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The Yumu Shan is located at the northern margin of the Tibetan Plateau in northwest China. It is characterized by the development of several northeastward-protruding arcuate geomorphic bulge belts on its north slope. These bulge belts are distributed along the Wutongquan spring, the ancient Camel City, and the Xiaogengzi area, and south to Gaotai City in the Hexi Corridor. In this study, our detailed field mapping and structural analysis reveal northeastward active anticline folding along the curved bulge belts and related lacustrine sediments in their hinterlands. Radiocarbon dating of plant charcoal samples from lacustrine sedimentary layers yields a 14C age of AD 178 ± 42. This age is close to the time of the 180AD/Ms7.5 earthquake at Biaoshi City (i.e., the ancient Zhangye City) during the Eastern Han Dynasty. The similarity between seismic events and sedimentary age leads us to infer that the charcoal in the lacustrine layer records a major flood event related to the Biaoshi earthquake. We propose a fault-related fold model for the formation of the arcuate bulge belts and related sediments. First, a series of historical earthquake activities in the Holocene, especially the 180AD/Ms7.5 Biaoshi earthquake, may have led to active blind thrust faulting in the northern margin of the plateau. Then, blind thrusting may have resulted in fault-related anticline folding, causing the formation of geomorphic bulges. The latter acts as a flood-retaining dam, resulting in hinterland deposition of lacustrine sediments. For this reason, we suggest that seismogenic blind thrust faulting is responsible for the uplift and northward growth of the Tibetan Plateau. As the northernmost blind thrust in this area, the Xiaogengzi Fault could be considered the North Boundary Thrust (NBT), which defines exactly the northern margin of the plateau.
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INTRODUCTION
The most significant consequence of the continental Indo-Asian collision in the Cenozoic was the formation of the Himalayan–Tibetan orogen and the growth of the Tibetan Plateau due to the ongoing penetration of the Indian plate into the Eurasian plate (Tapponnier et al., 1982; Tapponnier et al., 1986; Royden et al., 1997; Clark and Royden, 2000; Yin and Harrison, 2000; Yin, 2006; Royden et al., 2008; Yin, 2010; Wang et al., 2014; Chen et al., 2022a; Gao et al., 2022). As a far-field response to the collision, the Cenozoic Qilian Shan–Nan Shan (Shan means “mountain” in Chinese) fold-and-thrust belt formed in the northern Tibetan Plateau (Yin et al., 2002; Yin et al., 2008a; Yin et al., 2008b; Chen et al., 2010; Zhang et al., 2017; Cheng et al., 2021), leading to the formation of the Hexi Corridor as its foreland basin. Some studies have proposed that the collision between the Lhasa and Qiangtang terranes from the latest Jurassic to the earliest Cretaceous time may have played an important role in the formation of the northern Tibet Plateau (Coward et al., 1988; Harris et al., 1988; Kidd and Molnar, 1988). Recently, our study revealed Mesozoic deformation, especially Early Cretaceous compressional deformation, significantly controlled the Cenozoic evolution of the northern Qilian Shan (e.g., Chen et al., 2019b; Li et al., 2021; Wu et al., 2021; Wang et al., 2022). At the northern margin of the plateau, many modern earthquakes occurred in the junction region between the Qilian Shan and the Hexi Corridor (Molnar, 1988; Zhang et al., 2004; Sukhija et al., 2006). However, the characteristics of active crustal deformation and the assessment of strong earthquakes remain in dispute in this region (Yu et al., 2021).
The identification of seismogenic faults of large historic earthquakes has great significance for determining seismic mechanisms and faulting behaviors in regions experiencing active tectonic deformation (Huntington et al., 2006; Chen et al., 2021). The Yumu Shan region is a major and seismically active thrust belt located at the junction of the Qilian Shan and the Hexi Corridor in the northern Tibetan Plateau (Chen et al., 2019a). It is considered to be the northward-expanding front of the Tibetan Plateau and is characterized by steep tectonic relief (Chen et al., 2022b). Previous research has revealed that the region suffered multi-phase deformations in the Mesozoic and Cenozoic (Vincent and Allen, 1999; Chen et al., 2019a; Wang et al., 2022), especially intensive folds and thrusts formed in the Quaternary (Tapponnier et al., 1990; Chen et al., 2006; Chen et al., 2008; Yang et al., 2018a; Yang et al., 2018b; Ren et al., 2019). Major active thrust faults around the Yumu Shan play an important role in releasing the strain energy accumulated during the Indo-Asian collision and the formation of large earthquakes. Therefore, the Yumu Shan region provides an excellent natural laboratory in which to study active deformation in an intraplate seismic environment.
In this study, we conducted systematically detailed geological mapping and structural analysis in the field to determine the Cenozoic deformational pattern of folding and blind thrusting in the Yumu Shan region of the northern Tibetan Plateau (Figure 1). We adopted radiocarbon dating of plant charcoal samples to test potential links between the notorious 180AD/Ms7.5 Biaoshi earthquake during the Eastern Han Dynasty, blind thrusting along the Xiaogengzi Fault, and lacustrine sedimentation.
[image: Figure 1]FIGURE 1 | Simplified fault system of the Tibetan Plateau, modified from Yin et al. (2008a), Yin et al. (2008b), Chen et al. (2019a), and Chen et al. (2022a). HTOB, Himalaya–Tibetan Orogenic Belt. Faults: ATF, Altyn Tagh; NQLF, North Qilian; NQF, North Qaidam; HF, Haiyuan; TF, Tianjingshan; ZF, Zuunbayan; RRF, Red River; XRF, Xianshui River; EKF, East Kunlun. TSFS, Tianshan strike–slip fault system. STD, South Tibet Detachment; MCT, Main Central Thrust; MBT, Main Boundary Thrust; MFT, Main Frontal Thrust. Rift systems: YCR, Yinchuan; YLR, Yili; QTR, Qinghai–Tibetan. DH, City of Dunhuang. The rectangle shows the location of Figure 2.
GEOLOGICAL SETTING
The Qilian Shan is an Early Paleozoic orogen and reactivated the Cenozoic fold-and-thrust belt along the northern margin of the Tibetan Plateau in the northernmost part of the Tethys regime (Figure 1; Yin and Harrison, 2000; Xiao et al., 2009; Yin, 2010; Song et al., 2014; Li et al., 2018; Zuza et al., 2018; Zuza et al., 2019; Li et al., 2019; Li et al., 2020; Chen et al., 2019a; Chen et al., 2022a; Wu et al., 2021; Cheng et al., 2021; Gao et al., 2022). It is bounded by the left-lateral strike–slip Altyn Tagh fault, the North Qaidam fault, and the North Qilian fault (NQLF). The left-lateral strike–slip Haiyuan fault and the Tianjingshan fault together define the northeastern marginal zone of the Qilian Shan. These two left-slipping faults are kinematically connected to the WNW-striking thrust fault system in the hinterland of the Qilian Shan to the west and in the NNW-striking Liupanshan thrust to the east. The Early Paleozoic Qilian orogen has experienced the subduction of the North Qilian Ocean and collisional orogeny between the East Kunlun–Qaidam–Central Qilian and Tarim–North China blocks (Gao et al., 2022). During the Indo-Asian continental collision in the Cenozoic, the Qilian Shan served as the northernmost front of the Tibetan Plateau (Wang et al., 2014). The uplift of the Qilian Shan was due to the continuous extrusion of the Tibetan Plateau (Métivier et al., 1998; Meyer et al., 1998; Tapponnier et al., 2001). The cooling history of the northern Qilian Shan (20∼10 Ma, George et al., 2001; 17∼15 Ma; Yu et al., 2019) shows exhumation and northeastward expanding in the northern margin of the plateau since the Miocene.
The Hexi Corridor is a major seismically active belt in northwestern China. It is an elongated basin located between the Qilian Shan in the south and the Alxa Terrane in the north. The Hexi Corridor basin is bounded by the NQLF to the south and the Longshoushan fault to the north (Figure 2). Generally, it is considered the foreland basin of the Qilian Shan and the northernmost expansional front of the Tibetan Plateau (Tapponnier et al., 1990; Li et al., 1999; Hetzel et al., 2004; Chen et al., 2006; 2008; Zhang et al., 2017; Yang et al., 2018a; Yang et al., 2018b). Previous studies have revealed a south-dipping blind thrust (i.e., the Kuantanshan Fault) in the Jiayuguan, west of the Hexi Corridor. The fault is considered the North Boundary Thrust (NBT) of the Tibetan Plateau in that region (Gao et al., 1998). North to the Hexi Corridor, the north-dipping South Heli Shan thrust leads to the uplift of the Heli Shan during 4–1 Ma (or since ca. 2 Ma), implying that the northeastward expansion of the Tibetan Plateau may have crossed over the Hexi Corridor to the north (Zheng et al., 2013).
[image: Figure 2]FIGURE 2 | Geological map of the Yumu Shan and surrounding region in northern Qilian Shan and Hexi Corridor, modified from Chen et al. (2019b) and Wang et al. (2022). Locations of earthquake events are from Ren et al. (2019). The green dashed circle shows our suggested location for the 180AD/Ms7.5 Biaoshi earthquake. ALX, Alxa block. Qh, Holocene. Qp, Pleistocene. N2, Pliocene. N1, Miocene. E, Paleogene. K1, Lower Cretaceous. J, Jurassic. T, Triassic. P, Permian. C2 and C1, Upper and Lower Carboniferous. D, Devonian. S3, S2, and S1, Upper, Middle, and Lower Silurian. O3, O2, and O1, Upper, Middle, and Lower Ordovician. CMF, Changma Fault. NQLF, North Qilian Fault. NYMF, North Yumu Shan Fault. SYMF, South Yumu Shan Fault. LSF, Longshoushan Fault. LYF, Liyuanpu Fault. SNF, Sunan Fault. DGF, Dagengzi Fault. XGF, Xiaogengzi Fault. YMK, Yumu klippe. The location of Figure 3 is represented with a red rectangle.
Between the Qilian Shan and the Hexi Corridor, the Yumu Shan is a locally high elevation and a key junction zone for understanding the uplift and northeastward expansion of the Tibetan Plateau (Figure 2; Chen et al., 2017; Yang et al., 2018a; Yang et al., 2018b; Chen et al., 2019b). It is also a boundary separating the Hexi Corridor basin from the Jiuquan Basin in the west and the Minle Basin in the east (Figure 2). Recently, an earlier Early Cretaceous large-scale thrust and nappe system was recognized in the Yumu Shan and its surrounding region, with the North Qilian Fault (NQLF) as the root zone of the system (Chen et al., 2019b). The development of later Early Cretaceous right-lateral strike–slip faulting and extensional graben basins confirms the formation of the Yumu Shan thrust and nappe system (YMTS) in the earlier Early Cretaceous, as a far-field response to the Lhasa–Qiangtang collision in the south (Wang et al., 2022).
The Yumu Shan is occupied mainly by Silurian flysch formations of graywackes, siltstones, and slates (Figure 2; Chen et al., 2019b). Devonian volcanic and pyroclastic rocks, conglomerates, and glutenites are locally exposed in the Yumu Shan and its surrounding areas. The Permian is composed of glutenites, sandstones, calcareous sandstones, siltstones, and black mudstones outcropping south to the Yumu Shan. The Triassic sandstones, siltstones, and slates, and the Lower Jurassic conglomerates, sandstones, shales, and coal seams are sporadically and locally exposed. The Cretaceous, Neogene, and Quaternary strata are widely exposed in the peripheral zones of the Yumu Shan. The Cretaceous is characterized by purplish-red conglomerates, sandstones, argillaceous siltstones, mudstones, and marls, and by local outcrops of basaltic andesites and tuffaceous sandstones. The Neogene consists of pebbly sandstones, argillaceous siltstones, sandy mudstones, and marlites. The Quaternary comprises alluvial–proluvial, aeolian, lacustrine, swamp, and chemical deposits, and moraine conglomerates of the Yumen Formation (Figure 3; BGGP, 1971; BGGP, 1973).
[image: Figure 3]FIGURE 3 | (A) Google Earth image of northern Yumu Shan. (B) Geological map of northern Yumu Shan based on our field observations. Modified from Chen et al. (2019b) and (Wang et al., 2022). Historical earthquake events are from Ren et al. (2019). Legends: 1—Holocene diluvial deposits; 2—Holocene lacustrine sediments; 3—Holocene aeolian sediments; 4—alluvial–pluvial deposits of the Upper Pleistocene; 5—Lower Pleistocene Yumen Formation; 6 and 7—upper and lower members of the Neogene Shulehe Formation; 8 and 9—upper and lower subgroups of the Lower Cretaceous Xinminpu Group; 10—Middle Permian Yaogou Formation; 11—Upper Carboniferous Yanghugou Formation; 12—Devonian Shaliushui Formation; 13, 14, and 15—third, second, and first members of the Middle-Lower Silurian; 16—Devonian syenogranite; 17—conglomerate; 18—sand conglomerate; 19—geological boundary; 20—parallel unconformity; 21—angular unconformity; 22—thrust fault; 23—blind fault; 24—strike–slip fault; 25—anticline; 26—syncline; 27—overturned anticline; 28—overturned syncline; 29—bedding; 30—overturned bedding. Locations of Figures 4A–D–4D, 5A–D–5D, 6, 7 are shown as rectangles. (C) Geological cross section (profile A–B) from the Yumu Shan to the Hexi Corridor.
Magmatic plutons are not popular in the Yumu Shan and surrounding area. There are some small-sized Early Paleozoic granitoid intrusions outcropping in the Jinyaosi area south to the Yumu Shan (Figure 2). Some small-sized Devonian syenogranite intrusions occur in the Silurian and Devonian strata in the Yumu Shan area (Figure 3; BGGP, 1971; BGGP, 1973).
STRUCTURAL ANALYSES
The fieldwork described in this study primarily focused on regional geological surveying and thematic structural geological mapping of key locations in the northern Qilian Shan and the Hexi Corridor using Google Earth image interpretation, strata relationship and tectonic relief comparison, structural analysis, and growth strata determination (Chen et al., 2019a; Chen et al., 2019b; Wang et al., 2020; Chen et al., 2022b; Wang et al., 2022). Our results reveal the multi-stage tectonic deformation that developed in the northern margin of the Tibetan Plateau, including the YMTS and the active fault system (Figures 2, 3).
The Yumu Shan thrust and nappe system (YMTS)
The YMTS is mainly composed of a series of NW- and NWW-striking thrust faults, folds, and klippes, including the NQLF, the Su’nan Fault, the South Yumu Shan Fault (SYMF), and the North Yumu Shan Fault (NYMF) (Figure 2; Chen et al., 2019b).
The root zone of the YMTS is located at the Fodongmiao–Hongyazi–Su’nan segment of the NQLF, which forms the northernmost front of the Qilian Shan. As the main thrust fault, the NQLF developed in the earlier Early Cretaceous and was reactivated in the Cenozoic (Chen et al., 2019b; Wang et al., 2022). It controlled the deposition of the Jiuquan Basin in the earlier Early Cretaceous.
The middle zone of the YMTS developed between the NQLF and the SYMF. Deep seismic reflection profiling reveals that the stratigraphic occurrence of the autochthonous (in situ) system in the middle zone is obviously vertically stratified (Wang et al., 2022). From the lower layer to the top, there is a south-dipping thrust duplex developed in the Silurian strata, north-dipping overthrusts and fault-related folds formed in the Carboniferous and Permian strata, and gently folded Early Cretaceous basin sediments (Chen et al., 2019b; Wang et al., 2022). A series of klippes developed in the middle zone, including the Early Paleozoic granite intrusions exposed in the Jinyaosi and Panjiawan areas, the Silurian strata fragments scattered in the Early Cretaceous basin, and the remnant Carboniferous, Permian, Triassic, and Jurassic strata (Figure 2). The Neogene overlies the Cretaceous and scattered pre-Cretaceous klippes in the middle zone, with unconformity contact.
Our field investigation revealed that the Silurian flysch formation in the Yumu Shan is surrounded by thrust faults (i.e., the SYMF in the south and NYMF in the north), forming a klippe structure in the YMTS (Figures 2, 4). The SYMF is a northeast-dipping thrust fault exposed in the southern margin of the Yumu Shan (Figures 2, 3). It strikes ∼120°–140° and dips ∼30°–50° to the south. The NYMF is a thrust fault developed on the northern front of the Yumu Shan (Figures 2, 3). It strikes ∼110° and dips ∼35° to the north. The SYMF juxtaposes the Lower-Middle Silurian flysch over the Lower Cretaceous red beds and is unconformably covered by Quaternary strata (Figures 4A, D). Along the south-dipping NYMF, the Silurian strata are thrusted over strongly folded Devonian conglomerates and Lower Cretaceous red beds, and they are unconformably covered by folded Neogene strata (Figure 4B). In the northern slope of the Yumu Shan, the Carboniferous strata are surrounded by thrust faults (Figure 4C) and constitute a structural window with the Devonian in hanging walls (Figure 3). To the north, we did not observe additional klippes. Therefore, we conclude that the Yumu Shan is the frontal zone of the YMTS and that the NYMF is its northern front (Figures 2, 3).
[image: Figure 4]FIGURE 4 | Field photographs from the Yumu Shan region, displaying contacts between the Lower Cretaceous (K1) and overlying sequences. Photograph locations are shown in Figure 3. (A) SYMF placing the Silurian system (S1-2) over the Lower Cretaceous strata (K1). Pz, Paleozoic strata in north Qilian Shan. (B) NYMF placing the Silurian system (S1-2) over the Lower Cretaceous strata (K1) and unconformably covered by Neogene strata (N). (C) NYMF placing the Carboniferous strata (C3) over the Lower Cretaceous strata (K1) and unconformably covered by Quaternary strata (Q). (D) SYMF placing the Silurian system (S1-2) over the Lower Cretaceous strata (K1) and unconformably covered by Quaternary strata (Q).
The Hexi corridor active fault system
The Hexi Corridor active fault system is the reactivation and northward expansion of the YMTS since the Miocene (Chen et al., 2019b). In the Yumu Shan and adjacent area, the Hexi Corridor active fault system consists of a series of blind thrusts such as the Dagengzi Fault (DGF; also named the Gaotai Station Fault; Chen et al., 2006) and the Xiaogenzi Fault (XGF) in the northern front of the Yumu Shan, the westward extending strike–slipping of the SYMF (Figure 2), and the extensional normal faulting along the Zhangye Fault near Zhangye City.
There are two to three or four rows of nearly parallel bulge belts along the northern front of the Yumu Shan, south of the ruins of Camel City, once the capital city of the ancient Beiliang Kingdom (AD 397–439) and an important town in the Tang Dynasty (AD 618–907). The bulge belts are exposed as curved linear structures in the late Pleistocene (Qp) alluvial fan, with a span of ca. 6 km and northeastward protruding. Google Earth image interpretation and structural geological mapping in the field revealed active blind and locally exposed thrust faulting along these belts. There are three to four south-dipping thrust faults, particularly the DGF, XGF, and their branch faults. The XGF splits into two or three WNW-striking thrusts in the Wutongquan area to the west, and it merges into the NW-striking Gaotai Station Fault (another name of the XGF) to the east (Figure 3).
The bulges are mainly composed of upper Pleistocene (Qpapl) and Holocene (Qhapl) deluvial–diluvium deposits (Figures 5A,B). These are mainly composed of sand and gravel layers with sandstone, with bedding and an inconspicuous layered structure. The bulges in the eastern segments, with heights of 1–5 m in general and ca. 8 m locally, are obviously of greater height than those in the western segments. The existence of tectonic relief (Chen et al., 2022b) between the bulges and the Holocene slope surface implies the overthrust of the bulges onto the slope. The hinterland of the thrust-related bulge belts is dominated by widely exposed Holocene lacustrine sediments (Figure 3).
[image: Figure 5]FIGURE 5 | ross-sectional view of the Dagengzi anticline belt. The bulge-shaped belts in the surface indicate fault-propagation folding of the Holocene surface (Qh) and blind thrust along the Dagengzi Fault (DGF). The upper right corner shows a structural model for the fault-propagation fold (A,B). Another cross-sectional view of the Dagengzi anticline belt. The bulge indicates fault-bend folding of the Holocene surface (Q4) and thrusting ramp and flat of the DGF. The upper right corner shows a model for the fault-bend fold (C,D). Bedding is expressed as the dipping direction and dip angle. Qp3apl—alluvial–pluvial deposits of the Upper Pleistocene; Qhapl—Holocene alluvial–pluvial deposits; Qhpl—Holocene diluvial deposits. See location in Figure 3.
Detailed structural analyses revealed that the geomorphic bulges are developed on hanging walls of blind thrusts, such as the Dagengzi and Xiaogengzi thrust faults, forming thrust-related anticlines (Figure 5). The bulges are characterized by asymmetric geometry, with steep limbs (dip angle of ca. 33°) in the north and relatively gentle limbs in the south (dips of ca. 23°–11°), indicating the south-dipping obduction of the DGF. At the rear edge (i.e., the south side of the arc-shaped anticline belt), an ancient lake formed with Holocene lacustrine deposits of argillaceous sandstone, with a thickness of several meters to tens of meters (Qhpl; Figure 5). An angular unconformity and relatively tilted lacustrine sediments can be found between lacustrine deposits and folded bulges (Figures 5A, B), which may imply lateral current scouring on the bank of the ancient lake.
In some cases, the south-dipping DGF is exposed at the surface (Figures 5C, D), indicating progressive thrusting along the fault. For example, deformation patterns, such as the fault-bend fold shown in Figures 5C, D, could be the progressive development of the fault-propagation fold in Figures 5A, B. In this case, the Holocene lacustrine growth strata sequence formed in the rear edge of the bulge, recording progressive movement along the DGF, and the rotation of the rear limb of the anticline in the south (Figures 5C, D).
Multi-phase deformation recorded in lacustrine sediments
A series of thrust faults can be seen along the bulge belts and the inner sedimentary basin in the south. The faults are south-dipping at a medium-low angle, with the formation of a strong schistosity fault gouge along low-dipping areas locally. The faults typically have ramp-flat geometry. The fault-flat surface is distributed along different lithologic interfaces. The fault ramps upward across the bedding, and piggyback folds develop on the fault ramp plane, with the hanging wall fault ramps exposed. S-shaped folds can be seen in the Holocene lacustrine deposits on the hanging walls of the faults.
The lacustrine deposits constrained by the thrust-related anticline belts record multi-phase compressional deformation, including overstep-propagated imbricate thrusts. The most significant record is a series of growth strata and folded beddings (Qhl1) in the hanging wall of the thrusting DGF, which is covered by horizontal bedding of the youngest stratum (Qhl2) (Figure 6). First-phase thrusting along the DGF and thrust-related folding are recorded by the growth strata GS-1 (Qhl1), with a thickness of ca. 60 cm, implying the initiation of the DGF and the formation of the anticline bulge in the early Holocene. Growth strata GS-2 (Qhl2), with a thickness of ca. 0.5∼2.0 m, overlie the S-shaped folds of GS-1, which are composed of the observed Holocene lacustrine sedimentary rocks, implying the formation of the GS-2 during the second stage of folding (Figure 6).
[image: Figure 6]FIGURE 6 | ross-sectional view of the Dagengzi Fault (DGF), showing imbricated thrusting along the blind DGF and folding of multi-stage growth strata. GS-1 and GS-2, two-stage growth strata. Qp3apl, alluvial–pluvial deposits of the Upper Pleistocene. Qhl1 and Qhl2, lower and upper layers of the Holocene lacustrine sediments. See location in Figure 3.
RADIOCARBON DATING
Sampling and method
In this study, we adopted radiocarbon (14C) dating of plant charcoal to determine the depositional age of the thrust-related lacustrine layer. We collected plant charcoal sample ZG20180913-2(7A) from the Holocene lacustrine deposits for 14C dating (Figure 7). The sample is located in one layer of the growth strata sequence in the hinterland of the south-dipping DGF south of Camel City. Plant carbon debris (i.e., charcoals and burnt ashes) had been observed in the lacustrine layers, indicating that human activities or natural fires occurred there during the deposition stage of the lacustrine sedimentary materials. The ages of plant charcoals should be some records related to the thrusting along the DGF.
[image: Figure 7]FIGURE 7 | Structural analysis of the Dagengzi Fault (DGF). (A) Cross-sectional view of the blind DGF, showing the growth strata (GS), broken anticline, and sample locality of the plant charcoal. Qhl —Holocene lacustrine sediments. (B) Occurrence of the plant charcoal layer in the Holocene lacustrine argillaceous siltstone formation. (C) Charcoal sample in detail. See location in Figure 3.
The charcoal sample was analyzed at Beta Analytic Inc. in the United States (lab test number Beta-507474) for 14C AMS dating. Radiocarbon age was measured by accelerator mass spectrometer (AMS) and was referenced to the year A.D. 1950. The analytical uncertainty was reported at 2σ. Dendrochronologically calibrated calendar age, by Method A from CALIB Radiocarbon Calibration Version 7.0, was adopted (Stuiver and Reimer, 1993).
Measurement and result
Radiocarbon dating yielded an age in the range of 1830 ± 30 years Cal BP (Table 1; Figure 8). The δ13C value of the sample was measured using an isotope ratio mass spectrometer (IRMS) at −23.9‰. This ratio was later used in the calculation of the radiocarbon age and error to correct for isotopic fractionation. The result reported the values of the sample measurement from the accelerator mass spectrometer (AMS), which were percent of modern carbon of 79.63 ± 0.30% pMC, fraction of modern carbon δ14 of −203.73‰ ± 2.97‰, and fraction of carbon δ14 of −210.25‰ ± 2.97‰ (1950: 2,018.00). The conventional age of the sample is 1810 ± 30 BP, whereas its calibrated age by BetaCal3.21 correction (isotopic fractionation δ13C ratio, i.e., stable isotope ratios 12C/13C) is 1830 ± 30 BP (in the Eastern Han Dynasty, using 1950 AD as 0 BP, i.e., all 14C ages move back in time from 1950).
TABLE 1 | Radiocarbon analysis of charcoal in lacustrine deposits. The sample was collected from the Camel City site (see Figure 7 for location).
[image: Table 1][image: Figure 8]FIGURE 8 | Calibrated 14C ages for the charcoal sample from lacustrine deposits. Gray areas represent confidence probabilities, and high values represent high confidence levels. Each confidence interval corresponds to relative confidence probability (in parentheses).
We used the high-probability density (HPD) range method (Bronk, 2009) to calibrate the calendar year for the sample. In other words, the INTCAL13 data sets (applicable to the northern hemisphere) were used to calibrate the conventional radiocarbon age (Reimer et al., 2013), and the relative confidence probabilities of 95.4% and 68.2% in all confidence intervals were statistical. Therefore, more accurate calendar ages were calculated as 117–252 cal. AD (91.5%), 86–109 cal. AD (3.5%), and 306–311 cal. AD (0.5%) (Figure 8; the cal. AD is the calendar year, and the confidence probability is in parentheses).
To obtain an accurate radiocarbon date for the sample, we considered the “old wood effect” possibility and the mixing of younger materials, and we adopted the calendar age of the sample as A.D. 136–220 or A.D. 178 ± 42 (68.2%) in this study.
DISCUSSION
Tectonic evolution in the northern margin of the Tibetan Plateau
The Qilian Shan in the northern Tibetan Plateau is considered an Early Paleozoic orogen and a reactivated fold-and-thrust belt in the Cenozoic (Yin and Harrison, 2000; Xiao et al., 2009; Chen et al., 2010; Yin, 2010; Li et al., 2018; Zuza et al., 2018; Li et al., 2021; Wu et al., 2021; Gao et al., 2022). Previous studies have revealed that the Qilian Shan fold-and-thrust belt is mainly a far-field response to the Indo-Asian continental collision in the Cenozoic (Tapponnier et al., 1990; Yin and Harrison, 2000; Hetzel et al., 2004; Zhang et al., 2004; Yin, 2006; Yin, 2010; Wang et al., 2014; Zhang et al., 2017; Yu et al., 2019; Zuza et al., 2019; Cheng et al., 2021). However, pre-Cenozoic tectonic events have played important roles in the uplift and lateral expanding of the Tibetan Plateau (Chen et al., 2019b; Li et al., 2021; Wang et al., 2022). In this work, we focused on the Mesozoic and Cenozoic tectonic evolution of the Yumu Shan, a junction between the northern Tibetan Plateau and the Hexi Corridor. The formation of the YMTS in the earlier Early Cretaceous is emphasized for its important role in shaping the embryonic form in the northern Tibetan Plateau. In the later Early to Late Cretaceous, right-lateral strike–slip and normal faulting extensively developed in the northern margin of the Tibetan Plateau (Vincent and Allen, 1999; Chen et al., 2003; Li, 2003; Chen et al., 2019b; Wang et al., 2022), which modified the study area significantly.
The tectonic evolution of the Yumu Shan played a critical role in the growth of the NE Tibetan Plateau, yet the uplift time of the Yumu Shan is still hotly debated. A thermal simulation study of bedrock AFT by Zheng et al. (2017) shows that the Yumu Shan was uplifted at approximately 4 Ma in the early Pliocene, which accords with magnetostratigraphic results (Liu et al., 2011), apatite fission track thermochronology dating (Wang et al., 2018), and research on the total structural relief and rates of rock uplift and denudation (Palumbo et al., 2009). Hu et al. (2022) suggest that the main range of the Yumu Shan was uplifted since ∼3 Ma by the earlier thrust–fold system. Fang et al. (2012) suggest that the Yumu Shan began to uplift rapidly at approximately 9.8–9.6 Ma at the latest, rather than the previously thought much later rise of c. 1 Ma (Tapponnier et al., 1990; 2001; Metivier et al., 1998; Meyer et al., 1998). Chen et al. (2022) argue that rapid uplift of the Yumu Shan occurred at approximately 15–10 Ma and further developed at 10–5.1 Ma and 5.1–3.6 Ma. In the Jiuquan Basin, the angular unconformity in the Laojunmiao area indicates that the NE Tibetan Plateau underwent a powerful deformation and rapid uplift between ∼0.9 and 0.8 Ma (Zhao et al., 2001; Liu et al., 2010). Our field investigation in this study revealed mainly blind and active thrusts in the north margin of the Yumu Shan, which may be responsible for the late Quaternary uplift in this area.
Active tectonics are widely developed along the Wutongquan, Camel City, and Xiaogengzi areas in the northern piedmont of the Yumu Shan. The DGF and XGF are the two most important active faults north to the Yumu Shan klippe, playing an important role in the northward expansion of the Tibetan Plateau. Previous research has detected two- to five-stage seismic activities along the DGF in the late Quaternary (Chen et al., 2006; Chen et al., 2008; Ren et al., 2019). Our detailed geologic mapping in the field revealed south-dipping overthrust and thrust-related anticlines along the DGF (Figures 5A–D). Structural analyses of arcuate bulge belts, comprising these anticlines, led us to construct the tectonic model, as shown in Figure 9, and to suggest the progressive northeastward development of active thrusts in the Hexi Corridor. The existence of growth strata indicates anticline-related thrusting in the Holocene. Since the most northern location of the XGF is among the blind thrusts in the northern slope of the Yumu Shan, we suggest the XGF as the north boundary thrust (NBT) defining the northern boundary of the Tibetan Plateau in this region.
[image: Figure 9]FIGURE 9 | Structural model for the formation of the Dagengzi and Xiaogengzi faults and the 180AD/Ms7.5 Biaoshi earthquake, showing the northward expanding of the thrust faulting and growth of the plateau. DGF, Dagengzi Fault; XGF, Xiaogengzi Fault. Qp3apl, alluvial–pluvial deposits of Upper Pleistocene; Qhapl, Holocene alluvial–pluvial deposits.
Historical earthquakes and formation of geomorphic bulge belts
The Yumu Shan region has undergone many periods of historical earthquakes. The most recent paleo-earthquake, the Hongyazi earthquake (1609 AD/M 71/4), occurred in the middle zone of the YMTS, southwest of the Yumu Shan klippe. An earlier paleo-earthquake, the Biaoshi earthquake (180 AD/M7.5), occurred at the northern front of the Yumu Shan near Camel City (Figure 2; Tapponnier et al., 1990; Yang et al., 2018a; Ren et al., 2019). Historical documents show that the year A.D. 180 was in the third Guanghe Era of the reign of Emperor Ling of the Eastern Han Dynasty. In the autumn of this year, temples and folk buildings in Biaoshi City were destroyed by the earthquake with water eruption. In other words, there was a major flood event, followed by the great earthquake. Afterward, Camel City was chosen to be rebuilt as the new city (Figure 2). More recently, east to the Yumu Shan, a 1954/M7.3 earthquake occurred near Minle County in the Hexi corridor (Ren et al., 2019). Most recently, the China Seismic Network reported an Ms5.0 earthquake, occurring at 20:48 on 16 September 2019, in Ganzhou District, Zhangye, Gansu Province, with a focal depth of 11 km and an epicenter located at 38.60 N and 100.35 E. The location is between the 180 AD/M7.5 Biaoshi and 1954/M7.3 Minle earthquakes.
A previous study suggested that the Fodongmiao–Hongyazi segment of the NQLF may accommodate ca. 15%–20% of the total crustal shortening across the Qilian Shan since the late Pleistocene (Yang et al., 2018b), implying the reactivation of the NQLF during the Quaternary. According to the spatiotemporal distribution of major paleo-earthquakes, active thrust faulting is out of sequence surrounding the Yumu Shan klippe, and the seismogenic faults could be some blind thrusts around the Yumu Shan but not the NQLF far to the south. The radiocarbon age of A.D. 178 ± 42 obtained for the charcoal sample in this study is close to the time of the 180 AD/M 7.5 Biaoshi earthquake (Yang et al., 2018a). The similarity between the paleo-seismic event and the lacustrine sedimentary age implies that historical earthquakes, especially the Biaoshi earthquake, might have led to the formation of geomorphic bulges, resulting in lacustrine deposition in their hinterlands. Our detailed structural analyses provide new evidence for the tectonic origin of the geomorphic bulges. We suggest that the formation of these arcuate belts of bulges might have resulted from the active blind thrust faulting and fault-related folding in the region. The bulge belts are not artificial dams. The existence of multi-stage growth strata and imbricated thrusts in lacustrine layers indicates a sequence of historical earthquakes along the DGF (Figure 6). Furthermore, ancient lakes in the hinterland of the bulge belts might be thrust-related due to the blocking of the floods by the high relief barrier of the bulges (Figure 9). Therefore, we suggest that the XGF might be the seismogenic fault for the 180 AD/M 7.5 Biaoshi earthquake, although its location as suggested by Ren et al. (2019) is further north of Camel City (Figure 2).
CONCLUSION
Based on detailed field investigations, structural mapping and analysis, and radiocarbon dating of lacustrine sediments associated with active blind thrusts in northern Yumu Shan, the junction region between the Tibetan Plateau and Hexi Corridor, we reached the following conclusions.
(1) The active tectonics are distributed along the Wutongquan–Camel City–XiaoGengzi area in the mountain front north of the Yumu Shan, northern Tibetan Plateau. They are dominated by arcuate anticline belts that protrude toward the NE. We interpret these active anticlines as thrust-related folds resulting from northeastward blind thrusting in the northern piedmont of the Yumu Shan, which caused the northeastward growth of the Tibetan Plateau. Among these active thrusts, the Xiaogengzi Fault is the most northeastern (i.e., the North Boundary Thrust) and defines the northeastern margin of the Tibetan Plateau in the Yumu Shan region.
(2) Owing to the water-holding capacity of the arcuate anticline belts, lacustrine sediments were deposited subsequently along their hinterlands. 14C dating of a plant charcoal sample from one of the lacustrine sedimentary layers yielded an age of AD 178 ± 42, indicating the formation of the arcuate anticline belts at this time. It is close to the AD180 Ms.7.5 Biaoshi Earthquake in the Eastern Han Dynasty in both age and location. Therefore, we suggest that these active tectonics, such as the blind thrusts and related anticline belts, were caused by paleo-earthquakes such as the Biaoshi earthquake. Our study implies that paleo-earthquakes were responsible for the northward growth of the Tibetan Plateau.
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