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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.
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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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