink et al. (1993)
(reflection, refracton and
graviy profie); Beaudoin
etal. (1992) refraction
profie); Munson and
Bentley (1992) reflecton,
refraction and gravity
profiie)

Bentley (1973) (B8, CC
DSS profies)

Huebscher etal. (1996) (2
refraction profles);
Leitchenkov and
Kudryavizev (1997) (DSS
profil); Golynsky and
Aleshkova (1997)
(magneic data)

Bentley (1973) (AX' DSS
profile; Paxman et al.
(2019) (gravity, radar and
magnetic data)

Additionally

Beacon
Supergroup? new
tifted seciments,
latitudinal strike

Local area near P2
profle and for
Jutuistraumen Rift

From Devon to
Cenozoic
sediments

From Devon to
Cenozoic
sediments
From Devon to
Cenozoic
sediments

Rited sediments?

Rited sediments?

latitudinal strike

Beacon
Supergroup,
Cenozoic marine
sediments?

Part of West
Antarctic Rift
System, Beacon
Supergroup,
Mezozoic-
Cenozoic
sediments

Part of West
Antarctic Rift
System, Beacon
Supergroup,
Mezozoic-
Cenozoic
sediments
Sediments of
terrigenous, marine
and glacial marine
orig

Beacon
Supergroup?





OPS/images/feart-09-752693/crossmark.jpg
©

|





OPS/images/feart-09-722699/feart-09-722699-g001.gif





OPS/images/feart-09-722699/feart-09-722699-g002.gif





OPS/images/feart-09-785659/feart-09-785659-t003.jpg
Provenance

North Tianshan
Mountains

Central Tianshan
Mountains

Bogda Mountains

Age of parent rock/Ma

266-386, 404-418, 434-466

221, 247-516, 541, 562, 730-742, 785, 806,
882-969, 1,014, 1,402-1,409, 1,433-1,438,
1,453-1,458, 1812, 2,466
278-347, 362, 366

Lithology
of parent rock

Intermediate-acidic volcanic rocks, volcanodiastic
rocks and tuffs, ophiolte rocks, silciclastic rocks,
carbonate rocks

Late Paleozoic type A granite, early Paleozoic
volcanic rocks and granite, medium-high grade
metamorphic rocks

Granite, rhyolite, volcanocastic rocks, intermediate-
basic volcanic rocks, gabbro

Heavy mineral assemblage

Zircon + Tourmaline + limenite +
Magnetite + Barite + Apatite

Zircon + Tourmaline + Magnetite +
Leucoxene + Garnet + Epidote +
anatase + Sphene

Zircon + limentte + Tourmaline +
Magnette + Apatite





OPS/images/feart-09-785659/feart-09-785659-t002.jpg
Facies association

Facies association 1—Gmm,
Gem, Sm, Sp, St

Facies association 2—Gmm,
Gem, Sm, Sp, St

Facies association 3—SGF
Facies association 4—Gem,
Sp, St, Sr, Fsm

Facies association 5—Sr,
Fsm, FI
Facies association 6—Gem,

Sr, Fsm

Facies association 7—Sr,
Fsm, FI

Formation

Kalazha Formation

Kalazha Formation

Kalazha Formation

Qigu Formation

Qigu Formation,
Kalazha Formation
Qingshuihe Formation

Qingshuihe Formation

Sedimentary architecture

Tens of meters-thick Gmm facies, with meter-thick Sm facies,
and some Gom, Sp, and St facies (Figures 5A,B, G, J). Seisrite
structures can be observed (Figures 4A,B,D,E,G)

Tens of meters-thick Gmm and Gem facies, with some Sp and
Stfacies in the lower succession (Figures 5F K, 7A,B). Seisite
structures can be observed (Figures 4F,H)

Meter- or tens of meters-thick SGF facies (Figures 5G,H)
Meter-thick tabular or ribbon-like St facies with some Sp, St, S,
and Fsm facies in the upper succession (Figure 6 A, B). Some
Gem facies are developed at the bottom of the sandbodies.
Trough or tabular cross-beddings (Figure 6E), and scoyenia
ichonfacies (Figure 6F) can be observed

Meter-thick Fsm and Fl facies, with lens-shaped Sr facies
(Figure 6C)

Meter-thick Gem facies and decimeter- to meter-thick Sr facies
interlayered with thin layers of Fsm facies (Figures 7A,B,D).
Waveripples (Figure 7G), ripple lamination, and ooids

(Figure 7F) can be observed

Frequent altemation of Sr, Fsm, and Fl facies. In the Taxihe River
section, millmeter-thick gypsum layers occur frequently
(Figure 7C)

Depositional environment

Alluvial fan deposits mainly composed of debris
and sheet flows

Fan deita

Eolian dunes in erg environment
Meandering river deposits with channels and
lateral accretion architectural elements

Alluvial plain and overbank deposits

Lakeshore environment

Shallow lake environment





OPS/images/feart-09-785659/feart-09-785659-t001.jpg
Lithofacies
code

Lithology

Fine lithofacies

Fsm Centimeter- to decimeter-thick fine
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Fl (Figure 3B)  Centimeter- to decimeter-thick fine
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Sandstone lithofacies
Sr(Figure3D)  Centimeter- to decimeter-thick fine to
medium sandstone
sc Centimeter- to decimeter-thick fine to

(Figure 3C) medium sandstone
sm Meter-thick medium to coarse
(Figure 3A) sandstones
sh Centimeter- to decimeter-thick medium
to coarse sandstones
sp Decimeter-thick fine to coarse
sandstone
St (Figure 3E)  Decimeter-thick medium to coarse
sandstone
SGF Meter- or tens of meters-thick medium
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Sedimentary structure
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(Figure 6F)

Horizontally lamination. Thinlayers of mudstones interbedded with
siltstones, fine sandstones, and milimeter-thick gypsums
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Meatrix-supported
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Tractive current with upper-flow regime
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sv43 114°00'44.38"
SY44-1 114°03'02.66"
SY45-1 114°05'14.18"
Sv48-1 114°07'09.07"
SY49-1 114°09'29.66"
SY58 114°05'50.59"
SY68-1 114'11'37.76"
SY86 114'08'03.36"

NW-SE extensional stress field
SY07-2  11406'58.10"
sY10 114'14'13.59"
sv21 114'11'32.30"
sva1 114'2012.15"
SY34-1 113'47'46.61"
SY40-2  113%57'08.09"
SY44-2  11403'02.66"
SY452  114°05'14.18"
Sv4g-2  11407'09.07"
SY49-2 114°09'29.66"
SY50-1 114°09'42.48"
SY68-2  114'11'37.76"
sv78 114°06'24.19"

NE-SW compressive stress field
SY05 40'45'28.30"
SY062  114°02'52.79"
sY16 114°08'43.06"
SY20 114°12'05.95"
sva7 114'18'20.78"
Y36 113'52'31.15"
Sv422  114°07'39.31"
SY48-3  11407'09.07"
SY68-3  114'11'37.76"
svY71 14'10'42.61"

Latitude (N)

40°45'40.88"
40'46'11.86"
40°46'43.12"
40°49'58.31"
40°48'54.75"
40'49'16.86"
40°48'29.54"
40'51'42.46"
40'52'02.01"
40'51'02.33"
40'51'03.46"
41°04'51.55"
41°03'58.99"
41°02'17.93"
41°03'52.95"
41°03'30.74"
41°02'32.42"
41°00'36.39"
41°00'27.75"
41°03'01.78"
41°00'42.40"
40'53'45.65"

40'46'11.86"
40'49'24.82"
40'51'34.53"
40'51'03.62"
40'44'42.01"
41°03'58.99"
41°03'30.74"
41°02'32.42"
41°00'36.39"
41°00'27.75"
41°01'39.32"
41°00'42.40"
40'58'25.23"

40'58'25.23"
40°45'40.88"
40'46'47.24"
40'51'35.66"
40'52'55.12"
40'41'47.95"
41°0217.93"
41°00'36.39"
41°00'42.40"
41°02'01.83"

Stratigraphy-lithology

Ja-Ky; sandy conglomerate
JaKy, sandy mudstone
Ja-Ky; sandy mudstone
JaKsy, sandy mudstone
Js-Ky sandstone

JaKy, sandstone

Ja-Ky; sandy mudstone
JaKy, sandstone

Js-K; sandstone

JaKy, sandy mudstone
JsKy, conglomerate
Ja-Ky, sandy conglomerate
Jix conglomerate

fault zone

fault zone

Ja-Ky; conglomerate
Ja-Ky, conglomerate

Jix sandstone

J,.5 sandy conglomerate
Ptz dolomite

Ja-Ky, conglomerate
Ja.5 pyroclastic rocks

Js-Kyy sandy mudstone
Js-Kyy sandstone

Ja.5; andesite

Ja-Kyy sandy mudstone
Jz.5; conglomerate

Jix conglomerate

Js-Ky, conglomerate
Ja-Ky; conglomerate

Ji sandstone

Ja.5j sandy conglomerate
Ja-Kyy conglomerate
Ja-Ky; conglomerate
Js-Ki pebbly sandstone

Js-Ky sandy conglomerate
Ja-Ky; sandy conglomerate
JsKyy sandy mudstone
Ja.5j pebbly sandstone
Jo-Ky, sandstone

Js-Kqy sandy conglomerate
fault zone

Jix sandstone

Ja-Ky, conglomerate

fault zone

Vector number

MO B AR AOANOE NG A S A A S

aarNsEsRON

NOROROODOO®

o1 (az'/pl)

284/10
137/26
340/09
308/16
152/00
109/07
13713
135/00
141114
330/07
310/18
321/02
339/01
304/01
321/02
319/19
140/02
328/11
120/00
146/17
155/24
339/03

267/86
282/64
263/62
224/51
220/60
226/53
188/68
018/87
360/83
050/76
045/85
333/75
003/71

208/02
206/05
030/12
059/01
200/28
214/03
073/03
039/04
019/15
034/11

o2 (az'/pl)

049/74
250/49
243/39
045/36
242/50
016/18
352/74
045/05
234/08
239/05
041/04
060/77
248/62
034/01
230/20
060/29
038/79
234/22
210/31
040/43
049/32
246/03

034/03
058/19
027117
044/39
036/30
062/36
075/09
218/03
213/06
21714
219/06
237/01
236/12

305/77
340/83
181/76
325/79
056/57
306/39
341/44
308/09
252/66
30117

s (@z'/pl)

192/13
031/31
080/50
193/50
062/40
218/71
229/09
225/85
3654/74
117/82
14271
23013
069/28
166/88
057/70
201/54
230/10
082/65
029/59
252/42
275/48
066/86

125/03
154/17
124/22
314/00
127/02
326/08
342/20
128/01
122/04
307/03
309/01
147/15
143/15

17/13
115/05
298/07
150/11
299/16
120/51
166/46
155/80
114/18
156/69

R

05
0.28
0.29
0.47

05

0.5

05
043

05
0.46

0.5
0.64

05
0.42

0.5
0.62
0.62

0.3
0.28
0.44

0.5
0.42
0.67

0.5

0.5
0.57
0.67

08

0.5
0.4
0.33
0.49
0.89
0.64
0.38

0.5
05
0.5
0.42
0.5
0.62
0.5
0.5
0.3
0.45

01, 02, 0 Correspond to maximum, intermediate, and minimum principal stresses, respectively; az’, azimuth; pl", plunge; R = (o2~03)/(o1-03), the data was obtained by using Win_Tensor

5.8.9 (http://0amiendelvaux.be/Tensor/WinTensor/win-tensor_download.html); Pt,, Mesoproterozoic; Jy,, Lower Jurassic Xiahuayuan Formation; J, o, Upper-Middle Jurassic

Sulongshan Formation; Je-K,, Upper Jurassic-Lower Crataceous Tuchengzi Formation.
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External configuration

Dip isogon lines
Accordance of folding

Anticlinal top/flat bottom

Curved lines in hanging wall
Disharmony, less folded in footwall

Flat top/anticlinal bottom

Curved lines in footwall

Disharmony, less folded in
hanging wall

Anticlinal top/synciinal
bottom

Curved lines in both walls.

Disharmony, opposite
folded

~Type Hanging wall voiding Footwall voiding Double-walls voiding No voiding
Feature
Hv >0 >0 >0 =0
Hs . . . Hy =H+H,
D1 &D, D1 <D Dy > D, = D1 =Dy
aD AD>0 AD>0 AD>0 AD=0

Anticiinal top and
bottor/synclinal top and
bottom/monocinal top and
bottom

Straight lines in both walls

Harmony, concentric
folc/monocline for two walls

(1) see Figure 1 for meaning of geometric parameters such as Dy; (2) * denotes indefinite relationship.
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Material Flow law Ao(MPa™ s™") n r Ea(kJ/mol) Va(em®/mol) References
Air NA. - - - - - -
Water NA - - - - - -
ucc Wet quartzite 32x10™* 23 - 154 - 1
LM Dry olivine 25x 10" 35 - 532 12 9
AM Dry olivine 25x10* 35 - 532 12 ]
McC Plagioclase Anys 33x 107 32 - 238 8 1
LoC1 Plagioclase An;s 33x 107 32 - 238 8 1
Loc2 Diorite 38x 1072 24 - 219 - 2
LoC3 Mafic granulite 1.0x 1072 32 - 244 - 3
LoC4 Wet anorthite 398 x 107 30 - 356 - 4
LCC5 Dry anorthite 50x 10 30 0 648 24 4
LCC6 Wet cpx 1.0x 102 35 - 310 - 5
LoC7 Dry cpx 316 42 0 413 - 6
Locs Gabbro 20x 10" 40 0 644 - 7
LCCO Dry diabase 8 47 0 485 - 8

*For material: UCC, upper continental crust; MCC, middle continental crust; LCC, lower continental crust; LM, lithospheric mantie; AM, asthenospheric mantle. For references: 1, Ranalli
(1995); 2, Hansen (1982); 3, Wang et al. (2012); 4, Rybacki and Dresen (2000); 5, Zhang et al. (2006); 6, Moghadam et al. (2010); 7, Zhou et al. (2012); 8, Mackwell et al. (1998).
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Diorite, feldspar andesite porphyrite
Diabase, ultrabasic rock

Magnetic susceptibility (x107° SI)

Measuring points Min Max
435 0 1,000
132 10 4,900
49 140 27,900

Mean

60
281
7,065
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Lithology

Sand, gravel saiis, loess
Sandstone, mudstone, sand shale

Sandstone, mudstone, sand shale

Sandstone

Sandstone, mudstone, conglomerate

Sandstone, imestone, mudstone, volcanic breccia, pyrociastic rock

Limestone, siiceous rock, sandstone

Limestone, sandstone, siliceous rock, pyroclastic rock

Sandstone, mudstone, limestone, dolomite

Limestone

Sandstone, conglomerate, ilite:

Schist, gneiss, marble, slate, quartzite

Igneous carbonatite, phiogopite rock, hornblende gneiss, banded gneiss, granite gneiss, phiogopite diopside

Magnetic susceptibility (<10°° SI)

Measuring points ~ Min

635
112
52
148
930
237
105
Ll
215
17
139
1,100
252

>

ocoooocooooooo

Max

278
180
30
270
110
1,400
109
45
81
26
75
17,710
25,600

Mean

47
33
8
12
15
40
5
8
13
1
21
28
2,204
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Epicenter N ()/E () Ms Depth (km) Nodal planet Nodal plane2 Seismogenic nodal

plane
1979 Zigui 31.08 110.49 5.1 16 296/73/* 37/59/* 37/60-80
2008 Zigui 30.98 110.78 4.1 7 213/81/110 326/22/25 Nodal planet
2013 Badong 31.09 110.42 5.1 5 117/28/-136 347/71/-68 265.5/85/-120.7
2014 Zigui 3092 110.80 45 o 45/79/158 139/68/12 Nodeal planet
30.91 110.82 49 9.1 46/68/164 142/76/23 Nodal planet
2017 Badong 31.08 110.44 43 38 160/88/45 67/45177 strike NEE/dip SE/
31.04 110.45 4.1 24 155/83/27 62/63/173 pure strike-slip

The “*" indiicates that the dip angle of the seismic nodal plane is unknown.
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Locations

Western and southern of ZGB

Eastern of ZGB

Northern of ZGB
SLJU area

HLA area

Lithology and density
parameters

Marine carbonate sedimentary strata of the Middie-Lower Triassic Daye Formation, Jialingjiang Formation, and Badong
Formation are exposed (Qu et al., 2009), with a density of approximately 2.6-2.9 g/om’

Sedimentary strata, dominated by carbonate rocks (i.e., dolomite), mixed with fine clastic rocks (Qu et al., 2009), with a
density of approximately 2.58-2.75 g/cm®

Mainly Paleozoic marine strata (Qu et al., 2009), with a density of approximately 2.62-2.68 g/om®

Mainly the Mesoproterozoic and Paleozoic erathem, dominated by the marine carbonate rocks i.e., dolomite), pyroclasti
rocks, tuffaceous sandstones, and shales (Li et al., 2009; Liu et al,, 2016), with a density of approximately 2.7-2.9 g/om”
Mainly the Huanging granite, Proterozoic Kongling gneiss, and metamorphic complexes (Qu et al., 2014; Liu et al., 2015b),
with the density of gneiss and granite being approximately 2.5-2.8 g/cm”® and 2.73-3.2 g/em®, respectively
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Sample
number

FT-1

FT-3
FT-4

Sampling
horizon

Kic
Kim
Kids
Kim
Kid

Grain
number

12
27
28
28
33

Ps
(10%/cm?) (Ns)

2.471 (385)
3.996 (988)
1.747 (294)
3685 (989)
0618 (168)

»
(10%/cm?) (Ni)

12,920 (2013)
19.464 (4,812)
6,833 (1150)
23.998 (6,440)
23.793 (6.467)

Pa
(10%cm?) (N)

22,148 (10,405)
17.565 (10,406)
18.064 (10,405)
16.669 (10,406)
17.565 (10,405)

P(x2)
(%)

55
14.7

0

Central
age (Ma)
(£10)

T
66+5
87:8
49+ 4
81:12

Pooled
age (Ma)
(+10)

836
70+4
89+7
50+3
89+08

L (um)
(N)

12322 (72)
12.2:£2.2(106)
13.2 £ 2.1 (69)
11.9+£1.9(102)
104 £ 2.2 (1)
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Sample number

FT-1
FT-2
FT-3
FT-4
FT-5

Sampling location

Jixi city
Jixi city
Qitaihe city

Ji 6 wel
Bincan 1 well

Elevation (m)

219
337
260
-950
-3,020

Sample properties

Outcrop sample
Outcrop sample
Outcrop sample
Core sample
Core sample

Lithology

Sandstone
Sandstone
Sandstone
Fine sandstone
Gritstone

Sampling horizon

Kich
Kim
Kids
Kim
Kid

GPS

N45'19'31.9", E130°50/39.4"
N45'07'42.5", E130°43'10.9"
N45°46'29.3", E130'52'14.9"
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Lithology Era Density (g/cm®) Magnetic susceptibility (x10°° SI)

Number Min Max Mean Number Min Max Mean
Acidic intrusive rock Granite (C/P) > 258 269 262 9 28 2,500 483
K-feldspar granite (C/P) 4 251 263 258 5 20 685 180
Mongzonitic granite 1 251 258 256 % 38 269 142
Intermediate-acid intrusive rock Granodiorite (C) 1 275 276 276 1 19 76 46
Basic-ultrabasic intrusive rock Gabbro, ultrabasic rock 2 273 289 282 2 213 6,215 2,587

Number in the column of density and magnetic suscepiibilly indicates the count of messured focations. In each location, there could be & seres of messuring points or samgles.
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Lithology

Gravel soils
Sandstone

Sandstone, conglomerate

Limestone

Sandstone

Tuff breccia

Sandstone, mudstone

Limestone

Acidic volcanic (clastic) rock and tuff

Intermediiate basic (subjvolcanic rock

Mafic rock

Mudstone, sandstone, sitty sandstone, and conglomerate
Limestone

Tulf, pyroclastic rock, felsite

Intermediate-basic volcanic rock, sub-volcanic rock
Sandstone

Limestone

Pyrocastic rock

Limestone

Density (g/cm®) Magnetic susceptibility (x10~° SI)
Number ~ Min  Max  Mean  Number  Min Max Mean
32 17 300 112
2 2 85 26
T 222 259 242 8 -4 323 52
1 279 287 2.87 1 44 100 il
1 260 262 261 1 4 59 22
1 255 258 2.56 1 8 405 209
5 252 270 265 7 8 98 37
4 260 292 2.76 5 6 510 24
8 255 275 263 8 4 1827 257
5 264 283 274 6 116 11024 2,286
1 276 292 283 1 6 5506 2,559
13 253 274 262 18 2 245 50
4 267 281 274 4 0 123 3
7 255 283 264 9 4 2710 446
2 267 273 27 2 1108 3780 2286
1 265 268 2.67 1 17 46 31
2 268 274 272 2 14 % 49
1 275 280 277 1 91 572 207
1 299 304 301 1 55 105 80

"Number in the column of density and magnstic suscepibilty indicates the count of measured focations. In each location, there could be & seres of messuring points or samples.
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Sample

188T60
185T64
198T17
20ST78

20ST93

s = K-feldspar: P = plagioclase; Ot

Lithology

Granite porphyry
Granite porphyry
Syenogranite

Biotite monzogranite

Granodiorite

quartz: Bt = biotite: Ar

Major minerals®

Phenocrysts: Kfs: 20-25%, Pl: 20-25%, Qtz: 10-15%, Bt: 5-10%

Phenocrysts: Pl: 10-15%,
Qtz: 5-10%

Kfs: 45-50%, Pl: 10-15%,
Qtz: 25-30%, Bt: ~5%
Kfs:30-35%, Pl: 25-30%,

Qtz: 20-25%, Bi: ~10%

Kfs: 15-20%, Pl: 35-40%,
Qiz: ~25%, Bt and Arf: ~15%

rfvedsonite.

Age/Ma

292+2.6
294+2.4
286+3.0
27241.2

298+5.8

Tz/C

849
852
871
865

824

Gps

N42'10°27"
E83'27'58"
N42'09'54"
E8329'08"
N41'55'35"
£80'52'43"
N41°50'56"
E87°43'25"
N42°26'26"
£86'31'10"
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