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Abstract

:

The Helanshan Mountain tectonic belt (HTB) is an intraplate deformation belt along the northwestern border of the Ordos Block in the North China Craton. When and why this intracontinental tectonic belt formed, its subsequent uplift and erosion, and the relationships between ranges and adjacent basins remain unclear. To better assess the connections between the temporal and structural activity in HTB, apatite fission-track (AFT) and zircon fission-track (ZFT) analyses were conducted in this study. The lack of adequate FT data from the HTB is a source of contention and dispute. This paper collected samples for AFT and ZFT techniques from the central and southern HTB, trying to improve the research. The ZFT and AFT ages could be divided into the following 7 groups: 279 Ma, 222–213 Ma, 193–169 Ma, 151–147 Ma, 130–109 Ma, 92–77 Ma, and 65–50 Ma. The inverse modeling results of AFT indicate 4 fast cooling episodes of 170–120 Ma, 120–95 Ma, 66–60 Ma, and ~10–8 Ma to the present. Combining the results of FT analysis with radial plot and inverse modeling of AFT, the following eight age groups are believed to reveal the distinct tectonic activities in HTB: the first age group of 279 Ma mainly represented the back-arc extension of the southern HTB; the age group of 222–213 Ma was bounded with NNE-SSE trending contraction between the South China block and North China Craton; the event of 193–169 Ma responded to the post-orogenic collapse followed after the second event; the 151–147 Ma group was interpreted as the eastward extrusion induced by the subduction between Qiangtang and Lhasa blocks; the Early Cretaceous (130–109 Ma) group was not only affected by the rollback of the Pacific Plate, but also denoted the collapse of the thickened lithosphere formed in the Late Jurassic; the Late Cretaceous (92–77 Ma) group was attributed to long-distance impact from the subduction of the Pacific Plate beneath the Eurasian Plate; the event during 65–50 Ma was a correspondence to far-field effect of the onset collision between the Eurasian and Indian Plates; and from 10–8 Ma to the present, the progressive collision of the Indian and Eurasian Plates have a significant impact on the HTB and the northeastern Tibetan Plateau.
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1. Introduction


The HTB is situated between the Alxa Plate and the Ordos Block in the northwest of the North China Craton (NCC), the Langshan and Liupanshan Mountains, and the Qinling Orogenic Belt to the north and south, respectively (Figure 1). As an important N–S trending tectonic belt, geologists pay more attention [1,2,3,4,5,6,7,8,9] and find that the HTB experienced complicated intracontinental deformation during the Mesozoic and Cenozoic. In addition, the HTB is near the northeastern Tibetan Plateau (TP) and its neighboring region, which are the hot spots for investigating Meso–Cenozoic denudation history [10,11,12,13,14] and the far-field effects from the subduction between the Eurasian and Indian Plates during the Cenozoic. However, the specific Meso–Cenozoic deformation ages, mechanisms, and dynamics still need to be addressed due to insufficient thermochronology evidence of uplift, exhumation, and deformation in the past for the HTB.



The HTB occurred along the western margin of the Ordos Block, and their geological processes were interconnected according to basin–range theory. Prior research suggests that the HTB and Ordos Block experienced the subsequent phases: (1) the N–S to NNE–SSW trending extension in the Early Jurassic [8,15], which was induced by the post-collapse after the Triassic collision between the North China Craton with the South China Block [16]; (2) the multi-directional compression in the Late Jurassic (mainly in the E–W direction [1,6,17]), which was effected by the subduction of the Pacific Plate in the east, the growth of the Qiangtang-Lhasa Block in the southwest and Siberian Block in the north; (3) a WNW-trending extension in the Early Cretaceous [3,8,15], correlated to the roll-back of subduction of the east Pacific Plate; (4) the NW–SE trending compression in the Late Cretaceous [4,8], transmitted from the growing subduction boundary of the Pacific Plate; and (5) the NE-trending compression in the Late Miocene [3,18,19], resulting from the uplift and NE-directed growth of the TP.



Some important AFT data were used by Zhao et al. (2007) [20] and Liu et al. (2010) [5]. However, their samples were limited to the northern and central HTB (Figure 2) and the ZFT data were insufficient. Therefore, the main objective of this study is to examine the exhumation history of the southern and central HTB using a combination of AFT and ZFT thermochronology, and the existing FT data obtained from previous studies were designed to be complemented. These newly acquired FT data will be utilized to enhance comprehension of the far-field impact resulting from the subduction of the Pacific Plate in the eastern region, as well as the collision between the Indian Plate and the Eurasian Plate.




2. Geological Setting


The Helanshan Mountain tectonic belt (HTB), an important tectonic boundary between East and West China with an abrupt geophysical field, trends NNE and forms the northwestern margin of the Ordos Block. The eastern Yinchuan Block is a Cenozoic rift basin with over 7000 m of Cenozoic deposits.



The Neoarchean–Paleoproterozoic metamorphic basement rocks and the Meso–Neoproterozoic strata consist of sandstone and dolostone and are mainly exposed in the northern HTB. The Cambrian rocks include phosphorus sandstone, limestone with mudstone, and dolomitic limestone. The Ordovician rocks consist of dolomite, sandstone, limestone, and conglomerate. They mainly occur in the southern HTB and the central HTB and have experienced multiple tectonic deformations from the Paleozoic to the Cenozoic [21,22]. The Permian rocks mainly involve quartz sandstones, shales, and siltstone interbedded with coal layers in the central and the northern HTB [23].



The Triassic succession is characterized by quartz sandstones interlayered with shales in the central HTB, and angular unconformity is found between the Late Triassic shale rocks and the Middle Jurassic sandstone and conglomerate. The Jurassic rocks are fluvial-lacustrine deposits, which comprise predominantly sandstones, siltstones, and mudstones with coal beds. The Late Jurassic Fengfang River Formation consists of conglomerate and sandstone, which is scarcely distributed in the north of the HTB. The Early Cretaceous coarse-grained conglomerates and sandstones are unconformably overlying the previous strata in the central HTB and southern HTB.



The Cenozoic sedimentary section has three primary groups: the Qingshuiying Group, the Hongliugou Group, and the Ganhegou Group [23]. The Oligocene Qingshuiying Group is composed of mudstone and sandstone and belongs to fluvial-lacustrine deposits. The Miocene Hongliugou Group comprises mudstone and clay. Moreover, the Pliocene Ganhegou Group consists of sandstone, siltstone, and mudstone. In addition, the Miocene strata developed several parallel unconformity sections with the lower Oligocene in Dingjia from Tongxin Country and in Hongliugou from Zhongning Country.



The East Piedmont Fault of the HTB is located on the east edge of the range belt and is a significant boundary between the uplifted HTB and the rifted Yinchuan Block. In the Late Jurassic and Early Cretaceous, a WNW–ESE horizontal shortening [6] developed, causing west- or east-directed folds and thrusts [1]. During the Late Jurassic, the Upper Jurassic comprising sandstone and mudstone was overlapped by the Early Paleozoic formation due to the compression and movement of the Xiaosongshan thrust nappe. The West Piedmont Fault of the HTB dipped to WNW and the East Piedmont Fault of the HTB dipped to SE, both of which are normal boundary faults from the NNE-trending HTB. Meanwhile, the West Piedmont Fault and the East Piedmont Fault controlled the Cretaceous sedimentation in the Bayinhaote Basin and Yinchuan Basin (Figure 2), respectively [3]. Moreover, the East Piedmont Fault of the HTB has developed different lithologic strata in the corresponding wall since Cenozoic. While the upper (east) wall has fluvial and lacustrine facies deposits, a piedmont deposit exists in the lower (west) wall. During the Cenozoic, the NE–SW extension along the HTB formed the arc-shaped Hetao graben and the NNE–SSW trending Yinchuan Block [2]. The above geology and structure suggest that the HTB underwent intense extensional deformation and exhumation during the Cenozoic.



Since the Phanerozoic, the HTB has exhibited little magmatic activity. In the Rujigou region, only a few Late Triassic–Early Jurassic basaltic beds developed [3,24,25].




3. Sampling and Analyses


3.1. Sampling


This study collected eight samples for zircon and apatite fission-track analysis from the southern and central HTB (Figure 2). The sample information is displayed in Table 1. Sample LS–82 is from an Archean gneiss, which is composed of migmatitic granite and K-feldspar granite. Sample LS–86 is attributed to an Archean granitic gneiss, characterized by a red color and composed of K-feldspar granite. The samples LS–82 and LS–86 were collected from the central HTB (Figure 2), while samples LS–94, LS–95, LS–96, LS–97, LS–98, and LS–99 were collected in the southern HTB from the Ordovician conglomerates (Figure 3), characterized by breccia structure and gray color, among which the gravels mainly comprise limestones and dolomites.




3.2. FT Analysis


AFT and ZFT methods were used to analyze samples. The fission track analyses were conducted at the Beijing Anputaide Technology Co. Ltd., Beijing, China. Apatite and zircon grains were obtained from crushed rock samples using standard magnetic and heavy liquids separation techniques. Zircon was mounted in FEP Teflon wafers on glass slides, polished, and etched to reveal the spontaneous tracks in a eutectic (1:1) mixture of KOH and NaOH at 220 °C for about 22 h. Apatite grains were mounted in epoxy resin on glass slides, and polished to expose grain surfaces to etching in 5% HNO3 for 20 s at 21 °C [26]. This study employed the external detector method for zircon and apatite fission-track analysis. The muscovite flake was then irradiated with thermal neutrons in the well-thermalized (Cd value for Au > 100) hot neutron nuclear reactor at the Beijing Institute of High Energy Physics, Chinese Academy of Sciences. After irradiation, the muscovite grains were etched in 40% HF for 20 min at 25 °C to reveal the induced fission tracks. Using a 100× dry objective and a magnification of 1500, the density of spontaneous and induced fission track populations was determined. The lengths of horizontally confined fission tracks in apatite grains were determined using methods like those employed for age determinations [27]. Neutron fluence was monitored using CN2 and CN5 uranium dosimeter glasses for the zircon and apatite samples, respectively.



The Zeta calibration method [28,29,30] was applied to calculate the fission-track central ages. Green’s (1981) [31] error calculation approach was used, and the χ2 test of Galbraith (1981) [28] was applied to judge whether or not all the grains are attributed to a single population. The P(χ2) < 5% represents that the single-grain ages of the sample are homogeneous, which means they experienced a single thermal event. The P(χ2) < 5% denotes that the single-grain ages differ and should be decomposed into several groups.





4. Results and Interpretation


4.1. AFT Age Data


The central ages, mean track lengths, and mean Dpars of the apatite fission track are listed in Table 2. The seven samples (LS–82, LS–86, LS–94, LS–95, LS–96, LS–97, and LS–98) have been dated with the AFT methods. The mean track lengths vary from 11.8 ± 1.8 μm to 12.8 ± 1.8 μm, and the central ages of the AFT are between 52 and 118 Ma. The standard deviation (SD) ranges between 1.5 and 1.8 μm for the AFT track lengths. The mean Dpar values of the AFT range from 1.25 to 1.49 μm.



All AFT ages in this paper are younger than their strata ages, indicating that all single-grain ages have been reset after deposition (Figure 4A). Most of the samples experienced multiple annealing processes because the χ2 value is <5%, except sample LS–82, for which the χ2 value of apatite is >5%. Apatite fission track age was decomposed by using Radial Plotter [32] with the automatic mixture model (Figure 5), and then divided into 4 age groups (Figure 4A and Figure 5): 147 Ma, 120–109 Ma, 92–77 Ma, and 65–50 Ma.



According to Gleadow’s collection and conclusion [33], we could divide the apatite tracks into three types with different dispersions of the track lengths and standard deviations: (i) the freshly induced tracks in all apatites with a narrow and symmetrical length distribution of 16.3 μm track length and 0.9 μm SD; (ii) the track lengths in apatite from undisturbed ‘volcanic’ rocks with track lengths ranging from 14 to 16 μm and SD ranging from 0.7 to 1.3 μm; and (iii) the track lengths in apatite from crystalline basement rocks with track lengths ranging from 12.2 to 13.9 μm and SD ranging from 1 to 1.6 μm. For type (ii), if the mean length is <13 μm and SD > 2 μm, a bimodal distribution will exist. Therefore, the tracks in this study belong to type (iii) with <14 μm track length and 1.8~1 μm SD, indicating that the southern HTB has crystalline basement rocks.




4.2. ZFT Age Data


The central ages and χ2 values of the zircon fission track are listed in Table 2. The samples LS–94, LS–95, LS–96, LS–97, LS–98, and LS–99 have been dated with the ZFT methods. ZFT central ages range from 133 to 171 Ma. All ZFT ages are younger than their corresponding strata ages (Figure 4B), indicating that all single-grain ages have been reset. Because the χ2 value of all zircon samples is <5%, the Radial Plotter [32] with binomial peak-fitting method is used to help us distinguish the cooling age population. Figure 4B and Figure 6 reveal that these six zircon grain ages can be divided into 5 groups: 279 Ma, 222–213 Ma, 193–169 Ma, 151 Ma, and 130–110 Ma.




4.3. FT Age Data


The fission track ages of samples in the HTB were classified into 7 distinct groups: 279 Ma, 222–213 Ma, 193–169 Ma, 151 Ma, 130–109 Ma, 92–77 Ma, and 65–50 Ma, by the integration of AFT and ZFT analysis, facilitated by the utilization of Radial Plotter with a two mixture model.




4.4. Thermal History


Based on the distribution of AFT lengths and age data, the HeFTy software (Version. 1.8.3, Ketchman, 2005) [34] was used to better constrain the exhumation history. The time–temperature (t–t) history was calculated using the multi-kinetic annealing model of Ketchman et al. (2007a) [35] and the c-axis projected length of Ketchman et al. (2007b) [36]. Samples were modeled with at least 100 track-length measurements. The inverse models were executed with 10,000 randomly chosen time–temperature histories for each sample, which in all cases resulted in N > 1000 acceptable paths. A goodness-of-fit parameter (GOF) estimated the degree to which modeled data matched measured values. A path was accepted if the GOF value was >0.05; a good fit was indicated if the GOF value was >0.5 [34]. The initial simulation temperature was set at 130 °C, which is slightly higher than the AFT annealing temperature (120–60 °C). The lower limit of simulation temperature was set at 15 °C, based on the present-day mean surface temperature in the Helanshan Mountains. Because the age of sample LS–97 is old, the fission-track simulation initial time is set at 170 Ma. Furthermore, to explicitly illustrate the temporal pattern of sample LS–98’s t–t history spanning from 120 to 110 Ma, the initial time of sample LS–98 is established at 130 Ma, while the other samples start at 120 Ma.



The modeling t–t paths of AFT samples from the central and southern HTB, cooling since 130 °C, are shown in Figure 7. Except for samples LS–82 and LS–86, the cooling paths for most samples share a three-stage cooling history. These three cooling paths include two episodes of rapid cooling that bracket an episode of slow cooling. Samples LS–94 and LS–95 share almost the same t–t history. They have the AFT ages of ~120 Ma when they pass across the upper limit of the partial annealing zone. Samples LS–94 and LS–95 underwent the first rapid cooling until 95 Ma with a cooling rate of 1.6 °C/Ma. Following this rapid cooling stage, a relatively stable episode occurred from 95 Ma to 10~8 Ma at a rate of 0.12 °C/Ma. The third fast cooling existed from 10~8 Ma, which is almost the same time when they entered into the lower limit of partial annealing zone until the present with the rapid cooling rate of 4.5 °C/Ma. The first relatively fast cooling stage of sample LS–97 lasts from 170 Ma to 120 Ma with a cooling rate of 0.47 °C/Ma, and its second rapid cooling episode developed from 10–8 Ma until the present at a rate of 4.5 °C/Ma. The sample LS–98 exhibits two rapid cooling episodes: the first one occurs from 130 Ma to 105 Ma, during which the temperature decreases from 115 to 70 °C with a cooling rate of 1.8 °C/Ma; the second one occurs from ~5 Ma to the present, recorded the temperature drop from 60 °C to 15 °C at a rate of 9 °C/Ma. The LS–82 and LS–86 samples have two- and four-stage cooling histories, respectively. Specifically, sample LS–82 experienced a period of stable cooling from 120 Ma to 60 Ma and entered the rapid cooling path from 60 Ma at a rapid cooling rate of 1.58 °C/Ma. Meanwhile, the sample LS–86 developed two rapid cooling histories from 66 to 60 Ma and from ~8 Ma to the present at a rate of 6.67 °C/Ma and 6.87 °C/Ma, respectively.



Overall, the inverse modeling of AFT revealed four rapid cooling episodes: 170–120 Ma, 120–95 Ma, 66–60 Ma, and ~10–8 Ma to the present. The first episode is mainly developed in the sample LS–97. The second rapid cooling stage occurred between the samples LS–94, LS–95, and LS–97. The third one is derived from the sample LS–86, which aligns with the outcome of AFT obtained using the radial plot. Finally, the majority of samples, except sample LS–82, exhibit the presence of the fourth accelerated cooling interval (8–0 Ma), indicating a widespread cooling event in the Late Miocene.





5. Discussion


5.1. Exhumation and Deformation History


The Ordos Block and its margins (HTB) have exhibited mechanical contrasts since the Early Paleozoic [37]. The transmission of stress from the continent margins to its interior is influenced by mechanical anisotropy, which, once established, localizes strain [1]. The Ordos Block is strong compared to HTB, so the strata in the Ordos Basin remain undeformed. There are three important geological progress around the Eurasian continent: the Paleo-Pacific subduction occurring along the eastern margin of the continent, the subduction/collision zone between the Siberian Plate, and the Mongolia-North China Block to the north of the HTB, involving Qiangtang and Lhasa Blocks to the southwest of the HTB. Due to such a sophisticated tectonic background on the central Eurasian Plate, it is challenging and impractical to connect deformation in the HTB with a single convergent plate boundary. Therefore, the subsequent segmented discussions will try to consider a wide range of geological circumstances surrounding the HTB within the same period.



5.1.1. Early Permian (279 Ma)


Sample LS–99 is the solo specimen in this research with a peak age of 279 Ma from ZFT analysis. Meanwhile, a few relevant age data are found and used in the HTB. However, the extensional back-arc basin was developed in the West Qinling [38], supported by the presence of deep-water sediments and geological structures in the Permian to Middle Triassic [39,40]. The geochronology of this intra-plate extension environment has been better defined by zircon LA-ICP-MS data from a diabase in the southern Alxa Block (276 Ma) [41], an AFT age of 277–267 Ma in the southwestern Alxa Block [42], and zircon LA-ICP-MS data of 278 Ma in the West Qinling Orogenic Belt [43]. The majority of the northern HTB was deposited with sandstone and shale during the Early Permian, indicating a weak structural environment [23]. Moreover, a series of Permian volcanic interlayers existed in drill holes of the southwestern Ordos Block [23,44]. Consequently, there was a potential reduction in structural intensity from south to north. The activation of the back-arc extension on the south margin of the HTB and southern Alxa Block occurred during the Early–Middle Permian, as a result of the collision between the North China Block and the South China Block [45,46].




5.1.2. Late Triassic (222–213 Ma)


The peak age of Samples 98 and 96, as determined by ZFT analysis with the Radial Plotter, was 222–213 Ma. It is coherent with samples having ZFT ages of 230–210 Ma collected in the central HTB [47], where the Triassic strata were denudated during this interval. Several angular unconformities were observed in the Lower Jurassic Yanan and the Upper Triassic Yanchang Formations [23]. The rapid cooling event in the Late Triassic was revealed as 230–210 Ma in the north of the West Qinling Orogenic Belt with the feldspar multi-diffusion domain method and the AFT method [48]. The adakite and Himalaya-type granite (264–216 Ma) in the West Qinling Orogenic Belt were analyzed using zircon LA-ICP-MS dating, and the results suggested that the thickened crust was formed by continent–continent collision [49]. The presence of the Late Triassic unconformity associated with the NNE–SSE shortening was caused by the Qinling–Dabie orogeny [1,6], a consequence of the collision between the South China Block and the North China Craton.




5.1.3. Early-Middle Jurassic (193–169 Ma)


The Early to Middle Jurassic period was characterized by the development of coal-bearing formations, indicating that the HTB had a period of relative inactivity and experienced extension, with extension direction in the N–S to NNE–SSW [8,9]. Further deformation occurred around the Ordos Basin within the same tectonic context. The E–W-trending extensional basins in the north of Ordos Basin were delineated by normal growth faults along the Daqingshan Mountains [50]. The Early–Middle Jurassic basins in the Alxa Block to the west of the HTB were confined by E–W-striking normal faults [51]. Meanwhile, volcanic activities were developed around 170 Ma in the western Ordos Basin [52], Taihang Mountain [53], and Qinshui Basin [54]. We prefer to attribute this extensional stress regime to the result of post-orogenic collapse, followed by the collision between the North and South China blocks in the Triassic. Meanwhile, this period signifies the tectonic shift from the Triassic period, characterized by a collisional tectonic system with a strong N–S trend, to the Late Jurassic period with nearly E–W-trending compression.




5.1.4. Late Jurassic (151–147 Ma)


By integrating the AFT and ZFT results obtained from the Radial Plotter analysis and the FT data from the prior research, it can be concluded that the Late Jurassic is another important geological episode in the HTB. In the northeastern HTB, Zhuozi Shan and Helanshan Mountain were separated by a left-lateral strike-slip fault system between the Late Jurassic and the Middle Cretaceous [1]. Meanwhile, the Lower Paleozoic carbonates were thrust southeastwards atop the folded Upper Jurassic, composed of sandstone and mudstone. Xiaosongshan thrust nappe places the Early Paleozoic formation upon the Jurassic strata in the north of HTB [55]. The Lower and Upper Jurassic layers exhibited denudation and absence, while the southwest of Ordos Basin displayed the development of complex thrust and reverse faults [56]. The Fengfang River Formation, consisting of sandstone and conglomerate in the Late Jurassic, was discovered in the north part of Ordos Basin by seismic profile [15] and at the base of the Kexue Mountain to the south of the HTB [57]. It denotes that the HTB experienced an intense structural uplift event in the Late Jurassic.



Moreover, various geochronology techniques were employed in the Late Jurassic around the HTB area. The age of 150–140 Ma marked the initiation of structural mechanism conversion, and this conclusion is drawn from a comprehensive analysis, including structural deformation, volcanic activity, and basin migration [58,59]. The 150–145 Ma is one of the peak age intervals from fission track analysis in the west of the Ordos Basin [60]. The study was undertaken in the southwestern Ordos Basin [61] and in the Qilianshan Mountains [62] to determine the similar peak ZFT age of 154–147 Ma and peak AFT age of 153–135 Ma, respectively. The peak FT age of ~145 Ma in the southwestern Ordos Basin is closely connected with the thrust nappe in the Late Jurassic [56]. Zhao et al. [20] conducted the ZFT experiment of samples in the HTB and concluded that the HTB underwent a transition from extensive fault depression to a compression environment during 157–139 Ma. Crust shortening along the HTB in the Late Jurassic caused the shift from the expansion (Early–Middle Jurassic) to the compression environment (Late Jurassic). The eastward migration is indicated by the Xiaosongshan thrust nappe and the left-slip motion of the NW-trending strike fault. Therefore, the dominant factor responsible for the Late Jurassic deformation in the HTB is the eastward extrusion resulting from the subduction belt between the Qiangtang and Lhasa blocks in the TP [63,64].




5.1.5. Early Cretaceous (130–109 Ma)


Based on previous analytical procedures (AFT age data, ZFT age data, and the inverse modeling of thermal history), the denudation event between 130 and 110 Ma of HTB is confirmed to represent a significant geological episode in the Late Mesozoic. The Jurassic sandstones are unconformably overlain by the lower Cretaceous strata, constrained by the West Piedmont Fault of the HTB. The Late Jurassic Fengfang River Formation is interbedded with sandstone, and the Lower Cretaceous overlies conglomerate to the southeast of Yinchuan Basin [23]. In addition, a series of angular unconformity interfaces between the pre-Cretaceous and the Late Cretaceous formation is found in the southern HTB [65]. Early Cretaceous strata in Bayinhaote Basin to the west of the HTB were controlled by the West Piedmont Fault of the HTB. Meanwhile, the East Piedmont Fault restricted the development of Cretaceous formation in the Yinchuan Basin [3]. Therefore, both of these two faults were active during the Early Cretaceous. The maximum principal stress direction shifted from a nearly N–S trend in the Mid–Late Jurassic on the eastern margin of Ordos Basin [66], to an E–W oriented extension of the HTB in the Early Cretaceous. Furthermore, the basalt geochronological data obtained from Gugutai in the HTB provides evidence of the extensional tectonic setting and dynamic during the Early Cretaceous [25,67].



In addition to the HTB, the presence of angular unconformity between the Late Jurassic strata and the Early Cretaceous strata has been identified in several adjacent regions, including northern North China Craton [68], South China [69,70], and the Korean Peninsula [71]. Tectonic and geochronological data indicate that the NW–SE-trending extensional event occurred throughout the NCC and its adjacent area during the Early Cretaceous. Liupanshan Basin, restricted by the normal faults, was characterized by the 3 km thickness of sediments, indicating a strong rapid uplift event in the Early Cretaceous, supported by the FT age of ~130 Ma [52]. The Early Cretaceous (140–120 Ma) saw fast cooling events, using the feldspar multi-diffusion domain approach and the AFT method [48] in the West Qinling Orogenic Belt. Meanwhile, the MDD technique revealed the same 140–120 Ma ages in the East Kunlun Orogenic belt [72]. The weak young trend of Late Mesozoic crustal extension initiated in Mongolia and northern China (ca. 150–145 Ma) [73,74,75], then progressively developed southeastwards (140–130 Ma) [76,77], and finally spread throughout all of NE Asia (130–120 Ma) [78].



Based on the above evidence, the HTB and the North China Craton were affected by uniform geodynamics during the Early Cretaceous. Prior numerous investigations prefer to link the Early Cretaceous extension of the HTB with the northwestward subduction of the Paleo-Pacific Plate ([3,6]). However, the fast conversion of structural settings should not be ignored. Specifically, the lithospheric thickening caused by the Late Jurassic compression implies the Early Cretaceous extension deformation in North China Craton (including HTB) [8,74,79]. Therefore, we conclude that the Early Cretaceous extension of the HTB and the North China Craton is not influenced by a solitary factor. Since the remote effect from the rollback of the Paleo-Pacific Plate in the east, the collapse of the thickened lithosphere also played a significant role.




5.1.6. Late Cretaceous (92–77 Ma)


The AFT sample analysis from the southern HTB (LS–94, 95, 96, 97, 98) with Radial Plotter suggests that a rapid cooling event was developed during 92–77 Ma. It is almost synchronized with the AFT data from the central HTB samples (90–70 Ma) [4] and Zhao’s research [20] in HTB (88–76 Ma). Meanwhile, the nearly identical AFT ages of 104–81 Ma were developed in the Qilianshan Mountains [62]. The strata formed in the Late Cretaceous are absent in the HTB [23] and Alax Block. Additionally, other basins in eastern Asia, such as Hailar Basin [80] and Songliao Basin [81], also experienced an uplift in the Late Cretaceous, resulting in the formation of strata lacuna. The above evidence with lacked strata indicates that this event is prevalent in the eastern North China Plate as well. The findings of the AFT research conducted around 90 Ma were disseminated across several regions in eastern China, such as the Songliao Basin [82], Jiaolai Basin [5,83], and Qinling-Dabie orogenic belts [84]. Due to this extensive deformation that occurred in Eastern China simultaneously, we believe that the exhumation of HTB in the Late Cretaceous is caused by the convergence between the Pacific and Eurasian Plates.




5.1.7. Early Cenozoic (65–50 Ma)


The AFT radial plot results (Figure 5) demonstrate that the HTB has a rapid denudation event during the Early Cenozoic (mainly in 58–50 Ma). Few relevant ages existed in the HTB, but some were located in the periphery of the Ordos Basin. Huang et al. [85] conducted the ZFT and AFT analysis in the southeastern Ordos Basin and East Qinling Orogenic Belt, and their research shows that the AFT had a rapid uplift age of 66–59 Ma. Meanwhile, the apatite and zircon samples collected from the Kou Zhen area in the south of Ordos Basin exhibit a strong correlation in cooling ages ranging from 63 to 59 Ma [56]. The majority of AFT radial plot ages fall into the interval of 58–50 Ma, and they are close to the rapid cooling events derived from AFT and ZFT data in East Kunlun (~56–45 Ma) [86,87] and Qilian Shan Mountains (~60–50 Ma) [88]. Therefore, the presence of comparable FT ages in the southern East Kunlun Orogenic Belt, North Qinling Orogenic Belt, and the northern HTB suggests that this Early Cenozoic deformation can be attributed to the transfer of the far-field stress from the Eurasian and Indian plates collision boundary. Hence, we suggest that the comparable Early Cenozoic event observed in the HTB could be recognized as a correspondence to the far-field effect of the collision between the Eurasian and Indian Plates.




5.1.8. Miocene (10–8 Ma)


According to the t–t plots described above, the majority of samples experienced rapid cooling initiated at ~10–8 Ma. Moreover, this timing agrees with the study of Yang (2018) [3] and Liu (2010) [5]. Although Zhao’s (2007) [20] research of uplift time from AFT has many discrepancies from our results, the differences in sampling location and analytical method could be the main causes, as mentioned earlier. However, 15 Ma is one of the key age groups achieved in their study. According to field observations, the Ordovician strata thrust northeastward over the Eocene Sikouzi Formation in the southwest HTB [7]. In the meantime, an open syncline dipping southwest of the Eocene developed in the footwall, indicating a contraction in the NE–SW direction. Based on the regional geology report of BGMRNXHAR [23], the Miocene strata developed several parallel unconformity sections with the lower Oligocene. Since the Cenozoic, the east boundary fault’s corresponding wall has distinct lithologic strata. In detail, the upper (east) wall has a different petrological deposit compared to the lower (west) wall, indicating a denudation phase in HTB.



Analysis of apatite fission tracks provides a method to constrain the cooling history of the HTB and adjacent areas. The uplift of Qilianshan Mountains was initiated from the Early Miocene with coarsen sediments and experienced an acceleration event with a higher denudation rate from the Late Miocene to Pliocene [64], implying that Qilian Shan Mountains was affected by the far-field stress between the Indian Plate and Eurasian Plate. The provenance analysis of sediments from the West Hexi Corridor indicates that the uplift of the North Qilian Shan Mountains began in the Late Miocene [89]. The cooling episode in the northwestern Qilian Shan Mountains occurred 20–10 Ma ago [90]. Tapponnier et al. (2001) [91] noted that TP grows along the Altyn Tagh Fault branches from the Miocene. Meanwhile, the underthrusting of the Indian Plate beneath the southern TP after the Middle Miocene could be demonstrated by the seismic and GPS data [92] and the 40Ar/39Ar thermochronological constraints [93]. In summary, the contraction of the Indian and Eurasian Plates not only had a significant impact on the solid deformation and the uplift of the southern TP during the Late Miocene, but also accelerated the growth of the northeastern TP. Meantime, the eastward extrusion of the TP squeezed the adjacent areas, including HTB, Qilian Shan Mountains, and the West Hexi Corridor. Therefore, the aforementioned NE-SE direction contraction in HTB could be interpreted as a consequence of the uplift and NE-directed growth of the TP in the Late Miocene caused by the collision between the Indian Plate and the Eurasian Plate.





5.2. Comparative FT Analysis with Previous Study in HTB


This investigation has identified the following eight rapid cooling events as described above: Early Permian (279 Ma), Late Triassic (222–213 Ma), Early–Middle Jurassic (193–169 Ma), Late Jurassic (151–147 Ma), Early Cretaceous (130–109 Ma), Late Cretaceous (92–77 Ma), Early Cenozoic (65–50 Ma), and Late Miocene (10–8 Ma). The comparative FT analysis of the HTB with previous works is necessary to better understand the evolution of the HTB. Liu et al.’s (2010) [5] AFT analysis reveals that the HTB experienced an accelerated exhumation beginning at 12–10 Ma, which is in accordance with our result at 10–8 Ma. They concluded that HTB exhibited a southwestward titling pattern during the Late Miocene, based on the AFT data. Specifically, the date of the rapid uplift event is older in the south and younger in the north. However, our samples collected in the southern HTB exhibited a nearly identical young event of 10–8 Ma to their results (12–10 Ma) from the northern HTB, implicating that their FT evidence of hypothesis is insufficient. Zhao et al. (2007) [20] proposed the 4 fast cooling stages in HTB based on the FT analysis: 157–139 Ma, 121–97 Ma, 88–76 Ma, and 50–37 Ma. The chronology of the other rapid cooling events partially coincided with our research, suggesting a strong coherence as a whole, except for the youngest event in the Eocene (50–37 Ma). While their research indicates an extension or compression geological environment, a comprehensive geodynamic explanation for most episodes is lacking. Shi et al. (2019) [4] discovered two distinct periods of exhumation in HTB using AFT data: the Late Cretaceous (90–70 Ma) and after 30 Ma. The first stage coincides with this study and both of them have a similar geodynamic, resulting from the horizontal shortening transmitted by the subduction between the Pacific and Eurasian Plates. These two studies in the second stage share the same geodynamics (northeastward expansion of the TP) but differ in timing. In summary, the FT ages in the Early Permian (279 Ma), the Late Triassic (222–213 Ma), the Early–Middle Jurassic (193–169 Ma), and the Early Cenozoic (65–50 Ma) have not been extensively convinced in the prior papers. Meanwhile, new ideas or additions to geodynamics are proposed, such as events that happened in the Late Jurassic (151–147 Ma), the Early Cretaceous (130–109 Ma), the Late Cretaceous (92–77 Ma) and the Late Miocene (10–8 Ma).





6. Conclusions


In this study, we conducted AFT and ZFT techniques to study Meso–Cenozoic thermal-tectonic evolution in the central and southern HTB. AFT analysis of 7 samples with the radial plot could be divided into 4 age groups: 147 Ma, 120~109 Ma, 92~77 Ma, and 65~50 Ma. The inverse modeling of AFT suggests the presence of 4 rapid cooling stages: 170–120 Ma, 120–95 Ma, 66–60 Ma, and 8–0 Ma. In addition, based on the ZFT analysis of 6 samples with radial plots, the following 5 age groups could be discovered: 279 Ma, 222~213 Ma, 193 ~169 Ma, 151 Ma, and 130~110 Ma. In summary, the analysis of the ZFT and AFT ages could be categorized into the following 8 age groups: 279 Ma, 222–213 Ma, 193–169 Ma, 151–147 Ma, 130–109 Ma, 92–77 Ma, 65–50 Ma, and ~10–8 to the present.



This FT analysis reveals that the central and southern HTB has undergone a series of tectonic thermal events. The Early Permian of 279 Ma was characterized by a weak structural episode, representing the back-arc extension in the south HTB and southern Alxa block. The Late Triassic age group of 222–213 Ma was marked with NNE–SSE trending contraction between the South China and North China cratons. The weak extension event in the Early–Middle Jurassic of 193–169 Ma corresponded to the post-orogenic collapse after the Triassic strong compression event. The 151–147 Ma event was caused by the eastward extrusion of the Alax and HTB, resulting from the far-field effect of the subduction between the Qiangtang and Lhasa blocks. The Early Cretaceous (130–109 Ma) event has multiple dynamic origins, from the rollback of the Pacific Plate in the east and the collapse of the thickened lithosphere formed in the Late Jurassic. The Late Cretaceous (92–77 Ma) was ascribed to the convergence between the Pacific and Eurasian Plates. The event during 65–50 Ma was a far-field correspondence to the onset subduction of the Indian Plate under the Eurasian Plate. From 10–8 Ma to the present, the progressive collision of the Indian and Eurasian Plates had a significant impact on the northeastern TP. Meanwhile, the growth and eastward escape of TP developed substantial deformation in the HTB.
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Figure 1. Tectonic map of the HTB modified from Darby and Ritts (2002) [1]. 
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Figure 2. Geological map of HTB modified from Yang et al. (2018) [3]. F1—East Piedmont Fault, F2—West Piedmont Fault, F3—Xiaosongshan thrust fault, F4—Huanghe fault, F5—Sanguankou fault [5,20]. 
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Figure 3. The field photos and section plot in central and southern HTB. (A) The field photo of the gneiss from the central HTB. (B) The field photo of the conglomerate from the southern HTB. (C) The field photo of the sampling location from the southern HTB. (D) Section plot of sampling location from the southern HTB. 
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Figure 4. Histogram of the AFT age and ZFT age (N = number of analyzed grains in the correspondent age intervals). (A) It is shown that 4 AFT age groups of 147 Ma, 120–109 Ma, 92–77 Ma, and 65–50 Ma. (B) It is shown that 5 ZFT age groups of 279 Ma, 222–213 Ma, 193–169 Ma, 151 Ma, and 130–110 Ma. 
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Figure 5. Apatite fission-track radial plots of the study samples from the Radial Plotter (including samples LS–82, LS–86, and LS–94–98). 
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Figure 6. Zircon fission-track radial plots of the study samples (including samples from LS–94 to LS–99). 
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Figure 7. Inverse modeling T–t plot and track length distribution histogram of AFT samples from the central and southern HTB. (The light blue area is the partial annealing zone of apatite. The purple area corresponds to the range of good fits (GOF > 0.5) and the green area shows the range of acceptable fits (GOF = 0.05–0.5). The black line in the purple area represents the best modelled path. N means the number of measured apatite grains. GOF means good-of-fit parameter. MTL represents mean track length). 
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Table 1. Description of samples and samples’ host rock.
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	Samples
	Strata
	Lat (N)

Lon (E)
	Elevation (m)
	Lithology





	LS–82
	Archean
	39°15′23″

106°01′53″
	1541
	Gneiss



	LS–86
	Archean
	39°17′42″

106°17′16″
	1548
	Granitic Gneiss



	LS–94
	O2
	38°21′28″

105°52′30″
	1422
	Conglomerate



	LS–95
	O2
	38°21′28″

105°52′30″
	1432
	Conglomerate



	LS–96
	O2
	38°21′28″

105°52′30″
	1433
	Conglomerate



	LS–97
	O2
	38°21′29″

105°52′31″
	1435
	Conglomerate



	LS–98
	O2
	38°21′29″

105°52′31″
	1442
	Conglomerate



	LS–99
	O2
	38°21′29″

105°52′31
	1451
	Conglomerate










 





Table 2. Fission-track data of apatite and zircon from the central and south HTB.
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	Samples/

Mineral
	N
	Spontaneous

ρs (105/cm2)

(Ns)
	Induced

ρi (105/cm2)

(Ni)
	Dosimeter

ρd (105/cm2)

(Nd)
	P(χ2)

(%)
	Central

Age (Ma)

(± 1σ)
	Pooled

Age (Ma)

(± 1σ)
	Mean Track Length (μm)

(N)
	Mean

Dpar (μm)





	LS–82–Ap
	35
	3.207

(1491)
	11.291

(5250)
	9.107

(6788)
	69.9
	52 ± 3
	53 ± 3
	12.8 ± 1.8

(102)
	1.37



	LS–86–Ap
	35
	2.275

(1773)
	7.558

(5889)
	9.524

(6788)
	0
	59 ± 4
	59 ± 3
	12.2 ± 1.7

(107)
	1.30



	LS–94–Ap
	37
	6.182

(1808)
	13.565

(3967)
	9.93

(6788)
	0.3
	93 ± 6
	92 ± 5
	12.2 ± 1.5

(101)
	1.25



	LS–95–Ap
	35
	8.222

(1774)
	17.848

(3851)
	10.36

(6788)
	0
	90 ± 8
	97 ± 5
	12.7 ± 1.5

(108)
	1.24



	LS–96–Ap
	35
	15.856

(4266)
	52.177

(14,038)
	10.714

(6788)
	0
	61 ± 4
	66 ± 3
	12.2 ± 1.6

(112)
	1.32



	LS–97–Ap
	35
	8.585

(2049)
	12.343

(2946)
	8.573

(6788)
	0
	118 ± 8
	121 ± 6
	11.8 ± 1.8

(112)
	1.49



	LS–98–Ap
	35
	6.371

(1719)
	11.648

(3143)
	8.923

(6788)
	0.7
	99 ± 6
	99 ± 5
	11.9 ± 1.5

(110)
	1.28



	LS–94–Zr
	36
	146.74

(7645)
	61.537

(3206)
	12.792

(8055)
	0
	133 ± 7
	137 ± 5
	-
	-



	LS–95–Zr
	24
	177.869

(4511)
	66.518

(1687)
	13.282

(8055)
	0
	160 ± 10
	159 ± 7
	-
	-



	LS–96–Zr
	20
	169.687

(2869)
	65.0

(1099)
	13.773

(8055)
	0
	171 ± 13
	161 ± 8
	-
	-



	LS–97–Zr
	35
	127.275

(5067)
	56.667

(2256)
	14.263

(8055)
	0
	143 ± 9
	144 ± 6
	-
	-



	LS–98–Zr
	34
	176.761

(10,130)
	71.525

(4099)
	14.875

(8055)
	0
	166 ± 8
	165 ± 6
	-
	-



	LS–99–Zr
	35
	156.345

(4918)
	66.188

(2082)
	15.488

(8055)
	0
	162 ± 12
	164 ± 7
	-
	-







Note: N = total number of analyzed grains. ρ represents track density. P(χ2) is chi-square probability. “-” is no data. Apatite ages calculated with ζ (zeta) = 410 ± 17.6 (yr cm2/tr) and zircon ages calculated with ζ (zeta) = 90.9 ± 2.8 (yr cm2/tr).
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