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Following the uplift of the Tibet Plateau and the continuous subduction of the Pacific Plate, graben faulting began to appear around the Ordos Block in the Cenozoic. The Hetao Basin is a Cenozoic rift basin between the Ordos Block and the Yinshan Mountains, and Late Quaternary sedimentary strata, which have lacustrine facies, are widely distributed inside this basin. However, the evolution of the Hetao Basin and its related fault systems has been debated for a long time due to the lack of tectonic evidence. In this study, four sections named Haolaigou, Bianqianghao, Huhesala, and Hazigai are selected along the north margin of the Hetao Basin. With the lithology and structural analysis of the Upper Pleistocene series in these sections, two new angular unconformities are found within the 10 m thick sedimentary sequence of the lacustrine sediments. Based on the dating results, we speculate that these two upper and lower angular unconformities are formed between 33 ka BP and 40 ka BP, and 60 ka BP and 80 ka BP, respectively. The angular unconformities also provide tectonic constraints for the latest and ongoing tectonic activity in the Quaternary. This tectonic movement begins at around 80 ka BP and causes two different unconformities of the lower strata with varying degrees of deformation (tilt) but also leads to the final death of the ancient lake.
Keywords: Hetao basin, angular unconformities, lacustrine sediments sections, dating, tectonic movement
INTRODUCTION
Located in the western part of the North China Craton, the Ordos Block was formed as a weak destruction zone following the destruction of the North China Carton since the Early Mesozoic (Figure 1) (Griffin et al., 1998; Menzies and Xu, 1998; Wu et al., 2005; Wu et al., 2008; Zhu and Zheng, 2009; He, 2015; Zhu, 2018). Previous studies have shown that the Ordos Block has experienced three-stage extensional deformation, which generated a series of rifted basins and normal fault systems around the Ordos Block. (The Research Group on Active Fault System around Ordos Massif, State Seismological Bureau (RGAFSO), 1988; Wan and Cao, 1992; Wan, 1994; Ren et al., 2002; Zhu, 2018). How these rifted basins and fault systems formed has been argued for a long time (Peltzer et al., 1985; Liu et al., 2004; Yin et al., 2010; Zhang et al., 2019). Two end models have been proposed: 1) rifting caused by the rollback of the Pacific subduction plate (Uyeda et al., 1979; Tian et al., 1992; Northrup et al., 1995; Schellart and Lister, 2005) and 2) anticlockwise rotation of the Ordos Block driven by eastward extrusion of the North-eastern Tibetan Plateau (Tapponnier et al., 1982; Xu et al., 1992; Gaudemer et al., 1995; Zhang et al., 2018; Shi et al., 2020). The rifting model suggests normal faulting for the fault system around the Ordos, yet the rotational model may result in strike-slip movement. Thus, the strike-slip movement of the fault system could provide a chance to explore this issue.
[image: Figure 1]FIGURE 1 | (A) Location and topography of the graben systems around the Ordos Block adjacent to the northeast margin of the Tibetan Plateau (B) Tectonic pattern of the Ordos Block and its adjacent regions (modified from Deng et al., 2002). The dashed box denotes the study area. Yellow areas represent the rifted basins surrounding the Ordos Block, including the Yichuan-Jilantai and Hetao Basins to the west and north, Shanxi Graben to the east, and Weihe Basin to the south. DEM data originated from https://earthdata.nasa.gov/.
Recently, plenty of evidence has shown that strike-slip movements exist in the periphery of the Ordos Block. Based on a detailed field investigation of fault geometry and its kinematics, Xu et al. (1992) proposed that the Ordos Block has experienced or is experiencing counter clockwise movement, which indicates a left-lateral strike-slip movement of the EW-trending faults and right-lateral movements of the NNE-trending faults. Furthermore, based on GPS observations in North China, Zhang et al. (2018) also suggested that N-S-trending normal faults with dextral components may be formed by a rotational block model, in which the E-W-trending structures, such as faults or shear zones, have a sinistral strike-slip movement. Additionally, focal mechanism solutions of earthquakes also suggest a strike-slip movement around the Ordos Block (Lin et al., 2017). Nevertheless, a lack of sedimentary evidence has prohibited the exploration of the timing of the onset of strike-slip activity.
In this study, we focused on the Hetao Rifted Basin to the north of the Ordos Block. As it acts as a paleolake during the last glacial-interglacial period (Li et al., 2007; Jia et al., 2016; Li et al., 2017; Cai et al., 2018), widely distributed lacustrine sediments of the Hetao paleolake could provide a sedimentary archive for recording the history of the evolution of the Hetao paleolake and its tectonics activity (Li et al., 2017; Cai et al., 2018; Yang et al., 2018, Yang et al., 2020). Based on a detailed investigation of the piedmont faults in the northern margin of the Hetao Basin, we documented a series of Late Quaternary angular unconformities within four sedimentary sections, including Hazigai, Haolaigou, Bianqianghao, and Huhesala. Combined with Quaternary dating of sediments and geological logging of these sections, we constrain the timing of these angular unconformities that indicate the latest tectonic movements. Based on the correlations among the timing of unconformities and the climate curves and regional deformation events, we discuss the potential formation mechanisms of the unconformities, their roles in explaining the causes of strike-slip activity, (e.g. local compression or transpression), and regional tectonic implications.
REGIONAL SETTING
The Ordos Block is a unique uplifted region with little interior deformation (Figure 1). The extensional Hetao Basin and Weihe Basin on the north and south sides of the Ordos Block were formed from the end of the Paleocene to the early Eocene. The extensional Yinchuan Basin, on the west side of the Ordos Block, was formed during the middle Miocene. The Shanxi Graben System on the east side of the Ordos Block was formed in the Pliocene. Among these basins, the Hetao and Weihe Basins are characterized by left-lateral shear, while the Yinchuan Basin and the Shanxi Graben system are characterized by right-lateral shear (The Research Group on Active Fault System around Ordos Massif, State Seismological Bureau (RGAFSO), 1988; Zhang et al., 1998; Shi et al., 2020). The north-eastward compression stress of the Ordos Block originates from the growth of the Tibetan Plateau to the southwest, the left-lateral of the fault zone in the northern margin of the Qinling Mountains and its eastward expansion; it is superimposed on the local uplift (Tapponnier et al., 1982; The Research Group on Active Fault System around Ordos Massif, State Seismological Bureau (RGAFSO), 1988; Xu et al., 1992; Northrup et al., 1995; He et al., 2017).
The Hetao Basin is located between the Ordos Block to the south and the Yinshan Mountains to the north. Geophysical data show that the Hetao Basin is a complex basin, separated from west to east by the Xishanju and Baotou sub-concealed uplifts, forming three secondary basins: the Linhe Basin, Baiyanhua Basin, and Hubao Basin. The basic shape of these sub-basins is a dustpan that is deep in the north and shallow in the south, which are controlled by the Langshan-Seertengshan Piedmont Fault, the Wulashan Piedmont Fault, and the Daqingshan Piedmont Fault (Figure 2) (The Research Group on Active Fault System around Ordos Massif, State Seismological Bureau (RGAFSO), 1988).
[image: Figure 2]FIGURE 2 | Simplified geological map and Active faults distribution around the Hetao Basin (The Research Group on Active Fault System around Ordos Massif, State Seismological Bureau (RGAFSO), 1988). Structural section S1 and S2 modeled after Shi et al., 2020.
The red triangles denote the sediment sections in this paper. P1: Haolaigou Section; P2: Bianqianghao Section; P3: Huhesala Section; P4: Hazigai Section.
F1: Daqingshan Fault; F2: Wlashan Fault; F3: Langshan-Seertengshan Fault; F4: North Ordos Fault; F5: Helingeer Fault.
METHODS
Documenting the Geological Characteristics of the Sedimentary Sections
Four representative sedimentary exposures on the northern margin of the Hetao Basin were documented in this study. Their locations are shown in Figure 2. Relations between the section and active fault traces, (e.g. hanging wall or footwall) are recorded based on field observations and Google Earth interpretations. The elevation of each section’s top surface was measured using differential GPS. Detailed lithology, color, sedimentary structures, and facies have been documented in each section. The bedding dips were also measured to reveal the tectonic relationships between different strata units.
Quaternary Dating of Sediments
Previous studies have reported that with lacustrine sequence in the northern Hetao Basin may have primarily formed after the middle Pleistocene (The Research Group on Active Fault System around Ordos Massif, State Seismological Bureau (RGAFSO), 1988). Thus, we adopted different dating methods to obtain the sediment ages according to their lithology. In the upper section of the Hazigai section, we collected two charcoal samples for 14C dating. These were processed at the Beta Analytic Radiocarbon Dating Laboratory, United States, using 14C accelerator mass spectrometry (AMS). The pre-treatment of the samples for AMS involved carefully isolating roots and macrofossils by sieving and removing carbonates by acid washing. The 14C results are presented in Table 1.
TABLE 1 | Results from the 14C dating of samples HZG-05 and HZG-19 collected in Hazigai profile.
[image: Table 1]In other clay and sand layers, optically stimulated luminescence (OSL) dating and electron spin resonance (ESR) dating were also conducted. Eight OSL samples and two OSL samples were collected from the Huhesala and Bianqianghao sections, respectively. Sixteen ESR samples and four ESR samples were obtained from the Haolaigou and Hazigai sections.
The OSL samples were processed and dated in the Key Laboratory of Crustal Dynamics, Institute of Crustal Dynamics, China Earthquake Administration. The samples were pre-treated in the laboratory under the subdued red light, using 30% HCl and 30% H2O2 to remove carbonates and organic material. According to the Stokes’ Law, fine-grained quartz particles with sizes of 4–11 μm were sieved from six samples in the Huhesala section after fluorosilicate acid etching. Thus, the multiple-aliquot regenerative-dose protocol (SMAR) dating protocol was used to measure the equivalent doses of these fine-grained samples (Wang et al., 2005; Lu et al., 2007). In contrast, coarse-grained particles with sizes of 90–125 μm were sieved from the other two samples in the Huhesala section and all samples in Bianqianghao sections. Coarse-grained quartz was etched by immersion in hydrofluoric acid. The equivalence doses (De) of these samples were obtained using a single-aliquot regenerative dating protocol (Murry and Wintle, 2000, Murry and Wintle, 2003). The irradiation and OSL signals of all these samples were measured using an automatic measurement system of the Denmark Risoe DA-20-C/D OSL instrument. Based on the relationship between the environmental dose rate absorbed by quartz minerals and the content of uranium, thorium, and potassium in the environment, the environmental dose rate absorbed by each sample was calculated (Aitken, 1998). The OSL results are presented in Table 2.
TABLE 2 | Results from the OSL dating of samples collected in Huhesala profile and Bianqianghao profile.
[image: Table 2]All ESR samples were collected in the Electron Spin Resonance Dating Laboratory at the Key Laboratory of Earthquake Dynamics, Institute of Geology, China Earthquake Administration. These samples were measured before and after drying to determine the water content. Dries samples were separated to obtain particles of size from 125 to 200 mm. Additionally, 30% H2O2 was used to remove organic matter, and 40% HCl was used to remove carbonates. After washing with distilled water, the samples were etched with 40% HF for about 40 min to remove feldspar gains and the irradiated edge of the grains. Magnetic minerals were removed by magnetic separation after being raised to neutral with distilled water. The dried samples were split into 10 aliquots of 100 mg each. All aliquots were exposed to a60Co irradiation field to receive various additional gamma doses. The dose rate was calculated from the concentrations of the U, Th, and K, and water content was taken into account for correcting the dose rate (Aitken and Alldred, 1972; Aitken, 1976). The ESR results are presented in Table 3.
TABLE 3 | Results from the ESR dating of samples collected in Haolaigou profile and Hazigai profile.
[image: Table 3]RESULTS
Geomorphological and Sedimentary Characteristics of Sedimentary Sections
Haolaigou Section (P1)
The Haolaigou section is located in the western part of the Daqingshan Piedmont Fault (P1 in Figure 2). The geographic coordinates of the section are 40°34′57.94″N, 110°5′33.77″E, and the altitude is 1,063 m. The section is about 9 m high, and the buried lower part prevents us from documenting the earlier sediment structure. The upper 6 m of the section is brown-yellow, yellow-green silt and clay interbedded with an average dipping angle of 2.5°, indicating shallow lake and deep lacustrine sediments. The lower 4 m part is gray medium-coarse sand with a grey-white calcium slab layer, which contains a gravel layer. The average dipping angle was approximately 7°. The grain size gradually became coarser from the bottom to the top, suggesting shallow lake-shore deposits (Figure 3A). Based on the lithology and sedimentary structure characteristics, we divided the section into 10 layers. Detailed descriptions of the units are listed as follows from the bottom to the top.
(1) 0–0.80 m: brown clay sandy gravel, residual sloping layer, and gravel with certain rounding.
(2) 0.80–2.20 m: brown-yellow gravel-bearing silty clay, partially sandwiched with a lenticular gravel layer, and with a 20 cm gravel layer at the bottom, which is the accumulation of top-slope alluvial deposits and is in angular unconformity contact with the underlying lacustrine strata. The stratigraphic occurrence is 103° < 0.5°.
(3) 2.20–2.79 m: yellow-brown and grey-green silty strips interlayer, each layer is about 4 cm thick, and 15 cm at the top is sandwiched with grey-white clay strips, which contains extremely thick shale strips.
(4) 2.79–4.88 m: brown-red, brown-yellow medium-fine sand, and off-white muddy strips interbedded, the muddy strips are 0.5 to 1 cm thick, and the stratum occurrence is 190° < 2.5°.
(5) 4.88–5.90 m: dark yellow-brown gravel-bearing silt fine sand and blue-grey clay silt fine sand interbedded, partially with gravel lens, top containing a calcium plate layer, and thickness of about 0.5 cm.
(6) 5.90–6.28 m: in angular unconformity contact with the overlying strata, light grey-yellow gravel-containing medium-coarse sand, developed cross-bedding, containing calcareous bands (calcium slabs), with a continuous calcium slab at the bottom 2 cm thick.
(7) 6.28–6.92 m: the stratum dip is about 7°, the yellow-brown coarse sand layer with a thickness of 6–7 cm and the grey-white semi-cemented clay medium sand layer with a thickness of 1–2 cm are interbedded. At the bottom of this layer, the gravel content increased. The particle size is 0.2 to 2 cm, the rounding is better, and the stratum occurrence is 116° < 8.5°.
(8) 6.92–7.40 m: yellow-brown medium-fine sand layer, with a gravel layer on the top and bottom, with a grain size of 0.5 to 2 cm, well rounded. The gravels are mostly sub-circular, and the stratum occurrence is 183° < 6°.
(9) 7.40–7.83 m, the upper part is an interlayer of yellow-brown medium-fine sand and blue-grey clay fine sand, and the lower part is earthy yellow sandy clay. At the bottom 7.72–7.77 m, there is a layer of coarse sand and gravel, and the gravel is well rounded.
(10) Below 7.83 m: light gray medium-fine sand with calcium board with a thickness of about 1–3 mm.
[image: Figure 3]FIGURE 3 | Photos showing four sedimentary sections at Haolaigou (P1), Bianqianghao (P2), Huhusala (P3), and Hazigai (P4).
The section is composed of lacustrine deposits in the middle. Among them, layers five and six and layers two and three are angular unconformity contacts (named as uc1 and uc2) (Figure 4). Layer six and below are all inclined at an angle of 6–8°. The thickness of layer seven gradually increases to the south of the section, indicating that the strata are still being deposited during the regressive process. Layers five to three are continuous lacustrine deposits, where sediment grains gradually become finer. Layers two and one are mainly brown-yellow, brown clay with gravels, which pseudo-integrated in contact with the bottom strata. Except for the obvious lack of simultaneous stratigraphic accumulation between the upper and lower strata, the dip of the underlying Sarawusu Formation is greater than that of the overlying Chengchuan Formation. The dip of the Sarawusu Formation is about 7°, while the dip of the Chengchuan Formation is about 3°, reflecting that an obvious tectonic movement occurred during this period. There is also a short-term lack of sedimentary strata and changes in the dip of this unconformity. The dip angle of the lower strata of the unconformity is approximately 3°, while the upper strata are nearly horizontal (Figure 3A).
[image: Figure 4]FIGURE 4 | Geological logging and correlations of four sections. The Quaternary stratigraphic chronology of the Sarawusu River area was constructed by Su et al. (1997).
Bianqianghao Section (P2)
The Bianqianghao section is located at the footwall of the easternmost Wulashan Piedmont Fault (P2 in Figure 2). The geographic coordinates of the Bianqianghao section are 40°42′56.80″N, 109°50′40.60″E, and the altitude is 1,130 m. The exposed section is about 5 m high, and the buried lower part prevents us from documenting the earlier sediment structure. The section is mainly lacustrine deposits and the top 1.5 m is covered by loess deposits. The lower 1-m part is yellow medium-coarse sand with a yellow clay layer. The average dipping angle is approximately 31°, which indicates shallow lake-shore lake deposits. The middle 2.5 m is also grey-yellow clay and fine sand layer with horizontal bedding, which suggests deep lacustrine sediments (Figure 3B). Detailed descriptions of the units are listed as follows from the bottom to the top.
(1) 0–1.5 m: yellow loess overburden.
(2) 1.5–1.7 m: greyish-yellow coarse sand layer.
(3) 1.7–2.0 m: gravel layer with certain rounding.
(4) 2.0–2.4 m: grey-yellow clay layer with horizontal bedding.
(5) 2.4–2.5 m: middle sand layer with small gravel inside.
(6) 2.5–3.5 m: fine sand layer, gradually thicker downwards, and with gravel at the bottom.
(7) 3.5–4.0 m: gravel layer with a small amount of clay layer in between.
(8) Below 4.0 m, the middle sand layer and the clay layer are interbedded, and they are in angular unconformity contact with the overlying strata. The stratigraphic occurrence is 135° < 31°.
The unconformity uc2 is located between layers seven and 8. The lower part of the unconformity surface of the section is lacustrine deposits, mostly consisting of medium-coarse sand and clay layers, which are in angular unconformity contact with the upper lacustrine stratigraphic deposits, and the dip angle of the formation is approximately 31° (Figure 3B). Moreover, the dip of the underlying Chengchuan Formation is approximately 31°, while the overlying Chengchuan Formation is nearly horizontal (Figure 3B).
Huhesala Section (P3)
The Huhesala Section (P3) is located in the western part of the Langshan piedmont fault (Figure 2 P3). The geographic coordinates of the Huhesala Section are 40°47′29.20″N, 106°32′59.40″E, and the altitude is 1,266 m. The section is approximately 8 m high, and we cannot see the end of this section. The upper part of the unconformity of the section is a layer of gravel. The grain size in this section gradually becomes finer from top to bottom, and the top is a layer of sloping material that is stacked in disorder. The lower part of the section is a brown-yellow, grey-yellow silt layer and clay layer, which are shallow lake-shore lake deposits, and the stratum dip is 15° (Figure 3C). According to the lithology and sedimentary structure characteristics, it is divided into 10 layers from bottom to top.
(1) 0–1.0 m: variegated clay layer.
(2) 1.0–1.8 m: greyish-yellow silt layer.
(3) 1.8–2.3 m: variegated clay layer.
(4) 2.3–3.0 m: greyish-yellow silt layer.
(5) 3.0–3.5 m: brown-red coarse sand layer, containing fine sand, and stratum occurrence 240° < 15°.
(6) 3.5–4.0 m: silt fine sand layer.
(7) 4.0–4.7 m: clay layer with silty sand layer, with horizontal bedding.
(8) 4.7–6.3 m: brown-yellow coarse sand layer with gravel.
(9) 6.3–7.3 m: clay layer, with horizontal bedding, with a 15 cm thick silt sand layer in the middle, a thin layer of coarse sand on the top, and stratum occurrence 235° < 11°.
(10) Below 7.3 m: greyish-yellow coarse sand.
The stratum as a whole is lacustrine strata sedimentation, with obvious tilt, and the exact position of the unconformity is not seen. It is assumed to be covered by the upper gravel collapse. No unconformity contact surface is seen in the Huhesala Section but according to the dating results, it is inferred that the unconformity surface is near the buried depth of a 2 m section (uc2). The lower strata is a sloping stratum and the dip of the underlying is approximately 15°. The upper stratum is covered and the location of the horizontal gravel at the top of the section is presumed (Figure 3C). The unconformity is located in the Upper Pleistocene Chengchuan Formation.
Hazigai Section (P4)
The Hazigai Section is located in the middle part of the Daqingshan Piedmont Fault (Figure 2 P4). The geographic coordinates of the Haolaigou section are 40°37′6.15″N, 110°32′36.49″E, and the altitude is 1,053 m. The section is approximately 7 m high and we cannot see the end of this section. The lower part of the surface is composed of lacustrine-fluvial deposits, mostly coarse sand and gravel deposits, with well-developed stratigraphic interruptions, which are in angular unconformity contact with the upper lacustrine stratigraphic deposits; the gravels are slightly oriented with a dip angle of approximately 5° (Figure 3D). According to lithology and sedimentary structure characteristics, it is divided into seven layers from bottom to top.
(1) 0–1.0 m: mixed gravel accumulation layer.
(2) 1.0–4.5 m: grey-yellow silt layer with nearly level bedding.
(3) 4.5–5.5 m: small gravel layer, gravel size of approximately 2 cm, sorting and rounding is suitable, there is a slight orientation, and there are large gravel clumps locally.
(4) 5.5–5.7 m: red-brown coarse sand layer, stratum occurrence 7° < 5°.
(5) 5.7–6.7 m: brown-yellow medium-coarse sand layer with a dip of about 5°, partially containing calcareous nodules.
(6) 6.2–6.5 m: gravel layer, the size of the gravel is about 3–5 cm, the bottom is poorly rounded, and the gravel is slightly oriented.
(7) Below 6.7 m: light gray coarse sand layer with gravel.
There are obvious differences in lithology between the 2/3 layers (uc2). Strata two is lacustrine facies stratum deposition, strata three is fluvial facies stratum deposition, the gravels in strata three and below are slightly oriented, and the sand layer is inclined. The stratum of the lower Chengchuan Formation is fluvial deposits with a dip angle of approximately 7°. The stratum of the overlying Chengchuan Formation is lacustrine deposits, and the stratum is nearly horizontal (Figure 3D).
Dating Results of the Sediments
Eight OSL samples were collected from the Huhesala section with ages ranging from 12 ka to 71 ka (Figure 4). All ages obey the normal sedimentary sequence except for the lower sample OSL-1, which was dated to be 37.06 ± 4.90 ka. This outlier may be caused by the exposure of the sample. Comparing the lithology, facies, and dating results with that of the standard sedimentary strata of the Sarawusu Formation in North China (Sun et al., 1996), the upper layers one to seven in the Huhesala section composed of lacustrine strata corresponds to the upper part of the Late Pleistocene Chengchuan Formation (70–10 ka BP) in this region (Figure 4). The lower layers eight and nine consist of lacustrine strata accumulated before 79 ka BP, which corresponds to the Late Pleistocene Sarawusu Formation (136–70 ka BP). It is the main accumulation strata of the Hetao ancient lake (Chadin et al., 1924; Sun et al., 1996; Su et al., 1997).
In the Haolaigou section, 22 ESR samples collected at a depth of 0.5 to 9 m were estimated to range from 28 ka to 211 ka (Figure 4). Except for two samples (HLG-5 and HLG-13) expressed as outlier ages, all other sample ages follow the normal sedimentation sequence. In this section, based on our dense age estimation, we suggest that layers 6 to 10 and two to five belong to the Sarawusu and Chengchuan formations, respectively. The upper unconformity was located between layers 2 and 3, inside the Chengchuan Formation, with an age range of 38–40 ka. The lower unconformity is located at the boundary of the Sarawusu and Chengchuan formations.
OSL samples BQH-1 and BQH-3 collected from Bianqianghao section were dated to be 37.06 ± 4.90 ka and 37.06 ± 4.90 ka, respectively. A sedimentary gap at the age of 47–38 ka BP exists at the unconformity surface between the layers dated by these two samples. Similar sedimentation characteristics of layers two to three in the Haolaigou section suggest that this layer could belong to the Chengchuan Formation. The unconformity is located in the Upper Pleistocene Chengchuan Formation.
In the Hazigai section, two 14C samples constrain the age of the upper silt sand layers to be 14.65–27.25 ka. The bottom four ESR samples were estimated to be 40–86 ka within a normal sedimentary sequence. The unconformity in this section is located inside the Chengchuan Formation, and its timing of 27–40 ka BP is similar to that of the upper unconformity at the Haolaigou section. However, the strata above or belonging to the unconformity are both lacustrine deposits and fluvial sediments.
Collectively, we constrained two stages of unconformity in the Haolaigou section but only one in the other three sections. The upper and lower angular unconformities are speculated to be formed between 33 ka BP and 40 ka BP, and 60 ka BP and 80 ka BP, respectively. The timings of the angular unconformities in the Bianqianghao, Huhesala, and Hazigai sections were 38–47 ka BP, 16–62 ka BP, and 27.25 ka–40 ka BP, respectively.
DISCUSSION
Quaternary Strata Framework in the Hetao Basin and Reliability of Our Dating Ages
Determining the timing of the unconformity requires us to understand the stratigraphic framework, its continuity and age. Our sedimentary section mostly deposits from ∼150 ka to ∼12 ka, which corresponds to the period of the Sarawusu and Chengchuan formations. Only one ESR sample in the Haolaigou section was 211 ± 46 ka, which may belong to the Nihewan Formation. In order to more reasonably determine the stratigraphic age of the Hetao Basin, we will compare the facies and ages of sediments in our section with the Late Pleistocene standard stratigraphic section of the Sarawusu and Chengchuan formations in this region.
The Sarawusu Formation corresponds to layers 10 and nine in the Huhesala section, Layers 15 to 18 in the Haolaigou section, and layers eight to nine in the Hazigai section. These layers mainly consist of clay, silt sand, and local gravels, indicating lacustrine facies, which is consistent with that in the standard Sarawusu Formation, as suggested by the palynological analysis (Yuan, 1978). In this region, deposits accumulated under mild and humid climates. Previous dating results suggested that the Sarawusu Formation was formed during the last interglacial period at 136–70 ka BP, corresponding to MIS5. Thus, based on the ages and sediment facies, we suggest that the Sarawusu Formation is continuous in our section, as least in the Haolaigou section.
The standard Chengchuan Formation is a fluvial facies or aeolian sand, indicating a dry and cold climate environment, but short with mild and humid stages (Yuan, 1978). Studies on organic matter content, particle size, and carbonate isotopes show that the Sarawusu Formation has higher organic matter content and finer particle size than those of the Chengchuan Formation (Sun et al., 1996; Li et al., 2001; Zhang et al., 2001). Relatively enriched CaCO3 in the Chengchuan Formation represents a humid period (Luo et al., 2002). The Chengchuan Formation formed during the last glacial period at approximately 70–10 ka BP. In our sections, the Chengchuan Formation is very continuous, as in the Huhesala and Haolaigpou sections. The deposited sediments are also consistent with the standard Chengchuan Formation (Yuan, 1978).
Additionally, seven boreholes were drilled in the Yinchuan Basin and revealed the stratum from the Lower Pleistocene to the Upper Pleistocene (Tong et al., 1995; Yang et al., 2001). As there is no obvious geomorphic boundary between the Hetao and Yinchuan Basins, the two currently connected basins may have similar sedimentary evolution characteristics and lithological combinations (Tong et al., 1998). Recent research shows that the lacustrine strata in the Yangyuan Basin are continuously deposited (Yuan et al., 1996; Min et al., 2000).
The detailed lithology description of the stratigraphic section and systematic chronological test analysis of stratigraphic samples shown that the strata in this study area are mainly the Upper Pleistocene Sarawusu and Chengchuan formation (Figure 4).
Potential Drivers for the Formation of the Late Quaternary Unconformities in the Hetao Basin
Unconformities record tectonic movements or sea-(lake) level change events or paleoclimate changes (He, 2007; Ali and Farid, 2016; Liu, 2016; Hicks and Green, 2017). The generation of angular unconformity with underlying plastic strata reflects the one-stage cyclic process from subsidence, deposition to uplift, erosion or no deposition, to subsidence and deposition, and is generally regarded as the result of tectonic events and strata uplift (Lin et al., 2008; He et al., 2011, He et al., 2015).
Two stages of angular unconformities were discovered at the northern edge of the Hetao Basin. Chronological constraints of the sediments below or above the unconformity surface suggest that the discontinuity time of the deposition is short. The earlier unconformity surface (uc1) of the Haolaigou section is a sedimentary discontinuity between the Sarawusu and Chengchuan formations. However, the late unconformities (uc2) in the Huhesala, Bianqianghao, and Hazigai sections appeared within the Chengchuan Formation.
Climate Changes
As all sections are located at the margin of the basin and due to the low-dipping angle of layers at each side of the unconformities (such as uc1 in Haolaigou and Hazigai sections), the retreat-progress sequence may result in the formation of unconformities. The Hetao Basin is located in the Inner Mongolia, northern China. And this area is along the margin of the East Asian monsoon region. So, the area is sensitive to climatic changes, which may be reflected in the strata deposition break. In this scenario, the bottom sediments underlying the unconformities will show a cold-dry climate, whereas the upper strata will show a warm and humid climate. The unconformities were formed during the transition from cold to warm climate (Figure 5). Thus, to discern the relationship between the unconformities and climatic changes, we correlated its timing with oxygen isotope curves (Figure 5).
[image: Figure 5]FIGURE 5 | Correlations between the timing of unconformities derived from four sedimentary sections and climatic change curves during the Late Quaternary. Marine oxygen isotope curve and (GISP) are from Shackleton et al. (1983) and Yao (1999), respectively. Light blue regions show the interval of the sedimentation (uc1 and uc2).
In Figure 5, uc1 and uc2 are formed during marine isotope stages MIS4 and MIS3. The strata below uc1 in the Hazigai accumulated at MIS 5a, when the climate is warm and humid. The above sediments were deposited at the transition of MIS four to MIS 3. Additionally, the timing for the formation of uc2 occurs during MIS3 or the transition from MIS 3b to 3a. During this period, the climate changed from warm and humid to cold and dry conditions, which contradicts the climate-driven mechanism.
On the other hand, if the unconformities were derived from climate change, the deposits within the basin or far from the basin margin will not show unconformities at the climate transition. Thus, we compiled the results of two cores within the Hetao Basin (Figures 2, 6).
[image: Figure 6]FIGURE 6 | Correlations of two drilling cores in the Hetao Basin based on the lithology and dating ages. Borehole locations are shown in Figure 2. The lithology and ages for these cores are from Jianbiao Li et al. (2007) (ZKHB) and Jiang et al. (2013) (HJY).
Borehole ZKHB located in the north of the Tuoketuo platform shows an unconformity at a depth of 64.22 m formed during 271 ± 40–108.7 ± 7.8 ka BP (Li et al., 2007). The lithology of the strata below the unconformity surface is gravel, mixed sand, coarse sand-fine sand, silt sand, clay-gravel, mixed sand, and coarse sand, which reflects the lakeside-shallow lakeside lake face. Borehole HJY located at the front edge of the Tuoketuo platform also shows an unconformity at 12.77 m with a timing range from 116 ± 4.7 ka BP to 80.7 ± 4.2 ka BP (Jiang et al., 2013). The top stratum is brown-yellow silty clay and clayey silt, which is aeolian loess accumulation. The lower lacustrine sediments consist of pale yellow-green-grey-brown powder-fine sand and silt clay. Collectively, these two unconformities formed at the center of the basin may occur during the climate transition from warm to dry.
The formation time of the unconformities in our study appear to coincide with the glacial-interglacial transition periods. During warm stages, stream flows are increased, and lake deposits are continued. While, at the cold stages, the stream flows were reduced, and the lacustrine sedimentation was discontinued. The above evidence indicates that climate change is not the major factor in the formation of these unconformities.
Tectonic Activity
Studies on active faults and paleo-earthquakes have shown that the series of faults controlling the Hetao Basin are all Pleistocene-Holocene active faults. There are multiple mid-late Pleistocene step landforms along the piedmont zone (Wu et al., 1996). Furthermore, the paleo-seismic studies revealed multiple ancient seismic events (Ran et al., 2003; He et al., 2015). Drilling data in the Hetao Basin reveals that the maximum deposition thickness of the basin since the Quaternary is >2400 m, and the conversion of river-lacustrine deposition to aeolian deposition has occurred in multiple stages (Li et al., 2017). Previous authors based on thermochronology, regional stratigraphy, and structural geomorphology have shown that the mountains to the north of the Hetao Basin and the subsiding basins have experienced multiple periods of tectonic uplift, erosion and flattening. Their tectonic uplift mode suggests tectonic tilt of the rising faults footwall. (The Research Group on Active Fault System around Ordos Massif, State Seismological Bureau (RGAFSO), 1988; Cheng et al., 2000; Wu and Wu, 2003).
The Haolaigou and Hazigai sections are located in the footwall of the Daqingshan Fault. The Huhesala section is located in the footwall of the Langshan Fault. Meanwhile, the Bianqianghao section is located in the hanging wall of the Wulashan Fault (Figure 7). The vertical sliding rate of the Daqingshan Fault zone has been 1.16–1.78 mm/a in 100 ka, 1.84–2.16 mm/a in 24 ka, 0.34–1.72 mm/a in the Holocene (Wu et al., 1996; Li et al., 2007). The vertical sliding rate of the Wulashan Fault zone has been 1.38–1.80 mm/a in 100 ka, 0.16–1.92 mm/a in 24 ka, and 0.55–0.77 mm/a in the Holocene (Li et al., 2007). Research on the slip rate of the Langshan Fault scarce. But existing research results show that the maximum uplift rate of the footwall is 3.6 mm/a since the end of the late Pleistocene. The maximum vertical sliding rate is 2.2 mm/a in the Holocene (Wu et al., 1996). In addition, due to the counterclockwise rotation of the Ordos Block, left-handed strike-slip motions occurred in the east-west-trending faults at the periphery (Xu et al., 1992; Zhang et al., 2018; Shi et al., 2020). Therefore, after the deposition of the lacustrine strata, along with the enhancement of the fault activity, the tilting movement of the footwall of the fault continued to occur, which eventually led to the deformation of the lacustrine stratigraphic deposits since the late Pleistocene. That is the formation of the unconformities we found in the Hetao Basin.
[image: Figure 7]FIGURE 7 | The position of the study section and the fault. P1: Haolaigou Section; P2: Bianqianghao Section; P3: Huhesala Section; P4: Hazigai Section. F1: Daqingshan Fault; F2: Wlashan Fault; F3: Langshan-Seertengshan Fault; F4: North Ordos Fault; F5: Helingeer Fault. The attitude of strata marked on above is the attitude of the deformed strata below the unconformity surface. The attitude of P1 is the formation transition below uc1.
The angular unconformity in a specific geological area is an important basis for determining the evolution stage of the regional crustal structure (Wan, 2011). The dipping angle of the lower strata underneath the angular unconformities gradually decreased from west to east, and gradually became a parallel unconformity contact in the eastern edge of the Hetao Basin. Therefore, the formation of the angular unconformity is mostly related to tectonic activity. Additionally, river terraces T4 to T1 in the Langshan area west of our sections suggested four stages of incision at 58.00–51.61, 46.25–41.28, 32.19–23.22, and 15.79 ka BP to present, respectively (Jia et al., 2015). The formation of the fourth-level river terraces is the result of the combined effects of climate change and tectonic movement (Jia et al., 2015, Jia et al., 2016). This time corresponds to the formation of the unconformity in the Hetao Basin. It suggests that the unconformity may be generated by the mountain uplift in the north Hetao Basin, leading to the exposure of the edge of the Hetao paleo-lake. Therefore, we suggest that the formation of unconformities in the northern Hetao Basin may be affected by climatic changes, but mainly controlled by tectonic movement.
Regional Issues of the Tectonic Movement Found in the Northern Hetao Basin
The unconformity that appeared at the northern margin of the Hetao Basin represents this tectonic movement that affected the Ordos block and its periphery. The lacustrine stratigraphic profile of the Tuoketuo platform in the southeast of the Hetao Basin also shows that the loess layer with a thickness of about 2.6 m and an accumulation of about 82 ka, containing calcareous nodules the underlying Sarawusu Formation and the overlying Chengchuan Formation all present an angular unconformity contact (Li et al., 2007), and the loess accumulation itself reflects the lack of sedimentary strata between the Sarawusu Formation and the Chengchuan Formation. The ancient Nihewan lake completely disappeared in the early Late Pleistocene (about 130 ka). 130–70 ka is a sedimentary intermittent period that represents the uplift and erosion stage of the lake basin. It is covered by the late Pleistocene Malan loess and paleosol (47–19 ka) (Min et al., 2006). The fault activity in the Weihe Basin on the southern margin of the Ordos block reflects the existence of a strong fault and the formation of an angular unconformity about 120 ka ago (Tian et al., 2003). In addition, the formation time of the unconformities we found in the Hetao Basin coincides in time with the uplift rate changes of the Ordos Block region since the formation of the 76.4 ka BP wide valley terraces in the Jinshan Gorge section of the Yellow River, from less than 0.23 mm/a to more than 0.77 mm/a (Cheng et al., 1998). This period of intense land-making and uplift is reflected by the Late Pleistocene uplifting period shown by the T3 terrace of the Yellow River near Linxia and the T3 terrace of the Xining to Huzhu section of the Huangshui River (the second tributary of the Yellow River) in the eastern margin of the Qinghai-Tibet Plateau (Li et al., 1996; Lu et al., 2004). Although, the above mentioned Late Pleistocene tectonic events have a certain time gap, it can be considered that the tectonic movement discovered in the northern Hetao Basin since the mid-late Pleistocene is not local, but is widely distributed in the North China Craton, that is, this tectonic movement has the basic characteristics of regional tectonic movement, and its manifestations are also diverse.
Furthermore, the NNE trending system of the Shanxi faulted basin belt shows right-lateral strike-slip movement, including the Xizhoushan West Foot Fault, Huoshan Piedmont Fault, Helanshan East Foot Fault, Yellow River Fault, Luoshan Fault, etc. The left-handed strike-slip movement from the NWW toward the Daqingshan piedmont fault, Tieluzi fault, Cixian-Daming fault, Zhangjiakou-Penglai fault zone, etc. (Xu et al., 1993; Jiang and Zhang, 1997; Middleton et al., 2016), and a series of spade-shaped faults in the North China Plain during the middle and late Middle Pleistocene to the early late Pleistocene, and most of the seismogenic faults of historical major earthquakes in the North China Plain are NNE-NE and NWW-NW-trending new strike-slip faults (Xu et al., 2015). They may be closely related to the tectonic movement discovered in the Hetao Basin. Therefore, the tectonic movement represented by the series of angular unconformities discovered in the northern margin of the Hetao Basin is the latest tectonic movement since the mid-late Pleistocene of the North China Craton destruction zone.
Therefore, the latest tectonic movement in the Hetao Basin began in the early and mid-late Pleistocene ca. 80 ka. It is the result of the joint effect of the westward subduction of the Pacific Plate and the Philippine Sea Plate, the uplift of the material in the north-eastern part of the Qinghai-Tibet Plateau, and the acceleration of the NE direction slip on the North China region. This reflects the same tectonic stress field consistent with the current GPS velocity field and focal mechanism solution. The Ordos Block and its surrounding area are affected by regional NE-SW principal compressive stress and NW-SE advocating stress. Specifically, the Shanxi and Yinchuan Basins on the east and west sides are right-handed oblique shear transtensional zones, while the Weihe and Hetao Basins on the north and south sides are left-handed shear extensional zones (Xu et al., 1992; Zhang et al., 2006, 2018, 2019; Cui et al., 2016; Shi et al., 2020).
CONCLUSION

(1) Analysis of the lithology and structure of the four Upper Pleistocene stratigraphic sections of the Hetao Basin shows that multiple angular unconformity events have been recorded in lacustrine strata with a thickness of nearly 10 m. The tectonic movements they represent occurred during the Late Pleistocene (80 ka BP).
(2) The unconformities may be widely distributed in North China and may be the direct products of the latest Quaternary and ongoing tectonic movements. This tectonic activity not only caused varying degrees of deformation in the lower strata of the unconformity but also led to the eventual demise of the ancient Hetao lake in the Hetao Basin. The rapid regional land lifting movement of the Ordos Block since 76.4 ka BP should also be a concrete manifestation of this tectonic movement.
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