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Editorial on the Research Topic 
Tibetan Plateau uplift and environmental impacts: New progress and perspectives

INTRODUCTION
The Tibetan Plateau (TP) is the highest plateau on Earth, with an average elevation exceeding 4,500 m and covering over 2.5 × 106 km2. The plateau is therefore not only an iconic and unique region given its broad elevation and extent but whose creation is now considered one of the most significant geological events over the Cenozoic. Thus, the TP embodies an important natural laboratory for investigating the processes that helped to create it—continental convergence and global/regional climate—but for also testing and validating major hypotheses regarding how these forces interact to shape terrestrial environments in which we live (e.g., Molnar and England, 1990; Raymo and Ruddiman, 1992). Impacts of the TP are wide-ranging; it has played a vital role in global atmospheric circulation, from the inland Asian aridification, to the development of the Asian monsoon (Molnar et al., 2010; Wu et al., 2015), and in the evolution of Asian vegetation and fauna (Deng et al., 2019; Spicer et al., 2020).
The profound impact of TP uplift has inspired scholars worldwide to investigate its many facets over the past several decades. In recent years, the large-scale comprehensive scientific investigation of the TP, equipped with 21st century technologies and novel methods and led by multidisciplinary research groups, has brought exciting new perspectives. This Research Topic for Frontiers in Earth Science curating 27 papers (Figure 1) aims to provide an overview of recent findings that have aided progress in our understanding of the history of TP uplift, including the driving mechanisms, how such processes drove regional to global impacts, and how recent challenges have shifted our existing knowledge and established paradigms. It is the third year of the Second Tibetan Plateau Scientific Expedition, so we put together this volume as a partial summary for what has been achieved on this topic. We divide the 27 papers into the time intervals of their exploration and give a summary of their main findings, followed by our perspectives on future challenges in TP research.
[image: Figure 1]FIGURE 1 | Locations of publications of this Research Topic on the Tibetan Plateau and surrounding regions.
PRE-CENOZOIC
The pre-Cenozoic section contains four articles that study the processes preceding the India-Asia collision, providing an important and requisite geological framework for assessing later processes and impacts during and after India-Asia collision. Constraining the altitude of the Gangdese Mountains before India-Asia collision remains crucial in our understanding of the distribution of Asian environments. Unlike direct paleoelevation reconstructions, Zhang J et al. in this issue investigate the Late Cretaceous altitude of the Gangdese Mountains using climate models and test the coherence between assigned Gangdese altitudes and the observed extent of Asian aridity. They found that a height of ∼2 km for the Late Cretaceous Gangdese Mountains to be the most likely scenario. Paleomagnetic and rock magnetic methods have been applied to a wide variety of important geological questions regarding the evolution of the Tethys and India-Asia collision, but it remains crucial to determine the extent to which primary magnetic signals are faithfully preserved in rocks. Yu L et al. assess this through their comprehensive petrographic observations and rock magnetic and paleomagnetic analyses from early Carboniferous limestones within the East Qiangtang Terrane of central Tibet. Their results show that limestones were re-magnetized by hydrothermal activities after 53 Ma, due to far-field effects of the India–Eurasia collision. Fu Q. et al. further investigate paleomagnetism of an Early Cretaceous granite intruding into Jurassic sandstones within the East Qiangtang Terrane. Their findings constrain an earlier Cretaceous deformation event before granitic intrusion, thus suggesting that collision between the Lhasa and East Qiangtang terranes occurred before ∼126 Ma. Li Z et al. show new paleomagnetic results yielded from volcanic rocks in the northern Lhasa terrane. Their data indicate a paleolatitude of ∼13°N for the Lhasa Terrane at 115 ± 5 Ma, thus adding important constraints on the magnitude of crustal shortening between India and Asia, and on the reconstructed extent of the Neo-Tethys Ocean.
PALEOGENE-NEOGENE
The Paleogene-Neogene section contains 17 articles dealing with tectonics, erosion, weathering, and environment across sectors of the TP. India-Asia collision and TP uplift induced tectonic deformation that caused dramatic changes to dominant geomorphological regimes, drainage organization, and denudation patterns across the entire TP. In the western TP, Wang P. et al. present detrital zircon U-Pb and apatite fission-track ages from the southwest Tarim Basin that highlight rapid Eocene (45 Ma) denudation across the Central Pamir induced by abrupt uplift and paleo-geomorphological change. At the same time, Liu D et al. present an age-elevation profile across granites from the southern West Kunlun Mountains. Their apatite fission track ages document rapid late Oligocene (∼26 Ma) exhumation due to Cenozoic northward growth of the West Kunlun Mountains. In the northeastern TP, Chen L et al. reveal large-scale denudation from ranges surrounding the Xining Basin using detrital apatite fission track data from two late Neogene sections; they illustrate rapid denudation in this region since the Late Cretaceous and emphasize sediment recycling in the late Miocene (∼8 Ma) driven by deformation. He P et al. present new apatite fission track data from Paleogene strata in the northern Qaidam Basin that document an intensified period of thrusting and folding along with the Qilian Shan since the late Miocene (∼10 Ma). Tian Q et al. present a record of glycerol dialkyl glycerol tetraethers (GDGTs) from the same section as He P et al. in the Qaidam Basin. They show mean annual paleotemperatures of the basin were relatively higher (∼28°C) in the early Miocene (∼18 Ma) that suggests the mean paleoelevation of the basin was also much lower (∼1.5 km asl) at that time. Their results are largely in agreement with remarkable shortening recorded in the basin since the mid-late Miocene. Zhang W. et al. present a record of the anisotropy of magnetic susceptibility from the western Qaidam Basin. Their results surprisingly suggest tectonic events decreased in magnitude since the late Miocene (∼6.9 Ma), possibly because most geological units in the western Qaidam Basin released the majority of compressional strain during the mid-late Miocene. In the central TP, Zhao Z et al. combine the new apatite fission track data from the Qiangtang Terrane with isostatic modeling. They propose that the Qiangtang Terrane has experienced a two-stage uplift: an early uplift before the middle Eocene (∼40 Ma) caused by crustal thickening and a later Oligocene uplift caused by lithospheric mantle delamination. Li LY et al. present another record of the anisotropy of magnetic susceptibility from the late Eocene to early Miocene Tuotuohe foreland basin. They document active tectonic strain from the Tanggulashan uplift before ∼30 Ma and after 19.5 Ma. In the southern TP, Ai K et al. explore the sedimentology and chronology of the Gangdese Range. They infer that a westward-flowing axial palaeo-Yarlung-Zangbo River occupied the length of the Yarlung-Zangbo suture zone from the late Oligocene to early Miocene: the opposite of the current configuration of the Yarlung-Zangbo River. Ma X et al. investigate mesoscopic and microscopic magmatic structures of the early Eocene Quxu batholith, formed in the transitional regime between subduction of the Neotethyan oceanic slab beneath the Lhasa terrane and the continent-continent Indo-Asian collision. Results from the batholith suggest that magma mixing between a mantle-derived mafic endmember and felsic crustal material played a pivotal role in generation of the calc-alkaline pluton and its enclosed magmatic microgranular enclaves.
India-Asia collision and resultant TP uplift instigated significant and diverse environmental changes across the entire Asian region. In the northern TP, Yang Y. et al. provide the first complete, long (53 Myr) continental silicate chemical weathering record based on clay mineral data. Their weathering record documents Paleogene weakening followed by long-term Neogene strengthening, with three significant transitions at ∼26–23 Ma, ∼16 Ma, and ∼8 Ma. Their results suggest that global climate modulated the Paleogene variations in silicate chemical weathering, while regional monsoon rainfall controlled Neogene variability, including the three critical transitions. Miao Y et al. uses microcharcoal data in the Qaidam Basin to reconstruct a first record of microcharcoal-based wildfire in the northern TP (Inner Asia) spanning the Oligocene-Miocene. Their results show that wildfires before ∼26 Ma remained relatively frequent, then reduced gradually, coinciding with global temperature changes. Liu Y et al. present a high-resolution continuous carbonate manganese record reconstructed from Qaidam Basin lake sediments from 7.3 Ma. They argue their manganese record is a sensitive proxy of climate change that shows long-term variability consistent with global climate, especially with high latitudes. Hu F et al. present carbon and oxygen isotopic compositions from ∼9 Myr Hipparion fauna tooth enamel from the Xunhua Basin. Enamel carbon isotope data indicate that Hipparion fauna fed mostly on C3 plants. Their reconstructed paleo-meteoric oxygen isotopes suggest a wetter climate or stronger monsoonal influence than today. In the eastern TP, Wang L et al. use sporomorphs assemblages, sedimentology, and evaporite geochemistry to reconstruct the paleoclimate and paleovegetation for the middle Eocene. They infer that warm and humid deciduous broad-leaved forests transitioned to cool and arid temperate forests by ∼44 Ma. In the central TP, Liang Y. et al. used multiple records of n-alkane biomarker indices to trace mid-Miocene lake levels fluctuations in the Lunpola Basin. They argue that global climatic changes played a dominant role in dictating lake fluctuations whereas tectonic uplift only played a subordinate role. In the south TP, Khatri et al. explore how active tectonics dictated rock magnetic properties of sediments from Late Cretaceous-Eocene Lesser Himalayan strata from western Nepal.
QUATERNARY
The Quaternary section contains six papers dealing with geophysical observations, erosion, and weathering processes across the TP. In the northern TP, Murodov et al. review and analyze receiver function data beneath the Pamir–Tibetan Plateau to observe variations in depth of the Moho and crustal Vp/Vs ratios. They find that lower crustal channel flow might contribute to the crustal thickening in the central plateau but that crustal thickening and shortening provide the main mechanism of uplift for other areas of the Pamir–Tibetan Plateau. Cao K et al. apply multiple geomorphic parameters to study how normal faulting and surface erosion influence Quaternary exhumation across the Pamir. They evaluate the relative contributions from tectonics, glacial/fluvial erosion, and lithology in driving focused exhumation of domes in the region. Yang L et al. present ion geochemistry from weekly water sampling of the upper Yellow River to quantify chemical weathering inputs. They propose that runoff, rather than erosion, plays a central role in chemical weathering within the Yellow River Basin. In the eastern TP, Li L et al. compile dissolved radiogenic uranium isotopes in river water samples across catchments with variable landsliding in the Minjiang River Basin. Based on their results, they propose that the riverine dissolved 234U/238U ratio is a sensitive tracer of weathering fluxes driven by landslides. Shen X et al. report apatite (U-Th)/He data from an age-elevation transect along the Dulong batholith of the central Three Rivers Region and suggest that uplift due to high-strain around the eastern syntaxis of India-Eurasia convergence is responsible for enhanced Quaternary tectonism in the region. In the southern TP, Ha G et al. apply 14C dating to peat layers and snail shells to constrain the emplacement age of a rock avalanche. Their results question a sole seismic trigger for the avalanche because the accuracy of the commonly used age determination cannot rule out other possibilities.
PERSPECTIVE AND REMAINING CHALLENGES
This Research Topic presents studies across a diverse spectrum of geoscience. However, there are still several long-standing issues in the Tibetan Plateau that warrant further research and we summarize a few below:
Applying novel methods to acquire environmental boundary conditions in the rock record
One of the ongoing primary challenges in the geoscience community is the quantitative reconstruction of environmental parameters from the rock record, such as elevation, temperature, precipitation, and seasonality. In part, improvements in our ability to measure boundary conditions utilizing novel (bio)geochemical markers, such as clumped isotopes, have shed light on paleoevelation reconstructions in recent years. However, rigorous debate still remains concerning paleoelevation records for the TP, especially in context to findings from traditional isotopic paleoaltimetry (Quade et al., 2011, 2020). In particular, the northern TP region displays a hydrologically complex setting with multiple meteoric water sources through the Cenozoic; this hinders the application of traditional paleoaltimetry studies based on oxygen and hydrogen isotopes of meteoric waters. Paleoaltimetry estimates independent of meteoric sources may be valid prospects for future study. For example, recent investigations in the northern TP show that temperature- and paleovegetation-based paleoelevations reconstructions could have a great potential, e.g., GDGTs from Tian Q et al. in this Research Topic and carbonate clumped-isotopes in lacustrine authigenic carbonates (ostracod) (Li et al., 2021; Song et al., 2022), as well as Climate-Leaf Analysis Multivariate Program (CLAMP) and moist enthalpy method based on the shape of fossil leaves (Song et al., 2020).
Linking surface and deep processes to define triggers, thresholds, and tipping points.
Over the last few decades, considerable time and effort have gone into determining the relative roles of earth surface processes, tectonics, and mantle dynamics in driving large events in Earth evolution. In terms of the wider TP and Himalaya research community, many agree now that this is a somewhat paradoxical approach given the tight links amongst all these processes over geological time (i.e., Molnar and England, 1990). Often, deeper processes can inform on earth surface evolution, and vice versa. For example, work by Hu et al. (2020) suggested a direct correlation exists between crustal thickness and elevation in both subduction-related and collision-related mountain belts due to isostatic equilibrium. Through the application of Sr/Y and (La/Yb)N ratios from magmatic rocks, Hu et al. (2020). reconstructed Tibetan crustal thickness and paleoelevation since the Cretaceous. Similarly, Zhao Z et al. (in this Research Topic) utilised isostatic models to constrain uplift histories for the Qiangtang Terrane, central Tibet. Further, a comprehensive assessment of the carbon budget for the TP requires a full understanding of the atmospheric carbon dioxide uptake by weathering processes and organic carbon on earth’s surface (e.g., Raymo and Ruddiman, 1992; France-Lanord and Derry, 1997), and the release of carbon dioxide from the deep portion beneath the TP (e.g., Becker et al., 2008; Guo et al., 2021). The next—perhaps current—chapter in this overarching challenge involves better characterization of surface-tectonic-mantle linkages, especially in terms of their magnitude and directionality (positive or negative feedbacks). Identifying unique tipping points in TP paleoenvironments due to tectonic or atmospheric triggers may be especially key for mitigating future climate projections.
Bridging gaps between modern processes and reconstructions.
Building from our two previously posed challenges, this final issue encompasses the pervasive problem of scale (extent, magnitude, and rates) in the rock record. There still exist considerable gaps in our knowledge for how modern processes can be appropriately applied to paleoenvironments in the past. This, unfortunately, often leads to the simple fact that many observed relationships cannot be appropriately applied in our paleo-reconstructions. One of the best examples in current TP research is the issue of atmospheric CO2, global temperatures, and chemical weathering. For example, TP uplift has been argued to drive Cenozoic global cooling through the consumption of atmospheric CO2 via the chemical weathering of silicates (e.g., Raymo and Ruddiman, 1992). There are emerging studies on modern weathering dynamics and the associated atmospheric carbon dioxide consumption (e.g., Huh, 2010; Isson et al., 2020; Hilton and West, 2020) as well as past weathering dynamics under differing environmental conditions (e.g., Caves Rugenstein et al., 2019; Clift et al., 2014; Yang et al., 2021). However, combining modern observations with paleoreconstructions from the geological record to yield rates of chemical weathering, let alone chemical weathering fluxes, remains challenging (Clift and Jonell, 2021; Yang et al., 2021). Recent studies from the TP especially highlight that more studies with robustly-resolved erosional records and chemical weathering fluxes across the Himalayan-TP and wider Asia-Oceania are required.
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Stable isotope analysis is pivotal for investigating the paleodiet and paleoecology of ancient mammals. Recently, a ∼9-Myr-old Hipparion fauna was discovered at an elevation of ∼2,200 m above sea level (a.s.l.) in the Xunhua Basin on the northeastern Tibetan Plateau. These fossils can provide key evidence for the ecosystem structure and regional paleoenvironmental reconstruction. Here we present carbon and oxygen isotopic compositions of 56 bulk and 85 serial tooth enamel samples from this fauna, which includes Hipparion platyodus Selve, Chilotherium sp. and Gazella gaudryi Schlosser. The enamel−δ13°C values display a wide range of variation (−11.4 to −5.0‰), with a mean value of −8.9 ± 1.0‰, indicating that the fauna consumed mainly C3 plants. However, the heaviest δ13C value of Hipparion (−5.0‰) suggests at least some consumption of C4 plants. Combined with pollen records, we infer that the Hipparion fauna in the Xunhua Basin was living in forest-grassland setting at ∼9 Ma. The reconstructed paleo-meteoric δ18O values of the Xunhua Basin at ∼9 Ma are lower than the mean annual δ18O of present-day precipitation in this region, suggesting a wetter climate or stronger monsoonal influence than today. Hipparion fauna in the Xunhua Basin yield significantly higher mean values of δ13C and δ18O than contemporary fossils in the Linxia Basin to the east, which is attributed to rapid uplift of the Jishi Shan, blocking water vapor transport by the East Asian Summer Monsoon and making the climate of the Xunhua Basin relatively drier.
Keywords: carbon isotopes, oxygen isotopes, tooth enamel, late miocene, uplift, Jishi Shan
INTRODUCTION
Cenozoic sedimentary basins of the Tibetan Plateau have yielded abundant fossil mammals, whose reconstructed diets can provide valuable information about paleoenvironmental and paleoclimatic changes. Given the resistance of fossil mammal teeth to diagenetic alteration due to their high density and low porosity (Ayliffe et al., 1994; MacFadden and Cerling, 1994; Wang et al., 1994), the stable carbon and oxygen isotopic compositions of tooth enamel have proven to be a useful tool for inferring climate and environmental conditions such as vegetation cover, aridity, precipitation sources, and climate seasonality in the past (Cerling et al., 1993; Cerling et al., 1998; Levin et al., 2006; Wynn et al., 2012; Sun et al., 2021).
In recent decades, many stable isotope studies have been conducted on fossil materials from Miocene to Pliocene strata of the Tibetan Plateau (Wang and Deng, 2005; Biasatti et al., 2010; Biasatti et al., 2012; Biasatti et al., 2018; Zhang et al., 2012a; Deng et al., 2012; Ciner et al., 2015). Previous studies have focused mostly on issues of ecosystem structure and regional paleoenvironmental reconstruction. For instance, Zhang et al. (2012a) inferred that the presence of significant C4 biomass in the Qaidam Basin between 9.5 and 5 Ma signified a wetter and warmer climate. Wang and Deng (2005) suggested that herbivores in the Linxia Basin fed predominantly on C3 plants before 2.5 Ma, and that a positive shift in both horse and rhino bulk δ18O recorded a shift to more arid conditions at 9.5 Ma.
The Xunhua Basin is located on the northeastern Tibetan Plateau in a climatically sensitive area, representing the transitional zone between the monsoonal coastal region to the east and the arid continental interior to the west. Much research has been conducted on climate change in the Xunhua Basin using stable isotopes (Hough et al., 2011), magnetostratigraphy (Ji et al., 2010), palynological data (Xu et al., 2015), ostracod data (Luo et al., 2010), clay mineralogy (Wang et al., 2010), and chemical weathering indices (Ye et al., 2010). Palynological studies in the Xunhua Basin indicate a long-lasting cooling trend beginning at ∼14 Ma. However, clay mineralogy and chemical weathering indices from the Xunhua Basin indicate arid conditions between 14.6 and 12.5 Ma, a relatively wetter stage between 12.5 and 8 Ma, and renewed climatic drying at 8 Ma. Thus, paleoclimate changes in the Xunhua Basin during the Late Miocene remain contentious.
Recently, we discovered an upper Miocene Hipparion fauna (∼9 Ma) in the Xunhua Basin at an elevation of ∼2,200 m a.s.l. Mammal tooth enamel forms incrementally from the crown to the base of the tooth, recording variation in δ13C and δ18O values over time. Such isotopic series can provide excellent records of seasonal variation in diet and climate during tooth growth (Koch et al., 1995; Fricke and O’Neil, 1996; Fricke et al., 1998; Sharp and Cerling, 1998; Nelson, 2005; Sponheimer et al., 2006; Wang et al., 2008a). Stable carbon and oxygen isotopic analyses of our newly discovered fossil mammal teeth in the Xunhua Basin can provide not only useful proxies for reconstructing paleodiets and paleoecology but also a baseline for regional comparison with well-studied Hipparion faunas from the Linxia Basin (Wang and Deng, 2005; Biasatti et al., 2010, 2018) with the goal of better understanding the history of regional environmental and ecosystem changes on the northeastern Tibetan Plateau and their relationship to tectonics and global climate.
GEOGRAPHIC AND GEOLOGICAL SETTING
The Xunhua Basin, with an elevation between 1870 and 3,000 m, is surrounded by the east-west-trending Laji Shan to the north, the north-south-trending Jishi Shan to the east, and the Zhamazari and West Qinling Shan to west and south, respectively (Figures 1A,B). The basin is located in middle latitudes, in a semi-arid region in which mean annual temperature is ∼8.5°C and mean annual precipitation is 264 mm, of which ∼75% falls as monsoonal rain during the summer (IAEA/WMO, 2018).
[image: Figure 1]FIGURE 1 | Geological sketch maps showing the location and tectonic setting of the study area: (A) Location of the study area on Tibetan Plateau (modified from Yin and Harrison, 2000); (B) Tectonic sketch of Xunhua Basin; and (C) Detailed geological map of the Xunhua Basin (modified from Zhang et al., 2010) and the location of the measured section.
The Xigou section (starting coordinates, N 35°49′30″, E 102°30′00″, 1797 m; ending coordinates, N 35°48′18″, E 102°26′10″, 2,344 m), located in the southeastern Xunhua Basin (Figure 1C), has well-exposed Miocene to Pliocene strata with an overall thickness of more than 600 m, deposited without significant hiatuses (Figure 2). Our previous magnetostratigraphic study has determined a depositional age for this section of 14.6 to 5.0 Ma (Ji et al., 2010), with the following approximate formation ages: Dongxiang Formation (14.6–9.6 Ma), Liushu Formation (9.6–7.3 Ma), and Hewangjia Formation (7.3–5.0 Ma) (Figure 2). Many fossil mammals were collected at the base of the Liushu Formation within a 1-m-thick interval at 378–379 m, including Hipparion platyodus Selve (Figures 3A–E), Chilotherium sp. (Figures 3F–J), Gazella gaudryi Schlosser (Figures 3K–N), Gazella paotehensis, Gazella dorcadoides, Gazella sp., and Cervocerus sp. Based on the magnetostratigraphy of the Xigou section (Ji et al., 2010), the Hipparion fauna in the Xunhua Basin was found within chron C4An (Figure 2) and has an estimated age of 8.99–9.06 Ma based on linear interpolation between age tie-points (i.e., assuming a constant sedimentation rate). Because this age range is narrow and beyond the precision of our study, we herein report the age of the Hipparion fauna as ∼9 Ma.
[image: Figure 2]FIGURE 2 | Lithology, sedimentary facies and magnetostratigraphic framework of the Xigou section in the Xunhua Basin. Dashed lines show the correlations of the observed magnetic polarities (Ji et al., 2010) with the geomagnetic polarity time scale (GPTS; Ogg, 2012).
[image: Figure 3]FIGURE 3 | The segmental cheek teeth for enamel carbon and oxygen isotopic compositions from Xigou section in the Xunhua Basin. Scale bar = 2 mm; 1 = coronal views; 2 = side views. (A)Hipparion platyodus Selve, CUG-XH-1, lower teeth, right M3; (B)Hipparion platyodus Selve, CUG-XH-2, lower teeth, right M1; (C)Hipparion platyodus Selve, CUG-XH-3, upper teeth, left M1; (D)Hipparion platyodus Selve, CUG-XH-4, upper teeth, left M2; (E)Hipparion platyodus Selve, CUG-XH-5, upper teeth, left M2; (F–G) Tooth fragment of Chilotherium sp., and their number are CUG-XH-28, CUG-XH-29, CUG-XH-30, CUG-XH-31, CUG-XH-32, respectively; (K)Gazella gaudryi Schlosser, CUG-XH-39, left mandible; (L)Gazella gaudryi Schlosser, CUG-XH-42, right mandible; (M)Gazella gaudryi Schlosser, CUG-XH-47, left mandible; (N)Gazella gaudryi Schlosser, CUG-XH-51, left mandible.
MATERIALS AND METHODS
We selected 56 well-preserved fossils of herbivorous mammals including Hipparion platyodus Selve, Chilotherium sp., and Gazella gaudryi Schlosser for stable carbon and oxygen isotope analyses. We preferentially analyzed molars and premolars to overcome paleoecological bias from juvenile development (Bryant et al., 1996). However, many specimens of the fossil Chilotherium that we analyzed were so fragmentary that to identify them to genus was difficult. The tooth samples were prepared by scraping any dirt, dentine, or other material off the enamel. For bulk enamel samples, fine powder was drilled from a cleaned enamel surface evenly along the entire growth axis to make the sample more representative of the entire period of mineralization. In order to study whether local vegetation exhibited seasonal variations, serial enamel samples were obtained from nine selected Hipparion teeth by drilling in bands perpendicular to the growth axes of each tooth from crown to root with a rotary tool.
The enamel powder was then soaked in 5% sodium hypochlorite (NaOCl) to remove organic matter, followed by treatment with 1 M acetic acid for at least 12 h to remove non-structural carbonate, cleaning with distilled water via centrifugation at least three times, and finally freeze-drying. The enamel samples were the converted to CO2 by reaction with 100% phosphoric acid for approximately 72 h at 25°C; the carbon and oxygen isotope ratios of the resulting CO2 were then analyzed using a Finnigan MAT Delta Plus XP stable isotope ratio mass spectrometer (IRMS) at the University of Rochester’s SIREAL laboratory (Higgins and MacFadden, 2004). The analytical results are reported using the standard ‰ notation where δ13C (or δ18O) = (Rsample/Rstandard–1) × 1,000 and Rsample or Rstandard is the 13C/12C (or 18O/16O) ratio of the sample or standard, respectively. Results are reported relative to the VPDB reference standard. Analytical precision for δ13C and δ18O was better than ±0.1 and ±0.14‰, respectively.
RESULTS AND INTERPRETATIONS
The δ13C and δ18O of bulk enamel from 56 fossil teeth are reported in Figure 4 and Supplementary Table S1. Of the 56 teeth analyzed in this study, nine Hipparion teeth that were analyzed for bulk isotopes were serially sampled (Figure 5; Supplementary Table S2). There is no notable seasonal signal present in the carbon isotope data of the serial samples. The mean intra-tooth variation of enamel-δ13C values in these nine teeth is 0.9 ± 0.2‰. Sample XH-8 has intra-tooth variation of just 0.5‰, the lowest value, and samples XH-5 and XH-13 have intra-tooth variation of 1.2‰, the highest value. Intra-tooth variation is greater for δ18O (up to 4‰) than for δ13C. Serial sampling of Hipparion reveals a strong seasonal signal in oxygen isotope data from the Xunhua Basin, indicating that the enamel samples, and thus the carbon isotope data, have not been strongly affected by diagenesis (Zin Maung Maung Thein et al., 2011). Moreover, comparison of the δ13C and δ18O values of the fossil tooth enamel with those of carbonates in the coexisting matrix (Hough et al., 2011) provides a useful means of determining whether significant alteration of the original isotopic compositions of the enamel has occurred (Wang and Deng, 2005). A significant difference between the isotopic compositions of the enamel and matrix carbonates would argue against strong diagenetic alteration of the samples. Differences in δ13C and δ18O values between the analyzed fossil samples and their coexisting matrix carbonates (Δ13Ce-m and Δ18Oe-m) are plotted in Figure 4. The large Δ13Ce-m and Δ18Oe-m values are consistent with minimal or no diagenetic alteration of the tooth enamel of the Hipparion fauna in the Xunhua Basin.
[image: Figure 4]FIGURE 4 | δ13C and δ18O in tooth enamel of Hipparion fauna (including Hipparion, Chilotherium, and Gazzela) and their coexisting matrix carbonates (Hough et al., 2011) in the Xunhua Basin.
[image: Figure 5]FIGURE 5 | Intra-tooth isotopic variations in selected Hipparion teeth from Xunhua Basin. Δ13C and Δ18O values indicate the range of carbon and oxygen isotopic variations, respectively, within each tooth.
Bulk enamel−δ13C values range from −11.4 to −5.0‰ with a mean of −8.9 ± 1.0‰ (n = 56): 1) from −11.4 to −9.1‰ with a mean of −9.9 ± 0.75‰ (n = 18) for Gazella; 2) from −9.2 to −8.1‰ with a mean of −8.5 ± 0.35‰ (n = 12) for Chilotherium; 3) from −9.2 to −5.0‰ with a mean of −8.3 ± 0.86‰ (n = 26) for Hipparion. Only one fossil (Hipparion) has bulk δ13C values greater than −6‰, a conservative cutoff for the presence of C4 plants in the diets of fossil mammals (Bowman et al., 2017). When comparing our results with data from Wang and Deng (2005) and Biasatti et al. (2010), Biasatti et al. (2018) (Figure 6), we found that the taxon-specific mean δ13C values in the Xunhua Basin tend to be slightly higher than those in the Linxia Basin (Figure 7). In addition, we found that fossil enamel δ13C was characterized by higher-amplitude variation in the Xunhua Basin than in the Linxia Basin (Figures 4, 7).
[image: Figure 6]FIGURE 6 | Correlation of stratigraphic columns for the Xunhua and Linxia basins. Sources: Xunhua Basin (Ji et al., 2010), Linxia Basin (Wang and Deng, 2005).
[image: Figure 7]FIGURE 7 | Comparison of enamel δ13C, δ18O and the estimated δ18Ow values of obligate drinkers (Hipparion and Chilotherium) of Xunhua Basin at ∼9 Ma and the Linxia Basin at 9.5 to 9 Ma (Wang and Deng, 2005; Biasatti et al., 2010, 2018).
The fossils have bulk δ18O (VPDB) values of all tooth enamel ranging from −12.2‰ to −1.8‰ with a mean of −8.2 ± 1.8‰ (n = 56): 1) from −11.6 to −1.8‰ with a mean of −7.7 ± 2.52‰ (n = 18) for the Gazella; 2) from −10.7 to −7.4‰ with a mean of −8.4 ± 0.83‰ (n = 12) for the Chilotherium; 3) from −12.2 to −6.5‰ with a mean of −8.4 ± 1.4‰ (n = 26) for the Hipparion. The δ18O of tooth enamel is similar for all specimens of all taxa, with the exception of a single Gazella that yielded a value ∼1.8‰ more positive than other specimens (Figure 4). This difference may be attributable to differences in dietary or drinking behavior between this Gazella specimen and the other fossils (Biasatti et al., 2010). A difference in dietary behavior is distinctly possible as Gazella usually ingest a large amount of water from leaves, and leaf water is strongly affected by relative humidity (Cormie et al., 1994; Koch, 1998). As a result, leaf δ18O values will increase with climatic aridity. Compared to the Linxia Basin, the mean δ18O values of fossil enamel in the Xunhua Basin are higher (by ∼3.4‰) and the most negative δ18O values in the Xunhua Basin is lower than that in the Linxia Basin (Figure 7).
DISCUSSION
Diets and Habitats of Hipparion Fauna in the Xunhua Basin at ∼9 Ma
The carbon isotopic composition of mammal teeth closely follows an animal’s diet, reflecting consumption of two types of vegetation with differing isotopic signatures: C3 plants (i.e., trees, most shrubs, and cool-season grasses) with δ13C values of −34 to −23‰ (VPDB; mean −27‰) and C4 plants (i.e., warm-season grasses) with δ13C values of −17 to −9‰ (mean −13‰) (Quade et al., 1992). These differences in carbon isotopic composition are due to use of different photosynthetic pathways: the Calvin-Benson cycle for C3 plants versus the Hatch-Slack cycle for C4 plants. Mammal teeth are enriched in the heavy carbon isotope (13C) by ∼14‰ relative to their dietary source (Cerling and Harris, 1999), based on which enamel δ13C values of < −9‰ and > −2‰ indicate a pure C3 diet and a pure C4 diet, respectively, with mixed feeders yielding intermediate values (Lee-Thorp and van der Merwe, 1987; Koch, 1998; Cerling and Harris, 1999; Koch and Cerling, 2002; Passey et al., 2002). However, in arid and semi-arid (i.e., water-stressed) environments, a maximum enamel−δ13C value for a pure C3 diet could be as high as −8‰ for modern herbivores and −6‰ for fossil herbivores due to changes in the δ13C value of atmospheric CO2 (Bowman et al., 2017). In closed environments such as forests, δ13C values are systematically lower due to the influence of soil respiration and low irradiance (Schleser and Jayasekera, 1985; van der Merwe and Medina, 1989).
The mean δ13C value of enamel samples of the ∼9-Ma Hipparion fauna from the Xunhua Basin is −8.9 ± 1.0‰ (n = 56, Figure 4). The δ13C of atmospheric CO2 in the Late Miocene was approximately −6.4‰ (Tipple et al., 2010), which is higher than the current value of −8.2‰ (Cuntz, 2011). After correction for secular variation in the δ13C of atmospheric CO2 (1.8‰) and biochemical fractionation between diet and enamel (∼14‰), the dietary δ13C of the Hipparion fauna ranged from −27.2 to −20.8‰ (mean −24.7 ± 1.0‰), with the highest value found in a Hipparion specimen and the lowest in a Gazella. These values are consistent with a diet consisting mainly of C3 plants. Further proof of a lack of ingestion of C4 plants in this ecosystem comes from the serial enamel-δ13C data from individual teeth, which show little or no intra-tooth carbon isotopic variation (Figure 5). However, one Hipparion tooth yielded a relatively high dietary-δ13C value (−20.8‰), suggesting the presence of a small amount of C4 plants in the local ecosystem. Thus, the Hipparion fauna in the Xunhua Basin at ∼9 Ma fed mostly on C3 plants, even though the local ecosystem is likely to have contained some C4 grasses, which is consistent with previous observations that C4 plants were already present on the Tibetan Plateau and the Chinese Loess Plateau at 9–8 Ma (Morgan et al., 1994; Zhang et al., 2009, Zhang et al., 2012b).
Variation of dietary-δ13C values among taxa likely reflects differences in the herbivores’ habitats and eating behaviors (Figure 4). Gazella has the lowest δ13C values (range −27.2 to −24.9‰, mean 25.7 ± 0.75‰), suggesting that they had pure C3 diets and preferred forest habitats. In contrast, higher dietary-δ13C values are recorded by Hipparion (range −25.0 to −20.8‰, mean −24.1 ± 0.86‰) and Chilotherium (−25.0 to −23.9‰, mean −24.3 ± 0.35‰). These values are indicative of feeding mainly on C3 plants growing in more open environments, although some Hipparion specimens may have consumed a certain amount of C4 plants. The composition of the Hipparion fauna in the Xunhua Basin reflects an herbivore community adapted to both forest and grassland habitats. Gazella gaudryi Schlosser and Cervocerus sp. represent forest phenotypes, whereas Hipparion platyodus Selve, Chilotherium sp. and Gazella dorcadoides had high-crown teeth and were representative of grassland taxa (Zhang et al., 2002). Moreover, palynological data reveal that the Xunhua Basin contained mainly shrubs and herbs (e.g., Chenopodiaceae, Ephedra and Gramineae), broadleaved trees, and conifers at 12.5–8 Ma (Xu et al., 2015). Combined with enamel-δ13C data, the presence of the Hipparion fauna in the Xunhua Basin at ∼9 Ma is indicative of a mixed forest-grassland setting.
δ18O of Meteoric Water and its Paleoclimatic Implications
Oxygen isotopes in mammal tooth enamel contain valuable information about climatic conditions (Kohn and Cerling, 2002; Wang et al., 2008b; Wang et al., 2013). The δ18O values of tooth enamel can reflect the isotopic constitution of local meteoric water, which is strongly correlated with local climate conditions, especially for obligate drinkers (>100 kg) that obtain most of their water from meteoric sources (Longinelli, 1984; Luz et al., 1984; Bryant and Froelich, 1995; Wang et al., 2008a). Precipitation is known to display large intra-annual δ18O variations in response to climatic seasonality. Rivers and lakes exhibit a much smaller δ18O range than precipitation as their water is mostly derived from groundwater that integrates precipitation spatially and temporally across a watershed (Clark and Fritz, 1997). Precipitation isotope data from IAEA-GNIP (International Atomic Energy Agency Global Network for Isotopes in Precipitation) stations in the study area show that summer precipitation is more depleted in 18O than winter precipitation (Stacklyn et al., 2017; IAEA/WMO, 2018; Sun et al., 2019). This pattern is characteristic of the Asian Summer Monsoon regime (Johnson and Ingram, 2004). The weighted annual mean δ18O of precipitation in this region shows a decreasing trend with distance from the ocean (the moisture source): −5.8 ± 1.1‰ at Guangzhou, −6.2 ± 0.9‰ at Guilin, −6.5 ± 0.7‰ at Liuzhou, −6.4 ± 2.1‰ at Wuhan, and −7.0 ± 1.1‰ at Chengdu (Stacklyn et al., 2017; IAEA/WMO, 2018; Sun et al., 2019), which reflects a combination of the “continental effect” and the “latitude effect” (Dansgaard, 1964). In summer months, moisture was carried by the Asian summer monsoon from the ocean inland, increasing precipitation over the continent. Because heavy isotopes are preferentially removed from vapor by condensation, the remaining vapor in an air mass and the precipitation subsequently produced from it become progressively more depleted in the heavy isotope (18O) as air masses move further inland and more vapor condenses to precipitation (Dansgaard, 1964). In a given area, the higher the precipitation amount, the lower the δ18O value, owing to the “amount effect” (Dansgaard, 1964). At mid to high latitudes, there is a strong positive correlation (0.58‰/°C) between precipitation δ18O and surface air temperature (Dansgaard, 1964), the so-called “temperature effect”, but this correlation does not apply to the Asian monsoon region or to low-latitude regions in general (Sun et al., 2019).
The δ18O values of structural carbonate in the fossil enamel samples from the Xunhua Basin range from −12.2 to −1.8‰ (mean −8.2 ± 1.8‰; n = 56). The majority of specimens were large mammals (e.g., Hipparion, Chilotherium) that were presumably obligate drinkers. The δ18O values of enamel range from −12.2 to −6.5‰ (mean −8.4 ± 1.4‰) for Hipparion and from −10.7 to −7.4‰ (mean −8.4 ± 0.83‰) for Chilotherium. The similar δ18O values of Hipparion and Chilotherium indicate that they may have had a similar water source. Half of the Hipparion teeth shows limited δ18O variation (range −2.3 to −1.6‰, Figure 5), which likely indicates that these animals drank from isotopically buffered water sources such as rivers or lakes (Clark and Fritz, 1997). The other half displays relatively large intra-tooth variations (up to 4.5‰, Figure 5), possibly reflecting large seasonal variation in the δ18O of ingested water. Enamel samples from fossil Gazella were generally enriched in 18O with a wide range of δ18O values compared to other taxa (Figure 4), implying that Gazella migrated between forested and relatively open habitats and consumed leaf water or highly evaporated lake/pond water (Sun et al., 2021).
Previous studies have shown that the enamel-δ18O values of obligate drinkers are strongly correlated with the δ18Ow of local meteoric water (Kohn and Cerling, 2002; Levin et al., 2006; Wang et al., 2012). Applying the enamel-water δ18O relation for obligate drinkers given in Kohn and Cerling (2002), i.e., δ18Oenamle-CO3 = 0.9 × δ18Owater + 1.245, to enamel samples of Hipparion and Chilotherium from the Xunhua Basin yields a mean paleo-meteoric water δ18Ow value of −10.8 ± 1.38‰ (VSMOW, n = 38). However, the mean enamel-δ18O value may overestimate paleo-meteoric water δ18Ow due to subsequent evaporation induced δ18O enrichment. The best estimate of paleo-meteoric water δ18Ow is based on the lowest measured enamel-δ18O value (−12.2‰), which yields a paleo-meteoric water estimate of −15.1‰. Limited data from the modern Xunhua Basin yield a mean δ18Ow of ∼ −6.5‰ (Hough et al., 2011), which is 8.6‰ higher than the estimated paleo-meteoric water value of −15.1‰ at ∼9 Ma. The present-day Xunhua Basin is within the Asian monsoon region (Figure 8), with climate mainly controlled by the East Asian Summer Monsoon. In summer monsoon regions, summer precipitation has lower δ18O than winter precipitation (Figure 8), primarily due to the “amount effect” (Dansgaard, 1964). The amount of precipitation is mainly controlled by monsoonal intensity (Li et al., 2020). Thus, the lower reconstructed paleo-meteoric water δ18O values at ∼9 Ma are consistent with a wetter climate and possibly stronger influence of the East Asian Monsoon than today. This inference is supported by clay mineralogy and chemical weathering indices, which indicate a relatively warmer and more humid environment in the Xunhua Basin between ∼12.5 Ma and 8 Ma (Wang et al., 2010; Ye et al., 2010).
[image: Figure 8]FIGURE 8 | Plots of mean monthly values of temperature, precipitation, and precipitation δ18O for the Xunhua Basin (modified from Hough et al., 2011).
Comparison With Contemporaneous Linxia Basin Fauna
A large number of isotopic paleodiet records from the Upper Miocene of China have been published, yielding data for the Gyirong Basin (Wang et al., 2006; Wang et al., 2012), Zhada Basin (Wang et al., 2013), Kunlun Pass Basin (Wang et al., 2008b), Qaidam Basin (Zhang et al., 2012a), Linxia Basin (Wang and Deng, 2005; Biasatti et al., 2010; Biasatti et al., 2018), Fugu Area (Li et al., 2020), and Yushe Basin (Ciner et al., 2015). These well-dated records from various locations provide a basis for conducting a regional comparison of paleoclimatic changes on the northeastern Tibetan Plateau. The Linxia Basin is close to the Xunhua Basin, separated by the Jishi Shan and located only 50 km to the east. The Upper Miocene strata of the Linxia Basin contain abundant, diverse, and well-preserved mammalian fossils (Figure 6). Here, we chose a nearly contemporaneous Hipparion fauna (including Hipparion and Chilotherium) of the Linxia Basin with an age of ∼9.5–9.0 Ma, that was deposited in mudstones, to compare with the δ13C and δ18O records of the Xunhua Basin at ∼9 Ma (Figures 6, 7).
The bulk enamel δ13C of Hipparion and Chilotherium from the Xunhua Basin ranges from −9.2 to −5.0‰ (mean −8.4 ± 0.74‰), and that of the Linxia Basin ranges from −11.6 to −9.1‰ (mean −10.9 ± 0.74‰) (Wang and Deng, 2005; Biasatti et al., 2010; Biasatti et al., 2018). The difference in mean δ13C values between the Xunhua and Linxia basins is significant (p < 0.00001; t-test) (Figure 6). Kohn (2010) demonstrated that the δ13C values of modern C3 plants are negatively corelated with mean annual precipitation (MAP). The regression equation is: δ13C = −10.29 + 1.9×10−4×Altitude–5.61×log10(MAP+300)–0.0124×Abs(Latitude), where units are m for Altitude and mm/yr for MAP, and the relationship yields r2 = 0.59. The Xunhua and Linxia basins have average elevations of 2,200 m and 1917 m, respectively. The difference of ∼2.5‰ in mammal enamel δ13C values between these basins (Wang and Deng, 2005; Biasatti et al., 2010; Biasatti et al., 2018) is equivalent to a ∼300 mm increase in MAP in the Linxia Basin relative to the Xunhua Basin. This suggests that the Hipparion fauna in the Xunhua Basin may have experienced a drier climate than the Linxia Basin fauna, which is also supported by our oxygen isotope results. δ18O values of Hipparion and Chilotherium from the Xunhua Basin (mean −8.4 ± 1.2‰, range −12.2 to −6.5‰) are somewhat higher than those from the Linxia Basin (mean −9.1 ± 0.75‰, range −9.9 to −7.2‰) (p = 0.08; t-test) (Wang and Deng, 2005; Biasatti et al., 2010; Biasatti et al., 2018), reflecting greater aridity in the former basin (Dettman et al., 2003; Wang and Deng, 2005; Hough et al., 2011).
The primary factors controlling Late Miocene aridification in the Xunhua and Linxia basins were global cooling (Miao et al., 2011) and tectonic uplift of the Tibetan Plateau (Zhisheng et al., 2001; Zhang et al., 2012b; Yang et al., 2021). Many studies have inferred that increasing aridification of the northeastern Tibetan Plateau after 14 Ma was the result of global climatic cooling (Zachos et al., 2001; Ma et al., 2005; Jiang and Ding, 2008; Miao et al., 2011; Xu et al., 2015). Global cooling is likely to have reduced the amount of water vapor in the atmosphere, weakening precession-related moisture cycles (Zachos et al., 2001). Palynological studies in the Jiuxi Basin, Qaidam Basin and Guyuan area indicate a long-lasting cooling trend beginning at ∼13–12 Ma (Ma et al., 2005; Jiang and Ding, 2008; Miao et al., 2011). Sporopollen and geochemical records of paleoclimate in the Xunhua Basin demonstrate a gradual cooling and drying trend from ∼14 Ma to 5 Ma (Xu et al., 2015). However, differences in calculated δ18Ow between the Xunhua and Linxia basins, despite their proximity (Figure 6), suggest that global cooling was not the sole, or even the dominant, control on climate change on the northeastern Tibetan Plateau at ∼9 Ma.
Many lines of evidence confirm that the northeastern Tibetan Plateau experienced strong tectonic activity during the Middle-Late Miocene (Molnar, 2005; Lease et al., 2007; Lin et al., 2010; Lease et al., 2011; Yuan et al., 2011; Lease et al., 2012; Yuan et al., 2013; Fang et al., 2016; Fu et al., 2017; Yang et al., 2017; Saylor et al., 2018). For example, Yuan et al. (2011) inferred initiation of the Ela Shan and Riyue Shan strike-slip faults at 9 ± 1 and 10 ± 3 Ma, respectively, based on estimated Quaternary slip rates of ∼1.1 mm/yr and ∼10 km offset of older geologic contracts. The Laji Shan was first uplifted at 24–22 Ma and underwent accelerated uplift at 14–8 Ma, as indicated by recent studies of paleomagnetism and sedimentary facies of similar deposits in the Xunhua Basin and low-temperature thermochronometry of the Laji Shan (Lease et al., 2011, 2012). The Jishi Shan first began to rise at ∼13 Ma (Hough et al., 2011; Lease et al., 2011; Saylor et al., 2018), likely reflecting a reorientation of contractile deformation from NNE-SSW to ENE-WSW on the northeastern Tibetan Plateau at that time (Lease et al., 2011; Yuan et al., 2013), followed by intense uplift at 9–8 Ma (Lease et al., 2007; Saylor et al., 2018). Magnetostratigraphic correlations and stratigraphic architectures constrained uplift of the Liupan Shan beginning at 9.5 Ma, followed by rapid cooling at 8.2–7.3 Ma as recorded by apatite fission track data (Lin et al., 2010). Moreover, rapid uplift at 9–8 Ma is also evidenced by thick conglomerate layers and increased sedimentation rates in the Mojiazhuang section of the Xining Basin, the Heilingding section of the Linxia Basin, the Xigou section of the Xunhua Basin, and the Jiarang section of the Jianzha Basin (Ji et al., 2010; Fang et al., 2016; Fu et al., 2017; Yang et al., 2017).
Uplift of the Tibetan Plateau had profound effects on local, regional and global climate (Raymo and Ruddiman, 1992; Zhisheng et al., 2001). Based on the regional records of silicate weathering intensity, the Linxia and Xining basins experienced divergent climatic patterns marked by a decrease in (I/S + smectite)/(illite + chlorite) ratios and overall lower values of chemical weathering proxies in the Xining Basin relative to the Linxia Basin, reflecting a drier climate in the former basin since ∼8 Ma due to uplift of the surrounding mountains (Yang et al., 2021). This scenario may apply also to the Xunhua and Linxia basins. The Linxia Basin opens eastward onto the western margin of the Chinese Loess Plateau, allowing monsoonal moisture penetration (Figure 1). The Xunhua Basin is located to the west of the Linxia Basin, separated from it by the Jishi Shan, whose peaks reach 3,500 m (Figure 1). It is thus located in an orographic rainshadow, and as the Jishi Shan rose higher during the Late Miocene (at ∼9–8 Ma; Lease et al., 2007; Saylor et al., 2018), the Xunhua Basin underwent greater aridification than the Linxia Basin (Figure 9).
[image: Figure 9]FIGURE 9 | Sketch map illustrating the paleoecological characteristics of the Xunhua Basin in the northeastern Tibetan Plateau at ∼ 9 Ma.
The estimated isotopic composition of meteoric water (δ18Ow) in the Xunhua Basin (−15.1‰) is based on the lowest measured value of enamel-δ18O, which confirms that fossils yielding higher enamel-δ18O values in the Xunhua Basin were influenced by more-evaporated surface waters. This value is ∼3‰ more negative than the δ18Ow estimate for the Linxia Basin (−12.1‰), which is consistent with the aforementioned orographic rainshadow effect, that is, the precipitation across the mountain ranges will be more isotopically depleted. Strong aridification led to intense evaporation within the Xunhua Basin, causing enrichment of surface waters in the heavy isotope of oxygen. This process resulted in higher mean enamel-δ18O of the Xunhua Basin (−8.4 ± 1.2‰) relative to the Linxia Basin (−9.1 ± 0.75‰).
CONCLUSION
Upper Miocene sediments in the Xunhua Basin of the northeastern Tibetan Plateau yielded a variety of mammal fossils dating to ∼9 Ma, including Hipparion platyodus Selve, Chilotherium sp., Gazella gaudryi Schlosser, Gazella paotehensis, Gazella dorcadoides, Gazella sp., and Cervocerus sp. Stable carbon and oxygen isotope compositions of the fossil tooth enamel allowed significant inferences regarding the paleoenvironment of the Xunhua Basin at ∼9 Ma. First, enamel δ13C data indicate that the Hipparion fauna mostly fed on C3 plants even though the local ecosystem contained a certain amount of C4 grasses. Integrated with pollen records, we infer that the Xunhua Basin at ∼9 Ma contained a mixed forest-grassland ecosystem. Second, the influence of the Asian Summer Monsoon was stronger at ∼9 Ma than today, as reflected by paleo-meteoric water δ18O (as reconstructed from minimum fossil enamel δ18O) lower than that of modern precipitation in the region. Third, higher δ13C and δ18O values for fossil tooth enamel from the Xunhua Basin relative to contemporaneous fossils in the neighboring Linxia Basin indicate a relatively drier climate in the former basin, which can be attributed to development of an orogenic rainshadow following uplift of the Jishi Shan.
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The roles of tectonics and climate in the global increased erosion rates during the Quaternary have been the subject of active debate. The Three Rivers Region, strongly influenced by continental convergence between India and Eurasia and change in Asian monsoon climate, is an ideal place to study the interactions between tectonics and surface processes. Here we report new apatite (U-Th)/He data from an elevation transect that reveal a phase of rapid exhumation since ∼2.6 Ma in the Dulong batholith in the central Three Rivers Region, southeastern Tibetan Plateau. Based on stream profile analysis and compiled thermochronological data in the region, we demonstrate that the tectonic uplift caused by the high-strain at the corner of Indian-Eurasia convergence is responsible for the enhanced exhumation in the central Three Rivers Region in the Quaternary. Our new results highlight that the continuous plate convergence towards the plateau interior has dominated the uplift and deformation in the southeastern Tibet in the Quaternary.
Keywords: southeastern Tibet, thermochronology, stream profile analysis, quaternary, tectonic uplift
INTRODUCTION
The Earth’s surface was shaped through interaction between erosion, tectonics and climate (Molnar and England, 1990; Raymo and Ruddiman, 1992) and this coupling has implications for the influence of silicate weathering and organic-carbon burial on climate and for the landscape evolution (Berner et al., 1983; France-Lanord and Derry, 1997; Kump et al., 2000). In particular, the roles of tectonics and climate in the global increased erosion rates during the Quaternary have been the subject of active debate (Zhang et al., 2001; Herman et al., 2013; Schildgen et al., 2018). A key area for understanding these processes is the Three Rivers Region, in the southeastern Tibet, where three large rivers (the Salween, Mekong, and Yangtze) run closely in parallel to form deep gorges that connect the high-elevation plateau surface to the surrounding lowlands (Figure 1). The central Three Rivers Region, at the corner of Indian-Eurasia convergence, exhibits high-strain state, high relief, rapid exhumation, and active tectonics (Henck et al., 2011; Yang et al., 2016). Meanwhile, this region is influenced by Asian Monsoon precipitation and glaciation (Fu et al., 2013) (Figure 2). These unique features make the Three Rivers Region an ideal area for investigating the interactions between tectonics and surface processes (Liu-Zeng et al., 2009).
[image: Figure 1]FIGURE 1 | Tectonics and regional topography of the Three Rivers Region and surrounding areas. (A) Tectonic framework of the Three Rivers Region showing the major continental blocks and suture zones. Modified from Deng et al. (2014). (B) Digital elevation model (DEM) of the topography and active faults in the Three Rivers Region, showing the study area (white rectangle) and sample locations in this study (green circles). DEM data is based on ∼90 m Shuttle Radar Topography Mission (SRTM). Previous thermochronological ages (≤2.6 Ma) marked by red are also shown (Xu and Kamp, 2000; Godard et al., 2009; Ouimet et al., 2010; Wilson and Fowler, 2011; Wang et al., 2012; Zeitler et al., 2014; Tu et al., 2015; Yang et al., 2016; Tan et al., 2017; Zhang et al., 2017; Yang et al., 2018; Shen et al., 2019; Replumaz et al., 2020; Yang et al., 2021). GLGSZ, Gaoligong shear zone; CSSZ, Chongshan shear zone.
[image: Figure 2]FIGURE 2 | (A) Mean annual precipitation from TRMM in the Three Rivers Region and surrounding areas. Thermochronological data shown are ≤2.6 Ma including the same published dataset in Figure 1B and the new data in this study. Black rectangle shows the extent of (C). (B) West-east topography swath (A-A′) of the study area with maximum, minimum and mean elevations, showing the relative flat plateau surface probably formed by glacial erosion. Location of topography swath A-A′ is indicated by yellow line in (C). Topographic features were extracted using a 10-km circle window based on ∼90 m SRTM digital elevation model data. (C) Google Earth image showing the glacial landform of the study area.
A number of studies using thermochronometers and cosmogenic nuclides have revealed that there were multiple phases of rapid exhumation since the late Mesozoic in the Three Rivers Region (Shen et al., 2016; Yang et al., 2016; Liu-Zeng et al., 2018; Nie et al., 2018; Ge et al., 2020; Replumaz et al., 2020). It is worth noting that sparse (U-Th)/He ages in the Quaternary have appeared in the existing data along the valley bottom of the Salween and Mekong (Yang et al., 2016; Replumaz et al., 2020) (Figure 1B). It is unclear whether the Quaternary phase of rock exhumation is widespread in the Three Rivers Region or only locally affected, and what are the relative roles of tectonics and climate in driving enhanced exhumation. Thus, high resolution low-temperature thermochronological data are needed to reconstruct the exhumation history of this region, which will help us to decipher the mechanisms responsible for landscape evolution and plateau growth and, more generally, climate change.
In this study, we report 34 apatite (U-Th)/He (AHe) age data from six granite samples along an altitude transect that spans 1,760 m of relief in the Mesozoic Dulong batholith in the gorge of the Dulong River, central Three Rivers Region (Figure 3). We also compiled the available low-temperature thermochronological data in the southeastern Tibetan Plateau. Combined with stream profile analysis, our results indicate that rock uplift caused by high-strain at the corner of indenting Indian plate is responsible for the enhanced Quaternary exhumation in the central Three Rivers Region.
[image: Figure 3]FIGURE 3 | Simplified geological map superimposed on shaded relief (A) and a geological cross section (B) of the Dulong area. Locations of sample collected for this study and from Lei et al. (2006) are shown. Location of the geological cross section is indicated by yellow line in (A).
TOPOGRAPHIC AND GEOLOGICAL SETTING
In the Three Rivers Region, three of the largest Asian rivers traverse the southeast margin of the Tibetan Plateau, flowing roughly parallel to each other for hundreds of kilometers and carving gorges up to 3 km deep. In the central Three Rivers Region, near the Gongshan, the three rivers are tightly spaced with the closest distance <70 km. Although low-relief and high-elevation landscapes are well preserved in most regions of the southeastern Tibetan Plateau, they are absent in the central Three Rivers Region (Clark et al., 2006). Moreover, large-scale knickzones, defined by very high steepness along the longitudinal river profiles of the Salween and Mekong also occur in the central Three Rivers Region (Yang et al., 2016).
The Three Rivers Region lies adjacent to the eastern Himalayan syntaxis in the west and the South China block and Songpan-Ganzi terrane in the east (Figure 1A). During the Cenozoic, the Three Rivers Region has been subjected to oblique collision between India and Eurasia, and experienced large-scale shortening, transpressional deformation, strike-slip faulting, tectonic extrusion, and reorientation (Tapponnier et al., 2001; Ding and Zhong, 2013; Deng et al., 2014). Quaternary tectonic activity in the region is mainly strike-slip in the north and transtensional in the south (Tapponnier et al., 2001; Liu-Zeng et al., 2018). Three large-scale shear zones, from west to east, the Gaoligong, the Chongshan and the Ailaoshan-Red River shear zones separate the Three Rivers Region into NS-oriented narrow lithospheric fragments (Deng et al., 2014). The Gaoligong and Chongshan shear zones are gradually merged northward and become tectonically amalgamated from Fugong to Gongshan area (Huang et al., 2015) (Figure 1B). These two shear zones might have initiated in the early Oligocene and the main phase of shearing occurred during ∼19–11 Ma (Wang et al., 2006; Zhang et al., 2012). The Ailaoshan-Red River shear zone extends from the Three Rivers Region to the South China Sea. During Miocene-Pliocene, this shear zone switched from left-lateral slip to right-lateral slip (Schoenbohm et al., 2006; Leloup et al., 2007).
Two dextral strike-slip faults, the Gaoligong fault and the Dulongjiang fault, define the eastern and western boundary of the Dulong batholith, respectively (Figure 3A). Limited studies show that the Dulongjiang fault extends north into Tibet and south into Myanmar. Field investigation in the shear zone found hornblende granulites in the Kongdang area and plagioclase amphibolite in the western Bapo area and its further south, indicating that the fault zone had reached amphibolite metamorphic facies. The tensile lineation of the minerals indicates compressive shearing during ductile strike-slip deformation. In addition, there are normal faults along the main fault zone and tributaries of the Dulong River, showing extension deformation (Lei et al., 2006). Dulong batholith is nearly parallel to the strike-slip structure and mainly composed of granodiorite and monzonitic granite. Zircon U-Pb dating of Dulong granitoids indicated that they were formed in multiple phases during the Jurassic to Cretaceous (172-71 Ma) (Yan et al., 2002).
PREVIOUS THERMOCHRONOLOGICAL STUDIES IN SOUTHEAST TIBET
Previous thermochronological studies reported in southeast Tibet generally show two phases of rapid exhumation in the Oligocene (∼30–20 Ma) and since late Miocene (∼10–0 Ma), but exhibit diachroneity depending on the locality (Wang et al., 2012; Shen et al., 2016; Zhang et al., 2016). The late Miocene rapid exhumation was suggested to reflect the regional-scale plateau uplift, intensified monsoon precipitation or fault related movement (Clark et al., 2005; Nie et al., 2018; Wang et al., 2018; Shen et al., 2019). Recently, the Quaternary increased exhumation in the region was documented by thermochronometric and cosmogenic nuclide data. In the eastern Himalayan syntaxis, enhanced Quaternary exhumation was revealed by multidisciplinary approaches (Yang et al., 2021) and the mechanism of the exhumation was proposed to relate positive feedback effect between surface processes and tectonic uplift (Zeitler et al., 2014), tectonic uplift (Wang et al., 2014) and/or river capture events (Govin et al., 2020; Yang et al., 2021). In the central Longmen Shan, the fast Quaternary exhumation was suggested to be induced by the thrust faulting (Shen et al., 2019). In the upstream of the Dadu River from Shimian County, the rapid exhumation at ∼2 Ma has been interpreted as a response to the Dadu-Anning capture (Yang et al., 2020). In the catchment of the Anninghe River, detrital apatite fission track (AFT) thermochronology recorded a phase of regional exhumation during Pleistocene which also explained by drainage network reorganization (Wang et al., 2021).
SAMPLING AND METHOD
Sampling
To constrain the exhumation of the Three Rivers Region, especially the section of the knickzone, sampling from a vertical transect was performed from the western margin of the central Three Rivers Region (Figures 1B, 3). Six rock samples were collected from Mesozoic granitic intrusions from the near peak of the Heipushan to the deeply incised valley bottom of the Dulong River (Kongdang Village) (Figure 3). Sample’s elevations range from 3,326 to 1,562 m, forming a vertical profile spanning ∼1,760 m relief over a lateral extent of ∼18 km (Figure 3B). The intrusions, where the samples were collected, are undeformed Mesozoic plutons with intrusive contact, in which no faulting has been observed during field investigations. Previous AFT (closure temperature, ∼110 ± 20°C; Reiners and Brandon, 2006) ages reported by Lei et al. (2006) for the same transect (Figure 3) are between 4 and 6.8 Ma (Figure 4). To gain more detailed information for the cooling history since the Pliocene and new insights into surface processes, we report new AHe (closure temperature, ∼60 ± 20°C; Farley et al., 1996) data for the Dulong batholith.
[image: Figure 4]FIGURE 4 | Age-elevation relationship for the Dulong transect. Filled small circles denote grain replicates included in the mean age determination.
Analytical Method
Apatite (U-Th)/He analyses for the Dulong transect were conducted at the National Institute of Natural Hazards, Ministry of Emergency Management of China (NINH-MEMC). Apatite concentrates were extracted using standard crushing, sieving, electromagnetic, and heavy liquid mineral separation techniques. Apatite grains with euhedral morphology and no visible inclusions were selected under a microscope and only grains >70 μm in both length and width were considered suitable for (U-Th)/He dating. Grain dimensions were measured from digital photographs for the calculation of the equivalent spherical grain radius and the α-ejection correction factor. Each grain was then wrapped in a 1 mm × 1 mm platinum capsule and loaded into the laser chamber. Each grain was thermally outgassed under vacuum at ∼900°C for 5 min, using a diode laser (970 nm wavelength) with 8 A current. Then, spiked with 3He, gas volumes were determined using a PrismaPLus QME 220 quadrupole mass analyzer at NINH-MEMC. We checked that gas released during replicate heating yielded approximately the same as hot blanks to ensure total extraction for each grain. After degassing, molar abundances of U and Th were determined by isotope dilution using a mixed 235U-230Th spike. U-Th analyses were carried out on an inductively coupled plasma quadrupole massspectrometer at NINH-MEMC. The age calculation was processed by applying the α-ejection correction factor (FT) (Farley et al., 1996) to each crystal to derive a corrected (U-Th)/He age (Table 1). The age error was derived from the analytical uncertainties in U and Th measurements, and the variance of the single grain ages. Six fragments of Durango apatite were run as reference standards together with and identically to our samples to verify analytical accuracy. A weighted mean average age of 31.7 ± 0.5 Ma (Table 1) was obtained for these fragments, which is in consistent with the nominal age of the Durango apatite (McDowell et al., 2005).
TABLE 1 | Single-grain apatite (U-Th)/He results from Dulong batholith, southeast Tibet.
[image: Table 1]Thermal History Modeling
To investigate the thermal evolution of the Dulong vertical transect, we modeled the thermal history using the program QTQt, which has been developed to invert thermochronological ages for multiple samples with a known altitudinal relationship implementing a Markov chain Monte Carlo method (Gallagher, 2012) Figure 5. The modeling approach employs an alpha-damage-dependent kinetic model of helium diffusion in apatite (Flowers et al., 2009) and a multikinetic AFT annealing model (Ketcham et al., 2007). The AHe data in this study and AFT data from Lei et al. (2006) are modeled jointly. The input parameters used to model the thermal history for individual samples are as follows: (1) present-day mean surface temperature of 10 ± 10°C; (2) the prior for the paleotemperature offsets, or temperature difference between the uppermost and lowermost samples in a vertical profile, were defined as ∼53 ± 53°C equivalent to temperature gradient prior of 30 ± 30°C/km (Clark et al., 2005) and the temperature offsets were also allowed to vary over time; (3) an initial time-temperature constraint is set at 100–200°C at a time span slightly older than the oldest AFT age. These prior settings were always included with a large uncertainty so as to give the modeling enough freedom to search for a wide range of data-constrained thermal histories. The final thermal history models were sampled 400,000 iterations: 200,000 used to stabilize or burn-in the inversion, and the second 200,000 used to form the posterior ensemble (Gallagher, 2012). Exploratory runs using larger numbers did not appreciably change model outcomes.
[image: Figure 5]FIGURE 5 | Thermal modeling results (A) for the Dulong transect using QTQt (Gallagher, 2012) and comparison of observed and predicted thermochronological data (B). The thermal history of the uppermost sample is plotted in thick blue, the lowermost sample in thick red, and the intermediate samples in dashed grey. For the uppermost thermal history, the thin blue lines depict the 95% confidence intervals, reflecting the uncertainty in the inferred thermal history alone. For the lowermost thermal history, the thin red lines show the 95% confidence intervals, reflecting combined uncertainties in the inferred thermal history and temperature offset. For comparison of observed and predicted data, the AHe ages are uncorrected ones.
River Profile Analysis
Bedrock river profiles are often described using the stream power incision model (Whipple and Tucker, 1999), which expresses the erosion rate in terms of channel slope and drainage area
[image: image]
where [image: image] is the change in elevation of the channel bed with respect to time, U is rock uplift rate relative to the base level, K is rock erodibility, A is drainage area, S is channel slope, m and n are constants. Under the assumption of a topographic steady state [image: image] and U and K are spatially and temporally uniform, the equilibrium slope is then a function of
[image: image]
where [image: image] is the concavity of the equilibrium profile and [image: image] is the channel steepness which can be determined by scaling the slope and area relationship.
Deriving the channel slope data directly from the digital elevation model (DEM) can be problematic due to the noise of the DEM data. To avoid the scatter of noise during the estimation of slope, we used an alternative method (Perron and Royden, 2013) for the equilibrium river profiles by substituting the channel slope with elevation, which leads to
[image: image]
and
[image: image]
where [image: image] is the reference of local base level, and [image: image] is an arbitrary scaling factor. Then channel steepness [image: image] is the slope of the [image: image]-elevation plot
[image: image]
which is proportional to the rock uplift rate.
We used the SRTM DEM, which has a resolution of ∼90 m, to extract the longitudinal profiles and steepness index of the Dulong and Salween rivers (Figure 6). A threshold drainage area of 5 km2 was used to exclude regions that are potentially dominated by debris flows or hillslope processes. We selected a concavity, [image: image] , of 0.45 and a scaling area, [image: image], of 1 m2 (Wobus et al., 2006). The channel steepness was then estimated from the slope of the [image: image]-plot with the linear regression method by using a [image: image] interval of 1.
[image: Figure 6]FIGURE 6 | (A) Spatial relationship of channel steepness and all the thermochronological data in the Three Rivers Region. Computed channel steepness shown along Salween, Mekong, Yangtze and Dulong rivers. Channel steepness is calculated using m/n = 0.45. River profile for the (B) Dulong and (C) Salween rivers with maximum topography (grey line) and annual rainfall (blue line). River profile is extracted from ∼90 m SRTM digital elevation model data with black line showing smoothed elevation using a moving window of 1 km. The knickpoint is identified as a sudden change in channel slope on the river profile. Maximum topography profiles were extracted using a 15-km circle window. Annual rainfall profiles were obtained from the Tropical Rainfall Measuring Mission (TRMM) data and are shown by blue curves. Thermochronological data are from Li et al. (2019) and references therein and the references in Figure 1B. Thermochronometric ages in the drainage areas of Salween and Mekong are projected along the Salween.
RESULTS
New Apatite (U-Th)/He Data
Four to eight single-grain AHe age analyses were performed for each of the six Dulong samples, as summarized in Table 1. The samples yield mostly consistent AHe ages except the uppermost sample (G18-1) has two abnormally old ages. The two AHe outliers of sample G18-1 do not show clear relationships with eU and grain size (Table 1), indicating radiation damage and grain size variation do not appear to be controlling the distribution of ages (Gautheron et al., 2012). U-zoning in the core leads to overestimate of the alpha-ejection correction, but cannot explain the abnormally old ages in our study, because even the uncorrected ages (11.5 and 13.4 Ma) of the two grains are older than the AFT age (6.8 ± 0.5 Ma) at the same elevation. Additional sources of 4He other than the analyzed apatite, such as U-rich mineral inclusions in apatite, U-rich neighbouring minerals (Spiegel et al., 2009) may be possible explanations for the outliners. Excluding outliers, all remaining AHe data show a strong positive relationship with elevation (Figure 4). The age-elevation relationship has an inflection point at the elevation of ∼2,500 m, and the AHe ages below this point are generally less than 3 Ma, while the AHe age above are significantly older (3–7 Ma). Excluding outliers, the calculated weighted mean AHe ages range from 6.18 ± 0.9 to 2.36 ± 0.43 Ma and show a positive correlation with elevation. The regression of the age-elevation relationship suggests a significant increase in erosion rate from ∼0.18–0.3 km/Myr to ∼1.3–3.0 km/Myr after ∼2.6 Ma (see below for the timing from the thermal history modeling).
Thermal History
The modeling results show a thermal history with two phases of rapid cooling since the late Miocene (Figure 5A). The first episode commenced at ∼7–8 Ma; all the samples passed through the AFT partial annealing zone (PAZ) rapidly and some upper samples might have reached the AHe partial retention zone (PRZ) during this cooling event. This phase of fast cooling also revealed by the overlap of the AHe and AFT ages (∼6–7 Ma) in the uppermost elevation (Figure 4). However, the current available data cannot provide a precise constraint on the timing of onset. The duration of this episode of rapid cooling, the induced mechanism and the potential links to tectonics or climate change need further work that are well beyond the scope of this study. After the first phase of fast cooling, a period of slow cooling or isothermal holding lasted for ∼5 Myr; then the cooling rate increased at ∼2.6 Ma, and all the samples exhumed to the near Earth’s surface (Figure 5A). Such a thermal history is generally consistent with our thermochronological observations (Figure 5B). Note that the AHe observations are very well fitted by the modeled values, supporting the validity of the Quaternary enhanced cooling and exhumation (Figure 5A). In summary, the inverse modeling results from the vertical transect suggest that it experienced two episodes of rapid cooling commenced before Pliocene and at the beginning of the Quaternary, which are in accordance with the age-elevation profile (Figure 4). In the sections below, we focus on the Quaternary enhanced cooling and expand its implications to regional exhumation and tectonics.
DISCUSSION
Enhanced Quaternary Exhumation in the Central Three Rivers Region
Our new AHe data and thermal modeling suggest increased exhumation rates in the upper reach of the Dulong River, central Three Rivers Region, at the beginning of the Quaternary (∼2.6 Ma) (Figure 5). Although our data cannot provide detailed information for the exhumation processes after 2.4 Ma (Figure 4), the mean exhumation rate of ∼0.83 mm/year since ∼2.4 Ma can be estimated given the ∼2 km magnitude of erosion derived from the closure temperature of AHe (∼60 ± 20°C; Farley et al., 1996) and the recommended geothermal gradient (∼30°C/km; Clark et al., 2005) in the region. Thus, we conclude that the study area should have experienced faster exhumation during the Quaternary than before (Figures 4, 5). This is similar with previous findings from thermochronological studies at about the same latitude in the gorges of the Salween and Mekong (Figure 1B). Pre-existing thermochronological data from the valley bottoms of the Salween and Mekong have suggested enhanced exhumation (>0.75 mm/year) near 28°N in the past 2 Myr (Yang et al., 2016). A recently reported set of AHe and AFT data from Kawagebo massif have also revealed rapid Quaternary exhumation (>1 mm/year) at the valley bottom of the Mekong (Replumaz et al., 2020). Our results suggest that this increase in exhumation rate has also occurred in the upper Dulong River, the western margin of the central Three Rivers Region. Together with previous studies, we infer that an enhanced Quaternary exhumation with significant magnitude may exist in the central Three Rivers Region. This conclusion is supported by the increase in sedimentary flux to the marginal sea basins in the past 2 Myr (Métivier et al., 1999; Clift, 2006).
Tectonic Control on Rapid Quaternary Exhumation in the Three Rivers Region
It is worth noting that all the young thermochronological ages younger than 2.6 Ma in the Three Rivers Region are located between 26 and 30°N (Figure 6A), implying that the central part of the Three Rivers Region may have experienced fast erosion during the Quaternary. The locus of rapid erosion was focused at the same area in different river gorges may suggest that the same mechanism may underline this phase of fast exhumation in the central Three Rivers Region. As mentioned above, the Quaternary enhanced exhumation could be induced by tectonic uplift, climate change, river reorganization or fault activity. Based on several lines of evidence, the rapid Quaternary exhumation in the central Three Rivers Region was most likely controlled by localized tectonic uplift. First, the locus of rapid erosion coincides with the conspicuous large-scale knickzone in the Three Rivers Region (Figure 6). In this region, the Three Rivers and the Dulong River are most closely spaced, have the highest steepness index in river long profiles, coinciding with the steepest reach in plateau edge as suggested by the maximum elevation envelop (Figures 6B,C). The pattern of the knickzones, with high steepness values limited to the knickzone region and similar lower values above and below the knickzones (Figures 6B,C), identifies they as “vertical-step” knickpoints (Kirby and Whipple, 2012), suggesting that they are related to spatially focused rock uplift given that there is no obvious variation in lithology associated with the knickzones (Replumaz et al., 2020). Second, in the central Three Rivers Region, the low-relief and high-elevation landscapes are absent (Clark et al., 2006) due to the intense dissection and high relief, which may be caused by the local uplift. Third, short-term (millennial) erosion pattern in the Three Rivers Region revealed by detrital cosmogenic nuclide was used to infer that tectonics is the primary control and the east-west enhanced erosion gradient mirrors a gradient in rock uplift rates (Henck et al., 2011). Fourth, structural and kinematic analyses reveal that the amalgamation area of the Gaoligong and Chongshan shear zones, from Fugong to Gongshan area, is just located at the neck of the large-scale boudin structure and experienced strongly partitioned dextral transpression and consequent uplift at the corner of the eastern Himalayan syntaxis (Huang et al., 2015). Finally, in nearby region, enhanced rock uplift since ca. 2.5–2 Ma in the eastern Himalayan syntaxis has been inferred from the existence of Quaternary thick alluvium sediments above the Yarlung Tsangpo gorge (Wang et al., 2014) and multiple thermochronometries and geomorphology analysis (King et al., 2016; Salvi et al., 2017; Yang et al., 2021). It is likely that the Quaternary enhanced exhumation in the Three Rivers Region is synchronous with the eastern Himalayan syntaxis, and a response to the continuous indentation of the northeast corner of the Indian plate.
The Role of Climate on Erosion
It is significant that the ages we obtained for the initiation of rapid exhumation in the central Three Rivers Region (∼2.6 Ma) closely approximate the estimated timing of global cooling (Herman et al., 2013). U-shaped valleys are widely distributed above ∼3,000 m in the Dulong area (Figure 2C), indicating the imprint of glacial erosion. The past extent of glaciers in the southeast Tibet, reconstructed based on glacial landforms and sediments, indicates that this was one of the most extensively glaciated area of the Tibetan Plateau during the Quaternary (Li, 1996; Fu et al., 2013). However, only a few areas exhibit rapid Quaternary exhumation implied by low-temperature thermochronology in the vast region of the southeast Tibet (Figure 1B), suggesting the glacial erosion was not the main force for the fast exhumation in the Three Rivers Region.
The Three Rivers Region is strongly influenced by the Asian monsoon precipitation (An et al., 2001) (Figure 2A). The youngest ages in the Three Rivers Region are in the area where the precipitation rate decreases abruptly (Figure 6B,C and 2A). Along the Salween, the modern rainfall increases steadily from the immediately south of the edge-plateau to the lowland while erosion rates decrease (Figure 6C). Thus, if during the Quaternary the climatic gradient was similar to the modern one, the exhumation pattern is unlikely related to the precipitation.
Drainage area loss or gain will decrease or increase the erosion rate near the capture point based on the stream power law (Whipple and Tucker, 1999). Potential capture of the formerly northwest-to-southeast-flowing paleo-Yarlung Tsangpo-Dulong River by the Brahmaputra River was proposed as the drainage reorganization event in the region (Clark et al., 2004), although the timing of this process is still unclear. However, if this capture event took place in the headwater of the Dulong River, the loss of the drainage area would result in the decreased erosion rate in the downstream of the capture point. This case is not supported by the observation of our study. Our results cannot preclude the possibility of the rapid exhumation induced by river capture in the downstream of the knickzone of the Dulong River, but we argue that even though the river capture occurred in the Quaternary and resulted in the consequent rapid exhumation, it was possible triggered by the enhanced rock uplift.
In summary, although climatic factors or river capture may play somewhat roles on the enhanced Quaternary exhumation in the central Three Rivers Region, the localized tectonic uplift may have exerted first-order control on this exhumation, similar to the eastern Himalayan syntaxis, the central Longmen Shan and the Gongga Shan where the tectonics activity was regarded as active during the recent past.
Implications for the Plateau Growth
The geodynamics of the formation of the southeastern Tibetan Plateau is hotly debated. Various models have been proposed to explain the plateau growth and the formation of the unique landscape in this region. They include: indentation and progressive crustal thickening (England and McKenzie, 1982), tectonic extrusion (Tapponnier et al., 2001), lower crustal channel flow (Clark and Royden, 2000) or whole crustal flow (Copley and McKenzie, 2007) driven by the topographic difference between the plateau and its surroundings. Although the timing of each model exerted is still controversy, all existing models have in common that the southeastern Tibetan Plateau must have grown outwards with respect to its interior. This outward expansion of the plateau is also thought to be responsible for the propagation of topography and thus the focus of erosion. However, our new results and the available datasets indicate that the locus of rapid erosion in the recent geological past was confined to the central part of Three Rivers Region rather than the plateau margin (Figure 6A), in contrast to previous plateau expansion models. Our results cannot provide constrains on the topographic evolution or surface uplift during the Quaternary. Nevertheless, significant regional rock uplift in the high-strain zone probably caused by the expansion of the eastern Himalayan syntaxis is required to explain the previous and our new thermochronological data in the Three Rivers Region.
CONCLUSION
We present new apatite (U-Th)/He data from an elevation transect of the deep gorge of the Dulong River. Our new results and thermal modelling reveal a phase of rapid exhumation since ∼2.6 Ma in the central Three Rivers Region. Combined with the river profile analysis and the exiting thermochronological data in the region, we propose that the localized rock uplift may have exerted first-order control on this exhumation in the Quaternary rather than the climate change. Our results also imply that the locus of fast exhumation in the past ∼2.6 Myr in the Three Rivers Region is only restricted in the central part of this region, challenging the proposed models for plateau outward growth of its margins.
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The Pamir Plateau region of the Northwestern Tibetan Plateau forms a prominent tectonic salient, separating the Tajik and Tarim basins. However, the topographic evolution of the Pamir Plateau remains elusive, despite the key role of this region played in the retreat of the Paratethys Ocean and in aridification across Central Asia. Therefore, the SW Tarim and Tajik basins are prime locations to decipher the geological history of the Pamir Plateau. Here, we present detrital zircon U/Pb and apatite fission-track (DAFT) ages from the Keliyang section of the SW Tarim Basin. DAFT ages show that sediments had three components during the Late Cretaceous and two components since the Oligocene. Detrital zircon U/Pb ages mainly cluster between 400 and 500 Ma during the Late Cretaceous, and coincide with ages of the Songpan-Ganzi and the West Kunlun Mountains. In contrast, detrital zircon U/Pb ages in the Eocene sediments are centered at around 200–300 Ma and 40–70 Ma, with a peak at ∼45 Ma, consistent with data from the Central Pamir and the West Kunlun Mountains. The ∼45 Ma peak in detrital zircon U/Pb ages since the Eocene indicates a new sedimentary source from the Central Pamir. Non-metric multi-dimensional scaling (MDS) analyses also show that the sedimentary source was closer to the Central Pamir after the Eocene, when compared to the Late Cretaceous. The result shows a clear Eocene provenance change in the Keliyang area. Moreover, this Eocene provenance shift has been detected in previous studies, in both the Tajik and Tarim basins, suggesting that the entire Central Pamir region likely experienced quasi-simultaneous abrupt uplift and paleo-geomorphological changes during the Eocene.
Keywords: pamir plateau, west kunlun mountains, detrital apatite fission track, detrital zircon U/Pb age, uplift
INTRODUCTION
The formation of the Tibetan Plateau is one of the most important Cenozoic geological events, and caused marine and terrestrial transformation, intracontinental earthquakes, and global climate change (Molnar et al., 2010; Molnar and Tapponnier, 1975; Yin and Harrison, 2000). The Pamir Plateau is an important part of the Western Himalayan Syntaxis in the NW Tibetan Plateau (Figure 1A). Numerous studies have focused on understanding the tectonic activities of this region (Cowgill, 2009; Sobel et al., 2013; Wei et al., 2013; Yang et al., 2014; Kufner et al., 2016; Liu et al., 2017; Rutte et al., 2017; Chen et al., 2018; Li et al., 2020), the Paratethys Ocean retreat (Bosboom et al., 2014; Wang et al., 2014; Carrapa et al., 2015; Sun et al., 2016a; Bosboom et al., 2017; Kaya et al., 2019; Wang et al., 2019; Sun et al., 2020) and coincident aridification across Central Asia (Zhang et al., 2007a; Zhang et al., 2007b; Huber and Goldner, 2012; Caves et al., 2014; Licht et al., 2014). The Pamir Plateau and the SW Tian Shan Mountains formed a geographic barrier that blocks the transport of moisture by the westerlies, leading to stepwise aridification across Central Asia and formation of the Taklimakan Desert (Sun and Liu, 2006; Zheng et al., 2015a). Competing models between tectonics and sea-level change show that tectonic uplift of the Pamir Plateau was the dominant cause for the Paratethys retreat (Zhang et al., 2007a; Carrapa et al., 2015; Kaya et al., 2019; Sun et al., 2020), but the evolution history of the Pamir Plateau remains unclear.
[image: Figure 1]FIGURE 1 | (A) Tectonic map with major active faults of the Tibetan Plateau and surrounding area (modified from Tapponnier et al., 2001). (B) Geological map of the Pamir-West Kunlun and the surrounding area [modified from Bande et al. (2017), Bershaw et al. (2012), Cao et al. (2015), Carrapa et al. (2015) and Jepson et al. (2018)]. T. = Terranes; S. = Suture; F. = Fault; R. = River; DA = Dashtijum section; AS = Asku section; PE = Peshtova section; BT = Bora Tokay section; OT = Oytag section; QM = Qimugen section; AT = Aertashi section; KY = Keliyang section; N. Pamir = North Pamir; C. Pamir = Central Pamir; N. Kunlun T = North Kunlun Terrane; KYTS = Kashgar-Yecheng Transfer System.
Previous studies suggest a stepwise exhumation or uplift history of the Pamir, as follows. 1) Late Paleocene to Oligocene initial activities (Cheng et al., 2011; Carrapa et al., 2015; Sun et al., 2016b; Sun et al., 2020); 2) Late Oligocene accelerating uplift (Blayney et al., 2016; Blayney et al., 2019; Wang et al., 2019); 3) Mid-Miocene to Late Miocene rapid uplift that has continued to the present day (Sobel and Dumitru, 1997; Blayney et al., 2019). However, the timing and magnitude of each episodic uplift are debatable. Furthermore, these wide-ranging age estimates limit our understanding of the geological history of the Pamir Plateau and of how its formation links with evidence for climate change.
The SW Tarim and Tajik basins are foreland basins related to flexural loading of the Pamir-West Kunlun Mountains, and are separated by the Pamir salient to the east and west. These basins were connected by the Paratethys during the Early Cenozoic, before the northward indentation of the Pamir salient (Yin et al., 2002; Carrapa et al., 2015; Sun et al., 2016b; Chapman et al., 2019). Sediments in these basins contain important information about the uplift and erosion history of adjacent mountains, providing an ideal opportunity to investigate the geological history of the ranges. Provenance analysis is a powerful method to reveal spatio-temporal changes of the sediment sources (Cawood et al., 2012; Nie et al., 2014). Here, we use detrital zircon U/Pb and DAFT ages for the Cretaceous–Oligocene sediments from the Keliyang section in the SW Tarim Basin, together with data from previous studies in the Tarim and Tajik basins, to characterize source areas, investigate provenance variations, and constrain the time of mountain building of nearby ranges.
GEOLOGIC BACKGROUND
The Pamir Plateau and West Kunlun Mountains
The Pamir Plateau constitutes a region of the NW Tibetan Plateau, with the SW Tian Shan and Alai Valley to the north. The Pamir Plateau is a prominent feature separating the Tarim and Tajik basins to the east and west, respectively (Figure 1B). The Pamir Plateau contains several terranes that were accreted onto Eurasia from the Late Paleozoic to the Mesozoic (Schwab et al., 2004; Robinson et al., 2012; Angiolini et al., 2013). From north to south, this plateau can be divided into the North Pamir, the Central Pamir and the South Pamir, which probably correlate with the southern block of the Songpan-Ganzi terrane, the Qiangtang terrane and the Lhasa terrane (Schwab et al., 2004; Cowgill, 2009).
The North Pamir region, bordered by the Main Pamir Thrust (MPT) to the north and the Tanymas suture to the south, is composed of predominantly Paleozoic and Triassic sedimentary rocks, metamorphic sedimentary and metamorphic volcanic rocks, Permian sedimentary and metamorphic volcanic rocks and Triassic turbidites intruded by Triassic-Jurassic granitoid rocks (Schwab et al., 2004; Schmidt et al., 2011; Ding et al., 2013). The Central Pamir region is bordered by the Rushan-Pshart zone to the south, and consists of Paleozoic and Triassic-Jurassic (meta) sedimentary rocks. Magmatic rocks are mainly from the Cretaceous (80–70 Ma), Eocene (42–36 Ma) and Miocene (20–10 Ma) (Schwab et al., 2004; Rutte et al., 2017; Chapman et al., 2018b). The South Pamir is bordered by the Wakhan tirich boundary to the south, which is composed of Paleozoic or Triassic-Jurassic sedimentary rocks and metamorphic sedimentary rocks, as well as Cretaceous and Cenozoic magmatic and metamorphic rocks (Schwab et al., 2004; Blayney et al., 2016).
The SE Pamir Plateau connects with the West Kunlun and forms the Pamir-West Kunlun transition zone. This region is dominated by Precambrian and Paleozoic sedimentary and metasedimentary rocks, with abundant Paleozoic and Triassic intrusive rocks (Blayney et al., 2016). The West Kunlun is separated from the Tarim basin by the Kashi-Yecheng transfer system (KYTS) and the Tiklik fault to the north, and is divided into the northern and southern subterranes by the Tam Karaul thrust (Kudi suture zone). This region is mainly composed of Precambrian and Paleozoic metamorphic sedimentary rocks, and Paleozoic intrusive rocks (Cowgill et al., 2003; Liu et al., 2015; Schwab et al., 2004; Xiao et al., 2002, 2003). The active left-lateral Karakax fault separates the West Kunlun from the Songpan-Ganzi terrane, which consists predominantly of Triassic sedimentary rocks and Jurassic-Triassic intrusive rocks (Yin and Harrison, 2000). The Jinsha suture zone separates the Tianshuihai terrane from Songpan-Ganzi, and consists predominantly of Triassic-Cretaceous (meta) sedimentary rocks overlying the Paleozoic basement (Matte et al., 1996; Schwab et al., 2004; Robinson et al., 2012).
The Tarim Basin
The Tarim Basin, located between the Tian Shan (to the north), the West Kunlun Mountains (to the south), the Pamir Plateau (to the west) and the Altyn Tagh Mountains (to the east), is a large rhomb-shaped geomorphic feature close to the NW Tibetan Plateau. Large amounts of erosion materials from the surrounding mountain belts have filled the Tarim Basin, creating >10 km thick Mesozoic and Cenozoic strata (Yang and Liu, 2002).
The Cenozoic strata have been divided into the Paleogene Kashi, the Miocene Wuqia groups, and the Atushi and Xiyu Formations. The Kashi group (Ek) is composed of the Aertashi (E1a), Qimugen (E1-2q), Kalatar (E2k), Wulagen (E2W) and Bashibulake (E2-3b) Formations in chronological order, which record a series of marine transgressions-regressions (Bosboom et al., 2014; Sun et al., 2016a).
Based on dating a volcanic ash bed as ∼11 Ma (Zheng et al., 2015a), the stratigraphic age has been reclassified, although whether it is a volcanic ash bed remains debated (Zheng et al., 2015b; Sun et al., 2015). Assigned ages are >∼41 Ma for the Aertashi to Wulagen Formations, ∼41 to 36.5 Ma for the Bashibulake Formation, ∼33.0 to 22.6 Ma for the Wuqia Group (including the Keziluoyi, Anjuan and Pakabulake Formations), ∼22.6 to 15 Ma for the Artux Formation, and <∼15 Ma for the Xiyu Formation (Zheng et al., 2015a).
SAMPLING AND ANALYSES
Sampling of the Keliyang Section of the Tarim Basin
The Keliyang section is located near the southern margin of the Tarim Basin. Drilling data show that the core of the Keliyang anticline is composed of Jurassic and Cretaceous sediments (Cheng et al., 2011). The Paleogene strata are overthrust by Mesozoic strata. The Mesozoic-Cenozoic strata of the whole anticline are relatively upright, due to passive uplift (Cheng et al., 2011). The Keliyang section (from 37°16′12.33″N, 77°51′42.51″E to 37°18′47.82″N, 77°51′36.08″E) has a thickness of about 5–6 km and is mainly composed of Jurassic, Cretaceous, Paleogene and Neogene strata, of which the Paleogene strata are the best exposed (Figure 2). All the Paleogene strata show structural inversion with a dip toward the SE at angles of 75–85°, and are mainly composed of delta, fluvial and lacustrine facies sediments (Figure 3).
[image: Figure 2]FIGURE 2 | Geological sketch map of the Keliyang area in the SW Tarim Basin (modified after Shaanxi Geological Bureau, 2006). Q1x, Xiyu Formation; N2a, Artushi Formation; E2-3b, Bashiibulake Formation; E1-2W, Aertashi-Qimugen-Kalatar-Wulagen Formations; K2, Upper Cretaceous; K1, Lower Cretaceous; J, Jurassic; Pt, Paleozoic.
[image: Figure 3]FIGURE 3 | Cross-section of the Keliyang area in the SW Tarim Basin (A), Sandstones intercalated with gravel; (B), Green mudstones with interbeds of siltstones; (C), Orange-red sandstone; (D), Light yellow sandstone.
We did not make a detailed grouping of strata, to avoid the strong debate on the chronologies of the Cenozoic strata. Based on the sedimentary environment and field observation, the Keliyang section can be roughly divided into three units of terrestrial facies, marine-terrestrial interbedded facies, and lacustrine-delta facies (Sun et al., 2016a). The lower part of this section consists of purplish-red gravelly sandstone, which is interpreted as the terrestrial facies sediments. The middle part consists of interbedded gray limestone, gray-green mudstone and gypsum, which is interpreted as marine-terrestrial interbedded facies. The upper part is dominated by orange-red sandstone and yellow sandstone, is which interpreted as lacustrine and delta facies. The last marine regression in the Tarim Basin occurred at ∼ 40 Ma (Bosboom et al., 2014; Sun et al., 2016a; Kaya et al., 2019). To gain sedimentary provenance information in this section, we collected four samples to represent before (KLY-1), during (KLY-3), and after (KLY-6 and KLY-7) Paratethys regression. These samples were analyzed using detrital apatite fission track and/or zircon U/Pb dating methods (Table 1).
TABLE 1 | Sampling information for the Keliyang Section in the SW Tarim Basin. The* symbol represents ages based on high precision magnetostratigraphy from Sun et al. (2016a); and the+symbol represents ages constrained by the youngest detrital zircon U/Pb age.
[image: Table 1]We use previous high resolution magnetostratigraphy (Sun et al., 2016a) to quantify the depositional ages of KLY-3 and KLY-6 as ∼40 and ∼32 Ma, respectively (Table 1). According to the true thickness (between KLY-3 and KLY-1) and average sedimentary deposition rates (for the bottom segment of the magnetostratigraphic profile), KLY-1 is estimated to have been deposited at ∼56 Ma (Figure 3 and Figure 4). However, the lithology of KLY-1 is consistent with Upper Cretaceous gravel-bearing coarse sandstone strata in the SW Tarim Basin (Si et al., 2007; Sun et al., 2016b; Chen et al., 2018; Li et al., 2021), and the uncorrected magnetostratigraphic age may be affected by inaccuracies in the sedimentation rate or sedimentary discontinuities. On the other hand, detrital zircon U/Pb ages of KLY-3 and KLY-7 yielded the youngest single zircon ages of 43.7 Ma (n = 1) and 23.1 Ma (n = 1). The lag time between the youngest detrital zircon U/Pb age (43.7 Ma) and the magnetostratigraphic depositional age (40 Ma) is roughly 4 Ma, which is a reasonable time frame from crystallization to deposition. The KLY-7 sample was not included in previous magnetostratigraphic profiles, but the youngest detrital single zircon U/Pb age can be used to determine its depositional age (Dickinson and Gehrels, 2009). The youngest detrital zircon U/Pb age of KLY-7 was ∼23.1 Ma, so KLY-7 is assigned a depositional age younger than 23.1 Ma (Figure 4).
[image: Figure 4]FIGURE 4 | Mesozoic-Cenozoic sedimentary provenance study sections in the Tajik and Tarim basins, including the Asku (Sun et al., 2020), Pehtova (Wang et al., 2019), Bero Tokay (Zhang et al., 2019), Oytag (Sun et al., 2016b; Zhang et al., 2019), Qimugen (Zhang et al., 2019), Aertashi (Blayney et al., 2016) and Keliyang (this study) sections. Mesozoic-Cenozoic paleocurrents are based on previous studies in the Akqiy (Zhang et al., 2019), Oytag (Bershaw et al., 2012; Sun et al., 2016b), Qimugen (Cao et al., 2014), Aertashi (Sobel, 1999; Zheng et al., 2015) and Keliyang (Li et al., 2021) sections. The blue dashed line shows the minimum age of sedimentary provenance changes in each section from the Tajik and Tarim basins. Pol = Observed Polarity; Thk = Thickness; Lit = Lithology.
Analytical Methods
Detrital apatite fission-track (DAFT) measurements were carried out using the external detector method. Apatite was separated from rock samples by magnetic and gravity separation, embedded in epoxy resin, polished to expose internal crystal surfaces, and etched in 5 N HNO3 at 20°C for 20 s to reveal spontaneous fission tracks. Internal surfaces of the crystals were then covered with low-uranium muscovite external detectors, packed together with CN5 standard dosimeter glasses, and irradiated. Induced tracks were revealed in the muscovite external detectors by etching in 40% HF at room temperature for 25 min. DAFT analyses were counted at ×1,250 dry (×100 objective). FT ages were calculated using the ξ-calibration method, with an overall weighted mean ξ of 272.78 ± 15.99 a/cm2. DAFT analyses were performed at the Key Laboratory of Petroleum Resources, Northwest Institute of Eco-Environment and Resources at the Chinese Academy of Sciences.
After crushing, zircons were separated by standard heavy liquid and magnetic techniques. Zircon grains were randomly picked and mounted onto adhesive tape, enclosed in epoxy resin, and polished to about half their thickness. After being photographed under reflected and transmitted light, samples were prepared for cathodoluminescence (CL) imaging and U/Pb dating. Zircon U/Pb dating was performed using an Agilent 7500a ICP-MS equipped with a 2005M excimer ArF laser ablation system (GeolasPlus) at the China University of Geosciences (Wuhan). A laser spot diameter of 30 μm was used. The ICP-MS data calibration (10.7) program was used for data calibration.
The 207Pb/206Pb ages were used to date zircons older than 1,000 Ma, and 206Pb/238U ages were used to date zircons younger (Black et al., 2003) than 1,000 Ma, due to small amounts of 207Pb in young zircons limiting precise 207Pb/206Pb dating. To assess the similarity of samples and their potential sources, we use multi-dimensional scaling (MDS) (Vermeesch, 2013) to produce a map of points where similar samples cluster together, which quantifies the distance between the empirical cumulative distribution functions of two samples. The plot axes are non-quantitative.
RESULTS
Detrital Apatite Fission Track Ages
KLY-1 contains 59 grains with relatively scattered ages ranging from 35.27 to 202.73 Ma, and a central age of 74.7 ± 3.3 Ma. KLY-6 has 33 grains with ages between 29.16 and 876.64 Ma, and a central age of 50 ± 4.4 Ma. KLY-7 has 24 grains with ages between 23.7 and 314.1 Ma, and a central age of 68.6 ± 9.6 Ma.
The DAFT ages of all samples failed the χ2 test (P (χ2) <5%) (Table 2 and Figure 5). The result of KLY-1 can be statistically decomposed into three age components: 45.8 ± 4 Ma (21%), 69.1 ± 6.4 Ma (39%) and 96.8 ± 8.5 Ma (40%). The result of KLY-6 can be divided into two components with peak ages at 35.7 ± 2.7 Ma (64.5%) and 80.5 ± 7.1 Ma (35.3%). The result of KLY-7 can be divided into two components with peak ages of 25.9 ± 3.4 Ma (P1) and 80.6 ± 7.2 Ma (P2).
TABLE 2 | Detrital apatite fission track results of the Keliyang section in the SW Tarim Basin.
[image: Table 2][image: Figure 5]FIGURE 5 | Apatite fission-track radial plots (A) and peak age plots (B) of the Keliyang section. In the peak age plots, the blue and red lines represent the fitted curve and peak values, respectively.
Detrital Zircon U/Pb Ages
Detrital zircon U/Pb ages are shown in Supplementary Table S1 and Figure 6. A total of 116 concordant ages were obtained for KLY-1. The zircon U/Pb age spectrum shows age populations between 400 and 2,800 Ma, the majority around ∼400–500 Ma (∼81%) with a peak at ∼480 Ma. A smaller age population is observed at ∼600–900 Ma, with peaks at ∼640 Ma and ∼800 Ma. In addition, sporadic distributions are centered at ∼1800 and ∼2,600 Ma.
[image: Figure 6]FIGURE 6 | Detrital zircon U/Pb ages from the Keliyang section in the SW Tarim Basin and potential source correlation. The North Pamir provenance is dominated by a 200–300 Ma peak (Carrapa et al., 2014; Blayney et al., 2016; Rittner et al., 2016). The Central Pamir provenance is dominated by a ∼45 Ma peak (Lukens et al., 2012). The South Pamir provenance is dominated by a peak of ∼100 Ma (Blayney et al., 2016). The West Kunlun provenance has two peaks, at ∼200–300 Ma and 400–500 Ma, with two less prominent peaks at ∼800 and ∼1800 Ma (Blayney et al., 2016). The Songpan-Ganzi provenance has four peaks, at ∼200–300, ∼400–500, ∼700–900 and ∼1800–2000 Ma (Ding et al., 2013). The modern Tinzip River (1,344) provenance has a double peak at 200–300 and 400–500 Ma (Blayney et al., 2016). The modern Karakax River catchment (1,363, Tb35) provenance has a peak at 400–500 Ma (Blayney et al., 2016; Rittner et al., 2016). N is the number of Concordia zircons. The shaded bars highlight the dominant zircon U/Pb age ranges.
A total of 108 concordant ages were obtained for KLY-3, with the youngest age at 43.7 Ma. The zircon U/Pb age spectrum shows age populations between 44 and 3,200 Ma. Ages range between 0 and 100 Ma, with a peak at ∼40 Ma; ∼240–500 Ma with peaks at ∼280 Ma and ∼320 Ma; and ∼560–720 Ma with peaks at ∼580 and ∼640 Ma. A few additional ages are scattered at roughly 1,200 Ma, 1,600 Ma, 2,400 Ma and 3,200 Ma.
A total of 119 concordant ages were obtained for KLY-7, with the youngest age at 23.1 Ma. The zircon U/Pb age spectrum shows age populations between 23.1 and 2,800 Ma. These are concentrated between 0 and 80 Ma with peaks at ∼40 and ∼20 Ma; 200–300 Ma with a peak at ∼240 Ma; 400–500 Ma with a peak at ∼440 Ma; and 600–1,200 Ma with a peak at ∼800 Ma. A minor age population occurs between 1,200 and 2000 Ma, and there are some scattered ages between ∼2,200 and 2,800 Ma.
INTERPRETATION AND DISCUSSION
Sedimentary Provenance Changes in the SW Tarim and Tajik Basins
The SW Tarim Basin
In the Keliyang section, the KLY-3 and KLY-7 samples have a younger zircon U/Pb age peak at ∼45 Ma. This obvious difference between the zircon U/Pb age of KLY-1 and KLY-3 suggests that the sedimentary provenance underwent significant alteration from the Late Cretaceous to the Eocene (∼40 Ma). MDS provides additional information about the sedimentary change, and is a standard statistical technique to determine the similarity between sediment characteristics and source regions (Vermeesch, 2013). This technique has been successfully used in provenance tracing (Nie et al., 2014; Clift et al., 2017) and river evolution studies (Wang et al., 2020; Sun et al., 2021). In the MDS plots of zircon U/Pb data (stress value = 0.9%), KLY-1 is statistically separated from the other two samples (Figure 7). In summary, the MDS analyses indicate that the sedimentary source of the Keliyang section changed during the Eocene.
[image: Figure 7]FIGURE 7 | Non-metric multi-dimensional scaling (MDS) plot between the sample U/Pb ages and potential source regions. Data from the North Pamir are from Blayney et al. (2016), Carrapa et al. (2014) and Rittner et al. (2016). Data from the Central Pamir are from Luckens et al. (2012). Data from the South Pamir are from Blayney et al. (2016). Samples 1,344 (Tinzip River) and 1,363 (Karakax River) are from Blayney et al. (2016). The solid and dashed lines show the first and second closest neighboring samples, respectively.
Regional provenance analyses show similar patterns in other sections. Blayney et al. (2016) analyzed detrital zircon U/Pb ages in the Aertashi section to the northwest of the Keliyang section (Figure 4). In the Aertashi section, sediments with a depositional age of roughly 40 Ma (Sample ID = 1,305) have almost no zircons with ages of less than 100 Ma, while samples with a depositional age of 37.5 Ma (Sample ID = 1,337) have a peak in detrital zircon U/Pb ages at ∼45 Ma (Figure 8). Therefore, we constrain the timing of the sedimentary provenance shift to have occurred between 40 and 37.5 Ma. To the northwest of the Aertashi section, Zhang et al. (2019) analyzed detrital zircon U/Pb ages in the Qimugen, and Bora Tokay sections (Figure 9 in Zhang et al., 2019). In the Qimugen section, the zircon U/Pb age peak at ∼45 Ma was first recorded in the Eocene sediments (15QM79 and 15QM159). In the Bora Tokay section, the peak at ∼45 Ma firstly appeared in the Late Paleocene-Early Eocene sediments (16BE30 and 16BE36). In the Oytag section, Paleocene sediments (DZ01, DZ02, DZ03 and DZ04) exhibit similar detrital zircon age spectra, while the Eocene sediments in this section (DZ05, DZ06, DZ07 and DZ08) have detrital zircon U/Pb ages consistent with the peak at ∼45 Ma. As sample DZ05 was deposited at ∼47 Ma, the sedimentary provenance shift must have occurred after this time (Sun et al., 2016b). Rock magnetic analyses corroborate this significant provenance change (Sun et al., 2016b). These findings suggest that the change in sediment provenance occurred before the Late Paleocene-Early Eocene in Bore Tokay, before ∼47 Ma in Oytag, during the Eocene in Qimugen, between 40 and 37.5 Ma in Aertashi, and from the Late Cretaceous to ∼40 Ma in the Keliyang sections. We constrain the change in sedimentary provenance of the Aertashi section to 40–37.5 Ma (Late Eocene) and assign 40 Ma as the oldest age of the sedimentary provenance change for the sections around the Kashgar-Yecheng Transfer System.
[image: Figure 8]FIGURE 8 | Characterization of source regions and probability density plots of the Bero Tokay, Qytag, Qimugen, Aertashi, Keliyang sections in the Tarim Basin and Dashtjum, Asku, Peshtova sections in the Tajik Basin. Data from the Oytag, Qimugen, Aertashi, Dashtjum, Asku and Peshtova sections are modified from Sun et al. (2016b), Zhang et al. (2019), Blayney et al. (2016), Chapman et al. (2019), Sun et al. (2020), and Carrapa et al. (2015). Detrital zircon U/Pb age plots from North Pamir are modified from (Carrapa et al., 2014; Blayney et al., 2016; Rittner et al., 2016). Detrital zircon U/Pb age plots from West Kunlun are modified from Blayney et al. (2016). Detrital zircon U/Pb age plots from Songpan-Ganzi are modified from Ding et al. (2013). Shaded bars mark peak ages at 400–500 Ma, 200–300 Ma and ∼45 Ma. The significant Eocene quasi-synchronous sedimentary provenance changes occurred in both the Tarim and Tajik basins.
Paleocurrent analyses are used to understand the direction of water flow in the geological past, and are widely used to reconstruct ancient sedimentary source regions and depositional environments (Dickinson et al., 1983). The paleocurrent direction changes provide independent evidence of the Eocene provenance shift (Figure 4). Some paleocurrent results have been published for the Akqiy (Zhang et al., 2019), Oytag (Sobel., 1999; Bershaw et al., 2012), Qimugen (Cao et al., 2014), Aertashi (Sobel., 1999) and Keliyang (Li et al., 2021) sections in the SW Tarim Basin. In the Keliyang section, paleocurrent analyses of the Kashi group show that sediments were transported from the southeast, while sediment of the Wuqia group was mainly transported from the southwest (Li et al., 2021). In the Qimugen and Aertashi sections, the paleocurrents of the Wuqia Group mainly came from the southwest (Sobel., 1999; Cao et al., 2014), and Early Cretaceous paleocurrents mainly came from the southeast (Sobel., 1999). In the northeastern corner of the Pamir Plateau, the main change in paleocurrent direction may have occurred between the Cretaceous and the Paleocene (Figure 6 in Zhang et al., 2019).
The Tajik Basin
There have also been some sedimentary provenance studies in the Tajik Basin, including the Peshtova, Dashtijum and Asku sections, from northeast to southwest, respectively (Figure 4 and Figure 8) (Chapman et al., 2019; Wang et al., 2019; Sun et al., 2020). In the Peshtova section, the youngest zircon U/Pb age peak at ∼45 Ma first appears in sediment with depositional ages of ∼35 Ma (Wang et al., 2019). In the Dashtijum section, the zircon U/Pb age peak at ∼45 Ma occurred in samples with depositional ages between the Late Cretaceous (sample DSH-1430 in the Sangoba Formation) and the Oligocene (sample DSH-2225 in the Baldshuan Formation). Detrital zircon fission-track analyses identified two components during the Oligocene (sample DSH-2225 in the Baldshuan Formation), compared to one component during the Late Cretaceous (sample DSH-470 in the Schuchi-poyon Formation) (Chapman et al., 2019). In the Asku section, the zircon U/Pb age peak at ∼45 Ma is observed after ∼38 Ma (DZ-04) (Sun et al., 2020). The difference between these three sections is relatively small, suggesting similarities in sedimentary provenance during deposition. As such, we use ∼38 Ma as the lower time limit, which belongs to the Late Eocene. More interestingly, detrital apatite fission-track ages have two components, of ∼37–25 Ma and ∼80–60 Ma (Sample ID = PE825) in the Peshtova section from the Tajik basin (Figure 3 in Wang et al., 2019), which is similar to that in the Keliyang section (Table 2). This suggests that the sedimentary source of the northwest corner of the Pamir Plateau in the Tajik Basin was likely to be similar to that in Tarim Basin at that time.
Provenance Interpretation
Geologists compare detrital zircon U/Pb ages between basin sediments and closed blocks to deduce potential provenance regions (Cawood et al., 2012; Carrapa et al., 2015; Sun et al., 2016b, 2020; Blayney et al., 2016; Chapman et al., 2019; Zhang et al., 2019). As discussed above, the main paleocurrents in the SW Tarim Basin both came from the south, with sources including the Pamir Plateau, the West Kunlun Mountains and the Songpan-Ganzi terranes. Furthermore, these different regions have different geochronological characteristics (Figure 8). The North Pamir region is dominated by the 200–300 Ma peak in detrital zircon U/Pb ages and does not show a 400–500 Ma peak (Schwab et al., 2004; Lukens et al., 2012; Carrapa et al., 2015). The Central Pamir region has a typical peak of ∼45 Ma and does not have a peak older than 400 Ma (Lukens et al., 2012). The South Pamir region detrital zircon U/Pb ages are mainly distributed around ∼100 Ma (Yin and Harrison, 2000; Lukens et al., 2012). The West Kunlun has two peaks, at ∼200–300 Ma and 400–500 Ma, and two less prominent peaks at ∼800 Ma and ∼1800 Ma (Robinson et al., 2004; Carrapa et al., 2014; Rittner et al., 2016). The Sonpan-Ganzi has four peaks, at ∼200–300 Ma, ∼400–500 Ma, ∼700–900 Ma and ∼1800–2000 Ma (Ding et al., 2013).
The distribution of zircon U-Pb ages of sample KLY-1 is more similar to those of the West Kunlun and the Songpan-Ganzi terranes than those of the Pamir Plateau (Figure 6). The two contemporaneous rivers in this region (the Tiznip and Karakax) provide more information on the source of KLY-1. The Tiznip River originates from the south of the West Kunlun and flows northwards into the Tarim Basin via the northern West Kunlun. The Karakax River originates from the Sonpan-Ganzi and flows northward into the Tarim Basin via the West Kunlun. The detrital zircon U/Pb ages of Tiznip River sediments have two peaks, at ∼200–300 and ∼400–500 Ma, while detrital zircon U/Pb ages of the Karakax River have a relatively shorter peak at 200–300 Ma (see further details in Blayney et al., 2016). Sample KLY-1 lacks ages of ∼200–300 Ma, and thus shows greater similarity to the Karakax River (Figure 6). The MDS analyses also show that KLY-1 is much closer to sample 1,363 from the Karakax River when compared to sample 1,344 from the Tiznip River (Figure 7). These observations suggest that sediments in KLY-1 may have had a multi-component source, from the Sonpan-Ganzi and the West Kunlun. Previously published results from other sections in the SW Tarim Basin before the Eocene show that detrital zircon U/Pb ages have two peaks, at ∼200–300 and ∼400–500 Ma, which should correspond to sources in the Sonpan-Ganzi, the West Kunlun and/or the North Pamir (Figure 8). In the Dashtijum section of the Tajik Basin, detrital zircon U/Pb ages of the Late Cretaceous sample have a main peak of ∼200–300 Ma, which likely corresponds to a source region in the North Pamir (Chapman et al., 2019) (Figure 8). The detrital zircon U/Pb ages of the sample DZ-04 in the Asku section are more similar to the Pamir region than to the Tian Shan (Figure 11 in Sun et al., 2020).
The obvious zircon U/Pb age peak at ∼45 Ma is similar to the Central Pamir rather than other terranes (Figure 8). Moreover, MDS analyses show that the detrital zircon U/Pb ages of KLY-3 and KLY-7 are more similar to the Central Pamir, than to the North or the South Pamir (Figure 7). The detrital zircon U/Pb age and εHf (t) analyses also provide additional evidence for the Central Pamir as the sediment source (Zhang et al., 2019). Sun et al. (2016b) suggested that the Early Eocene sedimentary change originated from the Kohistan-Ladakh arc. The detrital zircon U/Pb age and εHf (t) data from the Kohistan-Ladakh arc and the Central Pamir overlap to some extent, but further research indicated that the Early Eocene sediments originated from the Central Pamir rather than the Kohistan-Ladakh arc (Zhang et al., 2019). In addition to constraining the sedimentary source from the Central Pamir, the other sediment sources in the Keliyang section after the Eocene were likely located in the West Kunlun (Figure 6 and Figure 8). Previous research also confirms that other sources were derived from the West Kunlun and/or the North Pamir in the Tajik and SW Tarim basins (Chapman et al., 2019; Zhang et al., 2019).
Implications for Eocene Initial Uplift of the Central Pamir
Based on the evidence and discussion above, Eocene sediments with the detrital zircon U/Pb age peak at ∼45 Ma were derived from the Central Pamir. This result requires rapid uplift of the Central Pamir. Following this uplift, clasts were eroded from the new uplands of the Central Pamir.
These interpretations are supported by other evidence. Low-temperature thermochronology is widely used to reconstruct fast exhumation of mountains (Bernet et al., 2006). Unfortunately, no Eocene thermochronology results are available from within the Central Pamir, perhaps due to the overprinting of later tectonic events (Ducea et al., 2003), complete erosion (Zhang et al., 2019) or non-detection (Zhang et al., 2019). However, the Late Eocene (∼37 Ma) component of detrital apatite fission-track ages is detected in the Keliyang section of the SW Tarim Basin (this study) and in the Peshtova section of the Tajik Basin (Wang et al., 2019) (Table 2), where sediments were likely sourced from the Central Pamir. Moreover, abundant Eocene igneous rocks from 41 Ma to 36 Ma (with a peak age of 40 Ma) were reported within the Central Pamir, and were interpreted as a result of mantle drip or lithospheric delamination (Chapman et al., 2018b). Contemporaneous metamorphic peak ages are also detected within the Central Pamir domes (Smit et al., 2014; Stearns et al., 2015; Rutte et al., 2017; Chapman et al., 2018a). The prograde metamorphic monazite age obtained for lower-crustal xenoliths in the Miocene volcanic rocks is 50 Ma, which indicates that crustal thickening and plateau formation were already occurring during the Paleocene–Eocene in the Central Pamir (Ducea et al., 2003). Furthermore, the very short lag time between the youngest detrital apatite fission-track age component (∼36 Ma) and the deposition age (∼32 Ma) of the Keliyang section indicates that the Central Pamir experienced rapid uplift during the Eocene, caused by crustal thickening, which yielded large amounts of sediment to the Tarim and Tajik basins (Blayney et al., 2019; Kaya et al., 2019).
The Eocene rapid uplift event is also confirmed in other regions along the strike of the Central Pamir. Apatite fission-track and U-Th/He ages of the Qiangtang terrane are concentrated at around 40 Ma, suggesting that the Qiangtang terrane formed a plateau during the Eocene (Rohrmann et al., 2012). Paleoaltimetry shows that the Gonjo Basin within the Qiangtang terrane experienced rapid uplift during the Eocene (Xiong et al., 2020). Moreover, this Eocene rapid uplift event was also reconstructed in the North Pamir, based on bedrock apatite and zircon U/Th-He ages (Amidon and Hynek, 2010). In contrast, the West Kunlun experienced slow exhumation, with a paleo-elevation similar to that during the Mesozoic (Sobel and Dumitru, 1997; Cao et al., 2015; Blayney et al., 2016; Li et al., 2019). During the Eocene, the Central Pamir was uplifted to a paleo-elevation no lower than that of the present-day West Kunlun, and provided sediments to the SW Tarim Basin.
We provide an evolution model for the Pamir-West Kunlun area from the Late Cretaceous to the Late Eocene. During the Late Cretaceous (Figure 9A), the West Kunlun, with moderate paleo-elevation, was the main sedimentary source to the SW Tarim Basin, and the North Pamir was the main source to the Tajik Basin. The Central Pamir had not formed, and was connected with the Paratethys Ocean. During the Late Eocene (Figure 9B), the northward indentation of the Pamir region caused deformation at the western and eastern margins, and the Central Pamir region experienced rapid uplift to reach a paleo-elevation higher than the modern West Kunlun. Sedimentary materials from the newly-formed Central Pamir were transported by rivers into the Tarim and Tajik basins.
[image: Figure 9]FIGURE 9 | Simplified tectonic evolution models of Pamir-West Kunlun. (A) During the Late Cretaceous, West Kunlun had a moderate paleo-elevation and was the main sediment source to the SW Tarim Basin. The Central Pamir region was occupied by shallow seas. (B) During the Late Eocene, the Central Pamir experienced rapid uplift and attained a higher paleo-elevation than that of the present-day West Kunlun, providing new sediments to the Tajik and Tarim basins. NWKL = North West Kunlun; NP-SWKL = North Pamir-Southern West Kunlun; CP-QT = Central Pamir-Qiang Tang; SP-LS = South Pamir - Lhasa; DA = Dashtijum section; AS = Asku section; PE = Peshtova section; BT = Bora Tokay section; OT = Oytag section; QM = Qimugen section; AT = Aertashi section; KY = Keliyang section.
CONCLUSION
The SW Tarim Basin and Tajik Basin are foreland basins which developed adjacent to the Pamir-West Kunlun Mountain belts. Therefore, detailed studies of the sedimentary provenance in these basins can be used to constrain the tectonic evolution of the Pamir-West Kunlun. Detrital apatite fission track and zircon U/Pb ages in the Keliyang section, together with previous studies in the SW Tarim and Tajik basins, constrain potential sedimentary provenance changes. We reach the following conclusions.
1) A detrital zircon U/Pb age peak at ∼45 Ma was detected in sediments deposited since the Eocene in the Keliyang section. Non-metric multi-dimensional scaling (MDS) shows that the Central Pamir region was likely to have been the sediment source for the Keliyang section during the Eocene.
2) The Eocene sedimentary provenance change was detected in both the SW Tarim and Tajik basins, and is supported by previous studies. This change provides a key indicator for the initial uplift of the Central Pamir.
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The growth of the southern piedmont of the Himalayan boundary and its depositional setting has changed since uplift of the Himalaya due to continental Indian-Eurasian collision, which has resulted in variation in magnetic minerals in marine- and terrestrial-facies sediments. In this paper, we utilize rock magnetism data from the late Cretaceous to middle Eocene strata, including the Amile and Bhainskati formations from the Lesser Himalaya (western Nepal), to understand the mechanism controlling magnetic susceptibility (χ). The active tectonics strongly influenced saturation isothermal remanent magnetization (SIRM), HIRM, and hysteresis loops, forming both low-coercivity minerals in sediments with low χ from the terrestrial facies (zones I, IIIA, and V) and high-coercivity minerals in the sediments with high χ from the marine facies (zones II, IIIB and IV). Thermomagnetic κ-T curves and frequency-dependent χ (χfd%) values show that sediments with low χ and high χ carry magnetite with coarse non-superparamagnetic (SP) grains and hematite with SP grains, respectively. Comparing the χ data with the lithologic, sedimentary environments, geomorphic features, and sea level data, we propose that low χ values were mainly produced by an increase in terrigenous detrital influx during the regression period of the Tethys Sea, while high χ values formed in marine sediments, which prompted the appearance of ferromagnetic-antiferromagnetic and paramagnetic minerals during the transgression of the Tethys Sea.
Keywords: rock magnetism, Cretaceous to Eocene strata, paleoenvironment, transgression and regression, Lesser Himalaya
INTRODUCTION
The Himalayan orogeny and tectonic stress produced the existing Himalayan arc as a result of the Indian-Eurasian collision since the late Cretaceous time (Beck et al., 1995). This has attracted the attention of various scientists to study its effect on geomorphological features (Molnar and Tapponnier, 1975), provenance (Garzanti, 1999; DeCelles et al., 2004; DeCelles et al., 2014), climate (Ghosh et al., 1995), environment (Bosboom et al., 2014) and ecology (Smith et al., 2015). In Nepal, some paleomagnetic studies have been carried out in the Siwalik (Tokuoka et al., 1986; Gautam and Appel, 1994; Gautam et al., 1995; Gautam and Pant, 1996; Gautam and Fujiwara, 2000; Gautam, 2008; Ojha et al., 2009), Lesser, Higher and Tethyan Himalaya (Yoshida and Sakai, 1984; Appel et al., 1991; Pant et al., 1992; Crouzet et al., 2001; Gautam et al., 2011). The Tansen area, which is located at the front of the Lesser Himalaya, incorporates both marine and terrestrial sediments since the continental collision and uplift of the Himalaya. It acts as a remarkable area for reconstructing the tectonic and climatic evolution before and after the collision. Various studies related to detrital geochronology and geochemistry, lithological transitions, flora and faunal fossils have been reported from this region (Sakai, 1983; Sakai, 1984; Kimura et al., 1985; Matsumaru and Sakai, 1989; Sah and Schleich, 1990; DeCelles et al., 2004), showing diverse opinions on the paleoenvironmental condition. Generally, four distinctive views can be perceived on the paleoenvironment changes as 1) the humid climate prevailed during Cretaceous to Eocene (Neupane and Zhao, 2018; Neupane et al., 2021), 2) there was a paleoenvironmental transition from the pteridophytes dominated wet and humid environment during late Cretaceous (Mohabey et al., 1993; Srivastava, 2011; Prasad et al., 2018) to more humid environment in the entire Eocene revealed by evergreen broad-leaved forest forming coal and carbonaceous shale (Mehrotra, 2003; Srivastava, 2011; Shukla et al., 2014; Spicer et al., 2014; Samant et al., 2020), 3) the paleoclimate during Cretaceous to Eocene had been affected by the Tethys Sea and the Himalayan tectonic uplift rather than the global climate change (Bosboom et al., 2011; Licht et al., 2013; Licht et al., 2014), and 4) the Inter-tropical Convergence Zone (ITCZ) had driven the Eocene monsoon climate (Boos and Kuang, 2010; Spicer et al., 2016). The poor preservation of late Cretaceous marine and early Cenozoic terrestrial sequences in South Asia has been the main factor causing these debates. The Palpa section in this area consists of a late Cretaceous-Paleocene (so called Amile Formation) to middle Eocene (called as Bhainskati Formation) sequence of both marine and terrestrial sediments. Their respective ages were constrained by U-Pb detrital zircon ages, Nd isotope analyses and trace element compositions (Robinson et al., 2001; Neupane et al., 2017; Bhandari et al., 2019) and fossil records (Sakai, 1983; Matsumaru and Sakai, 1989). The rock magnetic study has been rarely reported from this area (Gautam, 1989a, b) and is expected to effectively diagnose the paleoenvironmental changes in the Lesser Himalaya, western Nepal.
The uplift of the Himalaya-Tibetan Plateau after the Indian-Eurasian collision has affected the provenance and environmental settings in this region. In addition, the transgression and regression of the Tethys sea within this region also caused the change in depositional settings (either terrestrial or marine setting). The depositional processes have been widely investigated through the rock magnetic properties of sedimentary sequences in the recent years (Verosub and Roberts, 1995; Liu et al., 2012). The magnetic parameters have been also applied for obtaining better discrimination of lithological units such as marine limestone or mudstone and continental clastic rock (Murdock et al., 2013). The Palpa section, on the southern piedmont of the Himalaya records abundant environmental and tectonic information. It provides an excellent opportunity to explore the paleoenvironment through the study of rock magnetic analysis. In this paper, we examine detailed rock magnetic analyses from the Palpa section in the Tansen area to identify the depositional setting that most likely controlled the magnetic susceptibility (χ) variation and make an initial attempt to gain insights into the relationship between the depositional environment and the tectonic uplift during and after the Indian-Eurasian collision.
GEOLOGICAL AND GEOGRAPHICAL SETTING
The Indian-Eurasian collision results in the development of four different tectonostratigraphic units (Figure 1A). The northern Tethys Himalayan Sequence (Neoproterozoic through Cenozoic) is mainly composed of sedimentary rocks with numerous fossiliferous horizons (Stöcklin, 1980; Garzanti and Frette, 1991; Yin and Harrison, 2000; Guillot et al., 2008; Najman et al., 2017). In its south, the high-grade metasedimentary rocks of the Higher or Greater Himalayan Sequence (Neoproterozoic through Cambrian) is thrust southward along the Main Central Thrust (MCT) on the uppermost part of the Lesser Himalayan Sequence (Paleoproterozoic to Paleozoic) (Parrish and Hodges, 1996; DeCelles et al., 2000; Martin, 2017). Furthermore, the weakly metamorphosed Indian continental crust and sedimentary rocks of the Lesser Himalayan Sequence (Valdiya, 1980; Sakai, 1985; Parrish and Hodges, 1996; Upreti, 1999; DeCelles et al., 2000; Martin et al., 2011) are separated by the Main Boundary Thrust (MBT) in the south. The southernmost part consist of marginal deposits eroded from the higher mountain belts, deposited in the foreland basin as the Siwalik (or Churia zone) or Sub-Himalayan Sequence (Paleogene and Neogene), and now lie above the Main Frontal Thrust (MFT) with recent alluvial deposits of the Indo-Gangetic plain (Gansser, 1964; Stöcklin, 1980; DeCelles et al., 1998; White et al., 2001; Najman et al., 2005; van der Beek et al., 2006; Yin, 2006; Ojha et al., 2009). In Nepal, the late Permian to Eocene sediments (called the Gondwana System) typically contains both marine facies, including fossiliferous argillaceous limestones and siltstone/sandstone with molluscs, foraminifers, coral and vertebrate fossils, and terrestrial facies, including ferruginous quartz arenite, conglomeratic quartz arenite, glacial diamictite, interbedded sandstone, and shale. These lithostratigraphic units are sparsely distributed in the Barahachhetra and Katari areas, Tansen, Tulsipur, and the Birendranagar areas extending from east to west, indicating the existence of scattered depositional basins with variable thicknesses. The tectonic stress on the depositional basins (Gondwana System) in the Lesser Himalaya of Nepal has resulted in the formation of klippes (such as the Palpa Klippe).
[image: Figure 1]FIGURE 1 | Geological framework of Nepal. (A) Simplified geological map of the Nepal Himalaya showing the location of the study area (Palpa section) in the Tansen area, modified after Khatri et al. (2017). (B) Detailed geological map of the western Nepal. The black rectangular box indicates the Palpa section, modified after Sakai (1983), Sakai (1984), Dhital (2015). (C) Google map (http://earth.google.com/) showing the sampling route in the Bhaiskatta Khola from 27°47′40.74″ 83°32′39.38″ to 27°47′45.62″ 83°32′40.94”. (D) Detailed geological map of the study area and the cross-section for the samples profile showing the late Cretaceous to Oligocene-early Miocene strata.
The study area lies within the region 27°42′0″ N to 27°52′0″ N and 83°27′0″ E to 83°33′0″ E in the Tansen area (Palpa district) in the northern part of the Siwalik zone and to the north of the MBT (Figure 1B,C,D). The sampling sites along the so-called Palpa section are located near Charchare village along the Bhaiskatta Khola (the local term for the river is Khola) flowing south of the Tansen city. In the Tansen area, the Kali Gandaki Supergroup (KGS) comprises bioturbated sediments to low-grade metamorphic rock, argillaceous, carbonate rocks with stromatolites of late Precambrian to early Paleozoic age (Sakai, 1984). The Tansen Group, assigned to the late Carboniferous to early Miocene age by paleontology and stratigraphic position (Sakai, 1983), disconformably overlies the KGS and forms a large synclinorium with a klippe (Figure 1B). Lithostratigraphically, the Tansen Group is divided from bottom to top into the Sisne Formation with mudstone intercalated sandstone, and conglomerate; the Taltung Formation with silty shale, sandstone, and conglomerate; the Amile Formation with quartz sandstone with thick interlayers of black shale and limestone; the Bhainskati Formation with shales and limestone; and the Dumri Formation with sandstone and conglomerate interbedded with shale (Sakai, 1983; Sakai, 1984; Sakai, 1989). The Amile Formation typically consists of terrestrial and marine facies. The lower and upper parts of the Amile Formation are terrestrial facies composed of ferruginous quartz arenite, conglomeratic quartz arenite, and interbedded sandstone and shale, whereas the middle part is marine facies composed of argillaceous limestone and siltstone/sandstone yielding molluscs, echinoids, corals, and vertebrate fossils. In contrast, the marine Bhainskati Formation is characterized by the predominance of fossiliferous black and green shales yielding molluscs, foraminifers, and vertebrate fossils. It also includes bioturbation with thin beds of limestone and oolitic hematic mottles (Sakai, 1983; Sakai, 1984) with hematitic oxisol layers (DeCelles et al., 1998).
SAMPLING AND LABORATORY PROCEDURES
The study area covers late Mesozoic to early Paleogene rocks lying in the southwestern part of the Lesser Himalaya of Nepal, including the Amile, Bhainskati, and partly Dumri formations (Figure 2). In the study area, 120 samples were collected (Figure 1C) with a portable petrol-powered drill at an interval of 1 m. Later, these core samples were cut into standard-size of 2.2 cm diameter and 2.5 cm in length. The Amile Formation in the study area is approximately 72 m thick and is composed mainly of shale, fine-grained to medium-grained siliceous sandstone, and pebble conglomerate, and occasionally contains iron nodules and asymmetrical ripple marks. The Bhainskati Formation is approximately 41 m thick and composed of light gray, dark gray, green shale, and siltstone with no fossiliferous horizons. The Dumri Formation is composed of gray sandstone, gray-red intraformational conglomerate, and gray siliceous sandstone and is approximately 7 m thick (Figure 2).
[image: Figure 2]FIGURE 2 | Lithostratigraphic correlation of the Amile (late Cretaceous-Paleocene) and Bhainskati (middle Eocene) formations between the present and previous studies. The field photographs from 12 to 62 m represent Amile Formation and from 72 to 114 m represent Bhainskati Formation. The boundary between late Cretaceous-Paleocene and middle Eocene strata exists nearly at 65–75 m. In addition, the boundary between middle Eocene and middle Miocene to Pleistocene strata exists nearly at 117 m. These photographs show the distinct lithologies from both formations in the Palpa section.
All the sampled specimens of the Palpa section were measured by the AGICO MFK1-FA multifunction Kappabridge to determine low- and high-frequency magnetic susceptibility ranging from 976 to 1,561 Hz. The mass-specific susceptibility (χ) was measured at these frequencies and the χfd% was calculated as χfd% = (χ976Hz–χ1561Hz)/χ976Hz × 100%. The anhysteretic remanent magnetization (ARM) process was carried out in a 100 mT peak alternating field and a superimposed 0.05 mT direct current biasing field with a D-2000 alternating demagnetizer, and later the susceptibility of ARM (χARM) was calculated as ARM/0.05 mT. The saturation isothermal remanent magnetization (SIRM) process was performed in an IM-10-30 pulse magnetizer with a 1,000 mT field. In addition, the “hard” isothermal remanent magnetization (HIRM) was calculated using the formula HIRM = (SIRM + IRM-300mT)/2 (Thompson and Oldfield, 1986).
Altogether, 46 samples of shales, siltstones, and sandstones were measured for diffuse reflectance spectroscopy (DRS). As it shows a high sensitivity to the concentration of iron oxides (Scheinost et al., 1998; Torrent and Barrón, 2002). The data obtained from a Purkinje General TU1901 UV-Vis spectrophotometer with a reflectance sphere from 360 to 850 nm at 1 nm intervals were processed by the first derivative to reveal the hematite content (Zan et al., 2018). The determination of redness (percent reflectance in the red color band) offers an additional quantitative view of one aspect of sediment color (Ji et al., 2005). Redness percent was calculated as red area (630–700 nm)/peak area (400–700 nm) × 100. Similarly, eight representative samples in powdered form with a mass of ∼0.2 g were chosen for thermomagnetic analysis of magnetic susceptibility, each measured by using a CS-4 apparatus in an argon atmosphere coupled to a AGICO MFK1-FA multifunction Kappabridge, to prevent oxidation during heating from room temperature to ∼700°C and later cooled to room temperature. The temperature rate was used as 12°C/min (medium-type), with an approximate duration of 2 h. These representative samples were further measured by a Lakeshore Model 8,600 vibrating sample magnetometer (VSM) to determine the magnetic parameters, such as induced magnetizations [hysteresis parameters-hysteresis loops, saturation magnetization (Ms), saturation remanent magnetization (Mrs), and coercivity (Hc)] and remanent magnetizations in variable magnetizing fields. An alternating gradient force of a magnetometer was used for hysteresis loops analysis and pulse magnetizer for Isothermal Remanent Magnetizations (IRMs), with a maximum field of 1,000 mT. Magnetic coercivity components acquired from IRM acquisition measurements were achieved using the MAX Unmix application (Maxbauer et al., 2016). These experiments were carried out in the Key Laboratory at the Institute of Tibetan Plateau Research, Chinese Academy of Sciences, Beijing, China.
RESULTS
χ, χfd%, χARM, Saturation Isothermal Remanent Magnetization, High Field Isothermal Remanent Magnetization and Diffuse Reflectance Spectroscopy Results
On the basis of χ, frequency-dependent χ (χfd%), χARM, SIRM, high field isothermal remanent magnetization (HIRM), redness, hematite content, and lithology, the Palpa section can be divided into five-rock magnetic zones (Figure 3). These magnetic zonations cover both terrestrial and marine deposits. The zone I (0–30 m), zone IIIA (47–72 m), and zone V (114–120 m) are defined as terrestrial deposits, and zone II (31–46 m), zone IIIB (73–98 m), and zone IV (99–113 m), as marine deposits (Figures 2, 3). The χ values for zone I, IIIA and V range from -0.10 × 10−8 m3kg−1 to 15.41 × 10−8 m3kg−1, from -0.12 × 10−8 m3kg−1 to 18.05 × 10−8 m3kg−1, and from 3.17 × 10−8 m3kg−1 to 8.53 × 10−8 m3kg−1, respectively and their respective mean are 3.25 × 10−8 m3kg−1, 6.29 × 10−8 m3kg−1, 6.29 × 10−8 m3kg−1 and 5.73 × 10−8 m3kg−1. The sandwich of some nonferromagnetic phases, such as coal-bearing shale and thin carbonaceous layers cause a sudden drop in χ in the siltstone and/or sandstone layers. In contrast, χfd% is always lower in samples with high χ, SIRM, and HIRM values. The χARM values are almost 1 or 2 times higher in the terrestrial facies than in the marine facies. In addition, the χ values for zone II, IIIB and IV range from 20.08 × 10−8 m3kg−1 to 65.81 × 10−8 m3kg−1, from 0.08 × 10−8 m3kg−1 to 23.87 × 10−8 m3kg−1 and from 7.72 × 10−8 m3kg−1 to 77.94 × 10−8 m3kg−1, respectively, and their respective mean are 38.26 × 10−8 m3kg−1, 8.99 × 10−8 m3kg−1 and 26.26 × 10−8 m3kg−1. A small χ peak in the zone I occur due to the presence of ferruginous matter in the sandstone.
[image: Figure 3]FIGURE 3 | (A-G) Lithology, χ, χfd%, χARM, SIRM, HIRM, redness (%) and diffuse reflectance spectroscopy-determined hematite content (FDV568 nm), and (H) Their comparison with global sea level (Müller et al., 2008) and correlation for the Palpa section, modified after Sakai (1983). The zones I (0–30 m), IIIA (47–72 m), and V (114–120 m) are defined as terrestrial deposits and zones II (31–46 m), IIIB (73–98 m) and IV (99–113 m) as marine deposits. Note that the orange color represents marine and white represents the terrestrial environment.
Noticeable sharp changes in χ, SIRM, and HIRM occur in the fine sediments of the marine facies, and low values usually occur in the coarser sediments of the terrestrial facies. The SIRM and HIRM are consistent with the χ, and the highest peaks are 21.01 × 10−8 m3kg−1 and 26.42 × 10−8 m3kg−1, respectively, at 41 m. The redness and hematite content show trends similar to those of the rock magnetic parameters (Figure 3), which are almost consistent with the magnetization and hysteresis parameters of Figure 4. As χ, χfd%, χARM, and SIRM were investigated for identifying variable magnetic mineral concentrations, further investigation such as temperature magnetic susceptibility (κ-T), induced magnetizations (hysteresis loops), and IRM curves from rock samples in variable magnetizing fields are also discussed below for detailed magnetic mineralogy of the sediments that enhance paleoenvironmental study.
[image: Figure 4]FIGURE 4 | Lithology and hysteresis parameters (Ms, Mrs, Hc and Mrs/Ms) variations of the late Cretaceous to middle Eocene strata in the Palpa section. The samples within the marine regime show greater peaks of hysteresis parameters as compared to the terrestrial regime. The change in sea level condition may have affected the development of these peaks.
High-Temperature Magnetic Susceptibility (κ-T Curves)
Figure 5 displays each of the κ-T curves with a noticeable decrease near 580°C, which suggests the ample occurrence of magnetite in the sediments. A subsequent drop in heating curves (Figures 5A–C) until around 700°C in siliceous and silty sandstone samples, indicates magnetite as the dominant magnetic carrier. But, the heating curve of the sample at 2 m (Figure 5A), possibly implies a maghemite-like phase (drop at about 350°C). There is evidence of the neoformation of magnetite in most samples (Figures 5B–F,H), either by reduction due to burning of organic matter and/or neoformation of minor ferromagnetic phase from iron-bearing silicates or possibly Fe-bearing paramagnetic minerals (most likely iron sulfides such as pyrite and greigite). In these samples, the heating curve firstly decreases steadily to 300°C and then increases between 350°C and 520°C. Meanwhile, the heating curve progressively decreases nearly to zero at 690°C in the siltstone and shale (Figures 5D–H), inferring some hematite as a magnetic carrier (Shouyun et al., 2002; Kruiver et al., 2003; Ao et al., 2010). Thus, both magnetite and hematite act as a major magnetic carrier in these samples.
[image: Figure 5]FIGURE 5 | Representative temperature-dependent susceptibility curves from selected samples at various horizons of the Palpa section. The samples with a low χ value are shown in (A–D) and a high χ value in (E–H). Note: Heating and cooling cycles are indicated by red and blue lines, respectively.
Hysteresis Loops
The hysteresis loops show that the intrinsic coercivities for all representative samples range from 5.51 to 193.76 mT. The very low Hc ranges from 5.5 to 10.6 mT, revealing ferromagnetic minerals as the major contributor. The hysteresis loops are either sigmoid-shaped slightly open to thin straight lines (closed type) at low fields (Figures 6A–C) and sometimes noisy (Figure 6D) but one with negative χ (at 65 m), suggesting the predominance of low-coercivity ferromagnetic minerals (e.g., magnetite) masked by para- and/or diamagnetic contributions. However, the wasp-waisted (Figures 6E–G) and flat and wide shapes (Figure 6H) indicate high coercivity, indicating a hard magnetic component (i.e., hematite). Generally, the wasp-waisted shapes are observed (Figures 6E–G) in samples with less than 10% of hematite or more than 50% hematite (Da Silva et al., 2012). It is thus worth pointing out that these samples are typical for mixtures of low- and high-coercivity components and/or magnetic grain sizes (Roberts et al., 1995; Tauxe et al., 1996).
[image: Figure 6]FIGURE 6 | Representative hysteresis loops of the samples at various horizons of the Palpa section. The loops from samples with a low χ value are shown in (A–D) and a high χ value in (E–H). Note: Black and red lines indicate the curves before and after paramagnetism correction.
Isothermal Remanent Magnetization
Typical IRM acquisition curves (Figures 7A–C) show a sharp rise below 200 mT and display weak magnetic intensities with very noisy intensities, representing the low-coercivity ferromagnetic minerals or soft magnetic minerals (e.g., magnetite and/or maghemite) as the major magnetic carrier. In contrast, the higher intensities of magnetization are represented by the gradual growth of IRM curves beyond 200 mT and the fact that the curves do not saturate completely in a 1,000 mT field, signifying the occurrence of some hard magnetic minerals of high coercivity, most likely hematite, contributing to the remanence (Figures 7A,D–H). A slow increase in IRM can be observed after the applied magnetic field reaches 300 mT, indicating less hard magnetic minerals with a relatively high coercive force exist, which is consistent with the thermomagnetic curves of magnetic susceptibility (Figure 5).
[image: Figure 7]FIGURE 7 | (I) Representative IRM acquisition curves and (II) IRM component analyses of typical samples at various horizons of the Palpa section. The curves from samples with a low χ value are shown in (A–D) and a high χ value in (E–H). Note that the coercivity distribution (gray circles) is used from IRM acquisition measurements.
Similarly, the methods for demagnetization curves or decomposing IRM acquisition provide insights into the low- and high-coercivity mineral assemblages (Heslop et al., 2002; Egli, 2004; Maxbauer et al., 2016). After decomposing the IRM acquisition data, the representative samples (Figure 7B) reveal three- and two-component model fits. The three distinct components were obtained from the IRM component analyses (Figures 7A–C,E,F) (Maxbauer et al., 2016). The parameter that shows the mean coercivity of an individual grain population from an assemblages of grains of a single magnetic grain is defined by the parameter Bh. Dispersion parameter (DP) is another parameter used as a measure of the variability of the physical and chemical processes that affect the grain microcoercivity. In order to calculate the relative contribution of each component to the total measured magnetization for each model component, the integrated area under individual component distributions are determined by the magnetic mineral contribution factor called as observed (OC) and extrapolated (EC) contribution (Egli, 2004; Maxbauer et al., 2016). The major contributor to the curves (Figures 7A–C) (component 1) have a mean coercivity of an individual grain population (Bh) of 1.31, 1.26, and 1.49, respectively, and a dispersion parameter (DP) of 0.30, 0.69 and 0.49, respectively, indicating distinctive pedogenic or detrital soft components close to magnetite-like or phase. However, component 1 varies from 1.53 to 1.88, and the DP has values of 0.33 and 0.42 (Figures 7B,E,F), typically indicating partially oxidized pedogenic magnetite (or hematite). Intermediate component 2 (Figures 7A–C) is characterized by a Bh of 0.5, 0.74, and 0.91 and a DP of 0.34, 0.58, and 0.74, respectively, comparable to the partially oxidized pedogenic or detrital soft component, but Bh varied from 1.17 to 1.35 and DP varies from 0.32 to 0.52 in Figures 7B,E,F, which are typical of detrital soft components. The final component 3 (Figures 7A–C) features a Bh of 2.24, 2.32, and 2.15 and a DP of 0.78, 0.53, and 0.47, respectively, indicating detrital soft components, but (Figures 7B,E,F) has a Bh of 0.62 and 2.23 and a DP of 0.21 and 0.34, indicating partially oxidized pedogenic magnetite (or hematite). The decomposition of the IRM acquisition data reveals two primary magnetic components: component 1, characterized by a Bh of 2.06, 2.91, and 3.29 and a DP of 0.66, 0.4, and 0.81, respectively, and component 2, characterized by a Bh of 1.37, 1.43, and 1.71 and a DP 0.52, 0.44 and 0.27, respectively (Figures 7B,D,G,H). These components reveal fine-grained hematite (component 1) and partially oxidized pedogenic magnetite (component 2) with either some detrital magnetite or a rare biogenic soft component (Egli, 2004; Lascu and Plank, 2013; Maxbauer et al., 2016).
DISCUSSION
Magnetic Concentration-dependent Parameters From Different Magnetic Minerals in Relation to Tectonics
The magnetic concentration-dependent parameters such as χ, χARM, SIRM, and HIRM are shown in Figure 3. In Figure 3, the low values of magnetic parameters in the terrestrial facies suggest low contents for the total magnetic mineral assemblage and antiferromagnetic components. These cases could be caused by the dissolution of fine-grained magnetite and the dissolution of antiferromagnetic minerals through microbial activities. The other possible driving factor could be the irregular deposition of sediments with low heavy mineral concentrations (Snowball and Thompson, 1990). In Figure 4C, the maximum Hc was observed in between 31–46 m and 99–113 m (marine facies). In addition, 2–29 m and 49–73 m (terrestrial facies) and also in 74–97 m (marine facies) display relatively lower Ms values, Hc, and Mrs/Ms ratios (Figures 4A,B,D). When very strong linear relationships exist between Mrs and χ, it suggests that the source of the magnetic minerals remains unaffected (Caitcheon, 1993; Eriksson and Sandgren, 1999; Meena et al., 2011). However, in Figures 8A,B, Mrs and χ show a very poor linear relation (R2 = 0.0006) for 31–46 m and R2 = 0.1321 for 73–113 m, inferring more possible sources for these existing magnetic inclusions (Figure 3) in the marine realm in the study area. In addition, a positive linear relationship (R2 = 0.8251 and 0.883) exists between Ms and Mrs (Figures 8C,D) that denotes the magnetic concentration is controlled by magnetic mineralogy.
[image: Figure 8]FIGURE 8 | (A-B) Bivariate plot of χ versus Mrs, a very low linear relation among both the concentration dependent. (C-D) Linear relation between Ms and Mrs display the magnetic mineral concentration for marine environment (31–46 m and 73–113 m).
Figures 3, 4 show two distinct breaks in the curves respective to the significant change in the depositional setting (Figure 2), showing higher concentrations of primary magnetic grains with higher coercivity mineral assemblages, especially antiferromagnetic minerals or harder minerals, such as hematite. The presence of paramagnetic minerals (e.g., Fe-silicates and Fe-oxyhydroxides) or weak magnetic oxides in the study area show low χ values (Figure 3A), probably associated with the allochthonous type and migrated through different fluvial channels or in situ environments. A gradual increase in χfd% (Figure 3B) occurs in the siltstone, siliceous sandstone, and conglomerate beds of terrestrial facies, while the shale and siltstone beds bear less-weathered mineral grains resulting in higher χ and lower χfd% spikes in the marine facies. In contrast, the marine facies exhibit higher SIRM, HIRM, and χ values but lower χARM values than the terrestrial facies (Figure 3A,C–E). The greater values of these magnetic concentration-dependent parameters (Figure 3A,D,E) are probably induced by the drying phase of soil wetting/drying cycles through magnetite and Fe3+ oxide dissolution and/or drying by Fe3+ oxide during neoformed ultrafine magnetites (Fischer, 1988; Maher, 1998). Meanwhile, the χARM shows higher values (Figure 3C) formed by weak early diagenesis. Generally, the weak early diagenesis is affected by the local climatic environment during intense moist and sporadically reduced conditions, exhibiting wet and/or wet and warm conditions (Maher, 1998; Maher and Thompson, 1999; Maher et al., 2003). During this time, minor fluctuations in sea level have occurred (Müller et al., 2008), which in turn enhanced precipitation-induced erosional rate and deposits influx of magnetite- and hematite-bearing channel siltstone and shale (Figures 3G,H) into the existing basin or the continental shelf. Importantly, there was a constant collision-induced uplift of the Himalayan-Tibetan Plateau in this region. This leads to change in the sedimentary depositional environment (terrestrial and/or marine environments) with soft and hard magnetic minerals (Figures 8A,B) and provenance, which altered the channel inflows, continental weathering, erosion rate, and production of organic material within the depositional basin and modified the magnetic mineralogy to higher coercivity mineral assemblages (Figures 8C,D and Figure 9). The active tectonics highly influenced the concentrations of ferromagnetic minerals, such as magnetite, and hard minerals (e.g., hematite), which govern the magnetic signal within deposits forming in depositional environments that can be affected by changes in the regional climate (Figure 9).
[image: Figure 9]FIGURE 9 | (A) The plausible process for varied magnetic mineral composition in a depocenter in an active tectonic system: uplift slowly decreases in the southern part but increases rapidly in the northern part, in the Nepal Himalaya. (I) and (II) illustrates the depositional setting of how continental block detritus and magnetic minerals accumulate in a basin, in response to the tectonically active and inactive conditions. This type of depositional setting most likely controlled χ variation. (B) Schematic representation of the changes in the potential paleodepositional environments of the Amile and Bhainskati formations in the Lesser Himalaya, Nepal. It shows the probable accumulation of terrestrial and marine deposits (e.g., fine sediments or in the form of molasse deposits) during the marine transgression/regression process, with respect to the tectonic uplift during and after the Indian-Eurasian collision, ultimately affecting the magnetic enrichment within the basin.
Prevailing Tectonic Control on the Depositional Basin
The dynamic geomorphological features formed as a result of collision and uplift of the Himalaya, inducing cycles of transgression and regression, precipitation, and weathering causing rapid denudation. During the course of northward advancement of the Indian Plate, the basin plains might have had low areas with relatively constant deposition, in which changes in subsidence caused shifts between terrestrial and marine environments, adjusting the basin framework (e.g., the basins of Barahakshetra in the east, Tansen in the center, Tulsipur in the west and Birendranagar in the far west of Nepal). A simpler model can be postulated for the paleodepositional environment assessment of the late Cretaceous to middle Eocene strata (Figure 9). Zone I starts with a basal fluvial detritus in the form of siliceous sandstone followed by a pebbly conglomerate (Figures 2, 3), through local high-energy ephemeral channel systems derived from the adjacent highlands (not highly-elevated mountains), as a result of erosional processes, in response to active tectonics. These sediments are enriched in Fe-silicates and Fe-oxyhydroxides and some ferruginous nodules, probably showed earlier diagenetic processes under anoxic conditions (reducing conditions) developed by bacterial activities in the organic materials, and the high sulfate content possibly under brackish conditions, and occasionally under nonmarine conditions (Figure 2 and Figure 9A) (Harder, 1989; Yoshida et al., 1998; Shouyun et al., 2002). In addition, the multiple thin coal layers in zones I, II, and IIIA, with some ash and sulfur, sandwiched between greenish-gray sandstone and siltstone in zone I (Figure 2), originated from a peat swamp in a thick forest moor in a humid and marshy environment. These deposits probably formed within a reducing environment during the still-stand phase of marine transgression (Potter et al., 1980; Riegel, 1991; Sarkar and Prasad, 2000; Singh et al., 2010). Besides, the zones I, IIIA, and V consist of sandstones, conglomerates, and interbedded shales and sandstone which exhibit comparatively lower rock magnetic parameters values (χ, SIRM, and HIRM values) (Figure 3), than zones II and IV and characterizes soft magnetic mineral assemblages. The repeated interbedding of carbonaceous sandstone and shale in zones I and IIIA (Figures 2, 3) by prograding low-energy fluvial systems can be linked with marginal marine influences, such as delta front environments (Figure 9B) (Mazumder et al., 2017). Meanwhile, the asymmetrical ripple marks in light gray siliceous sandstone (e.g., zone IIIA) also indicate deposition under fluvial conditions (Debenay and Guillou, 2002). These fluvial cycle changes after the transgression caused thick gray-green sandstone and occasional gray-red sandstone deposits in zone IIIA (Figures 2, 3).
Besides, the red-yellow weathering in the carbonaceous siltstone (e.g., zone II) and the gray-green silty shale followed by dark carbonaceous shale (e.g., from zone IIIB to IV) (Figure 2), formed due to higher organic production and relative oxygen-deficient bottom water caused by dysoxic or anoxic conditions, probably in a warm climate (Figure 9A) (Wignall, 1991; Lash and Blood, 2014). They show relatively high values of χ, SIRM, and HIRM, though not χARM, and relatively low values of χfd% (Figure 3). These high values are due to higher coercivity mineral assemblages such as the predominance of hematite over magnetite. The formation of a black shale to the upper part of green-red shale (e.g., zone IV) (Figure 2), indicates erosion from surrounding highlands and a eustatic sea level rise leading to marine invasion (Figure 3H). This condition usually occurs in calm water with low flow velocities associated with a weakened flooding phase (Allen, 1980; Sahni et al., 2004; Sisodia and Singh, 2000), and signifies the gradual regression of the Tethys Sea (Valdiya, 1980; Wells and Gingerich, 1987; Mathur, 1990; Srivastava and Kumar, 1996) (in Nepal, we termed it the Bhainskati Sea) with a hiatus in the deposition. This type of sedimentation in a euxinic environment might have been developed in a shallow sea with some tidal influence, such as in a protected lagoon with mud zones and tidal flats (Figure 9B) (Wallace-Dudley and Leckie, 1993; Willis et al., 1999; Bhatia and Bhargava, 2006; Singh et al., 2010; Krim et al., 2017). The fine sediments (e.g., zone II) are thought to have been derived from the Indian cratonic succession and the remobilization of previously deposited arenaceous sequences (Garzanti, 1999), originally by a northward-flowing drainage system in the late Cretaceous time (Gansser, 1964; Sakai, 1983; DeCelles et al., 1998; DeCelles et al., 2004; DeCelles et al., 2014). However, the sediments of zone IIIB and IV include mixed recycled Indian craton concealed basement rocks (probably from the northeastern volcanic rocks of India) and the Himalayan units (probably the Tethyan sedimentary rock sequences) (DeCelles et al., 2004; Gehrels et al., 2011). The iron ore deposits in high-grade metasedimentary and low-grade volcano-sedimentary rocks in the Singhbhum and Bundelkhand Cratons of greenstone belt successions (from the Indian subcontinent) (Saha, 1994; Mukhopadhyay et al., 2008; Chattopadhyay et al., 2015; Mukhopadhyay, 2020) might have been transported to the Amile and Bhainskati formations. Also, the metasediments from the Bastar Craton (Dora et al., 2020) and other metamorphosed rocks from the Aravalli Craton (Crawford, 1970) are thought to be present occasionally in the late Cretaceous to middle Eocene strata.
It is interesting to point out that the relative rise in sea level drowned the southern highlands, and a shallow marine environment developed briefly in the late Cretaceous strata and ceased with a progressive shift to continental sedimentation. Some larger foraminifera, oysters, sharks, pelecypods (bivalves), gastropods, echinoids, screleactinean corals, and vertebrate fossils are reported from the argillaceous limestone of the Amile Formation (middle part) (e.g., zone II) (Sakai, 1983), acted as barriers (Figure 9B) (Wright and Burchette, 1996). Furthermore, the larger foraminifers (Sakai, 1983; Matsumaru and Sakai, 1989), bivalves, gastropods, Teleostei, Asteracantus sp., Chelonia and Trionichidae carapaces (Sakai, 1983), and pristichampsinae (Sah and Schleich, 1990) in the Bhainskati Formation (e.g., zone IV) have been interpreted as indications of an aquatic environment, allowing productive shallow sea level conditions (Reineck and Singh, 1980). As the reflooding caused the deposition of basal intraformational conglomerate (mud-pebble conglomerate) beds (e.g., zone v) (Dumri Formation) (Figure 2) eroded from the northern uplifted mountain ranges during the late Oligocene to early Miocene. It represents the final regression uplift caused by the tectonic stress in the Himalayan belt. The cessation of deposition could correspond to the timing of the India-Asia collision and the disappearance of the Bhainskati seaway in the Nepal region as a result of Himalayan uplift. Furthermore, the lack of mud cracks in the study area indicates that the basin was not completely in the shallowing stage and that exposure of the sediments did not occur under totally dry conditions. We also argue that the local geomorphology played a significant role in the development of magnetic mineralogy in this section and that the nature of sediment influx (of either autochthonous or allochthonous origin) was influenced by local drainage patterns and seawater conditions in the depositional basin, with enhancement by active tectonics.
CONCLUSION
The results suggest the complex mechanisms operating during the collision between the Indian and Eurasian plates and the early stages of uplift of the Himalayan orogen. Firstly, the major change inferred from abrupt breaks in the χ, SIRM and HIRM, and lithological differences, which are concluded to have developed due to the modification of the depositional environment during the deposition of the late Cretaceous to middle Eocene strata. Secondly, the active tectonics influenced SIRM, HIRM, and hysteresis loops with the concentrations of ferromagnetic minerals, such as magnetite, and hard minerals (e.g., hematite) formed in the terrestrial (zones I, IIIA, and V) and marine (zones II, IIIB and IV) facies respectively. We suggest that the forementioned rock magnetic changes from the sediments during the late Cretaceous to middle Eocene had been affected by the alternating warm-dry and warm-humid regional climate associated with the regression and transgression of the Tethys Sea as a result of the Indian-Eurasian collision.
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The Quxu batholith of the Gangdese magmatic belt, southern Tibet, comprises predominantly Early Eocene calc-alkaline granitoids that feature a variety of types of magmatic microgranular enclaves and dikes. Previous studies have demonstrated that magma mixing played a crucial role in the formation of the Quxu batholith. However, the specific processes responsible for this mixing/hybridization have not been identified. The magmatic microgranular enclaves and dikes preserve a record of this magma mixing, and are therefore an excellent source of information about the processes involved. In this study, mesoscopic and microscopic magmatic structures have been investigated, in combination with analyses of mineral textures and chemical compositions. Texturally, most of the enclaves are microporphyritic, with large crystals such as clinopyroxene, hornblende, and plagioclase in a groundmass of hornblende, plagioclase, and biotite. Two types of enclave swarms can be distinguished: polygenic and monogenic swarms. Composite dikes are observed, and represent an intermediate stage between undisturbed mafic dike and dike-like monogenic enclave swarms. Our results reveal three distinct stages of magma mixing in the Quxu batholith, occurring at depth, during ascent and emplacement, and after emplacement, respectively. At depth, thorough and/or partial mixing occurred between mantle-derived mafic and crust-derived felsic magmas to produce hybrid magma. The mafic magma was generated from the primitive mantle, whereas the felsic end-member was produced by partial melting of the preexisting juvenile crust. Many types of enclaves and host granitoids are thus cogenetic, because all are hybrid products produced by the mixing of the two contrasting magmas in different proportions. In the second stage, segregation and differentiation of the hybrid magma led to the formation of the host granitoids as well as various types of magmatic microgranular enclaves. At this stage, mingling and/or local mixing happened during ascent and emplacement. In the final stage, mafic or hybrid magma was injected into early fractures in the crystallizing and cooling pluton to form dikes. Some dikes remained undisturbed, whereas others experienced local mingling and mixing to form composite dikes and eventually disturbed dike-like monogenic enclave swarms. In summary, our study demonstrates the coupling between magmatic texture and composition in an open-system batholith and highlights the potential of magmatic structures for understanding the magma mixing process.
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INTRODUCTION
Magma mixing is an important process in the genesis of calc-alkaline granitoids worldwide (Castro et al., 1990; Janoušek et al., 2000; Farner et al., 2017). The occurrence of such mixing between mafic and felsic magmas can be demonstrated using igneous geochemistry. In particular, whole-rock and mineral radiogenic isotopes have proved to be an invaluable proxy for distinguishing the end-members of magma mixing, based on the assumption that mantle-derived mafic magmas are isotopically juvenile and crust-derived felsic melts are more evolved (Barbarin, 2005; Liu et al., 2013; Gao et al., 2016). In addition, magma mixing may result in intrusive suites ranging from mafic through intermediate to felsic that show a trend of increasing εNd(t) and εHf(t) values and decreasing (87Sr/86Sr)i ratios with increasing bulk rock SiO2 contents (Jiang et al., 2018). However, a purely geochemical approach has limitations. For example, isotopes alone cannot be used to distinguish the original end members if the felsic melts are derived from very juvenile crust, such as those in the Gangdese belt, southern Tibet (Mo et al., 2005; Ji et al., 2009; Ma et al., 2017a; Wang et al., 2019b). In such a case, an integrated study of field relations (mesoscopic and microscopic magmatic structures), petrography, and mineralogical observations is required to provide convincing support for magma mixing in the genesis of calc-alkaline granitoids. The mesoscale evidence of mixing between mafic and felsic magmas could include preserved synplutonic dikes, magmatic microgranular enclaves (MMEs), MME swarms, and gradational compositional variation of plutons from gabbro to granite (Foster and Hyndman, 1990; Jayananda et al., 2009; Jayananda et al., 2014).
Magmatic microgranular enclaves are common in calc-alkaline granitoids formed in the subduction-related circum-Pacific arc and are abundant in most of the Cordilleran granitoid plutons (Wiebe et al., 2002; Barnes et al., 2021). These MMEs provide evidence for the role of mafic magmas in the initiation and formation of calc-alkaline granitoid magmas in a continental arc and thus their origin is important in interpreting the history of batholiths around the globe. Although significant progress has been made, the origin of MMEs remains controversial. One model suggests that MMEs are early crystallized cumulates of the same magma system (autolith or cogenetic xenoliths) (Dodge and Kistler, 1990; Niu et al., 2013; Zhang and Zhao, 2017; Xu et al., 2021), whereas others propose that they are a by-product of magma mixing of mantle-derived and crustal melts (hybrids) (Barbarin and Didier, 1992; Barbarin, 2005; Barnes et al., 2021). Generally, most of the MMEs hosted within the granitoids, are intermediate in composition (dioritic to tonalitic, with some granodioritic), and are therefore thought to have been produced by the latter process (Jin, 1986; Barbarin, 2005). In addition, whether MMEs with intermediate composition could continue to mix with the host granitoid magma during their ascent remains unclear. In such a case, an integrated study of mineral chemistry and disequilibrium textures (microstructure) is required to shed light on potential further magma mixing between the dioritic-granodioritic enclaves and their host granitoid magma before their arrival at the emplacement depth (Vernon, 1990; Hibbard, 1991; Tobisch et al., 1997; Ma et al., 2017a).
Previous workers have demonstrated that magma mixing did occur during the formation of the Quxu batholith, through observations of geochronological, geochemical, isotopic, and field data, along with mineralogical structures and textures (Mo et al., 2005; Dong et al., 2006; Ma et al., 2017a; Shu et al., 2018; Wang et al., 2019b; Ma et al., 2020a; Wen et al., 2021). However, the specific processes that resulted in this magma hybridization/mixing remain unclear. In particular, it is unknown how many distinct stages of magma hybridization may have occurred.
In this study, we investigate the mesoscopic and microscopic structures and mineral compositions of MMEs to reveal the different stages of magma mixing in the Quxu batholith of the central Gangdese belt, southern Tibet. Our study shows that different types of MME, from dike-like enclave swarms to ellipsoidal enclaves, manifest magma mixing at different crustal levels. This indicates that magma mixing occurred in several stages over a period of time, both before and during emplacement of the MMEs and their host magma.
GEOLOGICAL SETTING
The Tibetan Plateau, sandwiched by the northern Tarim and North China cratons and the southern Indian continent, formed through the sequential accretion of terranes to the southern margin of the Eurasian continent (Xu et al., 2015; Yin and Harrison, 2000). These terranes, from north to south, include the Kunlun, Songpan-Ganze, Qiangtang, Lhasa, and Tethyan Himalayan terranes, which are separated by the Anymaqen-Kunlun, Jinsha, Bangong-Nujiang, and Indus-Yarlung Tsangpo suture zones, respectively (Figure 1; Kapp and DeCelles, 2019).
[image: Figure 1]FIGURE 1 | Simplified geological map of the Gangdese magmatic belt in the southern Lhasa terrane showing the location of the Quxu batholith.
The Lhasa terrane (Figure 1), located in southern Tibet, is separated from the northern Qiangtang terrane and the southern Tethyan Himalayan terrane by the Bangong-Nujinag and Indus-Yarlung Tsangpo suture zones, respectively. It extends ca. 2,000 km E-W along strike, with a width of 300–100 km. The Lhasa terrane, as an integral part of the Cimmerian continent, is speculated to have rifted off from the Gondwana landmass in the Early Permian during dispersal of the Pangea supercontinent (Veevers and Tewari, 1995; Ueno, 2003; Meng et al., 2016; Meng et al., 2018b; Ma et al., 2020b). It then drifted northward as the Tethyan Ocean was closed, before its final collision with the Asian continent along the Bangong-Nujiang suture zone in the Cretaceous. Recent studies reveal that the Lhasa terrane is a composite block with differences between the northern, central, and southern sub-terranes (Yang et al., 2007; Zhu et al., 2013). The northern and southern Lhasa terranes are distinguished by a lack of pre-Mesozoic basement. In contrast, the central Lhasa terrane is characterized by the presence of the Precambrian basement, namely the Nyainqêntanglha Group amphibolite-facies metamorphic sequences (Allègre et al., 1984; Zhu et al., 2011).
The southern Lhasa sub-terrane, which is separated from the central Lhasa basement by the Luobadui-Milashan fault, predominantly comprises Mesozoic and Cenozoic igneous rocks (Zhu et al., 2011; Ma et al., 2021a). This magmatic belt is known as the Gangdese magmatic belt or the Gangdese batholith, comprised of subduction and collision-related plutons and equivalent volcanic rocks now exhumed as a tilted magmatic orogen (Cao et al., 2020). Existing geochronological data identify four distinct episodes of magmatism in the Gangdese belt at 240–150, 100–80, 65–40, and 30–13 Ma (Ji et al., 2009; Ma et al., 2018; Zhu et al., 2019; Ma et al., 2020b; Meng et al., 2020). The 240–150 and 100–80 Ma magmatism is ascribed to be associated with the subduction of the Neotethyan oceanic lithosphere (Wen et al., 2008; Ji et al., 2009; Xie and Tang, 2021). The 65–40 Ma magmatism was probably formed during the tectonic transition from ocean-continent subduction to continent-continent collision (Mo et al., 2003; Ma et al., 2017a; Tang et al., 2021). The Miocene (33–13 Ma) magmatism is represented by scattered collision-related adakites, which resulted from partial melting of a thickened mafic crust due to the Indo-Asian collision (Chung et al., 2005; Ji et al., 2009).
As an important part of the Gangdese belt, the Quxu batholith has received much attention among the geological community (Figure 2; Harrison et al., 1992; Ji et al., 2009; Cao et al., 2020; Ma et al., 2017a). It primarily consists of Eocene granitoids, diorite, tonalite, quartz diorite, gabbro, and gabbronorite. Previous geochronological results reveal that the plutons of the Quxu batholith crystallized predominantly during the Early Eocene, ranging from 55 to 45 Ma, and peaking at ca. 50 Ma (Figure 2). As the main body of the Quxu batholith, the dioritic-tonalitic-granodioritic-monzogranitic suite is marked by the widespread occurrence of MMEs (Figure 3). Locally, MMEs account for 80% or more of the outcrop, but decrease to ∼20% in most of the remaining areas (Figure 3). Previous studies reveal that the MMEs crystallized coevally with their host granitoids, largely at ca. 50 Ma (Mo et al., 2005; Ma et al., 2017a; Wang et al., 2019b). Several lines of evidence indicate that the MMEs and their host granitoids formed from hybrid magma: a linear variation trend among gabbros, MMEs, and granitoids is shown in Harker diagrams (Dong et al., 2006), as well as in a series of hyperbolic mixing arrays (Ma et al., 2017a). In addition, similar REE patterns, trace element spider distributions, and zircon epsilon Hf values for gabbros, MMEs, and granitoids provide more evidence for magma mixing (Dong et al., 2006; Wang et al., 2019b).
[image: Figure 2]FIGURE 2 | Geological map of the main body of the Quxu batholith in the Gangdese belt. The reported zircon U-Pb data are compiled from Huang et al. (2021), Ji et al. (2009), Ma et al. (2017a, 2017b), Meng et al. (2018b), Mo et al. (2005), Wang et al. (2016), Wang et al. (2019a, 2019b), Wen et al. (2008). These dating results demonstrated that the Quxu batholith was mainly formed between 55 and 45 Ma.
[image: Figure 3]FIGURE 3 | Field photos showing the various types of enclave swarms and dikes. (A) A dike-like monogenic swarm consists of similar MMEs enclosed in granodiorite. These MMEs have similar shapes and compositions and are oriented in the same direction. (B) A polygenic swarm consists of many types of MMEs with different sizes and shapes. Only a weak preferred orientation could be seen. (C) A monogenic swarm consists of similar enclaves, but no obvious orientation. (D) A monogenic swarm consists of similar enclaves with obvious orientation along the flow direction of host magma. (E) Synplutonic dike, occasionally, with lobate contacts and flow tails. (F) Close-up of (E) showing the compositional gradation from the core to the margin of the synplutonic dike. (G) Close-up of (E) showing the embayed host within the synplutonic dike. (H) Synplutonic dike showing the lobate contacts. The width of the dike varies along its strike due to necking and embaying structure.
FIELD OBSERVATIONS OF MESOSCOPIC MAGMATIC STRUCTURES
Synplutonic Dikes and/or Monogenic Enclave Swarms
Numerous synplutonic dikes (generally, mafic in composition) are found in the Quxu batholith, with thicknesses ranging from several centimeters to meters. These dikes vary from coherent, homogeneous dikes with regular wallrock contacts, through composite dikes, to swarms of magmatic enclaves with an overall dike-like shape. The composite dikes are especially abundant, displaying fine-to coarse-grained, equigranular to porphyritic textures and are characterized by back-veining, necking, and gradational variations in composition (Figure 3). In some cases, the dikes are boudinaged or fragmented into numerous small magmatic enclaves. These small enclaves are ellipsoidal in shape but oriented along the dike striking direction (Figures 3A–D). Synplutonic dikes are typically interpreted as injections into crystallizing felsic magma chambers and are common in Phanerozoic circum-Pacific calc-alkaline batholiths in arc settings (Foster and Hyndman, 1990; Ghani, 1998; Barbarin, 2005). We therefore interpret the synplutonic dikes in the Quxu batholith as the result of mafic or intermediate magma injected into a partially crystallized felsic host.
Contacts Between Different Plutonic Units
In the Quxu batholith, a variety of contact relationships are observed between the coeval plutons or units (Figure 4). Contacts between the gabbroic and granitoid rocks are sharp (Figure 4C), but contacts between the MMEs and their granitoid host rocks are gradational (Figures 4D–F). Sharp contacts develop when the host rock has already cooled and solidified before emplacement of the second batch of magma, and thus indicate that different pulses of magma played a role in the formation of the Quxu batholith. In contrast, gradational contacts form when both batches of magma are still fully or partially liquid, allowing local mixing. Gradational contacts in the Quxu batholith thus indicate magma mixing and hybridization, at different crustal levels. Furthermore, gradational contacts are also observed in the synplutonic dikes (Figure 3F), which are more mafic in the center and less mafic near the margins. This phenomenon reveals that the host magma was not completely crystallized when the mafic magma was injected. Heat from the suprasolidus host granitoids likely slowed the cooling and crystallization of the mafic magma and thus promoted crystal fractionation within the injected magma dikes.
[image: Figure 4]FIGURE 4 | Field photos showing the contact between different rock types. (A) The contact between the gabbro and the diorite in the south of the Quxu bridge. (B) The contact between gabbronorite and granodiorite in the town of Daga. (C) A mafic dike intruded into the crystallized monzogranite and cut by small scale felsic veins, formed during the latest stage of hybridization. (D) A polygenic swarm of enclaves, mafic to intermediate in composition. (E) The mixing zone between a mafic enclave and an intermediate enclave. (F) Polygenic swarm including intermediate enclave, mafic clots, and large clinopyroxene crystal.
Magmatic Flow
Magmatic flow is required for magma mixing to occur between MMEs and their enclosing granitoids (Vernon, 1990). Although magmatic flow ceased when the magmas cooled and became fully crystallized, evidence for it is preserved in the form of magmatic flow structures. In the Quxu batholith, magmatic flow structures are represented by the orientation of lenticular enclaves (Supplementary Figure S1A), the orientation of minerals in host granitoids (e.g., hornblende) (Supplementary Figures S1B–D, J), the elongation of enclaves along the magmatic foliation (Supplementary Figure S1H), the flow tails surrounding the enclaves (Supplementary Figures S1E–G, I), and the orientation of hornblendes in the enclaves (Supplementary Figures S1K–L). These magmatic flow structures suggest that the MMEs and their host granitoids co-existed in the plastic state and flowed together along the flow track of the host magma (Jayananda et al., 2014; Ma et al., 2017a). The flow structures are not a by-product of solid-state deformation, because the host plutons show no evidence of solid-state deformation.
Magmatic Faults and Folds
Faults and folds are typically formed by solid-state deformation, which may occur under brittle or ductile conditions, and may be local or regional in scale. However, apparent faults and folds can also be found in the undeformed plutons around the globe (Paterson et al., 2018). These faults and folds are thus actually magmatic flow structures, formed during suprasolidus magma flow within a pluton, without any additional imposed solid-state deformation.
As shown in Figure 5, a variety of magmatic faults and folds occur in the fresh and undeformed granitoid plutons in the Quxu batholith. These structures include magmatic strike-slip shear zones (Figure 5A), magmatic normal fold (Figure 5B), magmatic fold (Figure 5C), sigma-shaped MMEs indicative of slide (Figures 5D,E) or thrust (Figure 5F) shear, strongly folded magmatic enclave (Figure 5G), and elongate enclaves (Figures 5H–J). All of these structures are magmatic in origin, without evidence for intra-crystal plastic deformation (such as deformation lamellae, deformation twin, banded extinction, undulatory extinction, subgrain formation, etc.). In addition, all these structures are local, without long-distance extensions. They therefore formed during local magma flow within the pluton, possibly due to local magmatic flow during emplacement or gravity imbalances such as magmatic collapse (Alasino et al., 2019; Ardill et al., 2020).
[image: Figure 5]FIGURE 5 | Field photos showing the magmatic faults, folds, and schlieren structures. (A,B) Magmatic fault represented by a leucocratic zone. (C) Magmatic fold. (D–F) Magmatic faults, resembling ductile shear zones, with typical σ-type enclaves. (G) Magmatic folds, which have folded the enclave into a wave-like form. (H,I) Elongated enclaves oriented along the magmatic foliations. These foliations are cut by a second magmatic fabric. (J) An enclave that has been disrupted into schlieren-like ribbons by magmatic flow.
Double and/or Multiple Enclaves
Double and multiple enclaves, comprising multiple domains of different composition and/or texture, are typical indicators of magma mixing (Castro et al., 1990; Pin et al., 1990; Vernon, 2007; Liu et al., 2013; Ma et al., 2017a). Double enclaves are commonly present in the granitoid plutons of the Quxu batholith (Figure 6). Some double enclaves have dark, megacryst-poor centers surrounded by lighter zones relatively rich in plagioclase megacrysts (Figures 6A, C, D, F). These cores may represent retained blobs of the non-hybrid mafic magma, whereas the outer zones resulted from the mixing of varied proportions of felsic and mafic magmas. In contrast, some double enclaves have light, megacryst-rich cores surrounded by dark zones (Figure 6B). Correspondingly, the cores may represent hybrid magma resulted from the mixing of felsic and mafic components. All these double and multiple enclaves preserve their original outline, revealing an incomplete hybridization between the felsic and mafic magmas. Interestingly, some double enclaves have a rim zone enriched in covellite (Figure 6G), which could be a by-product of mixing between the mafic and felsic magmas.
[image: Figure 6]FIGURE 6 | Field photos showing the composite enclaves. (A,B) Variable interaction of the enclaves with the enclosing host rock, with the lower right side of the enclave exhibiting a greater degree of interaction with the host. (C–F) Double enclaves with the outline of the original enclaves. (G) An enclave showing a rounded margin of copper, revealing the interaction of the enclave with the host granitoid magma.
Composite/Fragmented Dikes
Various mechanical processes may concentrate MMEs to form pipes or dikes. These dikes consisting of MME of various types and sizes enclosed in a mafic aggregate are described as composite dikes (Reid and Hamilton, 1987). As shown in Supplementary Figures S2A,B, the nearly continuous mafic dikes and mafic rocks are divided into angular blocks by the injection of felsic veins with widths ranging from centimeters to decimeters. The contacts of these dikes with enclosing hosts are distinct but neither straight nor sharp. Generally, these contacts are lobate in shape and are diffusive (Supplementary Figure S2A). Within individual composite dikes, mafic fragments have similar compositions, whereas the nature of the fragments may vary dramatically from one dike to another.
Net/Back-Veining of Mafic Rocks
Historically, net- or back-veining was thought to represent a salic rheomorphic melt produced by an emplaced sheet of magma in the adjacent host rock (Douglas, 1964). More recently, however, net/back-veining has been shown to result from magma hybridization between mafic and felsic melts (Barbarin and Didier, 1992). In general, the mafic magma has a higher temperature than the host granitoid magma. The injection of mafic magma with higher temperature thus heats the crystallizing, cooling granitoid magma to form a felsic melt. This newly formed felsic melt then intrudes the pinched regions of the crystallizing mafic magma (Sylvester, 1998; Jayananda et al., 2009). Several examples of net/back-veining are observed in the Quxu batholith. Supplementary Figure S2C illustrates ribbon-like schlieren of mafic material with smooth margins, interpreted as having formed when the mafic magma was stretched and disaggregated while still in a plastic state. In Supplementary Figures S2D,E, the mafic magma intruded the felsic magma and form numerous small mafic blobs within it. Along the mafic/felsic contacts, net-veining cut the cooling mafic magma and formed small-scale leucosome veins. In summary, these occurrences of net-veining in the Quxu batholith are interpreted to have been produced by late injections of large volumes of mafic magma into partially crystallized granite and the interaction between the two magmas at the emplacement level (Barbarin and Didier, 1992).
Mineral Capture
As mentioned above, magmatic flow and a plastic state of the mafic and felsic magmas are prerequisites for magma mixing. Such mixing will also trigger the transfer of minerals from the felsic magma into MMEs (Słaby et al., 2008). In the Quxu batholith, K-feldspar, plagioclase, and quartz phenocrysts are enclosed within the MMEs (Figures 7A–C). These phenocrysts are inconsistent with the typical composition and texture of the mafic to dioritic enclaves, which are otherwise equigranular in texture, comprising microgranular hornblende, plagioclase, and biotite with minor quartz. The phenocrysts are therefore interpreted as having crystallized in the felsic magma and been transferred into the liquid mafic or dioritic enclaves during magma flow and mixing. The plastic state of the enclaves at the time of mixing is marked by the occurrence of necking structures (Figure 7E). In addition, the large euhedral hornblende grain in Figure 7F likely originated from the host granitoid magma that surrounds the magmatic enclave. However, it is not obviously cross-cut by the MME. It thus resembles a “hornblende bridge” connecting the host granitoids and the MME, indicating their co-existence in a plastic state. The embayments of the MMEs that frequently penetrate the megacryst-rich granitoid magma and trigger the formation of leucosome margins around the enclave likely also reflect magma mixing under plastic conditions (Figure 7F).
[image: Figure 7]FIGURE 7 | Field photos showing the transfer and bridging of minerals from host magma into enclaves. (A,B) Large K-feldspar crystals within the enclaves were captured from the host monzogranite magma. (C) Plagioclase phenocrysts within the enclaves were captured from the host dioritic to granodioritic magma. (D) An enclave is mantled by a fine-grained leucocratic margin that is characterized by a trachytic texture. This leucocratic margin will prohibit further chemical and mineral exchange. (E) An enclave subjected to necking, indicating that the enclave deformed plastically within the host granitoid magma. (F) Large hornblende crystal is connecting the enclave and the host, referred to as “hornblende bridge,” indicating that both the enclave and the host rock were in the plastic state during hornblende growth. Minor leucosome vein is found between the contrasting components. The leucosome will inhibit further interaction between the enclave and the host granitoids. Euhedral hornblendes are scattered in the host granitoids.
ANALYTICAL METHODS
Zircon LA-ICPMS U-Pb Dating
Two samples (xm56-monzogranite and xm63-granodiorite) were collected for zircon LA-ICPMS U-Pb dating. The dated plutons are located in the core of the Quxu batholith and are characterized by the occurrence of many types of MMEs. Thus, their ages are crucial to address the timing of magma mixing in the Quxu batholith. Zircon U–Pb geochronological dating was performed on an Agilent 7500a ICPMS with a NewWave 213 nm laser ablation system at the State Key Laboratory of Mineral Deposits Research, Nanjing University, Nanjing, China. A laser beam of ca. 32 μm and a repetition rate of 5 Hz with a 70% energy condition were employed. Isotopic mass fractionation was corrected using an external standard GEMOC GJ-1 with 207Pb/206Pb age = 608.5 ± 1.5 Ma (Jackson et al., 2004). Zircon dating was carried out in runs of fifteen analyses, including approximately 10 sample spots and five zircon standards. The analytical age results were calculated from the raw signal data using the online software GLITTER (ver. 4.4) (www.mq.edu.au/GEMOC). Common lead (Pb) correction was performed through the EXCEL program (ComPbCorr#3-15G) (Andersen, 2002). The U-Pb age calculations and Concordia age plotting were performed through the ISOPLOT/Ex program (ver. 2.49) (Ludwig, 2003). Zircon Th and U concentrations were calculated according to the comparison of relative signal intensity between the standard zircon GJ-1 (Th = 8 ppm and U = 330 ppm) and the zircon samples using the EXCEL program Data Templatev2b from GEMOC. The zircon U-Pb analytical results are listed in Supplementary Table S1.
Electron Microprobe Analysis
Representative magmatic plagioclase, amphibole, and clinopyroxene from thin sections of MME samples were selected for electron microprobe analyses (EMPA). Chemical compositions were analyzed using a JEOL JXA-8900 electron microprobe (EMP) with a 5 μm or less probe beam spot diameter, 20 nA beam current, and counting time of 10 s for peak and background under a 15.0 kV accelerating voltage at the Institute of Geology, Chinese Academy of Geological Sciences, Beijing 100037, China. Natural standards were employed for the calculations of the EMPA results. The EMPA analytical results of plagioclase, amphibole, and clinopyroxene are presented in Supplementary Tables S2–S4, respectively.
ANALYTICAL RESULTS
Geochronology
Zircon grains from the monzogranite and granodiorite samples are colorless, subhedral-euhedral, and prismatic in shape. The length of zircon grains ranges from 50 to 100 µm with aspect ratios of 1:1–2:1. Most of these zircon grains show clear oscillatory zoning, whereas some have banded zoning. In addition, these zircon grains yield very high Th/U ratios, ranging from 0.79 to 2.09 for the monzogranite and 0.90 to 1.39 for the granodiorite, respectively (Figure 8). These observations indicate that the zircon grains are magmatic in origin. Therefore, we interpret their LA-ICPMS U-Pb weighted mean ages as the crystallization ages of the plutons. Twenty-four zircon grains from the monzogranite yield an intercept age of 48.5 ± 0.6 Ma (weighted mean square deviate (MSWD) = 0.52), with a corresponding weighted mean age of 48.2 ± 0.4 Ma (MSWD = 1.6) (Supplementary Figure S3). Similarly, 24 zircon grains from the granodiorite yield an intercept age of 49.5 ± 1.2 Ma (MSWD = 0.17), corresponding to a weighted mean age of 48.9 ± 0.4 Ma (MSWD = 0.81) (Supplementary Figure S3).
[image: Figure 8]FIGURE 8 | Diagrams of zircon Th, U, and Th/U ratios. (A) Zircon grains from sample xm56 monzogranite in the Caina intrusive complex of the Quxu batholith. (B) Zircon grains from sample xm63 granodiorite in the Caina intrusive complex, Quxu batholith.
Mineral Textures and Chemical Compositions
Two plagioclase phenocrysts from MMEs were selected for investigation with backscattered-electron imaging (BSE) and EMPA imaging (Figure 9). These images reveal that the plagioclase phenocrysts are strongly compositionally zoned, displaying core, mantle, and rim zones with sharply distinct anorthite (An) numbers (core: 35–48, mantle: 78–84, and rim: 36–45). In addition, some plagioclase phenocrysts exhibit resorption textures such as dendritic, poikilitic, sieved-like, and spike-like textures (detailed discussion in the following section).
[image: Figure 9]FIGURE 9 | Photomicrographs of plagioclase phenocrysts enclosed within the enclaves. (A, C) Backscattered-electron images (BSEs) for these plagioclases, revealing discontinuous zoning. (B, D) Electron microprobe analyses (EMPA) compositional mapping for these plagioclase phenocrysts. (E–H) CaO contents and anorthite (An) number plotting.
Several hornblende phenocrysts from MMEs were subjected to BSE imaging, as well as spot and line EMPA analyses (Figure 10). Microphotographs and BSE images reveal that relict clinopyroxene form the core of the hornblende phenocrysts. Furthermore, flake-like amphibole and needle-like amphibole are enclosed within the relict clinopyroxene. The EMPA results of the amphiboles fall into the edenite and magnesiohornblende fields in the classification diagram, whereas the amphibole inclusions of the clinopyroxene core belong to silicic edenite or actinolite (Figure 11).
[image: Figure 10]FIGURE 10 | Photomicrographs of the clinopyroxene-amphibole (Cpx-Amp) textures and compositional scans. (A, F) Photomicrograph of Cpx-Amp under cross-polarized light and plane-polarized light. (B, E, G) BSE image of the close-up area from the Cpx. (C, D, H, I) Compositional scan of the Cpx along a line. Abbreviations: Act-actinolite; Amp-amphibole; Cpx-clinopyroxene.
[image: Figure 11]FIGURE 11 | Classification of the amphibole in the present study. (A,B) Two diagrams showing the classification of amphiboles according to the nomenclature of Leake et al. (1997).
DISCUSSION
Mineral Textural and Compositional Disequilibrium of Magmatic Microgranular Enclaves During Magma Mixing
Numerous disequilibrium textures exist in both the MMEs and the host granitoids. In the MMEs, some plagioclase phenocrysts display a strong core-mantle-rim compositional zonation, characterized by sharply distinct An numbers (Figure 9). The distinct changes in An number suggest that crystal growth was discontinuous, and that the different zones grew from magmas with different compositions. In addition, some plagioclase phenocrysts exhibit resorption textures such as dendritic, poikilitic, sieved-like, and spike-like textures (Figures 12A–C), revealing mafic magma recharge and replenishment (Nelson and Montana, 1992; Mitchell et al., 1998). The mixing or interactions between different magma batches is the best condition for the abovementioned textures (Browne et al., 2006).
[image: Figure 12]FIGURE 12 | Photomicrographs of plagioclase phenocryst, Cpx-Amp texture, bladed biotite, acicular apatite, and plagioclase ocelli in enclaves. (A–C) Photomicrographs of plagioclase phenocrysts showing discontinuous zoning, dendritic and poikilitic textures. (D–F) Cpx-Amp core-mantle texture in the enclaves. (G) Bladed biotite. (H) Acicular apatite enclosed within the plagioclase. (I) Plagioclase ocelli, mantled by small hornblende crystals and bladed biotite lathes.
The core-rim texture of clinopyroxene-amphibole is another clue for disequilibrium indicative of magma mixing for the MMEs (Figures 12D–F). There is no obvious transitional or gradational zone between the clinopyroxene core and the hornblende mantle, except for some amphibole patches or inclusions within the clinopyroxene relict core (Figure 10). These observations suggest that the hornblende mantle is not an alteration margin of the clinopyroxene. Rather, the amphibole mantle is most likely a newly crystallized mineral formed by reaction between surrounding hydrous melts and pre-existing clinopyroxene crystals. This would suggest that the older clinopyroxene core grew in a relatively dry magma, but that the later amphibole mantle grew in a hydrous magma, which is corroborated by the amphibole EMPA data and supports a model of magma mixing. According to the classification of the amphibole (Leake et al., 1997), the amphibole mantles belong to the edenite and magnesiohornblende field (Figure 11), namely the magmatic calcic amphibole. Furthermore, the amphibole patches/inclusions within the clinopyroxene core are identified as silicic edenite and actinolite, which could also be employed as evidence of disequilibrium due to the addition of wet melts. Intriguingly, the amphibole patches are linked by numerous needle-like amphiboles, which show a single preferred orientation (Figures 10B, E, G). This suggests that the amphibole patches and needles formed by pseudo-exsolution of the pre-existing clinopyroxene, triggered by rapid decompression or cooling. This disequilibrium feature was most likely induced by magma hybridization (Zhang et al., 2013).
The intermediate enclaves comprise rocks of quartz-diorite, tonalite to granodiorite in composition. Generally, these MMEs have a microporphyritic texture defined by large plagioclase crystals (Figures 7C, D, 12A–C; Supplementary Figure S1E), large K-feldspar crystals (Figures 7A,B), large amphibole crystals (Figures 12D–F), bladed biotite crystals (Figure 12G), acicular apatite grains (Figure 12H) and plagioclase ocelli (Figure 12I), as well as clots or clusters of amphibole-biotite crystals (Ma et al., 2017a), set in a finer-grained groundmass that is mainly composed of plagioclase, amphibole, bladed biotite and minor quartz (Figure 12G). Bladed biotite, such as observed in the intermediate-composition MMEs, is often used as an indicator of rapid growth and/or physical restriction in a supercooling environment associated with magma mixing conditions (Hibbard, 1991; Kim et al., 2002). In addition, apatite occurs as stubby crystals in the host granitoid rocks, whereas in MMEs it occurs as needles enclosed in other large minerals such as plagioclase phenocrysts (Figure 12H). In contrast to the stubby apatite in host granitoids, the acicular apatite of MMEs formed by rapid growth during quenching of a magma (Hibbard, 1991; Barnes et al., 2021). Acicular apatite grains in MMEs therefore provide additional evidence for magma mixing.
The ocellar textures in plagioclase and quartz in MMEs, where ovoid plagioclase or quartz is mantled by finer aggregates of amphibole or bladed biotite crystals (Figure 12I), provides further support for magma mixing (Sylvester, 1998; Jiang et al., 2018). The plagioclase ocelli of MMEs are common in the Quxu batholith (Ma et al., 2017a), whereas quartz ocellar texture is scarce. More work focusing on the quartz ocelli is needed in the future.
Disequilibrium textures are also ubiquitous in the host plutons. For instance, the gabbro or norite contains both andesine and labradorite (Figure 13; Dong et al., 2006; Wang et al., 2019b; Shui et al., 2021), indicating magma mixing occurred in the Early Eocene Quxu intrusive complex (Wang et al., 2019b).
[image: Figure 13]FIGURE 13 | Chemical classification of plagioclase on a ternary diagram (anorthite-albite-orthoclase) for plagioclase. Abbreviations: An, anorthite; And, andesine; Anor, anorthoclase; By, bytownite; La, labradorite; Ol, oligoclase; Sa, sanidine.
Based on the above discussion, we support previous studies that have proposed a magma mixing/hybrid origin for the widespread MMEs of the Quxu batholith, and further suggest that some MMEs record additional magma mixing after their formation. In addition, it is important to note that there is no prominent difference in isotopic compositions between the granitoid rocks and the MMEs, suggesting a similar hybrid origin for both the MMEs and the host granitoids: geochemically, most of the MMEs are intermediate in composition, falling into the transitional zone between mafic and felsic end-members in the Harker diagrams (Ma et al., 2017a; Wang et al., 2019b; Wen et al., 2021). Isotopically, most of the granitoid rocks in the Gangdese belt were generated from the fractional crystallization of the juvenile crust, especially the Eocene pluton in the Quxu batholith (Ji et al., 2009; Tang et al., 2021).
Multiple Stages of Magma Hybridization
Based on the field observations, Barbarin (2005) proposed a fourfold model of magma mixing for the central Sierra Nevada batholith: 1) thorough mixing at depth produced homogeneous magmas that crystallized to granitoids, possibly with some MMEs; 2) mingling and local mixing during ascent and emplacement produced the many types of MMEs observed; 3) mingling and limited mixing at the emplacement level produced the MMEs of the composite and strongly hybridized dikes. In the meantime, differentiation or local segregation commonly followed mixing and mingling; and 4) late injections of mafic magma into an essentially solid granitoid rock result in undisturbed mafic dikes. A similar mixing model has been proposed for Neoarchean calc-alkaline magmatic arcs in southern India (Jayananda et al., 2009; Prabhakar et al., 2009; Jayananda et al., 2014).
In the present study, we adapt the above model to illuminate the magma mixing processes in the Quxu batholith, southern Tibet.
The first stage of hybridization: mantle-derived and crust-derived magmas mix thoroughly to generate magma with an intermediate composition. Some workers would doubt the possibility of mixing between mantle-derived mafic magma and crust-derived felsic magma, because there is a marked contrast between their rheologies, especially the viscosity. However, numerical modeling and experimental work found that when mafic magma is injected into a reservoir from below, the existing magma responds as a viscoplastic material: fault-like surfaces form around the edges of the newly injected magma creating a central mixing zone that can then be fluidized, promoting complex mixing. At a high magma injection rate, the entire mixing zone becomes fluidized. Circulation and/or convection within the mixing zone will bring together minerals from different portions of the reservoir that may have experienced different physiochemical environments, leaving little melt unmixed (Bergantz et al., 2015). In addition, volatile segregation and the rising of bubbles (Wiesmaier et al., 2015), especially from the volatile-rich mantle-derived mafic magma (Capriolo et al., 2020); particle settling (Renggli et al., 2016); magmatic and thermal convection (Weinberg, 2001; Holness et al., 2017; Paterson et al., 2018); and the addition of new pulses or magma batches (Ardill et al., 2020) are other favorable mechanisms encouraging the magma mixing between mafic and felsic magma end-members. Therefore, underplating of mantle-derived basaltic magma, providing pulses of new magma and enough heat to perturb a mixing zone, can provide the conditions to allow mixing between mafic and felsic magmas at depth (Jayananda et al., 2014).
The lines of evidence for thorough mixing at depth in the Quxu batholith include: 1) most of the MMEs are quartz diorite to tonalite in composition, resembling the enclosing quartz diorite and tonalite in the Quxu batholith; 2) most of the MMEs are microporphyritic in texture, with large amphibole crystals with discontinuous zoning (Ma et al., 2020a); 3) some of the MMEs contain large clinopyroxene crystals or clinopyroxene relict cores (with Mg# around 70) (Figures 12D–F); 4) occasionally, the host diorite or granodiorite hosts clinopyroxene crystals with Mg# values varying from 65 to 73 (Shu et al., 2018), resembling the clinopyroxene crystals in the MMEs (Shu et al., 2018; Wen et al., 2021) and those in the gabbro, norite and gabbronorite (Wang et al., 2019b; Shui et al., 2021); 5) the MMEs contain plagioclase or plagioclase mantles with anorthite numbers >80 (Figure 9; Ma et al., 2017a), similar to those in the mafic rocks (Shu et al., 2018; Wang et al., 2019b; Shui et al., 2021; Wen et al., 2021); and 6) the host granodiorite contains plagioclase with anorthite number >80, whereas the gabbro contains andesine with anorthite numbers of ∼45 (Figure 13; Dong et al., 2006; Wang et al., 2019b; Wen et al., 2021). All of these observations indicate that most of the MMEs and their enclosing granitoids were sourced from the same homogeneous hybrid magma system, which is a product of magma mixing between mantle-derived and crust-derived melts (Barbarin, 2005; Jayananda et al., 2014; Ma et al., 2020a). Furthermore, the original mafic and felsic components are obscure, and the Hf, Sr, Nd, and O isotopes indicate that most of the Quxu calc-alkaline granitoid magmas were initially hybrids produced by mixing of mantle-derived mafic materials and crustal felsic melts (Dong et al., 2006; Ji et al., 2009; Wang et al., 2019b).
The second stage of hybridization: widespread mingling and/or local mixing during magma ascent and emplacement. During this stage, various types of MMEs are formed. If the injection rate of mafic or hybrid magma into the felsic host magma is slow, the viscosities of the contrasting magmas can be sufficiently distinct from each other to prevent mixing, resulting only in mingling (Barbarin, 2005). In addition, mafic or hybrid magma that was injected into an open system in which felsic magma was already moving upward may not have enough time to thoroughly mix with the felsic host. Therefore, the mafic and hybrid magmas may simply break up into small magma blobs, which will be scattered in the felsic magma to form magma globules, namely the MMEs. These globules move upwards together with the rising felsic magma, with additional globules continually produced due to ongoing heating and disturbance driven by basaltic underplating (Mo et al., 2007). Thus, we can see numerous MMEs enclosed within the host granitoids, representing mingling of mafic and hybrid magmas with the host felsic magma. The mingling increases the contact surface area between the MMEs and host granitoid magma and promotes thermal, mineral, and chemical transfer between these two components, resulting in local mixing between each globule of mafic or hybrid magma and the enclosing granitoid magma.
The wide variety of MMEs in the Quxu batholith likely crystallized from multiple batches of hybrid magmas related to distinct mixing events that involved different proportions of the end members. In the Quxu batholith, the large volumes of mafic magma probably delayed crystallization of the granitoid magma system and enabled efficient mixing and mingling over a protracted time, further contributing to MME diversity (Mo et al., 2007; Dong, 2008; Mo et al., 2009). Local mixing during ascent and emplacement may explain the similar chemical and mineralogical traits of each host-MME pair and the differences between the various pairs in the same intrusion. Polygenic swarms that include various types of MMEs should be distinguished from monogenic swarms in which the MMEs are similar and formed at the same time (Figures 3A–D). The various types of MMEs may then have aggregated together to form variable swarms (Figures 4D–F). Other relatively solid particles (crystals or xenoliths) that were present in the granitoid magma were also prone to be concentrated into the swarms. These polygenic swarms are generally concentrated near the margins of the plutons because, in flowing magma, they more easily form lag deposits between domains of contrasting components with different temperatures and rheologies (Barbarin, 2005).
The final stage of hybridization: local mingling and limited mixing at the emplacement level. At this level, early fractures within incompletely crystallized granitoids will channel the residual liquid and fluids. Mafic and/or hybrid magmas, injected into the fractures, will initially form synplutonic dikes. With ongoing magmatic flow, however, the mafic or hybrid magma will be fragmented into globules and interact with the residual melts. Enclave swarms move along with their host felsic melt during magmatic flow within the fracture system, becoming slightly elongated. However, these enclaves did not escape from the fracture system. In such a case, each fracture becomes a distinct local mixing system with specific physical properties and proportions of the end members, which then produces a certain type of MME. These processes are responsible for much of the great variety of dikes (e.g., synplutonic, composite and undisturbed dikes) and MMEs observed in the Quxu batholith, which were subject to a variety of different formation and evolution processes.
At this stage, the major factors controlling the efficiency of hybridization/mixing within each fracture are the relative physical conditions of the two contrasting components, the timing of mafic magma injection into the fracture, and the amount of felsic melt available. Hybridization of MMEs scattered in a granitoid matrix results in the transfer of crystals, chemical components, and energy between the MME and the host magma (Figures 7A–D). Furthermore, the incorporation or interaction between MME and enclosing host will lead to partial or complete isotopic equilibration (Baker, 1989; Lesher, 1990). The occurrence of fine-grained and lobate margins in the mafic blobs reflects the contrasts in physical properties such as viscosity, rheology, and temperature (Figure 3H; Supplementary Figure S2A). The fine-grained chilled leucocratic margins of the MMEs limited further mineral and chemical exchange (Figure 7D). Due to this isolation of the leucocratic margin, complete isotopic equilibration is prohibited between enclaves and their enclosing host granitoids once a chilled margin is formed.
Geodynamic Significance
The Quxu batholith was emplaced largely between 55 and 45 Ma (peaking at ca. 50 Ma), corresponding to the Early Eocene magma flare-up event in the Gangdese belt, southern Tibet (Wen et al., 2008; Zhu et al., 2019; Ma et al., 2021a; Ma et al., 2021b). This magma flare-up event occurred during the main stage of Indo-Asian collision (Hu et al., 2015). The magma mixing process mainly took place at ca. 50 Ma, confirmed by the coeval crystallizing ages for both the host granitoids and enclosed MMEs (Mo et al., 2005; Ma et al., 2017a; Shu et al., 2018; Wang et al., 2019b; Shui et al., 2021; Wen et al., 2021). However, the question remains: what kind of geodynamic regime could be employed to explain this magma mixing?
Regarding the felsic crustal material, numerous previous studies have found that the Early Eocene (55–45 Ma) granitoid rocks of the Gangdese belt show clear arc-affinity characteristics: calc-alkaline geochemistry, depleted whole-rock Sr-Nd, and O isotopes, as well as depleted zircon Lu-Hf isotopes (Meng et al., 2018a; Zhou et al., 2018; Guo et al., 2019; Ma et al., 2021a; Ma et al., 2021b; Tang et al., 2021). These geochemical indicators reveal that these igneous rocks were generated from partial melting of mantle wedge and juvenile crust in a subduction-related arc setting. The juvenile crust may have included Late Cretaceous juvenile mafic arc crust (Tang et al., 2021) and the Middle Triassic gabbro-dioritic plutons (Ma et al., 2020b). Intriguingly, the 48–49 Ma Quxu batholith yielded similar weighted mean ages of depleted mantle modal ages (TDM1) of ∼290 Ma to the ∼300 Ma weighted mean age of TDM1 for the ∼240 Ma Renbu gabbro-dioritic pluton (Ma et al., 2017a; Ma et al., 2020b). In contrast with the Early Eocene granitoids, the Late Eocene (<43 Ma) granitoids exhibit more evolved whole-rock Sr-Nd-Hf isotope compositions, indicating derivation from a mixed source of juvenile arc crust and ancient continental crust (Shui et al., 2021; Tang et al., 2021). At ca. 43 Ma, strongly fractionated granite was emplaced in the western Gangdese belt. This granite is thought to be derived from partial melting of garnet-bearing amphibolite within the juvenile southern Lhasa crust and mixed with enriched components from the subducting ancient Indian continental crust (Wang et al., 2015). The involvement of the ancient Indian continental crust was further corroborated by the abundance of inherited zircons within the ca. 41 Ma dioritic dikes and the ca. 40 Ma granite in the Gangdese belt (Ma et al., 2016; Laskowski et al., 2017).
In short, the felsic crust-derived melts, as an end-member of the Early Eocene magma mixing of the Quxu batholith, originate from the partial melting of the juvenile crust (Figure 15A). The partial melting event occurred during the waning stage of subduction of the Neotethyan oceanic slab beneath the Lhasa terrane (Guo et al., 2012; Wang et al., 2019b; Tang et al., 2021).
The mafic mantle-derived magma, as the second end-member of the Early Eocene magma mixing in the Quxu batholith (Figure 15A), is represented by the coeval MMEs and the scattered gabbro, norite, and gabbronorite plutons in the Quxu batholith. Geochemically, the mafic rocks are FeOT enriched and belong to the low-K tholeiites series with strong similarities to those rocks formed through partial melting of MORB (Wang et al., 2019b). Isotopically, these mafic rocks fall into the field of the Neotethyan ophiolite (Xu and Castillo, 2004; Zhang et al., 2005).
The scattered clinopyroxene crystals in the MMEs, gabbroic series rocks, and granodiorite represent pre-mixing minerals crystallized from the mafic end-member magma. Thus, they are effective tracers of the regional tectonic settings (Leterrier et al., 1982; Loucks, 1990; Nisbet and Pearce, 1977). The new and compiled compositions of the clinopyroxenes show that they comprise diopside, augite, and clinoenstotite (Figure 14A; Morimoto, 1988), resembling the tholeiitic to subalkaline trend (Figures 14B–D). In the discriminate diagrams, these clinopyroxenes plot in the overlap area of arc-related and rift-related series (Figure 14E; Loucks, 1990), in good agreement with the transition from subduction to intraplate environments (Figure 14F; Nisbet and Pearce, 1977). Given the above-mentioned results, these mafic rocks were probably derived from the decompression melting of the upwelling asthenosphere (Figure 15A; Dong, 2008; Wang et al., 2019b), which may have been triggered by the slab breakoff due to the Indo-Asian collision (Zhu et al., 2015; Ji et al., 2016).
[image: Figure 14]FIGURE 14 | Classification and tectonic discrimination of clinopyroxene. (A) Classification of clinopyroxene according to the nomenclature of Morimoto (1988). (B) Discrimination diagram for clinopyroxene phenocrysts from alkaline basalts and other basalts (Leterrier et al., 1982). (C) SiO2-Al2O3 covariation in clinopyroxenes from different magma types (Nisbet and Pearce, 1977). (D) Discrimination diagram of clinopyroxenes from calc-alkali basalts and tholeiitic basalts (Leterrier et al., 1982). (E) AlZ (percentage of tetrahedral sites occupied by Al) vs. wt% TiO2 in clinopyroxene (Loucks, 1990). (F) Triangular diagram of TiO2-MnO-Na2O for discriminating between pyroxenes from different magma types (Nisbet and Pearce, 1977).
[image: Figure 15]FIGURE 15 | Proposed model for the formation processes of multiple stages of magma mixing/hybridizations. (A) Overview of the magma mixing at depth (modified from Bachmann and Huber (2016)). (B–D) Detailed illustration of the processes of magma hybridization and the various types of resulting enclaves and dikes (modified from Barbarin (2005), Jayananda et al. (2014)).
Considering the petrographic, mineralogical, and geochemical data, as well as the regional geology, a tentative model can be proposed for the origin and evolution of the Quxu granitoids and the associated mafic rocks including MMEs (Figure 15). This model denotes three stages: 1) mantle-derived mafic magma thoroughly mixes with a crustal felsic component to create hybrid magma, which then fractionates to produce the different granitoids of the Quxu batholith (Figures 15A,B; Ma et al., 2020a); 2) mingling occurs and leads to the formation of MMEs when contrasting physical conditions inhibit thorough mixing between the mafic and felsic components (Figure 15C). Local mixing between each MME and host magma results in the enrichment of the MME in K-feldspar and quartz; 3) late surges of mafic magma mix with evolved granitoid magmas to produce the hybrid magmas of the dike-like monogenic enclave swarms and composite dikes (Figure 15D).
CONCLUDING REMARKS
The Early Eocene Quxu batholith in the Gangdese belt was formed in the transitional regime from subduction of the Neotethyan oceanic slab beneath the Lhasa terrane to Indo-Asian continent-continent collision. Magma mixing between mantle-derived mafic end-member and crustal felsic material played a pivotal role in the formation of the calc-alkaline plutons and their enclosed MMEs of the Quxu batholith. The multiple hybridization processes occurred during three stages: 1) thorough mixing of mantle-derived and crust-derived magmas at depth; 2) mingling and local mixing during hybrid magma ascent and emplacement, producing MMEs with a range of compositions; and 3) mingling and/or limited mixing within synplutonic fractures at the emplacement level to produce composite dikes, strongly hybridized dikes, and undisturbed dikes.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
XM designed this research. XM compiled data and wrote the first draft of the manuscript. XM, ZZ, WC, HH, and FX analyzed the data. ZZ, WC, HH, FX, TC, and HL made revisions, polished the language, and provided reviews on the first and revised manuscript. All authors have contributed to the paper and approved all the submitted versions.
FUNDING
This study was co-supported by the National Key Research and Development Project “Key scientific issues of transformative technology” (2019YFA0708604), the second Tibetan Plateau Scientific Expedition and Research Program (STEP) Grant (No. 2019QZKK0802), the Key Special Project for Introduced Talents Team of the Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou) (GML2019ZD0201), the National Natural Science Foundation of China (No. 41502198), Research Grants of Chinese Academy of Geological Sciences (J2024), and the Geological Survey of China (DD20190057, DD20190059, DD20190060).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
Three reviewers have provided constructive comments that improved the manuscript greatly. Many thanks to Editor Yibo Yang for his efficient handling on this manuscript. Fruitful discussions with Scott Paterson, Zhenyu He, Zuolin Tian, Yibing Li shed enlightening light on some scientific explanations. We thank Bin Shi for zircon CL images and mineral BSE images, Bing Wu for U-Pb dating, Xiaohong Mao for mineral scanning and EMPA analysis. Xiaobao Hu and Zehou Xiao provided great help during the field trip.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/feart.2021.772374/full#supplementary-material
REFERENCES
 Alasino, P. H., Ardill, K., Stanback, J., Paterson, S. R., Galindo, C., and Leopold, M. (2019). Magmatically Folded and Faulted Schlieren Zones Formed by Magma Avalanching in the Sonora Pass Intrusive Suite, Sierra Nevada, California. Geosphere 15, 1677–1702. doi:10.1130/ges02070.1
 Allégre, C. J., Courtillot, V., Tapponnier, P., Hirn, A., Mattauer, M., Coulon, C., et al. (1984). Structure and Evolution of the Himalaya-Tibet Orogenic belt. Nature 307, 17–22. doi:10.1038/307017a0
 Andersen, T. (2002). Correction of Common lead in U-Pb Analyses that do Not Report 204Pb. Chem. Geol. 192, 59–79. doi:10.1016/s0009-2541(02)00195-x
 Ardill, K. E., Paterson, S. R., Stanback, J., Alasino, P. H., King, J. J., and Crosbie, S. E. (2020). Schlieren-Bound Magmatic Structures Record Crystal Flow-Sorting in Dynamic Upper-Crustal Magma-Mush Chambers. Front. Earth Sci. 8, 190. doi:10.3389/feart.2020.00190
 Bachmann, O., and Huber, C. (2016). Silicic Magma Reservoirs in the Earth's Crust. Am. Mineral. 101, 2377–2404. doi:10.2138/am-2016-5675
 Baker, D. R. (1989). Tracer versus Trace Element Diffusion: Diffusional Decoupling of Sr Concentration from Sr Isotope Composition. Geochim. Cosmochim. Acta 53, 3015–3023. doi:10.1016/0016-7037(89)90177-4
 Barbarin, B., and Didier, J. (1992). Genesis and Evolution of Mafic Microgranular Enclaves through Various Types of Interaction between Coexisting Felsic and Mafic Magmas. Earth Environ. Sci. Trans. R. Soc. Edinb. 83, 145–153. doi:10.1017/s0263593300007835
 Barbarin, B. (2005). Mafic Magmatic Enclaves and Mafic Rocks Associated with Some Granitoids of the central Sierra Nevada Batholith, California: Nature, Origin, and Relations with the Hosts. Lithos 80, 155–177. doi:10.1016/j.lithos.2004.05.010
 Barnes, C. G., Werts, K., Memeti, V., Paterson, S. R., and Bremer, R. (2021). A Tale of Five Enclaves: Mineral Perspectives on Origins of Mafic Enclaves in the Tuolumne Intrusive Complex. Geosphere 17, 352–374. doi:10.1130/GES02233.1
 Bergantz, G. W., Schleicher, J. M., and Burgisser, A. (2015). Open-System Dynamics and Mixing in Magma Mushes. Nat. Geosci. 8, 793–796. doi:10.1038/ngeo2534
 Browne, B. L., Eichelberger, J. C., Patino, L. C., Vogel, T. A., Uto, K., and Hoshizumi, H. (2006). Magma Mingling as Indicated by Texture and Sr/Ba Ratios of Plagioclase Phenocrysts from Unzen Volcano, SW Japan. J. Volcanol. Geotherm. Res. 154, 103–116. doi:10.1016/j.jvolgeores.2005.09.022
 Cao, W., Yang, J., Zuza, A. V., Ji, W.-Q., Ma, X.-X., Chu, X., et al. (2020). Crustal Tilting and Differential Exhumation of Gangdese Batholith in Southern Tibet Revealed by Bedrock Pressures. Earth Planet. Sci. Lett. 543, 116347. doi:10.1016/j.epsl.2020.116347
 Capriolo, M., Marzoli, A., Aradi, L. E., Callegaro, S., Dal Corso, J., Newton, R. J., et al. (2020). Deep CO2 in the End-Triassic Central Atlantic Magmatic Province. Nat. Commun. 11, 1670. doi:10.1038/s41467-020-15325-6
 Castro, A., Moreno-Ventas, I., and de La Rosa, J. D. (1990). Microgranular Enclaves as Indicators of Hybridization Processes in Granitoid Rocks, Hercynian Belt, Spain. Geol. J. 25, 391–404. doi:10.1002/gj.3350250321
 Chung, S.-L., Chu, M.-F., Zhang, Y., Xie, Y., Lo, C.-H., Lee, T.-Y., et al. (2005). Tibetan Tectonic Evolution Inferred from Spatial and Temporal Variations in Post-Collisional Magmatism. Earth Sci. Rev. 68, 173–196. doi:10.1016/j.earscirev.2004.05.001
 Dodge, F. C. W., and Kistler, R. W. (1990). Some Additional Observations on Inclusions in the Granitic Rocks of the Sierra Nevada. J. Geophys. Res. 95, 17841–17848. doi:10.1029/jb095ib11p17841
 Dong, G. C. (2008). Gabbros from Southern Gangdese: Implication for Mass Exchange between Mantle and Crust. Acta Petrologica Sinica 24, 203–210. 
 Dong, G. C., Mo, X., Zhao, Z., and Zhu, D-C. (2006). Magma Mixing in Middle Part of Gangdise Magma belt: Evidences from Granitoid Complex. Acta Petrologica Sinica 24, 835–844. 
 Douglas, J. A. V. (1964). Geologic Investigations in East Greenland, Part VII. The Basistoppen Sheet: A Differentiated Basic Sill Enclosed in the Skaergaard Intrusion, East Greenland. Meddelelser om Grønland 164, 1–66. 
 Farner, M. J., Lee, C.-T. A., and Mikus, M. L. (2017). Geochemical Signals of Mafic-Felsic Mixing: Case Study of Enclave Swarms in the Bernasconi Hills Pluton, California. GSA Bull. 130, 649–660. doi:10.1130/b31760.1
 Foster, D. A., and Hyndman, D. W. (1990). “Chapter 20: Magma Mixing and Mingling between Synplutonic Mafic Dikes and Granite in the Idaho-Bitterroot Batholith,” in The Nature and Origin of Cordilleran Magmatism: Boulder city, Colorado ed . Editor J. L. Anderson ( Geological Society of America Memoir), 347–358. doi:10.1130/mem174-p347
 Gao, P., Zhao, Z.-F., and Zheng, Y.-F. (2016). Magma Mixing in Granite Petrogenesis: Insights from Biotite Inclusions in Quartz and Feldspar of Mesozoic Granites from South China. J. Asian Earth Sci. 123, 142–161. doi:10.1016/j.jseaes.2016.04.003
 Ghani, A. A. (1998). Occurrence of Synplutonic Dykes from Perhentian Kecil Island, Besut, Terengganu. Warta Geol. 24, 65–68. 
 Guo, L., Zhang, H-F., Harris, N., and Luo, B. (2019). Tectonic Erosion and Crustal Relamination during the India-Asian continental Collision: Insights from Eocene Magmatism in the southeastern Gangdese belt. Lithos 346–347, 151–161. doi:10.1016/j.lithos.2019.105161
 Guo, L., Zhang, H.-F., Harris, N., Parrish, R., Xu, W.-C., and Shi, Z.-L. (2012). Paleogene Crustal Anatexis and Metamorphism in Lhasa Terrane, Eastern Himalayan Syntaxis: Evidence from U-Pb Zircon Ages and Hf Isotopic Compositions of the Nyingchi Complex. Gondwana Res. 21, 100–111. doi:10.1016/j.gr.2011.03.002
 Harrison, T. M., Copeland, P., Kidd, W. S. F., and Yin, A. (1992). Raising Tibet. Science 255, 1663–1670. doi:10.1126/science.255.5052.1663
 Hibbard, M. J. (1991). “Textural Anatomy of Twelve Magma-Mixed Granitoid Systems,” in Enclaves and Granite Petrology ed . Editors J. Didier, and B. Barbarin (Amsterdam: Elsevier), 431–444. 
 Holness, M. B., Farr, R., and Neufeld, J. A. (2017). Crystal Settling and Convection in the Shiant Isles Main Sill. Contrib. Mineral. Petrol. 172. doi:10.1007/s00410-016-1325-x
 Hu, X., Garzanti, E., Moore, T., and Raffi, I. (2015). Direct Stratigraphic Dating of India-Asia Collision Onset at the Selandian (Middle Paleocene, 59 ± 1 Ma). Geology 43, 859–862. doi:10.1130/g36872.1
 Huang, Y., Ren, M., Jowitt, S. M., Li, G., Fu, J., Zhang, Z., et al. (2021). Middle Triassic Arc Magmatism in the Southern Lhasa Terrane: Geochronology, Petrogenesis and Tectonic Setting. Lithos 380–381, 105857. doi:10.1016/j.lithos.2020.105857
 Jackson, S. E., Pearson, N. J., Griffin, W. L., and Belousova, E. A. (2004). The Application of Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry to In Situ U-Pb Zircon Geochronology. Chem. Geol. 211, 47–69. doi:10.1016/j.chemgeo.2004.06.017
 Janoušek, V., Bowes, D. R., Braithwaite, C. J. R., and Rogers, G. (2000). Microstructural and Mineralogical Evidence for Limited Involvement of Magma Mixing in the Petrogenesis of a Hercynian High-K Calc-Alkaline Intrusion: the Kozarovice Granodiorite, Central Bohemian Pluton, Czech Republic. Trans. R. Soc. Edinb. Earth Sci. 91, 15–26. doi:10.1017/S0263593300007264
 Jayananda, M., Gireesh, R. V., Sekhamo, K.-u., and Miyazaki, T. (2014). Coeval Felsic and Mafic Magmas in Neoarchean Calc-Alkaline Magmatic Arcs, Dharwar Craton, Southern India: Field and Petrographic Evidence from Mafic to Hybrid Magmatic Enclaves and Synplutonic Mafic Dykes. J. Geol. Soc. India 84, 5–28. doi:10.1007/s12594-014-0106-2
 Jayananda, M., Miyazaki, T., Gireesh, R. V., Mahesha, N., and Kano, T. (2009). Synplutonic Mafic Dykes from Late Archaean Granitoids in the Eastern Dharwar Craton, Southern India. J. Geol. Soc. India 73, 117–130. doi:10.1007/s12594-009-0007-y
 Ji, W.-Q., Wu, F.-Y., Chung, S.-L., Li, J.-X., and Liu, C.-Z. (2009). Zircon U-Pb Geochronology and Hf Isotopic Constraints on Petrogenesis of the Gangdese Batholith, Southern Tibet. Chem. Geol. 262, 229–245. doi:10.1016/j.chemgeo.2009.01.020
 Ji, W.-Q., Wu, F.-Y., Chung, S.-L., Wang, X.-C., Liu, C.-Z., Li, Q.-L., et al. (2016). Eocene Neo-Tethyan Slab Breakoff Constrained by 45 Ma Oceanic Island basalt-type Magmatism in Southern Tibet. Geology 44, 283–286. doi:10.1130/g37612.1
 Jiang, D.-S., Xu, X.-S., Xia, Y., and Erdmann, S. (2018). Magma Mixing in a Granite and Related Rock Association: Insight from its Mineralogical, Petrochemical, and “Reversed Isotope” Features. J. Geophys. Res. Solid Earth 123, 2262–2285. doi:10.1002/2017jb014886
 Jin, C. W. (1986). Inclusions in Granitoid from Quxu, Lhasa, Xizang. Acta Petrologica Sinica 2 (2), 23–32. 
 Kapp, P., and DeCelles, P. G. (2019). Mesozoic-Cenozoic Geological Evolution of the Himalayan-Tibetan Orogen and Working Tectonic Hypotheses. Am. J. Sci. 319, 159–254. doi:10.2475/03.2019.01
 Kim, J. S., Shin, K. C., and Lee, J. D. (2002). Petrographical Study on the Yucheon Granite and its Enclaves. Geosci. J. 6, 289–302. doi:10.1007/bf03020614
 Laskowski, A. K., Kapp, P., Ding, L., Campbell, C., and Liu, X. (2017). Tectonic Evolution of the Yarlung Suture Zone, Lopu Range Region, Southern Tibet. Tectonics 36, 108–136. doi:10.1002/2016tc004334
 Leake, B. E., Woolley, A. R., Arps, C. E. S., Birch, W. D., Gilbert, M. C., Grice, J. D., et al. (1997). Nomenclature of Amphiboles: Report of the Subcommittee on Amphiboles of the International Mineralogical Association, Commission on New Minerals and mineral Names. Can. Mineral. 35, 219–246. doi:10.1127/ejm/9/3/0623
 Lesher, C. E. (1990). Decoupling of Chemical and Isotopic Exchange During Magma Mixing. Nature 344, 235–237. doi:10.1038/344235a0
 Leterrier, J., Maury, R. C., Thonon, P., Girard, D., and Marchal, M. (1982). Clinopyroxene Composition as a Method of Identification of the Magmatic Affinities of Paleo-Volcanic Series. Earth Planet. Sci. Lett. 59, 139–154. doi:10.1016/0012-821x(82)90122-4
 Liu, L., Qiu, J.-S., and Li, Z. (2013). Origin of Mafic Microgranular Enclaves (MMEs) and Their Host Quartz Monzonites from the Muchen Pluton in Zhejiang Province, Southeast China: Implications for Magma Mixing and Crust-Mantle Interaction. Lithos 160–161, 145–163. doi:10.1016/j.lithos.2012.12.005
 Loucks, R. R. (1990). Discrimination of Ophiolitic from Nonophiolitic Ultramafic-Mafic Allochthons in Orogenic Belts by the Al/Ti Ratio in Clinopyroxene. Geology 18, 346–349. doi:10.1130/0091-7613(1990)018<0346:doofnu>2.3.co;2
 Ludwig, K. R. (2003). User’s Manual for Isoplot 3.0: A Geochronological, Toolkit for Microsoft Excel Berkeley Geochronology Center. Berkeley Geochronology Center, Berkeley special publication, 1–71. 
 Ma, X., Meert, J. G., Xu, Z., and Yi, Z. (2018). Late Triassic Intra-oceanic Arc System within Neotethys: Evidence from Cumulate Appinite in the Gangdese belt, Southern Tibet. Lithosphere 10, 545–565. doi:10.1130/l682.1
 Ma, X., Meert, J. G., Xu, Z., and Zhao, Z. (2017a). Evidence of Magma Mixing Identified in the Early Eocene Caina Pluton from the Gangdese Batholith, Southern Tibet. Lithos 278–281, 126–139. doi:10.1016/j.lithos.2017.01.020
 Ma, X. X., Shi, B., Xiong, F. H., and Li, H. B. (2020a). Magma Mixing of the Quxu Batholith in the Gangdese belt, Southern Tibet: Evidence from Microstructure of Hornblende in Microgranular Enclaves. Acta Petrologica Sinica 36, 3063–3080. doi:10.18654/1000-0569/2020.10.08
 Ma, X., Xu, Z., and Meert, J. G. (2016). Eocene Slab Breakoff of Neotethys as Suggested by Dioritic Dykes in the Gangdese Magmatic belt, Southern Tibet. Lithos 248–251, 55–65. doi:10.1016/j.lithos.2016.01.008
 Ma, X., Xu, Z., and Meert, J. G. (2017b). Syn-Convergence Extension in the Southern Lhasa Terrane: Evidence from Late Cretaceous Adakitic Granodiorite and Coeval Gabbroic-Dioritic Dykes. J. Geodyn. 110, 12–30. doi:10.1016/j.jog.2017.07.004
 Ma, X., Xu, Z., Meert, J. G., Tian, Z., and Li, H. (2021b). Early Eocene High-Flux Magmatism and Concurrent High-Temperature Metamorphism in the Gangdese belt, Southern Tibet. GSA Bull. 133, 1194–1216. doi:10.1130/b35770.1
 Ma, X., Xu, Z., Zhao, Z., and Yi, Z. (2020b). Identification of a New Source for the Triassic Langjiexue Group: Evidence from a Gabbro-Diorite Complex in the Gangdese Magmatic belt and Zircon Microstructures from Sandstones in the Tethyan Himalaya, Southern Tibet. Geosphere 16, 407–434. doi:10.1130/ges02154.1
 Ma, X. X., Xu, Z. Q., Liu, F., Zhao, Z. B., and Li, H. B. (2021a). Continental Arc Tempos and Crustal Thickening: a Case Study in the Gangdese Arc, Southern Tibet. Acta Geol. Sin. 95, 107–123. doi:10.19762/j.cnki.dizhixuebao.2021007
 Meng, Y., Dong, H., Cong, Y., Xu, Z., and Cao, H. (2016). The Early-Stage Evolution of the Neo-Tethys Ocean: Evidence from Granitoids in the Middle Gangdese Batholith, Southern Tibet. J. Geodynamics 94-95, 34–49. doi:10.1016/j.jog.2016.01.003
 Meng, Y. K., Xu, Z. Q., Gao, C. S., Xu, Y., and Li, R. H. (2018a). The Identification of the Eocene Magmatism and Tectonic Significance in the Middle Gangdese Magmatic belt, Southern Tibet. Acta Petrol. Sin. 34, 513–546. 
 Meng, Y., Santosh, M., Mao, G., Lin, P., Liu, J., and Ren, P. (2020). New Constraints on the Tectono-Magmatic Evolution of the central Gangdese belt from Late Cretaceous Magmatic Suite in Southern Tibet. Gondwana Res. 80, 123–141. doi:10.1016/j.gr.2019.10.014
 Meng, Y., Xu, Z., Xu, Y., and Ma, S. (2018b). Late Triassic Granites from the Quxu Batholith Shedding a New Light on the Evolution of the Gangdese Belt in Southern Tibet. Acta Geol. Sin. 92, 462–481. doi:10.1111/1755-6724.13537
 Mitchell, A. A., Eales, H. V., and Johan Kruger, F. (1998). Magma Replenishment, and the Significance of Poikilitic Texlures, in the Lower Main Zone of the Western Bushveld Complex, South Africa. Mineral. Mag. 62, 435–450. doi:10.1180/002646198547783
 Mo, X., Dong, G., Zhao, Z., Zhu, D., Zhou, S., and Niu, Y. (2009). Mantle Input to the Crust in Southern Gangdese, Tibet, during the Cenozoic: Zircon Hf Isotopic Evidence. J. Earth Sci. 20, 241–249. doi:10.1007/s12583-009-0023-2
 Mo, X., Hou, Z., Niu, Y., Dong, G., Qu, X., Zhao, Z., et al. (2007). Mantle Contributions to Crustal Thickening during continental Collision: Evidence from Cenozoic Igneous Rocks in Southern Tibet. Lithos 96, 225–242. doi:10.1016/j.lithos.2006.10.005
 Mo, X. X., Dong, G., Zhao, Z., Guo, T., Wang, L., Chen, T., et al. (2005). Timing of Magma Mixing in the Gangdise Magmatic belt during the India-Asia Collision: Zircon SHRIMP U-Pb Dating. Acta Geol. Sin. 79, 66–76. 
 Mo, X. X., Zhao, Z., Deng, J. F., and Dong, G. (2003). Response of Volcanism to the India-Asia Collision. Earth Sci. Front. 10, 135–148. 
 Morimoto, N. (1988). Nomenclature of Pyroxenes. Mineral. Petrol. 39, 55–76. doi:10.1007/bf01226262
 Nelson, S. T., and Montana, A. (1992). Sieve-Textured Plagioclase in Volcanic Rocks Produced by Rapid Decompression. Am. Mineral. 77, 1242–1249. 
 Nisbet, E. G., and Pearce, J. A. (1977). Clinopyroxene Composition in Mafic Lavas from Different Tectonic Settings. Contrib. Mineral. Petrol. 63, 149–160. doi:10.1007/bf00398776
 Niu, Y., Zhao, Z., Zhu, D.-C., and Mo, X. (2013). Continental Collision Zones Are Primary Sites for Net continental Crust Growth - A Testable Hypothesis. Earth Sci. Rev. 127, 96–110. doi:10.1016/j.earscirev.2013.09.004
 Paterson, S. R., Ardill, K., Vernon, R., and Žák, J. (2018). A Review of Mesoscopic Magmatic Structures and Their Potential for Evaluating the Hypersolidus Evolution of Intrusive Complexes. J. Struct. Geol. 125, 134–147. doi:10.1016/j.jsg.2018.04.022
 Pin, C., Binon, M., Belin, J. M., Barbarin, B., and Clemens, J. D. (1990). Origin of Microgranular Enclaves in Granitoids: Equivocal Sr-Nd Evidence from Hercynian Rocks in the Massif Central (France). J. Geophys. Res. 95, 17821–17828. doi:10.1029/jb095ib11p17821
 Prabhakar, B. C., Jayananda, M., Shareef, M., and Kano, T. (2009). Synplutonic Mafic Injections into Crystallizing Granite Pluton from Gurgunta Area, Northern Part of Eastern Dharwar Craton: Implications for Magma Chamber Processes. J. Geol. Soc. India 74, 171–188. doi:10.1007/s12594-009-0120-y
 Reid, J. B., and Hamilton, M. A. (1987). Origin of Sierra Nevadan Granite: Evidence from Small Scale Composite Dikes. Contr. Mineral. Petrol. 96, 441–454. doi:10.1007/bf01166689
 Renggli, C. J., Wiesmaier, S., De Campos, C. P., Hess, K. U., and Dingwell, D. B. (2016). Magma Mixing Induced by Particle Settling. Contrib. Mineral. Petrol. 171 (96), 96–13. doi:10.1007/s00410-016-1305-1
 Shu, C., Long, X., Yin, C., Yuan, C., Wang, Q., He, X., et al. (2018). Continental Crust Growth Induced by Slab Breakoff in Collisional Orogens: Evidence from the Eocene Gangdese Granitoids and Their Mafic Enclaves, South Tibet. Gondwana Res. 64, 35–49. doi:10.1016/j.gr.2018.06.004
 Shui, X.-F., Klemd, R., He, Z.-Y., Mao, J.-W., and Zhao, Y.-Y. (2021). Geochronology and Petrogenesis of Eocene Gabbros and Granitic Rocks of the Eastern Gangdese belt, Southern Tibet: Implications for the Timing of India-Asia Collision. Gondwana Res. 97, 145–157. doi:10.1016/j.gr.2021.05.019
 Słaby, E., Götze, J., Wörner, G., Simon, K., Wrzalik, R., and Śmigielski, M. (2008). K-feldspar Phenocrysts in Microgranular Magmatic Enclaves: A Cathodoluminescence and Geochemical Study of crystal Growth as a Marker of Magma Mingling Dynamics. Lithos 105, 85–97. doi:10.1016/j.lithos.2008.02.006
 Sylvester, A. G. (1998). Magma Mixing, Structure, and Re-evaluation of the Emplacement Mechanism of Vrådal Pluton, central Telemark, Southern Norway. Norsk Geologisk Tidsskrift 78, 259–276. 
 Tang, Y.-W., Chen, L., Zhao, Z.-F., and Zheng, Y.-F. (2021). Origin of Syn-Collisional Granitoids in the Gangdese Orogen: Reworking of the Juvenile Arc Crust and the Ancient continental Crust. GSA Bull. [Epub ahead of print]. doi:10.1130/B35928.1
 Tobisch, O. T., McNulty, B. A., and Vernon, R. H. (1997). Microgranitoid Enclave Swarms in Granitic Plutons, central Sierra Nevada, California. Lithos 40, 321–339. doi:10.1016/s0024-4937(97)00004-2
 Ueno, K. (2003). The Permian Fusulinoidean Faunas of the Sibumasu and Baoshan Blocks: Their Implications for the Paleogeographic and Paleoclimatologic Reconstruction of the Cimmerian Continent. Palaeogeogr. Palaeoclimatol. Palaeoecol. 193, 1–24. doi:10.1016/s0031-0182(02)00708-3
 Veevers, J. J., and Tewari, R. C. (1995). Permian-Carboniferous and Permian-Triassic Magmatism in the Rift Zone Bordering the Tethyan Margin of Southern Pangea. Geology 23, 467–470. doi:10.1130/0091-7613(1995)023<0467:pcaptm>2.3.co;2
 Vernon, R. H. (1990). Crystallization and Hybridism in Microgranitoid Enclave Magmas: Microstructural Evidence. J. Geophys. Res. 95, 17849–17859. doi:10.1029/jb095ib11p17849
 Vernon, R. H. (2007). Problems in Identifying Restite in S-type Granites of southeastern Australia, with Speculations on Sources of Magma and Enclaves. Can. Mineral. 45, 147–178. doi:10.2113/gscanmin.45.1.147
 Wang, C., Ding, L., Zhang, L.-Y., Ding, X.-L., and Yue, Y.-H. (2019a). Early Jurassic High-Mg Andesites in the Quxu Area, Southern Lhasa Terrane: Implications for Magma Evolution Related to a Slab Rollback of the Neo-Tethyan Ocean. Geol. J. 54, 2508–2524. doi:10.1002/gj.3309
 Wang, C., Ding, L., Zhang, L.-Y., Kapp, P., Pullen, A., and Yue, Y.-H. (2016). Petrogenesis of Middle-Late Triassic Volcanic Rocks from the Gangdese belt, Southern Lhasa Terrane: Implications for Early Subduction of Neo-Tethyan Oceanic Lithosphere. Lithos 262, 320–333. doi:10.1016/j.lithos.2016.07.021
 Wang, Q., Zhu, D.-C., Cawood, P. A., Zhao, Z.-D., Liu, S.-A., Chung, S.-L., et al. (2015). Eocene Magmatic Processes and Crustal Thickening in Southern Tibet: Insights from Strongly Fractionated Ca. 43Ma Granites in the Western Gangdese Batholith. Lithos 239, 128–141. doi:10.1016/j.lithos.2015.10.003
 Wang, R.-Q., Qiu, J.-S., Yu, S.-B., Lin, L., and Xu, H. (2019b). Magma Mixing Origin for the Quxu Intrusive Complex in Southern Tibet: Insights into the Early Eocene Magmatism and Geodynamics of the Southern Lhasa Subterrane. Lithos 328–329, 14–32. doi:10.1016/j.lithos.2019.01.019
 Weinberg, R. F. (2001). Magma Flow within the Tavares Pluton, Northeastern Brazil: Compositional and Thermal Convection. GSA Bull. 113, 508–520. doi:10.1130/0016-7606(2001)113<0508:mfwttp>2.0.co;2
 Wen, D.-J., Hu, X.-M., Qiu, J.-S., Yu, J.-H., Wang, R.-Q., He, Z.-Y., et al. (2021). Petrogenesis of Early Eocene Granites and Associated Mafic Enclaves in the Gangdese Batholith, Tibet: Implications for Net Crustal Growth in Collision Zones. Lithos 394–395, 106170. doi:10.1016/j.lithos.2021.106170
 Wen, D., Liu, D., Chung, S., Chu, M., Ji, J., Zhang, Q., et al. (2008). Zircon SHRIMP U-Pb Ages of the Gangdese Batholith and Implications for Neotethyan Subduction in Southern Tibet. Chem. Geol. 252, 191–201. doi:10.1016/j.chemgeo.2008.03.003
 Wiebe, R. A., Blair, K. D., Hawkins, D. P., and Sabine, C. P. (2002). Mafic Injections, In Situ Hybridization, and crystal Accumulation in the Pyramid Peak Granite, California. GSA Bull. 114, 909–920. doi:10.1130/0016-7606(2002)114<0909:miisha>2.0.co;2
 Wiesmaier, S., Morgavi, D., Renggli, C. J., Perugini, D., De Campos, C. P., Hess, K.-U., et al. (2015). Magma Mixing Enhanced by Bubble Segregation. Solid Earth 6, 1007–1023. doi:10.5194/se-6-1007-2015
 Xie, F., and Tang, J. (2021). The Late Triassic-Jurassic Magmatic belt and its Implications for the Double Subduction of the Neo-Tethys Ocean in the Southern Lhasa Subterrane, Tibet. Gondwana Res. 97, 1–21. doi:10.1016/j.gr.2021.05.007
 Xu, J.-F., and Castillo, P. R. (2004). Geochemical and Nd-Pb Isotopic Characteristics of the Tethyan Asthenosphere: Implications for the Origin of the Indian Ocean Mantle Domain. Tectonophysics 393, 9–27. doi:10.1016/j.tecto.2004.07.028
 Xu, W., Zhu, D.-C., Wang, Q., Weinberg, R. F., Wang, R., Li, S.-M., et al. (2021). Mafic Microgranular Enclaves Formed by Gas-Driven Filter Pressing during Rapid Cooling: An Example from the Gangdese Batholith in Southern Tibet. J. Petrol. 61. doi:10.1093/petrology/egab003
 Xu, Z., Dilek, Y., Cao, H., Yang, J., Robinson, P., Ma, C., et al. (2015). Paleo-Tethyan Evolution of Tibet as Recorded in the East Cimmerides and West Cathaysides. J. Asian Earth Sci. 105, 320–337. doi:10.1016/j.jseaes.2015.01.021
 Yang, J. S. (2007). Oceanic Subduction-type Eclogite in the Lhasa Block, Tibet, China: Remains of the Paleo-Tethys Ocean Basin?Geol. Bull. China 26, 1277–1287. 
 Yin, A., and Harrison, T. M. (2000). Geologic Evolution of the Himalayan-Tibetan Orogen. Annu. Rev. Earth Planet. Sci. 28, 211–280. doi:10.1146/annurev.earth.28.1.211
 Zhang, C., Ma, C., Holtz, F., Koepke, J., Wolff, P. E., and Berndt, J. (2013). Mineralogical and Geochemical Constraints on Contribution of Magma Mixing and Fractional Crystallization to High-Mg Adakite-like Diorites in Eastern Dabie Orogen, East China. Lithos 172–173, 118–138. doi:10.1016/j.lithos.2013.04.011
 Zhang, S.-H., and Zhao, Y. (2017). Cogenetic Origin of Mafic Microgranular Enclaves in Calc-Alkaline Granitoids: The Permian Plutons in the Northern North China Block. Geosphere 13, 482–517. doi:10.1130/ges01407.1
 Zhang, S.-Q., Mahoney, J. J., Mo, X.-X., Ghazi, A. M., Milani, L., Crawford, A. J., et al. (2005). Evidence for a Widespread Tethyan Upper Mantle with Indian-Ocean-type Isotopic Characteristics. J. Petrol. 46, 829–858. doi:10.1093/petrology/egi002
 Zhou, L.-m., Wang, R., Hou, Z.-q., Li, C., Zhao, H., Li, X.-W., et al. (2018). Hot Paleocene-Eocene Gangdese Arc: Growth of Continental Crust in Southern Tibet. Gondwana Res. 62, 178–197. doi:10.1016/j.gr.2017.12.011
 Zhu, D.-C., Wang, Q., Chung, S.-L., Cawood, P. A., and Zhao, Z.-D. (2019). “Gangdese Magmatism in Southern Tibet and India-Asia Convergence Since 120 Ma,” in Himalayan Tectonics: A Modern Synthesis ed . Editor P. J. Searle (London: Geological Society, London, Special Publications), 583–604. doi:10.1144/sp483.14
 Zhu, D.-C., Wang, Q., Zhao, Z.-D., Chung, S.-L., Cawood, P. A., Niu, Y., et al. (2015). Magmatic Record of India-Asia Collision. Sci. Rep. 5, 14289. doi:10.1038/srep14289
 Zhu, D.-C., Zhao, Z.-D., Niu, Y., Dilek, Y., Hou, Z.-Q., and Mo, X.-X. (2013). The Origin and Pre-cenozoic Evolution of the Tibetan Plateau. Gondwana Res. 23, 1429–1454. doi:10.1016/j.gr.2012.02.002
 Zhu, D.-C., Zhao, Z.-D., Niu, Y., Mo, X.-X., Chung, S.-L., Hou, Z.-Q., et al. (2011). The Lhasa Terrane: Record of a Microcontinent and its Histories of Drift and Growth. Earth Planet. Sci. Lett. 301, 241–255. doi:10.1016/j.epsl.2010.11.005
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Ma, Zhao, Cao, Huang, Xiong, Cawood and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 16 November 2021
doi: 10.3389/feart.2021.750993


[image: image2]
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The Cenozoic tectonic evolution of the North Qaidam-Qilian Shan fold-thrust belt in the northern Tibetan Plateau is important to understanding the tectonic rejuvenation of orogeny and growth of the plateau. However, the deformation processes in this region remain controversial. This study presents new apatite fission track (AFT) data from Paleogene strata in the northern Qaidam Basin to investigate the time of deformation in this site. Thermal modeling of these partially annealed detrital AFT ages shows a thermal history with a noticeable transition from heating to cooling after ∼10 Ma. This transition is attributed to the intensified thrusting and folding of the northern Qaidam Basin since ∼10 Ma. Integrated with published tectonics and thermochronology results, we suggest the North Qaidam-Qilian Shan fold-thrust belt experienced prevailing tectonism since the late Miocene.
Keywords: Cenozoic, northern Qaidam Basin, Tibetan plateau, fission track, tectonic deformation
INTRODUCTION
Tibetan Plateau is an ideal region for studying the uplift of plateau and deformation of continents (Molnar et al., 1993; Yin and Harrison, 2000; Tapponnier et al., 2001; Royden et al., 2008; Wang et al., 2008; Fang et al., 2020). The North Qaidam-Qilian Shan fold-thrust belt (NQQB) comprises the northern Tibetan Plateau (Figure 1), intensely deformed during the Cenozoic as a result of the remote response to Indian-Asian plate collision (Fang et al., 2005, 2007; Yin et al., 2008; Zheng et al., 2010; Zhuang et al., 2011, 2018; He et al., 2020, 2021). The evolution of Cenozoic deformation in the NQQB is thus crucial for understanding the growth of the Tibetan Plateau and the re-activation of ancient orogenic belts. However, the starting time and the spatial-temporal migration of deformation in the NQQB in Cenozoic is still controversial. Many sedimentology and thermochronology records indicate the deformation in this region commenced at the middle-late Miocene (Zheng et al., 2010, 2017; Wang et al., 2017, 2020; An et al., 2018; Pang et al., 2019a; Yu et al., 2019a), while evidence for the Eocene deformation is well accepted (Yin et al., 2008; Zhuang et al., 2011, 2018; Jian et al., 2018; Lin et al., 2019; Cheng et al., 2019; He et al., 2020, 2021). The development of deformation in the NQQB is proposed to from the south to north (Zhuang et al., 2011; Qi et al., 2016), from the center to the south and north synchronous (Zheng et al., 2017; Pang et al., 2019a), or out-of-sequence deformation (Li et al., 2020; He et al., 2021). One of the main reasons for these controversies is the complicated structure of the NQQB but current age constraints for deformation limited to sparse sites. Therefore, more time records of tectonic deformation at crucial site in the NQQB is imperative.
[image: Figure 1]FIGURE 1 | Geologic setting of the study area. (A) Digital elevation model of the North Qaidam-Qilian Shan fold-thrust belt, showing the location, geomorphology, and tectonic framework. The ages and sites of published Miocene rapid exhumation events that from thermochronological data are present. The sources of these data are as follows: (1) Meng et al. (2020); (2) Pang et al. (2019a); (3) Wang et al. (2020); (4) Li et al. (2019); (5) Yu et al. (2019b); (6) Li et al. (2020); (7) Zheng et al. (2010); (8) Zhuang et al. (2018); (9) Zheng et al. (2017); (10) Pang et al. (2019b); (11) Yu et al. (2019a); and (12) this study. (B) Geologic map of the northern Qaidam Basin (modified from Yin et al., 2008), showing locations of the sampled section (Hongliugou, HLG).
In this study, we present new apatite fission track (AFT) data from Paleogene strata in the northern Qaidam Basin. Thermal modeling of these partially annealed detrital AFT ages indicates the northern Qaidam Basin experienced intensified thrusting and folding since ∼10 Ma, which provide ages constraints for tectonism in the southernmost NQQB. Combined with published data, this result permits we discuss the evolution of deformation in the northern Tibetan Plateau in the Cenozoic.
GEOLOGICAL SETTING
The NQQB is located in the northern Tibetan Plateau. It is an early Paleozoic collisional orogenic belt and experienced multi-phase tectonic rejuvenation along the ancient structure boundary during the Mesozoic-Cenozoic (Yin and Harrison, 2000). Rocks in the NQQB consist of Proterozoic-Paleozoic plutonic bodies and arc magmatic rocks, ultrahigh-pressure metamorphic and low- to high-grade metamorphic rocks, ophiolitic mélange, oceanic carbonate rocks and flysch sequences, and Mesozoic-Cenozoic nonmarine sedimentary rocks (Gansu Geologic Bureau, 1989; Gehrels et al., 2003). Many Cenozoic sedimentary basins (e.g., the Hexi corridor Basin bounded northeast and the Qaidam Basin bounded southwest) surrounding this fold-thrust belt have a modern altitude difference in 1,500–3,000 m between the source and sinks (Zhuang et al., 2011; Li et al., 2014). Two major faults of the Tibetan Plateau impact the NQQB, the Altyn Tagh Fault that bounded northwest and the Haiyuan Fault that through east of the NQQB (Taylor and Yin, 2009) (Figure 1).
The Qaidam Basin connects to the southwest of the NQQB and have Cenozoic sediments with thickness about 12,000 m in the depocenter (Meng and Fang, 2008). Cenozoic strata of the Qaidam Basin consist of nonmarine Lulehe Formation (Fm.), Xiaganchaigou Fm., Shangganchaigou Fm., Xiayoushashan Fm., Shangyoushashan Fm., Shizigou Fm., and Qigequan Fm., from the oldest to the youngest (Meng and Fang, 2008; Yin et al., 2008). The northern Qaidam Basin have Cenozoic sediments over 5,000 m, probably sourced from the Qilian Shan (Zhuang et al., 2011; Cheng et al., 2019). In the late Cenozoic, the northern Qaidam Basin deformed intensely and was involved in the Qilian Shan fold-thrust belt (Yin et al., 2008). The studied Hongliugou (HLG) section in the northern Qaidam Basin exposed strata from the Lulehe Fm. to the Shizigou Fm. successively (Figure 2). We focus on the older Lulehe Fm. and Xiaganchaigou Fm., which mainly consist of alluvial fan-fan deltaic conglomerate and sandstone in the Lulehe Fm. and fluvial-lacustrine sandstone and mudstone in the Xiaganchaigou Fm. (Fang et al., 2019; He et al., 2021). The sedimentary source of these two formations is traced to the NQQB (He et al., 2021).
[image: Figure 2]FIGURE 2 | Stratigraphy, lithology, and geochronology of the sampled section. (A) Geologic map of the HLG section and its vicinity (modified from Zhang, 2006). Locations of the sampled section (Figure 2C) and the seismic profile (Figure 2B) are labelled. (B) Seismic profile with geological interpretations across the HLG area (Zhang et al., 2020). (C) Stratigraphic column and magnetostratigraphy (Fang et al., 2019) of the sampled strata with detailed AFT sample positions. GPTS: geomagnetic polarity time scale.
The precise Cenozoic stratigraphic chronology of the Qaidam Basin is controversial. There are two standpoints, one suggests an early Eocene age for the basal Lulehe Fm. (Sun et al., 2005; Meng and Fang, 2008; Yin et al., 2008; Ji et al., 2017), another suggests a late Oligocene or early Miocene age (Wang et al., 2017; Nie et al., 2019). The stratigraphic chronology of the Lulehe Fm. and Xiaganchaigou Fm. in the HLG section were precisely measured by magnetostratigraphy of Fang et al. (2019), given ages of 54–43.5 Ma for the Lulehe Fm. and 43.5–30 Ma for the Xiaganchaigou Fm. (see details in Fang et al., 2019). We accept this age assignment to constrain the depositional ages of our samples because Fang et al. (2019) was sampled in the same section with this study.
METHODS AND SAMPLING
The AFT thermochronometer records the age of rocks cooling through its susceptible temperature of about 60–120°C and thus sensitive to thermal variation in the shallow crust (Gallagher et al., 1998). A total of 10 AFT samples were collected from Paleogene strata of the Lulehe Fm. and Xiaganchaigou Fm. in the lower part of the HLG section. The detailed sampling positions are shown in Figure 2. The sandstone samples were crushed, washed, and sieved. Apatite grains were extracted using conventional magnetic and heavy-liquid separation techniques. The external detector method and zeta calibration approach were used for AFT dating (Hurford and Green, 1983). To reveal the spontaneous tracks, apatite aliquots were mounted in epoxy, ground, polished, and etched for 20 s in a 5 N HNO3 solution at 20°C (Barbarand et al., 2003). The experiment use U-poor micas as external detector and IRMM540R glasses as dosimeter. The Fish Canyon Tuff, Durango, and Mt. Dromedary apatites were used as age standards. After samples, age standards, and dosimeter glasses were packed with external detectors, they were irradiated at the Thermal Irradiation Center at Oregon State University. Mica detectors were then unpacked and etched in 40% HF solution for 40 min at 20°C to reveal the induced tracks.
Fission-track counting was performed at the Fission Track Laboratory of the Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, using a fully manual method on an Autoscan fission-track counting system that consists of a Zeiss AxioImager Z2m microscope, ES16 stage, and Fission-Track Studio software. Track density, track length, and Dpar value were measured on appropriate apatite in each sample. A personal ξ value of 342.60 ± 7.63 were obtained and used to determine sample ages. The χ2 test was performed on single grain ages of each sample to quantify AFT age homogeneity; a value of P(χ2) < 5% is indicative of a broad dispersion of single-grain ages that can be decomposed into different grain-age components (Green, 1981).
RESULTS AND INTERPRETATION
AFT Ages
Results for AFT dating are presented in Table 1. Most samples yielded 60–90 single grain ages. Central ages ranged from 43.7 ± 1.9 Ma to 78.0 ± 2.8 Ma. The sample in the bottom of the section (HLG100) has an AFT age younger than its depositional age (53 Ma). All other upper samples have central ages older than corresponding depositional ages. AFT central ages do not show regular changes with depositional ages (Table 1). Most samples fail the χ2 test with P(χ2) <5%, indicating heterogeneous age components (Green, 1981). This can occur if grains in these samples were not totally reset during post-depositional burial and still record mixed cooling signals of a variety of source terranes. For samples with heterogeneous grain ages, the observed age distributions of each sample were decomposed into grain age components using RadialPlotter and DensityPlotter programs (Vermeesch, 2012). The dispersion of single-grain ages are shown in Figure 3 as radial plots. The single grain age-density distributions and mixture model peak ages for all samples are plotted in Figure 4. In total, 21 age components were obtained, which have peak ages ranging from 21.2 ± 2.9 Ma to 98 ± 10 Ma (1σ). These decomposed age components were divided into three age populations (P1, P2, and P3) based on correlation of their peak ages (Table 1). A lag-time plot shows the relationship between decomposed AFT component peak ages and depositional ages of corresponding samples is present in Figure 5. Notably some components have peak ages younger than corresponding depositional ages and show negative lag-time. Both indicate these samples may be partially annealed after deposition (Figure 5).
TABLE 1 | AFT dating results.
[image: Table 1][image: Figure 3]FIGURE 3 | Radial plots of the analysed AFT samples constructed using the RadialPlotter programme (Vermeesch, 2012).
[image: Figure 4]FIGURE 4 | Grain-age distributions, kernel density estimates, and mixture model peaks (with modelled component ages and proportions) of detrital AFT samples. Single-grain ages are statistically decomposed into components using the routines in DensityPlotter (Vermeesch, 2012).
[image: Figure 5]FIGURE 5 | Lag time plot of detrital AFT age components. Error bars are ± 1σ for AFT ages and ±1 Ma for depositional ages. The dashed lines are lag time contours, and the corresponding lag times are labelled. Rectangles in yellow indicate the age variation of grouped populations, in which the AFT peak ages of P1, P2, and P3 all young with increasing depositional age.
AFT Lengths
Most of our samples yielded 80–120 confined track length measurements. The c-axis corrected mean track lengths range from 12.83–13.28 μm (with an exception of 14 measurements giving a length of 11.39 μm). Average Dpar values of these length-measured grains range between 1.22 and 1.65 μm. Histogram plots of the track length distribution of each sample are presented in Figure 6. Integrating the heterogeneity of grain ages and the relatively long track lengths of our samples, their post-depositional burial annealing may not intensity.
[image: Figure 6]FIGURE 6 | Track length (c-axis corrected) distribution histograms. M, Mean track length; SE, Standard error; N, Number of tracks.
The mean track lengths of our samples are gradually shortening with sampling position down in the section (Figure 7). It is more obvious when integrated with published track length data in strata overlying the sampled section (He et al., 2021). The mean track lengths were nearly constant in the upper half of the section, but become shortened in the lower half of the section (Figure 7). The lower sample has shorter length suggests the shortening of track length in the lower half of the section should be caused by burial annealing. Analogous to track length variation, the component ages show younger trend down-section in the lag-time plot (Figure 5), which conform to the law of burial annealing. Therefore, AFT ages and length data together illustrate that samples experienced post-depositional partial annealing.
[image: Figure 7]FIGURE 7 | Variation in mean track length with stratigraphic thickness in the HLG section. The mean track length (with ± 1SE) shown by the solid circle (this study) and hollow circle (He et al., 2021).
Thermal History Modeling of AFT Data
Detrital rocks can be complex sedimentary mixtures derived from a variety of source terranes with variable cooling histories. During post-deposition burial, grains were reset by partial annealing. The apparent AFT ages and lengths in our data are the partially reset cooling signals of mixtures of different sedimentary sources. Broadly, grains in one detrital sample in this study experienced the same thermal history after deposition. This coherence permits the modeling of the post-depositional thermal history of our samples based on the AFT age and length data. Our samples experienced deposition, burial, and exhumation, we attempted to decipher the time constraints of these processes.
We used the HeFTy program (Ketcham, 2005) to model the thermal history. Our data of AFT ages, lengths, and Dpars are included in the annealing model of Ketcham et al. (2007). Eight of ten samples with numerous confined track lengths were modeled. We defined prior constraints for the thermal modeling as follows: each sample, using their corresponding depositional age with ±5 Ma error, was included in a 20 ± 20°C palaeo-surface temperature; each sample experienced the upper AFT partial annealing zone at 70 ± 10°C after deposition; each sample, an incipient condition of one to two times the AFT age, was included in a temperature of partial or full annealing (60–140°C). We give each constraint large ranges in time and temperature to model freely depend on the program. All models run with 500,000 iterations.
Because thermal evolutions of grains in a detrital sample are a mixture of pre-depositional conditions and a unity of post-depositional conditions, only the post-depositional thermal history is credible. The inversion results show thermal histories with two stages during post-deposition with a thermal transition in age ranges from 10–3 Ma (Figures 8, 9). After deposition, samples experienced a gradual heating phase in the early Cenozoic up to 10–3 Ma. By this time, samples reached the upper range of the AFT partial annealing zone (60–80°C). After 10–3 Ma, samples experienced a rapid cooling phase and were exhumed to the surface (Figures 8, 9). Modeled thermal histories are in accord with the inferred deposition-burial-exhumation process for the samples, as constrained by geological framework. The heated phase corresponding to the gradually buried, and the thermal condition converted to cooling at ∼10–3 Ma indicated the commenced exhumation. The exhumation since ∼10 Ma may be caused by intensified deformation of the sampled strata (Yin et al., 2008), which finally inclined and exposed the section at the surface by the present.
[image: Figure 8]FIGURE 8 | Inferred thermal histories for samples in the northern Qaidam Basin modeled by HeFTy program (Ketcham, 2005). Good paths (GOF >0.55) are shown as magenta envelopes and acceptable paths (GOF >0.05) as green envelopes. The dark blue lines represent the weighted mean thermal paths for all models, and black lines are the best fit thermal paths. GOF = goodness of fit.
[image: Figure 9]FIGURE 9 | Modeled weighted mean and best fit thermal paths for all samples derive from Figure 8. The legends are the same with that in Figure 8.
Although we adopt the stratigraphic chronology of Fang et al. (2019) in the HLG section as depositional age constraints, another rather younger stratigraphic chronology assignment of Wang et al. (2017) in the Honggou section (see section Geological Setting for details) is tried for thermal modeling. We changed the prior constraints of depositional ages to Wang et al. (2017) for modeling the representative samples (Figure 10). The modeled post-depositional thermal histories show transition from heating to cooling after ∼10 Ma (Figure 10), which are nearly the same with that using constraints of Fang et al. (2019). This result suggests that the different depositional age constraints of the two schemes do not affect the post-depositional thermal histories of our samples significantly.
[image: Figure 10]FIGURE 10 | Inferred thermal histories for representative samples under the depositional age constraints of Wang et al. (2017). The legends are the same with that in Figure 8.
DISCUSSION
Cenozoic Deformation of the NQQB
The early Cenozoic tectonic deformation of the northern Qaidam Basin is demonstrated by growth strata in many seismic profiles (Yin et al., 2008; Yu et al., 2017; Cheng et al., 2019). This syndepositional and post-depositional tectonic deformation, which inclined the sampled strata, resulted in the burial depth much shallower than the strata thickness. Thus, our AFT samples, even that in the ∼5,000 m thickness, experienced moderate annealing after deposition. The early Cenozoic deformation has been observed across the NQQB (Qi et al., 2016; Jian et al., 2018; Zhuang et al., 2018; Lin et al., 2019; Li et al., 2020; He et al., 2020, 2021). The AFT thermal modeling results indicate the northern Qaidam Basin experienced exhumation since ∼10 Ma. The exhumation should be caused by intensified thrusting and folding in this region (Yin et al., 2008; Cheng et al., 2019). Although the deposition continued through ∼10 Ma across the northern Qaidam Basin, the strata considered in this study was gradually exhumed. This exhumation-related tectonic deformation possibly resulted from the enhanced activity of thrust faults in the Lulehe anticline (Figure 2B) since ∼10 Ma. As the HLG section locates between the Saishiteng Shan and Luliang Shan, which is the outmost thrust belt of the NQQB, we suggest tectonism transmitted to this structure belt at ∼10 Ma and caused persistent deformation since then.
Published in situ thermochronology data revealed widespread middle-late Miocene rapid exhumation in the NQQB (Figure 1A). The intense tectonic deformation of the northern Qaidam Basin that commenced at ∼10 Ma is also supported by synchronous tectono-sedimentary records in surrounding basins. Several tectonic traces at ∼10–8 Ma both recorded in the northern Qaidam Basin and Jiuquan Basin that surrounding the NQQB, such as: the beginning accumulation of coarse clasts (Fang et al., 2005, 2007; Li et al., 2014); the syndepositional deformation shown in seismic or exposure profiles (Yin et al., 2008; Li et al., 2014); abruptly increased accumulation rates (Fang et al., 2005, 2007; Ji et al., 2017); initiation of sedimentary recycling in basins margin (Wang et al., 2017; Zheng et al., 2017; Pang et al., 2019a). In addition, the cease of rotation of the Jiuquan Basin suggests that the domination of shortening and uplift since then (Yan et al., 2012).
Thermochronology data together with the tectono-sedimentary data suggest the sedimentary source uplifted synchronous with the marginal basin. The southernmost Qilian Shan (Qaidam Shan), which locates close to the HLG section, have deformed at 15–10 Ma (Meng et al., 2020). The appearing of tectonic deformation in the northern Qaidam Basin since ∼10 Ma delayed the deformation of the southern Qilian Shan, indicating a southward extension of deformation in the southernmost Qilian Shan-northern Qaidam Basin. However, the spatial and temporal distribution of the Miocene tectonic events in the NQQB does not shows any regular migration (Figure 1A). We suggest the NQQB experienced intensified tectonic deformation since the late Miocene and the basin-ward migration of intense deformation is limited to the marginal basin.
CONCLUSION
In this study, we present new AFT thermochronology data from Paleogene strata in the northern Qaidam Basin to investigate the time of tectonic deformation of this site. All the AFT samples experienced partial annealing during sedimentary burial. Thermal history modeling of these samples show an early stage of heating before the middle Miocene and a later stage of cooling since ∼10 Ma. This transition at ∼10 Ma should be caused by the initiated exhumation of the sampled strata. Thus indicates intensified tectonic deformation since ∼10 Ma. We suggest the northern Qaidam Basin experienced intense tectonism since the late Miocene.
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The Cenozoic collision between India and Asia promoted the widespread uplift of the Tibetan Plateau, with significant deformation documented in the Pamir Plateau and West Kunlun Mountains. Low-temperature thermochronology and basin provenance analysis have revealed three episodes of rapid deformation and uplift in the Pamir–West Kunlun Mountains during the Cenozoic. However, there is very little low-temperature thermochronology age–elevation relationship (AER) data on fast exhumation events in this area—especially in the West Kunlun Mountains— leading to uncertainty surrounding how these events propagated within and around the mountain range. In this study, we produced an elevation profile across granite located south of Kudi, Xijiang Province, China, to reveal its exhumation history. Apatite fission track AER data show that a rapid exhumation event occurred at ∼26 Ma in the southern West Kunlun Mountains. When combined with published data, we interpret that the initial uplift events related to the India–Asia collision began in the central Pamir, southern West Kunlun, and northern West Kunlun regions during the Late Eocene, Oligocene, and Middle Miocene periods, respectively. Therefore, the Cenozoic northward growth process occurred from south to north around West Kunlun.
Keywords: apatite fission track, age-elevation relationship, West Kunlun Mountains, Tibetan Plateau, deformation, uplift
INTRODUCTION
The Cenozoic collision between India and Asia formed the Tibetan Plateau (TP, Figure 1A), a series of intracontinental orogenic belts (Tapponnier et al., 2001; Royden et al., 2008), and induced regional climatic change (Raymo and Ruddiman, 1992). The onset ages of the India–Asia collision in the western Himalaya syntaxis (WHS), central Tibet and eastern Himalayan syntaxis (EHS) remain debated (Leech et al., 2005; Hu et al., 2016). The WHS is dominated by the Pamir Plateau, which is comprised of the northern Pamir, central Pamir, and southern Pamir (Figure 1B) domains. The northern Pamir has Asian affinity, whereas the central and southern Pamir regions have Cimmerian Gondwanan affinity (Burtman and Molnar, 1993; Li et al., 2020). The West Kunlun Mountains (WK), situated in the southeastern Pamir, are divided into the southern West Kunlun (SWK) and northern West Kunlun (NWK) regions. These three parts of the Pamir extend to the southeast and correspond to the SWK, Songpan-Ganzi Terrane, and Qiangtang Terrane (Figure 1B; Robinson et al., 2004; Cowgill, 2010). Together, these domains are known as the Pamir–WK. The Cenozoic and pre-Cenozoic geological evolution of the Pamir–WK has been a topic of significant scientific focus over the past 20 years (Robinson et al., 2004; Cowgill, 2010; Li et al., 2020; Cai et al., 2021).
[image: Figure 1]FIGURE 1 | (A) Location of the western Himalayan syntaxis (WHS) (modified from Tapponnier et al. (2001)). (B) Geomorphology and main faults in the Pamir–Southwestern Tien Shan. Red stars mark the main sites where magnetostratigraphy was performed in the southwestern Tarim and Tajik basins. Abbreviations are as follows: T, terranes; S., suture; F, fault; R, river; ZFT, zircon fission track age; ZHe, zircon (U–Th)/He age; AFT, apatite fission track age; AHe, apatite (U–Th)/He age; AK, Asku section; DA, Dashtijum section; PE, Peshtova section; BK, Baxbulak section; BT, Bora Tokay section; AK, Akqiy section; OT, Oytag section; QM, Qimugen section; AT, Aertashi section; KY, Kekeya section; and LY, Keliyang section).
Low-temperature thermochronology is widely used to constrain the cooling histories of plateaus and mountain ranges (Reiners et al., 2005; Guenthner et al., 2013). Moreover, age–elevation relationship (AER) data are extremely valuable for defining the denudation and relief history in a locality, especially when an AER has a transform point (Braun, 2002; Valla et al., 2010). Previous low-temperature thermochronological studies in the study region have shown that the Pamir–WK experienced three rapid exhumation events during the Cenozoic at ∼50–40, ∼25–16, and between ∼10 Ma and the present day (Robinson et al., 2004; Robinson et al., 2007; Amidon and Hynek, 2010; Sobel et al., 2011; Wang et al., 2011; Carrapa et al., 2014; Li et al., 2019). Other studies have shown that a provenance change or increase in sediment flux occurred at ∼40–30, ∼26, and ∼15 Ma (Jiang and Li, 2014; Tang et al., 2015; Blayney et al., 2016; Sun et al., 2016; Wang et al., 2019; Zhang et al., 2019; Sun et al., 2020; Li et al., 2021; Sakuma et al., 2021; Wang et al., 2021). The Paleogene paleotopography in the WK may therefore represent an ancient land surface (Li et al., 2019). Despite this work, it is uncertain how these tectonic events propagated within and around the mountain range. This uncertainty is exacerbated by the paucity of low-temperature thermochronology AER data that constrain the uplift and exhumation rates in this area, especially in the WK. In this study, we collected samples of granite profiles situated south of Kudi, Xijiang Province, China, and used the AER of the apatite fission track (AFT) data to reveal the exhumation history of the SWK. These data record a transformation point within the AER, which means an abrupt tectonic transition in the SWK. We then integrate these results with those of previous studies to interpret the Cenozoic growth history of the WK.
GEOLOGICAL SETTING
The Pamir–WK is broadly salient and has been displaced northward over the Tarim–Tajik basins along the Main Pamir thrust system and Darvaz fault (Figure 1B). The Pamir–WK can be divided into four tectonic terranes: the NWK, the northern Pamir–SWK, the central Pamir–Songpan-Ganzi, and the Southern Pamir–Karakorum–Hidu Kush–Qiangtang, which are separated by the Kudi suture, Tanymas-Karakax suture, and Rushan-Pshart-Jinsha suture, respectively (Figure 1B). The former two terranes have affinity to Asia, whereas the latter two terranes previously split away from the Gondwanan (Burtman and Molnar, 1993; Li et al., 2020). The southwestern Tien Shan was situated north of the Pamir–WK prior to the shortening of strata during the Cenozoic, with estimates of shortening between both domains ranging between ∼50 and 100 km (Chen et al., 2018; Li et al., 2020) and ∼300 km (Burtman and Molnar, 1993).
The WK is bordered by the Tarim Basin to the north, the Pamir Plateau to the northwest, and the Songpan-Ganzi terrane to the south. It is a mountainous region ∼700 km long, ∼100–130 km wide, and contains peaks up to ∼7,600 m high. The Tarim Basin has an elevation of <1,500 m, while the frontal orogenic fold belt between the Tarim Basin and the Tiklik fault has an elevation of 1,500–2,500 m. To the south of the Tiklik fault, the WK itself has an elevation of 3,000–6,000 m. The WK can be divided into the northern and southern parts by the Kudi suture (Figure 1B), which formed due to the closure of the Proto-Tethys Ocean (Matte et al., 1996). The WK initially formed during the Paleozoic-Mesozoic and experienced a complex strike-slip to compressive evolution (Yin and Harrison, 2000; Arnaud et al., 2003; Laborde et al., 2019). The WK reached its current elevation due to reactivation of pre-existing faults during the Cenozoic India–Asia collision (Matte et al., 1996; Yin and Harrison, 2000; Jiang et al., 2013; Laborde et al., 2019).
To the north of the WK, the Tarim Basin contains extensive Mesozoic-Cenozoic deposits and has an average thickness of ∼1,200 m. Today, the Tarim Basin is an endorheic basin surrounded by mountain ranges: the Pamir–WK to the southwest, the Altyn Tagh Mountains to the southeast, and the Tien Shan to the north. These ranges previously provided abundant sediment that infilled the Tarim Basin, with the Pamir–WK having been the main sedimentary provenance for the SW Tarim Basin during the Mesozoic–Cenozoic, especially during the Cenozoic (Jiang and Li, 2014; Li et al., 2021). The Mesozoic strata in the SW Tarim Basin include Jurassic (Shalitashi, Kansu, Yangye and Kuzigongsu Formations) and Cretaceous (Kezilesu and Yengisar Groups) sediments (Sobel, 1999), and the Cenozoic strata include the Kashi Group (Aertashi, Qimugen, Kalatar, Ulagen and Bashibulake Formations), Wuqia Group (Keziluoyi, Anjuan and Pakabulake Formations), Artux Formation and Xiyu Formation (Jia et al., 2004; Liu et al., 2017a).
SAMPLING AND METHODS
Geological mapping and sampling were performed over several years in the WK in collaboration with the China Geological Survey. Survey routes were situated near the G219 highway, which runs from Xinjiang to Tibet, and granite samples were collected from southern Kudi. From north to south, this area consists of the NWK, SWK, and Songpan-Ganzi (Figure 2). The NWK includes Carboniferous and Mesoproterozoic rocks of the Changcheng System and Silurian and Ordovician granites. The SWK contains Mesoproterozoic rocks of the Changcheng System, alongside granite of various ages, and other deformed rocks. The Songpan-Ganzi terrane only shows exposed Silurian rocks. A topographic profile from the Songpan-Ganzi to the NWK shows that these three terranes attain maximum elevations exceeding 4,500, 3,000, and 2,700 m (Figure 3). The study regions contain several types of granite. Five samples (KDW52, KDW55, KDW60, KDW61, and KDW62) were collected from a Triassic (TγδβJ) intrusion between its highest (4,814 m) and lowest (3,540 m) points (Figures 2, 3 and Table 1).
[image: Figure 2]FIGURE 2 | Geological map of the corridor along the Xinjiang-Tibet Road from Akaz to Heiqia. Abbreviations for stratigraphic units are given by region. Northern West Kunlun: Pt2, Middle Proterozoic; Jxbb, segment B in the Bochatetage Formation of the Middle Proterozoic Jiexian System; C1T, Carboniferous Talong Group; C1Y, Carboniferous Yishake Group; C2K, Carboniferous Kuerliang Group; Є-Ox, Cambrian–Ordovician Xiheti Group; SγσβK, Silurian biotite adamellite; SηγβKb, segment B in Silurian biotite adamellite; SηγβKc, Segment C in Silurian biotite adamellite; and OηγKc, segment C in Ordovician coarse monzogranite. Southern West Kunlun: Q, Quaternary; ChSta, segment A of the Saitula Group of the Middle Proterozoic Changchengian System; C2t, Carboniferous Tireaili Formation; J1–2Y, Jurassic Yerqiang Group; Pz1OφmK, Kudi ophiolitic mélange; Pt2ηγβK, Middle Proterozoic gneissic biotite monzogranite; ЄβμP, Cambrian diabase; OηδoB, Ordovician medium-grained quartz diorite; SξγβS, Silurian medium-grained biotite moyite; SηγβS, Silurian medium-grained biotite monzogranite; TηγJ, Triassic medium-grained monzogranite; TγδβJ, Triassic medium-grained, porphyritic biotite granodiorite; TηγβS, Triassic medium-grained, porphyritic biotite monzogranite; TηδoJ, Triassic medium- to fine-grained quartz monzodiorite; Tδo-ηγS, Triassic mixed magmatic granite; Pαμ+ξ, altered andesitic porphyrite and dacite; Pss, sandstone intercalated with sericitic and silty slate; Cmb, bioclastic dolomitic limestone and marble; S1Wsl, silty slate and phyllite; TSa, segment A in sandstone of the Triassic Sailiyakedaban Group; and TSb, segment A in conglomerate of the Triassic Sailiyakedaban Group. Songpan-Ganzi Terrane: S1Wb, Formation B of the Silurian Wenquan Group, which contains gray, medium-bedded, and fine-grained arkosic sandstone intercalated with silty, Didymites-bearing slate; and S1Wc, Formation C of the Silurian Wenquan Group, which contains thickly bedded, moderate- to fine-grained quartz sandstone and fine-grained arkosic sandstone intercalated with some silt and slate.
[image: Figure 3]FIGURE 3 | A geological section between the Northern West Kunlun Terrane and the Songpa-Ganzi Terrane. Black stars record the elevations of samples in the Southern West Kunlun Terrane that were collected for apatite fission track analysis, although the actual locations do not lie within the plane of the section.
TABLE 1 | Apatite fission-track data of the South Kudi section in the Southern West Kunlun Terrane.
[image: Table 1]All granite samples were crushed and pulverized, and constituent minerals were concentrated by using standard magnetic and density separation techniques. Individual apatite grains were handpicked from the concentrates and used for fission track dating via the external detector method, following the procedures documented in our previous publication (Liu et al., 2017b). Initially, apatite grains were mounted and polished to expose the centers of as many grains as possible and were then immersed in 5.5 N HNO3 for 20 s at 21°C to reveal natural fission tracks. Fission track sample mounts, age standards (Fish Canyon and Durango) and IRMM540R dosimeter samples were irradiated together in a thermalized reactor located at Oregon State University, United States, using a thermal neutron fluency of 1.0 × 1016 n cm−2. U-free muscovite external detectors were etched in 40% HF for 40 min at 20°C to reveal their induced fission tracks. Fission tracks were counted on a Zeiss microscope at the Chinese Academy of Geological Sciences, China, using an Autoscan system (produced in Australia) in manual mode, set to a magnification of ×1,000. The zeta (ζ) value of 272.78 ± 15.99 was obtained using Durango and Fish Canyon apatite standards (Hurford and Green, 1983; Naeser and Cebula, 1985). More than 20 grains were chosen from each sample. All ages were determined to be within an error of 1σ using the computer code “Trackkey” (Dunkl, 2002).
RESULTS
Between 22 and 24 grains were analyzed for AFT in each sample, and the results are listed in Table 1 and shown in Figure 4. For this measurement, the value of Zeta (ζ) is 272.78 ± 15.99. Three samples (KDW55, KDW60 and KDW61) show low AFT P (χ2) values (<5%), although the highest and lowest elevation samples (KDW52 and KDW62) show high P (χ2) values (>5%) (Table 1). The AFT central ages are 25.5 ± 3.1, 26.7 ± 3.2, 25.8 ± 3.3, 16.4 ± 2.0, and 14.8 ± 1.4 Ma for KDW52, KDW55, KDW60, KDW61, and KDW62, respectively. The mean Dpar varied from 1.26 to 1.38 μm. Because the AFT ages determined for these samples are younger than 30 Ma, we did not measure the full track lengths.
[image: Figure 4]FIGURE 4 | Apatite fission track results displayed on radial plots (Galbraith, 1990) for the Kudi section. The plots were drawn using Radialplotter (Vermeesch, 2009). The color code displays uranium concentrations (left) or chlorine concentrations (right) for each sample.
Figure 5 shows AER data using the central ages. The ages of samples with the three highest elevations are near ∼26 Ma (KDW52, KDW55 and KDW60), while the ages of the two low-elevation samples are near ∼15–16 Ma (KDW61 and KDW62). A clear transition point in AER data can be seen in Figure 5 at ∼26 Ma.
[image: Figure 5]FIGURE 5 | Age–elevation relationships for apatite fission track data from the South Kudi section, with 1σ analytical uncertainties shown as error bars.
DISCUSSION
Rapid Oligocene Uplift in the Southern West Kunlun Mountains
Low-temperature thermochronological data are highly effective for deciphering the cooling history of a region, with techniques including apatite (U–Th)/He (AHe, ∼30–120°C), apatite fission track (AFT, ∼60–110°C), zircon (U-Th)/He (ZHe, ∼130–200°C), and zircon fission track (ZFT, ∼220–260°C) (Reiners et al., 2005; Guenthner et al., 2013). The cooling rates, especially from the AER data, derived from these minerals have been widely used to identify rapid uplift events in the eastern (Wang et al., 2012; Tian et al., 2013; Zhang et al., 2016; Liu-Zeng et al., 2018; Cao et al., 2019; Replumaz et al., 2020), northern (Liu et al., 2017b, 2021; Wang et al., 2017; Zhuang et al., 2018; Lin et al., 2021), and western (Wang et al., 2003; Amidon and Hynek, 2010; Sobel et al., 2011; Cao et al., 2013; Thiede et al., 2013; Cao et al., 2015; Li et al., 2019) Tibetan Plateau. Unfortunately, the rapid cooling rates derived from AER data do not always imply rapid exhumation rates (Stüwe et al., 1994; Burbank, 2002). However, the break-in-slope point or zone in an AER should record a significant tectonic transformation (Braun, 2002; Valla et al., 2010), which is used to correlate with a rapid uplift event within the Tibetan Plateau (Zheng et al., 2006; Ouimet et al., 2010; Zheng et al., 2010; Lease et al., 2011; Wang et al., 2012; Tian et al., 2015). In this study, the three lowest-elevation samples yielded a mean exhumation rate of ∼0.041 km/Ma. The three highest-elevation samples yield very similar central ages of ∼26 Ma (Figure 5), indicating that the adjacent area has undergone rapid exhumation at ∼26 Ma. As our samples were collected from the SWK (Figure 1B), the SWK is interpreted to have undergone rapid uplift at ∼26 Ma, followed by a period of slow uplift that continued to at least ∼15 Ma (Figure 5).
Based on source-to-sink theory, sedimentary provenance analysis in a basin can effectively decipher the evolutionary history of adjacent ranges (Fedo et al., 2003; Najman, 2006; Kimbrough et al., 2015; Koshnaw et al., 2018; Coutts et al., 2019; Nordsvan et al., 2020; Resentini et al., 2020). Basin analysis has been applied to several mountain fronts in the Pamir–WK region, which has constrained the evolutionary history of its adjacent ranges. The dominance of Cenozoic northward-directed paleocurrents in the SW Tarim Basin indicates that the basin sediments were mainly derived from its southern margin (Sobel, 1999; Bershaw et al., 2012; Cao et al., 2014; Zhang et al., 2019; Li et al., 2021). Interestingly, an ∼45 Ma peak in detrital zircon U/Pb ages is documented only in the central Pamir and first appears in Eocene strata in the SW Tarim and Tajik basins (Blayney et al., 2016; Sun et al., 2016; Wang et al., 2019; Zhang et al., 2019; Sun et al., 2020; Wang et al., 2021). Previous documents indicated that this magmatic activity represented the Late Eocene rapid uplift in the central Pamir region, based on late Eocene detrital apatite fission track ages and regional tectonic movements (Wang et al., 2019; Zhang et al., 2019; Wang et al., 2021). Moreover, detrital zircons with an age peak of ∼45 Ma are absent in sedimentary rocks that formed at ∼26 Ma in the Oyitag and after ∼26.5 Ma in the Aertashi sections of the SW Tarim Basin (Figure 6; Blayney et al., 2016; Sun et al., 2016), indicating that the influx of sediments from the central Pamir region was hindered by the growth of the mountains to the northern side of the basin. Based on our new data, we interpret that the SWK experienced rapid uplift at ∼26 Ma, which restricted sediment flux into its northern basins.
[image: Figure 6]FIGURE 6 | U-Pb detrital zircon data shown as normalized kernel density plots for rocks from the Oytag (Sun et al., 2016) and Aertashi (Blayney et al., 2016) sections in the SW Tarim Basin. The shaded bar represents the populations diagnostic of the central Pamir provenance with a detrital zircon U-Pb peak age of ∼45 Ma. The ages in the brackets after the sample ID represent the sedimentary ages. N indicates the number of measured detrital zircon grains.
Both the low-temperature thermochronology performed herein and previous basin sedimentary provenance analyses confirm that the SWK experienced rapid uplift at ∼26 Ma, which restricted sediments sourced from central Pamir region from being transported into its northern basins. Paleomagnetic data show an abrupt increase in mean magnetic susceptibility at ∼26 Ma in the Baxbulak section of the Alai Valley, although this has previously been interpreted as recording tectonic activity in the southwestern Tien Shan (Tang et al., 2015). Nonetheless, this rapid exhumation event (∼25–16 Ma) is also documented in the northern Pamir region (Amidon and Hynek, 2010), indicating that this event may record regional-scale movement on the northwestern Tibetan Plateau.
Cenozoic Northward Growth of West Kunlun Mountains
The WK is divided into southern and northern domains, with the former extending to the northern Pamir region (Figure 1B). Sedimentary provenance analysis indicates that the WK and northern Pamir region had certain paleoelevations prior to the Cenozoic (Cao et al., 2015; Blayney et al., 2016; Li et al., 2020), which supports rapid uplift in the northern Pamir region during the late Paleocene–early Eocene (∼50–40 Ma) (Amidon and Hynek, 2010; Carrapa et al., 2015; Chen et al., 2018). As the sedimentary provenance in the SW Tarim and Tajik basins did not change between the Late Cretaceous and the Early Eocene, the topography of the nearby ranges must also not have changed during this time. The first quasi-synchronous rapid uplift of the central Pamir region occurred in the Late Eocene (40–30 Ma), and provided a new sediment flux into the SW Tarim and Tajik basins (Blayney et al., 2016; Wang et al., 2019; Zhang et al., 2019; Sun et al., 2020; Wang et al., 2021), although this occurred at the earliest time of ∼47 Ma in the Oytag section of the Tarim Basin (Sun et al., 2016). The second regional-scale rapid uplift in the SWK (this study) and northern Pamir region (Amidon and Hynek, 2010) occurred during the Oligocene; this lasted at least ∼9 Ma (from 25 to 16 Ma) in the northern Pamir region, but there are no geochronological data to constrain its duration in the SWK. The >1,000-km-long Karakorum Fault developed during this Oligocene uplift event (Lacassin et al., 2004; Li et al., 2007; Valli et al., 2007; Valli et al., 2008) and subsequently played a vital role in the evolution of the WHS (Cowgill, 2010). Finally, a third episode of rapid uplift began in the WK and northern Pamir during the Middle Miocene, with this event continuing to the present day and shaping the current landscape (Cao et al., 2013; Thiede et al., 2013; Cao et al., 2015; Blayney et al., 2019).
Our new data combined with published results show that at least three rapid uplift events occurred in the Pamir–WK during the Cenozoic (Figure 7), but how did each of these events influence the tectonic evolution of the WK? The ∼45 Ma peak of detrital zircon U/Pb ages indicates that the central Pamir region experienced the first uplift event, although no equivalent ages are recognized in the WK, despite its northward extension (i.e., the northern Pamir) recording this event. Moreover, if the WK had experienced this uplift at this time, the sediments from the central Pamir region would not have been deposited in the SW Tarim Basin. Therefore, we believe that the first uplift event only took place south of the WK. Our AFT data confirm that the second uplift event occurred in the SWK, which restricted sediments derived from the central Pamir region from entering the SW Tarim Basin. Prior to this study, no Oligocene thermochronological data were reported from the NWK, which implied that this second major uplift event did not affect the NWK. Furthermore, while thermochronological data confirm that the third uplift event occurred in the NWK (Sobel and Dumitru, 1997; Sobel et al., 2011; Chapman et al., 2017) and northern Pamir region (Sobel et al., 2011; Thiede et al., 2013; Figures 1, 7), no previous data have shown that this event affected the SWK. Our data from the Kudi profile indicate that the phase of relatively slow exhumation lasted from ∼26 to ∼15 Ma (Figure 5). Furthermore, as the SWK currently has higher elevation than the NWK (Figure 7), the southern domain likely experienced a prolonged period of uplift than the northern domain. Therefore, we suggest that the SWK possibly also experienced the third documented uplift event. Based on these data, three Cenozoic uplift events should first occur to the south of the WK, SWK, and NWK during the Eocene, Oligocene, and Mid-Miocene (Figure 7). Therefore, northward growth should take place around the WK, possibly caused by the stepwise growth (Tapponnier et al., 2001) or continuous deformation (Molnar et al., 1993) of the Tibetan Plateau.
[image: Figure 7]FIGURE 7 | Tectonic events that have affected the West Kunlun Mountains. Yellow, red and green lines indicate the maximum, average and minimum elevations of selected area, which showing in the Figure 1B with red frame. Pick dots and dots with error bars indicate the elevations and AFT cooling ages from Chapman et al. (2017). Red dots and dots with error bars indicate the elevations and AFT cooling ages from Thiede et al. (2013). Green dots and dots with error bars indicate the elevations and AFT cooling ages from Sobel et al. (2011). Blue dots and dots with error bars indicate the elevations and AFT cooling ages from Cao et al. (2013). Yellow dots and dots with error bars indicate the elevations and AFT cooling ages from Li et al. (2019). Black dots and dots with error bars indicate the elevations and AFT cooling ages from this study.
Sedimentary provenance analysis in the SW Tarim Basin also supports the interpreted northward growth of the WK. Detrital zircons with age peaks of ∼45 Ma are absent in sedimentary rocks that formed at ∼26–15 and ∼14–11 Ma in the Aertashi section of the SW Tarim Basin (Figure 6; Blayney et al., 2016), which indicates that sediments from the central Pamir region could not freely enter its northern basin. The reason for this limited movement is most likely due to being restricted by uplift of the WK. These events are shown in Figure 8 as a tectonic model for the WK. During the Late Cretaceous, the central Pamir–Songpan–Ganzi region had not experienced uplift, whereas the WK had a greater elevation, allowing the paleorivers (e.g., the Pishan River, the Yarkang River and others) to erode headward toward the Songpan–Ganzi terrane. During the Eocene, the Paratethys Ocean transgressed into and retreated from the Tarim Basin, and the central Pamir region experienced initial Cenozoic uplift, which allowed the paleorivers (e.g., the Pishan River and the Yarkang River) to supply new detrital zircon grains with ∼45 Ma peak ages. During the Oligocene, the SWK experienced abrupt uplift, which restricted the sedimentary flux from the central Pamir region into the SW Tarim Basin. From the middle Miocene to the present day, the NWK and SWK both experienced abrupt uplift, which restricted the transport of eroded material from the central Pamir region into the Tarim Basin, although the head of the paleo-Yarkang River eroded through the central Pamir region at ∼26–15 and ∼14–11 Ma.
[image: Figure 8]FIGURE 8 | Growth model for the region surrounding the West Kunlun Mountains. Gray value represents the paleo-altitude. During the Late Cretaceous, although the Kunlun Mountains have certain elevations, the paleorivers eroded headward toward the Songpan–Ganzi terrane (A). During the Eocene, the central Pamir region experienced initial Cenozoic uplift (B). During the Oligocene, the SWK experienced abrupt uplift, which was higher than the NWK and Central Pamir–Songpan–Ganzai terrane (C). From the Mid-Miocene to present, the NWK and SWK both experienced abrupt uplift (D).
CONCLUSION

1) The age–elevation relationship (AER) of the apatite fission track (AFT) shows that rapid exhumation occurred at ∼26 Ma in southern West Kunlun.
2) Combining these data with those of previous studies shows that West Kunlun and its adjacent region experienced northward initial Cenozoic growth during the Late Eocene, Oligocene, and Middle Miocene in the central Pamir, southern West Kunlun, and northern West Kunlun regions, respectively.
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The Qilian Shan, which is located along the northeastern margin of the Tibetan Plateau, plays a key role in understanding the dynamics of the outward and upward growth of the plateau. However, when and how tectonic deformation evolved into the geographic pattern which is currently observed in the Qilian Shan are still ambiguous. Here, apatite fission track (AFT) thermochronology and sedimentology were conducted to interpret the low-temperature tectonic deformation/exhumation events in well-dated Late Miocene synorogenic sediment sequences in the Xining Basin, which is adjacent to the southern flank of the Qilian Shan. These new low-temperature thermochronological results suggest that the Qilian Shan experienced four stages of tectonic exhumation during the late Mesozoic–Cenozoic. The Late Cretaceous exhumation events in the Qilian Shan were caused by the diachronous Mesozoic convergence of the Asian Plate and Lhasa Block. In the early Cenozoic (ca. 68–48 Ma), the Qilian Shan quasi-synchronously responded to the Indian–Asian plate collision. Subsequently, the mountain range experienced a two-phase deformation during the Eocene–Early Miocene due to the distal effects of ongoing India–Asia plate convergence. At ca. 8 ± 1 Ma, the Qilian Shan underwent dramatic geomorphological deformation, which marked a change in subsidence along the northeastern margin of the Tibetan Plateau at that time. Our findings suggest that the paleogeographic pattern in the northeastern Tibetan Plateau was affected by the pervasive suture zones in the entire Qilian Shan, in which the pre-Cenozoic and Indian–Asian plate motions reactivated the transpressional faults which strongly modulated the multiperiodic tectonic deformation in northern Tibet during the Cenozoic. These observations provide new evidence for understanding the dynamic mechanisms of the uplift and expansion of the Tibetan Plateau.
Keywords: Apatite fission track, Northern Tibetan Plateau, Xining Basin, Qilian Shan, Tectonic exhumation, Geomorphological, NE Tibetan Plateau
INTRODUCTION
With continuous Cenozoic compression and convergence between the Indian and Asian plates, the uplift and expansion of the Tibetan Plateau has profoundly influenced the climatic and paleogeographical evolution in Asia (England and Houseman, 1986; Harrison et al., 1992; Dupont-Nivet et al., 2008; Fang et al., 2019; Spicer et al., 2020). Several tectonic geodynamic evolution models present different interpretations of the topographic spatial–temporal deformation mechanism of the Tibetan Plateau. For example, some studies suggest that growth on the northeastern margin of the plateau was driven by continuous lithospheric shortening and monotonic deformation induced by propagation of stresses from south to north during the Pliocene–Quaternary (Meyer et al., 1998; Tapponnier et al., 1990; Tapponnier et al., 2001; Hu et al., 2019). However, recent deforming mantle models suggest that the deformation initiated quasi-synchronously in the early Cenozoic throughout the whole Tibetan Plateau (for example, Yin and Harrison, 2000; Yin et al., 2008; Dayem et al., 2009; Clark, 2012; Clark et al., 2010). The northeastern margin of the plateau developed multiple orogenic belts, which significantly constrains the timing of the far-field effects of plate collision and the mechanism of plateau expansion (Tapponnier et al., 2001; Lease et al., 2012). The Qilian Shan trends in the northwest direction between the Alxa and Qaidam Blocks, which comprise the northeastern margin of the Tibetan Plateau (Figure 1A). As a frontier tectonic belt that formed in response to the plateau-related collision, the Qilian Shan is a key to test deformation events, and the growth model of the plateau edge has garnered significant attention. Recent studies have revealed the Cenozoic tectonic history of the Qilian Shan, but the initial timing of tectonism and the growth evolution of the mountain range have remained elusive. Two consensuses have emerged regarding the timing of prominent deformation in the Qilian Shan, namely, the early Cenozoic (Yin et al., 2002; Yin et al., 2008; He et al., 2017; He et al., 2020a; He et al., 2020b) and the late Cenozoic (Wang et al., 2017; Pang et al., 2019a; Wang et al., 2020), and these models yield distinctly different predictions of the mechanism of the plateau growth. Moreover, Cretaceous tectonic signals have also been found in the Qilian Shan (Jolivet et al., 2001; Qi et al., 2016; Li et al., 2019), but research regarding the Mesozoic tectonic evolution of the southern, central, and northern Qilian Shan is relatively scarce (Vincent and Allen 1999; Chen et al., 2002; Cheng et al., 2019).
[image: Figure 1]FIGURE 1 | Geologic survey of the study area on the Tibetan Plateau. (A) Digital topographic elevation model of the northeastern Tibetan Plateau mainly indicates the location of the Qilian Shan geomorphology and adjacent basins. (B) Topography of the major faults in the TP and Qilian Shan in the northeastern region and the periphery. (C) Distribution of the Cenozoic stratigraphy of the XB and locations of the CJB (Caojiabao) and MJZ (Mojiazhuang) sections (modified from Dai et al., 2005). (D) Sections a–b show the relationships between the Cenozoic stratigraphy and the CJB and MJZ sections for the top sequences (modified from Zhang et al., 2017).
The Xining Basin (XB) is adjacent to the convergence zone of the southern, central and northern Qilian orogenic belts (Figure 1B). This basin developed a thick and continuous late Cenozoic sediment sequence, and the depositional age of this sequence has been constrained by fine-scale paleomagnetism and mammalian fossil chronology (Yang et al., 2017; Zhang et al., 2017). Therefore, the XB is an ideal site to constrain the temporal evolution of basin–mountain coupling. Detrital apatite fission track (AFT) thermochronology research is a significant means to invert the tectonic evolution of orogenic belts and basin formation and to recover paleogeography during basin–mountain coupling (Bernet and Spiegel, 2004). Previous studies have provided large amounts of low-temperature thermochronological information on the sedimentary strata and nearby bedrock in the XB, but the interpretation of AFT ages of sediments deposited after the Late Miocene is still unclear (Wang et al., 2015b; Wang et al., 2016; Lease et al., 2011). In this study, we present detrital AFT and sedimentological evidence from two well-dated late Cenozoic synorogenic sections in the XB, which constrain the linkages to the Mesozoic–Cenozoic tectonic evolution of the Qilian Shan. Our observations provide further insight into the involvement of per-Cenozoic plate motions and the Cenozoic multiepisodic tectonic exhumation history of the Qilian Shan. Although the timing of the initial Indian–Asian plate collision remains controversial, most current studies suggest that the plates initially collided at approximately 55 ± 10 Ma (Najman et al., 2010; Ding et al., 2017). Notably, no extensive Cenozoic volcanic activity occurred near the XB, from which it can be deduced that the exhumation/cooling events in this study of the Qilian Shan were caused by tectonically driven local terrain deformation rather than by magmatic cooling and eruption (Gansu Geologic Bureau, 1989; Gehrels et al., 2003; He et al., 2020a). Hence, the early Cenozoic cooling signals indicate that the Qilian Shan quasi-synchronously responded to the Indian–Asian plate collision, which is also consistent with previous research in other parts of the northeastern margin of the Tibetan Plateau (Dupont-Nivetet et al., 2004; Dai et al., 2005; Jian et al., 2013; Jian et al., 2018; Fan et al., 2019; Cheng et al., 2019; Fang et al., 2019; Hong et al., 2020). These results enrich the knowledge of the Late Cretaceous–Cenozoic paleogeomorphological growth history of the northeastern Plateau.
GEOLOGICAL SETTING
The Qilian Shan is located in the northernmost portion of the Tibetan Plateau and is divided into multiple basin–mountain units by a series of subparallel NW-SE striking thrusts, folds, and strike-slip faults (Meyer et al., 1998) (Figure 1B). The main basins around the Qilian Shan, including the Qaidam Basin, Hexi Corridor Basin, and XB, have thick and extensive Cenozoic sediments (Figure 1B). The XB is adjacent to the eastern part of the Qilian Shan and is in the transition zone between the Tibetan Plateau and the Loess Plateau. This NW-oriented quadrilateral inland Cenozoic basin is related to a dome structure composed of Proterozoic, early Proterozoic, and Mesoproterozoic orogenic belts (Fang et al., 2019). The basin is bound by the Laji Shan, Daban Shan, and Riyueshan faults to the south, north, and west, respectively (QBGM, 1991). The mountains around the basin are situated in the Central Qilian orogenic belt, in which the Huangshui River cuts through the Cenozoic strata providing good natural sections for researchers to trace the tectonism history of the Qilian Shan and the adjacent basins on the northeastern margin of the Tibetan Plateau. Previous studies on the tectonic history of the northeastern Tibetan Plateau have obtained a series of important achievements (Meyer et al., 1998; Tapponnier et al., 2001; Yin et al., 2002; Yin et al., 2008; Lease et al., 2011; Jian et al., 2013; Yuan et al., 2013; Allen et al., 2017; Jian et al., 2018; Fang et al., 2019; Hong et al., 2020; Cheng et al., 2021). Current sedimentological and low-temperature thermochronological evidence suggests that the region quasi-synchronously responded to the Indian–Asian Plate collision during the early Cenozoic, and then it entered a period of relative quiescence (Duvall et al., 2013; Pan et al., 2013; Wang et al., 2016; Zhang et al., 2016; An et al., 2020). Subsequently, widespread faulting and orogenic belt deformation occurred at ∼15 Ma (Zheng et al., 2017; Pang et al., 2019b; Yu et al., 2019). Along with the continued northward compression of the plateau and eastward propagation of the Haiyuan faults, the bedrock and basin sediments recorded many rapid exhumation/deposition events during 8–10 Ma (Fang et al., 2005; Zheng et al., 2010; Fang et al., 2012; Wang et al., 2016; Zhuang et al., 2018). The large amounts of low-temperature thermochronological data published in recent years show that the Qilian Shan has experienced four stages of cooling history: Late Triassic–Early Cretaceous (Jolivet et al., 2001; Qi et al., 2016); Late Cretaceous–Eocene (Jian et al., 2013; Li et al., 2013; Pan et al., 2013; Wang et al., 2016; Jian et al., 2018); Oligocene–Middle Miocene (Li et al., 2013; Yu et al., 2017) and Late Miocene (Zheng et al., 2017; Pang et al., 2019a; Wang et al., 2020). Most of the bedrock data focus on the Oligocene–Early Miocene and Late Miocene (Zheng et al., 2010; Zheng et al., 2017; Meng et al., 2020; Wang et al., 2020), while detrital data in the basin cover all the stages of cooling ages (Pan et al., 2013; He et al., 2017; He et al., 2018; He et al., 2020b).
In this study, we selected two Late Miocene–Pliocene sequences in the Caojiabao (CJB) (12.4–2.6 Ma) (36°42′55.8″ N, 101°49′42″ E; elevation: 2,740 m) and Mojiazhuang (MJZ) (12.7–4.8 Ma) (36°41′07.08″ N, 102°04′15.78″ E; Elevations: 2,840 m) sections within the XB and collected samples for detailed low-temperature thermochronological research. The CJB and MJZ sections are the uppermost sequences of the Cenozoic basin strata and are located at the center and northeast of the XB, respectively (Zhang et al., 2017; Yang et al., 2017; Fang et al., 2019) (Figure 1C,D). The strata exposed in these two sections are divided into the Guanjiashan Fm. (formerly the Xianshuihe Fm.) and Mojiazhuang Fm. from bottom to top according to regional stratigraphic correlation (Figures 2, 3). Limited high-resolution magnetostratigraphy and in situ mammalian fossils indicate that the Guanjiashan Fm. is 140–64 m thick and 12–7 Ma in age in the CJB section and 336–137 m thick and 12.7–7 Ma in age in the MJZ section (Fang et al., 2019) (Figures 2, 3). Based on the lithologic assemblage and mammalian fossils, the Guanjiashan Fm. is divided into two units (Yang et al., 2017). The upper unit is mainly composed of thick brown-yellow massive mudstone/siltstone, which is interbedded with blue-gray thin-layered sandstone and coarse conglomerate. The conglomerate is mainly composed of metamorphic sandstone and quartzite with a southward zonal structure (Figures 2B,D, and 3E). In the stratum, there are many mudstone layers and thin layers of gray-green massive or horizontally bedded marl containing mammalian fossils (Figures 3C and D). The lower unit contains thin grayish sandstone layers and fine-grained conglomerate but lacks a paleosol layer. The conglomerate is mainly composed of metamorphic sandstone, quartzite, and schist (Yang et al., 2017) (Figures 2C and 3E).
[image: Figure 2]FIGURE 2 | Magnetostratigraphy, stratigraphic column, paleocurrent directions (from Zhang et al., 2017 except the new data marked by red arrows), sampling sites, and low-temperature thermochronology results for the Caojiabao (CJB) section. (A–D) Photographs showing the representative stratigraphy for the section. The detrital AFT grain ages of CJB-1, CJB-2, and modern river samples were statistically decomposed into components (with modeled component peak ages and proportions) and chi-square tests through RadialPlotter and DensityPlotter (Vermeesch, 2012).
[image: Figure 3]FIGURE 3 | Magnetostratigraphy, stratigraphic column, paleocurrent directions (all from Yang et al., 2017), sampling sites, and low-temperature thermochronology results for the Mojiazhuang (MJZ) section. The detrital AFT grain ages of the samples were statistically analyzed using RadialPlotter and DensityPlotter (Vermeesch, 2012). (A–F) Photographs of representative stratigraphy in the section.
The characteristics of the Mojiazhuang Fm. differ between two sections, as the exposure of the formation is only 20 m thick in the CJB section but more complete and thicker in the MJZ section (7–4.8 Ma, 137–0 m) (Yang et al., 2017; Zhang et al., 2017) (Figures 2, 3). In the MJZ section, this formation is mainly composed of a very thick gray conglomerate with a thin layer of light brown gravelly siltstone, and the conglomerate features a massive structure, poor sorting, and miscellaneous basal support (Figure 2A, 3A, and B). The Mojiazhuang Fm. in the CJB section mainly consists of fluvial to lacustrine red beds and contains gravel sediments from terraces (Zhang et al., 2017) (Figure 2). The gravel composition, paleocurrent direction, and sedimentary facies and structure in the CJB section are similar to those of the MJZ section, which is mainly composed of conglomerate, sandstone, mudstone, and siltstone (Figures 3A–C), lending support to the regional stratigraphic correlation. The gravel composition of the Mojiazhuang Fm. is mainly metamorphic sandstone, siltstone, quartz, and schist (Yang et al., 2017).
SAMPLING AND MEASURING
We collected nine ∼3- to 6-kg sandstone samples from the modern Huangshui River and the sedimentary sections. Meanwhile, to identify the main source areas of the sections, researchers used paleocurrent orientations to constrain the provenance change in the sediments transported by flows. Previous paleocurrent measurements of the Mojiazhuang Fm. at the top of the CJB section suggest that flows were directed to the south or southwest (Zhang et al., 2017), whereas the Guanjiashan Fm. lacks paleocurrent direction indicators. In this study, the paleocurrent direction was supplementarily measured from the pebble–cobble imbrications in the conglomerates in the lower part of the CJB section (80 m). The data are plotted as rose diagrams to identify the source direction (Figure 2C). The external detector method was used for AFT dating in this study, and the detrital apatite age was calculated by the Zeta calibration method (Hurford and Green, 1983). This work was completed in the Rock-Mineral Preparation and Fission Track Dating Laboratory of the Geochemical Analysis and Testing Center, Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences. The neutron flux was monitored with IRMM540R standard U glass. The Zeta calibration factor of 264.09 ± 6.88 was used in age dating (the Zeta calibration standards used were the Durango, Mt. Dromedary, and Fish Canyon Tuff standards). Spontaneous fission tracks in apatite were etched with 5% HNO3 at 21°C for 20 s (Ketcham et al., 2009; Sobel and Seward, 2010). Induced fission tracks in the muscovite external detectors were etched with 40% HF at 20°C for 40 min. Fission tracks and track length measurements were counted on a Zeiss microscope at 1,000× magnification under a dry objective. We performed a p(χ2) test of the AFT ages for each sample using the Radial Plotter program (Vermeesch, 2012; Sundell and Saylor, 2017). A p(χ2) probability value of less than 5% is evidence that AFT ages represent a mixed age population (Galbraith and Laslett, 2005). Under that condition, the peak age of the apatite single-grain age component of each sample was determined by the Density Plotter program (Vermeesch, 2012).
RESULTS
Detrital AFT ages of all the samples are presented in Tables 1 and 2, and the apatite single-grain ages range from 198.61 to 5.4 Ma (Table 1) (Supplementary Table S1 in the supporting information). All samples failed the p(χ2) test, which means that the sample cooling ages were dispersed and derived from multiple sediment sources (Figures 2, 3). To distinguish the stable satisfactory age populations of different sources, 113–-71 apatite grains from each sample were dated, and all samples were decomposed into 2–4 best fit peak ages (Table 2). Figures 2, 3 show each sample's age–density histogram and the peak age value of the mixture model of multiage components for kernel density estimation. Whether the sample was annealed post depositionally must be evaluated before interpreting the detrital AFT ages. The strata in the two sections in this study are approximately horizontal, and the thickness is much less than the annealing depth of the apatite samples (<3 km) (Bernet and Spiegel, 2004). The AFT peak age component of each sample is older than the corresponding sedimentary age and changes vertically within the sections, which is not consistent with the annealing characteristics caused by post–depositional burial heating (Van der Beek et al., 2006). However, a few detrital AFT grain ages are always younger than or equal to their depositional ages. These younger AFT grain ages may indicate that the sediments may have experienced some degree of reheating or even total annealing. The track length distribution in detrital sample mixtures of differentiated lengths has been probably modified by annealing due to burial/reworking during the post depositional period. Most of our samples yielded tens of measured confined track lengths, and the c-axis–corrected mean track lengths of all samples ranged from 13.58 ± 1.62 μm (CJB-1) to 14.03 ± 1.54 μm (MJZ45) (Table 1). However, it is difficult to identify the degree of sample annealing before and after deposition based on these track lengths. The relative track length (>13 μm) distribution has ruled out significant annealing in both periods (Gallagher et al., 1998). The average measured Dpar range of the sample grains is 3.01–2.16 μm (Table 1). These parameters suggest that the AFT peak ages are not affected by the chemical composition or burial annealing of the grains (Gleadow et al., 1986; Donelick et al., 1990). Therefore, we rule out the possibility of thermal resetting of the detrital AFT ages by burial heating, and the single-grain and peak ages could represent exhumation information related to their provenance.
TABLE 1 | Detrital AFT data from sediment samples.
[image: Table 1]TABLE 2 | Detrital AFT peak-fitting data.
[image: Table 2]The paleocurrent direction results show that similar to the overlying Mojiazhuang Fm., the Guanjiashan Fm. presents a southward paleocurrent direction in the lower part of the CJB section. Based on the previous paleocurrent data, the Mojiazhuang Fm. and Guanjiashan Fm. in the MJZ section also have analogous southward flow directions (Yang et al., 2017), which indicate a northerly source, i.e., the Daban Shan (Figures 1B, 3). In addition, when evaluating the sedimentary ages of the detrital AFT samples, the samples in the section need to interpolate the error in the depositional ages of each sample, which is thought to be less than 1.0 Ma based on the magnetostratigraphic data published by Zhang et al. (2017) and Yang et al. (2017). Furthermore, we set the sedimentary age of modern fluvial clastic sediments originating from the Daban Shan through the CJB section to 0 Ma. The plot of detrital AFT peak ages versus depositional age yields the following peaks (Figure 4): P1 (24.7–16.1 Ma), P2 (39.2–27.7 Ma), P3 (67.6–47.9 Ma), and P4 (111.7–82.8 Ma) (Table 2). The above peaks have an obvious trend from 24.7 ± 2.7 Ma, 39.2 ± 3.5 Ma, 67.6 ± 4.4 Ma, and 111.7 ± 7.3 Ma at the bottom of the section to 16.1 ± 1.3 Ma, 27.7 ± 3.7 Ma, 53.7 ± 5.8 Ma, and 82.8 ± 8.5 Ma at 8 ± 1 Ma. For samples with depositional ages of less than 7 Ma, a massive P1 peak appears at the top of the sections, and the P2 and P4 peak ages increase to 23 ± 1.7 Ma, 39.9 ± 4.4 Ma, and 93.5 ± 6.9 Ma at the top of the sections. By contrast, the AFT peak age at the top of the sequence tends to be more stable than those of the samples deposited before 8 ± 1 Ma. The 8.5–7 Ma fluctuation in the AFT peak age in the sections suggests that preexisting deposited sediments were recycled in the CJB and MJZ sections. In addition, the lag time is significantly shortened to 9.1 ± 1 Ma during the 8 ± 1 Ma sedimentary interval, indicating that strong tectonic deformation occurred on the northern margin of the XB during that period (Figure 4). The AFT peak age trends in the succession stratigraphy of the CJB and MJZ sections can provide evidence of recycled sediments on the northern margin of the XB (Malusà and Fitzgerald., 2020).
[image: Figure 4]FIGURE 4 | Lag time plot of detrital AFT ages in the XB. Black symbols (P1–P4) are component ages from this study. Dashed lines are the lag time contours with corresponding lag times labeled. The peak age trend shift (peak ages progressively decrease and then increase) occurred at ∼ 8 ± 1 Ma for P1, P2, P3, and P4, where each are considered to represent the time of a significant sediment recycling event.
DISCUSSION
Sedimentary Provenance of the CJB and MJZ Sections
The basin sediments transported from the peripheral mountains record information on the cooling/exhumation evolution of the basement in the source area (Coutand et al., 2006). Hence, the unannealed AFT data in sediments can be interpreted by identifying the source area and by investigating the provenance of the sediment in the CJB and MJZ sections. The sediment accumulation in the XB since the Cenozoic has been influenced by multistage tectonic exhumation of the East Kunlun orogenic belt and the West Qinling and Qilian Shan orogenic belts. Previous studies have suggested that the aforementioned tectonic units acted as provenances supplying the basin with sediment during the early Cenozoic (Horton et al., 2004; Zhang et al., 2016; He et al., 2019). The source area of the basin after the Miocene shifted to the Qilian Shan (Daban Shan) or Laji Shan (Zhang et al., 2016) (Figure 1C). Furthermore, the MJZ and CJB sections comprise the uppermost horizontal sedimentary strata of the uppermost Cenozoic sequence in the XB. Their lithology and sedimentary structure characteristics are very similar, and the stratigraphic lithology has been divided into three sedimentary facies from bottom to top: floodplain, braided river, and alluvial fan (Yang et al., 2017; Zhang et al., 2017). Floodplain deposits dominate the bottom of both sections and consist of interbedded mudstone and siltstone with numerous paleosol complexes and occasional thin marl or thin sandstone beds. In the middle sequence of the section, the braided river intrusion with strong hydrodynamic forces increases the interbedding of sandstone and fine conglomerate layers. The upper part of both sections is dominated by coarse-grained alluvial fan sediments which were deposited under stronger hydrodynamic forces, forming thick pebble–pebble conglomerate beds with occasional sandstones and siltstones (Zhang et al., 2017). All the measured paleocurrent results are characterized by a dominant southerly current direction, and the sedimentary facies and stratigraphic lithology are similar, allowing correlation between the two sections. These findings suggest that the sediments from the Precambrian basement strata in the south are bounded by the Daban Shan in the eastern part of the Qilian Shan and were the main source area supplying the basin during the Late Miocene–Early Pliocene (Yang et al., 2017; Zhang et al., 2017). The generally large-diameter gravel clasts in the thick conglomerates of the sections attest to high-intensity fluid flow transport, from which it is speculated that the mountains to the north of the basin may have been greatly uplifted during this period (Yang et al., 2017). In addition, Zhang et al. (2016) argued that the detrital zircon ages and depositional environment changes present in the Shuiwan section indicate that rapid uplift of the Qilian Shan occurred after ca. 20 Ma. However, Lease et al. (2011, 2012) used detrital zircon ages and low-thermochronology methods to constrain the start of the accelerated growth of the WNW-trending eastern Laji Shan to ca. 24–22 Ma and north-directed Jishi Shan to ca. 13 Ma. This kinematic shift near our study area corresponds to changes in sedimentary facies present only in the Xunhua basin (located to the south of the Laji Shan), while the sedimentary environment and provenance changes in the XB experienced no significant shift during the corresponding time. Recently, Nd and Pb isotope analyses of the Cenozoic strata in the XB have provided robust evidence showing that the proportion of sediment input from the Qilian Shan increased and represented ∼70–35% after the Early Miocene (He et al., 2019). In summary, the unannealed AFT ages of the sediments in the CJB and MJZ sections effectively document the exhumation and deformation of the Qilian Shan.
Pre-Cenozoic Exhumation Events
The new AFT data present multistage Mesozoic–Cenozoic tectonic dynamic evolution events based on material sourced from the Qilian Shan. The oldest Late Cretaceous signal P4 (111.7–82.8 Ma), which was also identified in the AFT analysis by Wang et al. (2016), formed prior to the Late Miocene sediment sequence in the XB. Similar bedrock thermal simulation AFT age signals are widely exposed in the northern XB and northwestern Qilian Shan (George et al., 2001; Jolivet et al., 2001; Pan et al., 2013; Wang et al., 2015a; Qi et al., 2016; Wang et al., 2020). In addition, the XB, Qaidam Basin, and Hexi Corridor Basin have received Qilian Shan sediments, and the abundant clastic material with Late Cretaceous cooling ages and the widespread angular and parallel unconformities between the Cenozoic and Late Cretaceous strata indicate that a significant tectonic event occurred during the Late Cretaceous to Early Cenozoic (Bureau of Geological and Mineral Resources of Qinghai Province (BGMRQP); Gansu Geological Bureau, 1989; Abels et al., 2001; Pullen et al., 2008; Wan et al., 2010; Li et al., 2013; Ding et al., 2017; Zuza et al., 2018; Chen et al., 2019; Lin et al., 2019; Pang et al., 2019b; He et al., 2020a; He et al., 2020b) (Figure 5). These characteristics in the Qilian Shan have also been observed elsewhere in northern Tibet, and low-temperature thermochronological evidence indicates that Late Cretaceous to early Eocene exhumation events were widespread regional events (Jian et al., 2018). Thermochronological evidence and paleoelevation estimates also suggest rapid to moderate cooling and substantial surface elevation gain in central Tibet during the Cretaceous to Eocene (Kapp et al., 2003; Wang et al., 2008; Rowley and Currie, 2006; Ding et al., 2017). This situation implies that the Andean-type northward subduction of the Neo-Tethys oceanic plate during the Cretaceous led to thickening of the north Tibet lithosphere (Staisch et al., 2016; Allen et al., 2017; Ding et al., 2017; Lippert et al., 2014). These events may have been caused by the closure of the Mesozoic Tethys in the southern Qaidam Basin, which acted as the force driving Cretaceous tectonic activity on the northern plateau (Vincent & Allen, 1999; Yin and Harrison, 2000; Jolivet et al., 2001; Pullen et al., 2008; Duvall et al., 2013; Jian et al., 2018). The north-directed Lhasa–Asian Plate collision triggered northeastward sinistral strike-slip activity on the Altyn and Kunlun faults in the Jurassic–Late Cretaceous (Murphy et al., 1997; Liu et al., 2000; Ritts and Biffi, 2000; Yin and Harrison, 2000; Jolivet et al., 2001; Sobel et al., 2001; Kapp et al., 2005; Liu et al., 2005; Tian et al., 2014; Kapp et al., 2015). Although the amount of crustal thickening and pervasive suture zones in the northeastern Tibetan Plateau prior to the collision remain unclear, the new detrital AFT analysis results in this study indicate that the widespread pre-collisional deformation region may have influenced the tectonics of the current northern margin of the Tibetan Plateau.
[image: Figure 5]FIGURE 5 | (A) Colored dots from thermochronology and sedimentology compilation studies on the South, Central, and North Qilian Shan; the ages are denoted by points of different colors ranging from Cretaceous to Early Pliocene. The dashed white lines separate South, Central, and North Qilian Shan areas (modified from Feng and He, 1996). (B) Temporal distribution of the late Mesozoic–Cenozoic tectonic events recorded in the Qilian Shan, as constrained by thermochronology (squares) and sedimentology (diamonds).
Cenozoic Multistage Tectonism Exhumation Events
Evidence of Cenozoic deformation in the Qilian Shan is concentrated in the suture zone of the ancient block, and this zone has inherited the tectonic activity properties of the pre-Cenozoic structures (Zuza et al., 2016, 2018). Based on dated unannealed detrital AFT ages and previous thermochronological and sedimentological studies, we infer that the CJB and MJZ sections record three exhumation stages representing the Qilian Shan tectonic evolution during the Cenozoic. The detrital AFT peak age P3 (67.7–47.9 Ma) reveals that the first stage of Paleocene–Early Eocene tectonic reactivation in the Qilian Shan occurred almost synchronously with the initial India–Asia collision (An et al., 2020; He et al., 2020a). At this time, the detrital accumulation rate accelerated in the Qijiachuan Fm. (54–51.8 Ma), and the XB experienced clockwise vertical axis block rotation (Horton et al., 2004), both of which reflect the growth of the Qilian Shan during the early Cenozoic (Fang et al., 2019). Similar scenarios are observed in the Qilian Shan and northern Qaidam basins, in which contemporaneous tectonic exhumation events were associated with exhumation, the onset of coarse sediment deposition, sedimentation rate acceleration, and unconformity development (Horton et al., 2004; Yin et al., 2002; Meng and Fang, 2008; Yin et al., 2008; Bush et al., 2016; Qi et al., 2016; He et al., 2017; Jian et al., 2018; Zhuang et al., 2018; Cheng et al., 2019; An et al., 2020; He et al., 2020a; He et al., 2020b; Cheng et al., 2021) (Figure 5), but none received large quantities of clasts from the Qilian Shan deposited on the Hexi Corridor during the corresponding time (Dai et al., 2005; Bovet et al., 2009). Accompanying the initial Indian–Asian Plate collision, the early Cenozoic deformation was also roughly stratigraphically consistent with cooling events in the northeastern part of the plateau, such as the Jiuquan basin (He et al., 2018; Lin et al., 2019), Lanzhou basin (Yue et al., 2000; Fang et al., 2007), East Kunlun Shan (Duvall et al., 2011; Duvall et al., 2013), Altyn fault (Mock et al., 1999; Jolivet et al., 2001), Haiyuan-Liupan Shan (Lin et al., 2011), and West Qinling (Clark et al., 2010).
The second-stage age populations with peaks at P2 (39.2–27.7 Ma) and P1 (24.7–16.1 Ma) indicate that the Qilian Shan was subjected to a series of exhumation events that occurred in the Late Eocene–Oligocene and Early Miocene. Thermochronological studies identifying Eocene–Early Miocene tectonic events have also been based on detrital and in situ AFT age signals in the Qaidam Basin, Hexi Corridor Basin, Qilian Basin, and Qilian Shan (Jolivet et al., 2001; Zheng et al., 2010; Qi et al., 2016; He et al., 2017; Zhang et al., 2018; Zhuang et al., 2018; Yu et al., 2019; An et al., 2020; He et al., 2020a; He et al., 2020b) (Figure 5). In addition, sedimentological studies have emphasized that in the Eocene–Oligocene, thrusting continued to progress in the Qilian Shan (Yin et al., 2002; Yin et al., 2008; Cheng et al., 2019). As a result, the sedimentary environment changed from a dry salt lake to a floodplain from the Mahalagou Fm. to the Xiejia Fm., and a growth strata relationship formed between the two groups at the edge of the XB (Fang et al., 2019). An analysis of the Early Miocene provenance also suggests that the primary provenance of the XB was the Qilian orogenic belt, while the Laji Shan represented a secondary provenance, indicating that the Qilian Shan experienced tectonic exhumation during this episode (Lease et al., 2011; Xiao et al., 2012; Wang et al., 2016; Zhang et al., 2016; Wang et al., 2017). The corresponding episodes of bedrock exhumation in the Qilian Shan are also confirmed by the marked increase in the accumulation rate and sediment flux in the Qaidam Basin and Hexi Corridor Basin (Jian et al., 2013; Wang et al., 2017; Jian et al., 2018; Zhuang et al., 2018; Zhuang et al., 2019) (Figure 5). The oldest Cenozoic sediments in the Hexi Corridor is the Huoshaogou Fm., where the sequence presence of the thick alluvial fan conglomeration at the bottom of the foreland basin may indicate the initial deformation and uplift of the northern Qilian Shan (Dai et al., 2005; Bovet et al., 2009; Guo et al., 2009). This process is driven by the Altyn faults and Kunlun fault that thrust onto the Hexi Corridor Basin, Muli Basin, and Qaidam Basin from its foreland margins (Cheng et al., 2018; Qi et al., 2013; Qi et al., 2015; Yu et al., 2017; Zhuang et al., 2018; Zhuang et al., 2019). The Altyn fault and East Kunlun Shan exhumation events also indicate that the crust of the northeastern margin of the Tibetan Plateau continued to thicken and grow outward after plate collision (Mock et al., 1999; Ritts et al., 2004; Molnar and Stock, 2009; Clark et al., 2010; Zhuang et al., 2011).
During the last stage, the reversal of the AFT peak ages at 8 ± 1 Ma in the CJB and MJZ sections suggests that the late Miocene sediment recycling in the XB may have been caused by tectonic deformation (Figure 4). The detritus was eroded from the sequence before the Mojiazhuang Fm. was deposited starting at ca.8 Ma, and it was temporarily stored in the XB, where it was not affected by post depositional annealing (peak age components include P2, P3, and P4). Starting from 8.5 Ma (MJZ195), thrust fault activity controlled the uplift and erosion of sediment previously stored in the XB wedge-top basin. Thus, sediment reworked from pre-8 Ma samples was transported to the final sink and mixed with sediment derived from erosion after 8 Ma, forming a new sedimentary unit. This scenario suggests that long-term sediment storage and reworking have affected the thermochronological age trends. Detritus derived from erosion of pre-8 Ma sediment, and temporarily stored in a wedge-top basin (for example) after 8 Ma was reworked and mixed into the final sink along with detritus derived from the erosion of previously stored material. As a result, the samples with sediment recycling (MJZ95, MJZ45, MJZ15, CJB-1, and modern river samples) are expected to include not only the peak (P1) defined by the AFT ages measured in mineral grains but also all the major grain-age populations inherited from the Guanjiashan Fm. Only the smallest grain-age populations of the Guanjiashan Fm. are prone to remain undetected in the Mojiazhuang Fm. because they may fall below the detection limit after sediment mixing (Vermeesch, 2012). In the Mojiazhuang Fm., the age peaks inherited from recycled sediments are invariably older than the age peaks derived from erosion of the Guanjiashan Fm. The Mojiazhuang Fm. includes all the major AFT age populations detected in the underlying late Miocene–Pliocene formations of the CJB and MJZ succession, which is consistent with recycling of specific intervals of a stratigraphic succession within a basin after long-term storage and reworking (Malusà and Fitzgerald, 2020). Thermal modeling of the AFT data and analysis of the heavy minerals in the Laji Shan bedrock also suggest that the exhumation stage occurred in the Late Miocene (8–4 Ma) (Wang et al., 2016). In addition, the rapid increase in the gravel diameter and coarse conglomerate content from the Guanjiashan Fm. to the Mojiazhuang Fm. reflects a sharp rise in the sedimentation rate during this period (Yang et al., 2017; Fang et al., 2019). Evidence of growth strata and climate proxies in the Jiuquan Basin and Qaidam Basin also reflects the strike-slip thrust system activity in the Qilian Shan building high topography from the Late Miocene to the Pliocene (Bao et al., 2019;Yin et al., 2008; Zheng et al., 2010; Wang et al., 2017; Zheng et al., 2017; Zhang et al., 2018; Zhuang et al., 2018; Chen et al., 2019; Fang et al., 2019; Hu et al., 2019; Pang et al., 2019a, Zhang et al., 2021) (Figure 5). Several previous studies also underlined the Miocene acceleration motions of the major strike-slip faults adjacent to the basin, which are significant for exploring the proximal exhumation. Current evidence suggests that the left-slip Haiyuan fault initiated at ca. 16 Ma (e.g., Li et al., 2019, 2020; Duvall et al., 2013; Zhang et al., 2020), but the right-slip Riyueshan and Elashan faults may also be slightly younger, i.e., closer to ca. 10 Ma (Yuan et al., 2011; Cheng et al., 2021). In addition, Lease et al. (2011) through apatite (U-Th)/He dating analysis revealed that the accelerated growth of the WNW-trending eastern Laji Shan began at ca. 24–22 Ma and that growth of the north-trending Jishi Shan did not commence until ca. 13 Ma. Noticeably, the tectonic activity in the Late Miocene is also confirmed by the increase in the large number of Miocene deformation tectonothermal events that occurred on the northeastern margin of the Tibetan Plateau (ca. 15–5 Ma), as evidenced by AFT and (U-Th)/He data similar to our data, and the reorganization of deformation along the Qilian Shan fault (Lease et al., 2011; Yuan et al., 2011; Craddock et al., 2012; Duvall et al., 2012; Lease et al., 2012; Yuan et al., 2013) and the West Qinling and Eastern Kunlun faults (Clark et al., 2010; Lin et al., 2011; Duvall et al., 2013; Wang et al., 2020). Collectively, the scattered Early Miocene deformation in the major left-lateral strike-slip faults was followed by widespread late Miocene deformation associated with right-lateral slip in the Qilian Shan (Figure 5). Therefore, we speculate that the deformation situation related to the kinematic shift in northeastern Tibet is compatible with west–east crustal stretching/lateral displacement, nonrigid off-fault deformation, and broad clockwise rotation and bookshelf faulting, which together accommodate northeast–southwest India–Asia convergence (Cheng et al., 2021).
In summary, the comprehensive analysis of the Qilian Shan AFT data revealed that the mountain range experienced initial tectonic exhumation events in the early Cenozoic in quasi-synchronous response to the Indian–Asian Plate collision, as supported by the previous results of sedimentological studies. During the Oligocene–Miocene period, the combined action of multistage deformation caused the plateau to thicken and expand outward after plate collision. Thus, during this period, the influence of this plate collision propagated nearly instantaneously to different regions in the northeastern Tibetan Plateau. In the Late Miocene, the uplift of the Qilian Shan caused a sediment recycling event. Our findings indicate that the Tibetan Plateau gained elevation in the Mesozoic–Early Cenozoic, driven by the convergence of different blocks. This plateau growth scenario seems to be incompatible with the deforming viscous mantle lithosphere model (Clark, 2012; Clark et al., 2010; Yin et al., 2008), which predicts that the entire plateau has shortened at a constant strain rate over time. An important caveat of the applicability of this model is the pervasive suture zones in the Qilian Shan and even the Eastern Kunlun range (Allen et al., 2017). Without these weak zones, the NE Tibetan Plateau deformation may not have so easily reactivated and resulted in quasi-synchronous deformation in the early stage of the collision, which was accompanied by region-specific amplitudes (Zuza et al., 2016; Jian et al., 2018; Zuza et al., 2018; Cheng et al., 2021). The late Miocene deformation of the plateau seriously influenced the climatic and paleogeographic pattern evolution (Li et al., 2021; Zhang et al., 2017).
CONCLUSION
Through AFT analysis of Late Miocene to Early Pliocene synorogenic sediments in the XB, we discussed the exhumation history of the Qilian Shan. Based on the AFT dating results from these sediments, the earliest exhumation phase occurred during the Late Cretaceous. The results reveal both the pre-Cenozoic growth history and the Cenozoic deformation mechanism of the Qilian Shan and other regions along the northeastern margin of the Tibetan Plateau. The early Cenozoic detrital AFT age group suggests that the block (as the source of the studied sediments) responded quasi-synchronously to the initial Indian–Asian Plate collision. The present geomorphology in the Qilian Shan has experienced multistage tectonic exhumation overprinting from the late Mesozoic to the late Cenozoic. The results from this study, as well as related findings from other regions of the northeastern Tibetan Plateau, provide new insights into the paleogeographic pattern evolution.
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Uplift of the Gangdese Mountains is important to the evolution of Asian monsoons and the formation of Tibetan Plateau, but its paleoaltitude before the India-Asia collision (Late Cretaceous) is less constrained so far. In this study, we investigate whether the geological records, which are indicators of soil dryness, discovered in East Asia can provide such a constraint. Through climate modeling using the Community Earth System Model version 1.2.2, it is found that the extent of dry land in East Asia is sensitive to the altitude of the Gangdese Mountains. It expands eastwards and southwards with the rise of the mountain range. Comparison of the model results with all the available geological records in this region suggests that the Gangdese Mountains had attained a height of ∼2 km in the Late Cretaceous.
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INTRODUCTION
The Tibetan Plateau (TP) topography started to form due to crustal thickening and surface uplift in the northern margin of the Lhasa terrane (Murphy et al., 1997; Kapp et al., 2007; Leier et al., 2007) when it collided with the Qiangtang terrane during the latest Jurassic to Early Cretaceous (Dewey et al., 1988). Then the northward subduction of the Neotethyan oceanic lithosphere formed an Andean-type continental margin along the southern paleo-Asia, leading to the uplift of the Gangdese Mountains (England and Searle, 1986). Based on the geological and geochronological results, early work suggested that the Gangdese Mountains might have risen to 3,4 km elevation just before or around the India-Asia collision (55 ± 10 Ma; Najman et al., 2010; Wu et al., 2014; Hu et al., 2015), due to either the north-south shortening of the Lhasa block or the subduction of the Neotethyan oceanic lithosphere (Murphy et al., 1997; Kapp et al., 2003; Kapp et al., 2005). More recently, based on the values of oxygen isotope (δ18O), Ding et al. (2014) proposed that the Gangdese Mountains had reached 4.5 ± 0.4 km at ∼56 Ma, consistent with the earlier results. However, quantitative construction of the paleoelevation of the Gangdese Mountains before the India-Asia collision, such as Late Cretaceous, is very rare. Zhu et al. (2017) obtained a crustal thickness of ∼30–70 km during the Late Cretaceous for the Gangdese arc based on the compiled La/Yb ratios, from which a wide range from less than 1 km to greater than 5 km was estimated for the elevation of the Gangdese Mountains. With an improved method that does not require making assumptions for the variation of crustal and/or mantle densities, Hu et al. (2020) concluded that the Gangdese arc was ∼2.5 km high, but decreased to ∼2 km at ∼75 Ma.
Knowing the altitude of the Gangdese Mountains is important for understanding the tectonic and geodynamic processes involved in the interaction between tectonic plates during the Cretaceous (∼144-66 Ma) and Cenozoic (∼66-0 Ma; Tapponnier et al., 2001; Ding and Lai, 2003; DeCelles et al., 2007; Wang et al., 2008; Ding et al., 2014; Wang et al., 2014a; Sun et al., 2015). It is also important for us to understand the evolution of Asian monsoon, since it has been demonstrated that the presence of a mountain range such as the Himalaya alone can sustain the major characteristics of the present-day Asian monsoons (Boos and Kuang, 2010; Acosta and Huber, 2020). Recently, Farnsworth et al. (2019) also demonstrated that the past East Asian monsoon evolution is mainly controlled by paleogeography. That means that the Gangdese Mountains, if high enough, should have already had an impact on the Asian climate during the Cretaceous (Qiu, 2014). Therefore, a constraint on the paleoaltitude of this mountain range is needed.
Previous studies have shown that the TP-Himalaya has a crucial impact on the Asian climate (An et al., 2001; Zhang et al., 2007; Zhang et al., 2015; Zhang et al., 2018a; Zhu et al., 2019), especially the Asian summer monsoon (Yeh and Chang, 1974; Hahn and Manabe, 1975; Boos and Kuang, 2010; Wu et al., 2012b); it also dries the region to the north (Kutzbach et al., 1993; Wu et al., 2012a). The insulation effects and thermal forcings of the Gangdese Mountains were probably similar to those of the TP-Himalaya that uplifted later (Wang et al., 2008) since they locate at similar latitudes. The climate impact of the TP-Himalaya has been well studied (Boos and Kuang, 2010; Ma et al., 2014; Acosta and Huber, 2020) and it has been known that the magnitude of impact is sensitive to the altitude of TP (Liu and Yin, 2002; Kitoh, 2004). This sensitivity has been used to constrain the paleoelevation of TP during Eocene by comparing the simulation results with the isotope records, i.e. δ18O (Botsyun et al., 2019). Although the results of their study were questioned due to the shortcomings of isotope modeling in climate models (Valdes et al., 2019), it provided a potentially useful alternative way of reconstructing paleoelevation. If the climate over surrounding regions is similarly sensitive to the paleoaltitude of the Gangdese Mountains, then we may be able to provide a constraint on its paleoaltitude during the Late Cretaceous by comparing climate modeling results to available climate reconstructions. Such method has also been used to infer the paleoaltitude of the Appalachian and Variscan ranges during the late Permian (Fluteau et al., 2001). In that work, the reconstructed distribution of aridity/wetness was used as indicators of climate.
During the Late Cretaceous (more specifically, ∼85-66 Ma is the time period we focus here), an arid/semi-arid climate in the low-to mid-latitude Asia is indicated by widespread eolian and red bed deposits (Jiang et al., 2004; Jiang et al., 2008; Hasegawa et al., 2012), while humid climate in the mid-to high-latitude Asia was indicated by floras, coal-bearing strata and oil shale deposits (Spicer and Herman, 2010; Wang et al., 2013). Such dry/wet information may be used to broadly constrain the height of the Gangdese Mountains. To test whether this will work, a series of modeling experiments in which the Gangdese Mountains are prescribed at different altitudes have been carried out. The impacts of the Gangdese Mountains on Asian climate and a possible constraint on the paleoaltitude of the Gangdese Mountains are, therefore, obtained at the same time.
MODEL AND EXPERIMENTAL DESIGN
In this study, the Community Earth System Model version 1.2.2 (CESM1.2.2) developed by National Center for Atmospheric Research (NCAR) is employed. CESM1.2.2 is a general circulation model including seven components: atmosphere (CAM4), ocean (POP2), land (CLM4), river runoff (ROF), sea ice (CICE4), land ice, and ocean wave, which interact with each other through a coupler (Vertenstein et al., 2013). For the purpose of the present study, the last two components are not turned on. In order to resolve the Gangdese Mountains in the model, relatively high spatial resolution (e.g. 1° in the horizontal direction) is required. However, the computational cost of running the fully coupled model (with the first five components active) at such a high resolution to equilibrium is formidable. Therefore, we take the strategy by first obtaining the sea surface temperatures (SSTs) and sea ice distributions using the fully coupled model at low resolution. Then the sensitivity of Asian climate to the height of the Gangdese Mountains is tested with the high-resolution atmosphere model (CAM4 and CLM4), with the SSTs and sea ice fractions prescribed to those obtained from the low-resolution fully coupled model.
In the fully coupled experiment (CoupExp), the geography of ∼75 Ma (Figure 1A) modified from Scotese and Wright (2018) and paleovegetation (Figure 1B) interpolated from Sewall et al. (2007) are implemented. In CoupExp, CAM4 is run at a horizontal resolution of T31 (3.75° × 3.75°) with 26 levels in the vertical. CLM4 is run at the same horizontal resolution as that of CAM4. POP2 employs a gx3v7 grid which has 116 and 100 grid points in the meridional and zonal directions, respectively, and 60 levels in the vertical. CICE4 is run on the same horizontal grid as POP2. ROF with the default resolution (0.5° × 0.5°) routes all runoff to the oceans. In order to simulate the climatic effects of the Gangdese Mountains, five sensitivity experiments (i.e. Gds_0 km, Gds_1 km, Gds_2 km, Gds_3 km, and Gds_4 km) in total are carried out with the high-resolution (1.25° in longitude and 0.9° in latitude) atmospheric model. The topography in experiment Gds_0 km is the same as that in CoupExp, i.e. the topography along the south margin of the paleo-Asia is only less than 300 m high (Figure 1A). In the other four experiments, everything is the same as that in Gds_0 km except that the altitude of Gangdese Mountains along the south margin of the paleo-Asian continent is varied from 1 to 4 km with a step of 1 km (Figures 2A–D). In these four experiments, the Gangdese Mountains are assumed to extend from approximately 70–90°E along the south margin of the Paleo-Asian continent; this latitudinal position is consistent with the paleoaltitude reconstruction (Liebke et al., 2010; Tan et al., 2010). All experiments are summarized in Table 1.
[image: Figure 1]FIGURE 1 | Paleogeography (A) of 75 Ma modified from Scotese and Wright (2018) and the corresponding paleovegetation (B) interpolated from Sewall et al. (2007). In (B), the numbers 0 is for the ocean, 1 for the land ice, 3 for the high altitude/latitude evergreen conifer closed canopy forest, 6 for the high altitude/latitude mixed forest with equal percentage broad vs needle leaf and evergreen vs deciduous, 10 for the closed canopy, broad leaved, moist evergreen forest, 11 for the closed canopy, broad leaved, dry deciduous forest, 12 for the savanna (dry, low understory with sparse broad leaved overstory), 15 for the high altitude/latitude moist, open canopy evergreen forest with shrub understory, 20 for the wet or cool shrubland (evergreen), and 21 for the dry or warm shrubland (deciduous), which is the same as the Land Surface Model (LSM) vegetation types.
[image: Figure 2]FIGURE 2 | The altitude of the Gangdese Mountains for the experiments Gds_1 km (A), Gds_2 km (B), Gds_3 km (C) and Gds_4 km (D).
TABLE 1 | Description of the experimental setup.
[image: Table 1]The atmospheric CO2 concentration during the Late Cretaceous is poorly constrained and might have varied within a large range (Wang et al., 2014b). Fortunately, the aridity over Asia has been shown to have a low sensitivity to CO2 level (Farnsworth et al., 2019; Zhang et al., 2019). Therefore, in all experiments carried out herein, the CO2 concentration is set to twice its pre-industrial level, i.e. 560 ppmv, which is within the range of the proxy reconstructions (Wang et al., 2014b). The concentrations of all other gases and aerosols, including CH4, N2O, and O3, are set to the pre-industrial level, i.e. the default values of the CESM1.2.2. The concentrations of CFCs are set to 0. Though orbital configuration has a great influence on the Asian climate in Cretaceous (Jiang et al., 2004; Zhang et al., 2019), these timescales (<0.1 million years) are much shorter than that (1 million years) of the tectonic evolution or the uplift of the Gangdese Mountains. Consequently, the eccentricity is fixed at 0 and the obliquity is set to 23.3°, which is approximately the average condition over geological timescale. The solar constant is reduced to 1,351.47 W m−2, about 0.7% lower than the present-day solar constant (1361 W m−2; Gough, 1981).
The fully coupled experiment CoupExp has full ocean bathymetry, and is run for 1,000 model years in order for the surface climate (e.g. temperature, precipitation and sea ice) to reach statistical equilibrium. The monthly SSTs and sea ice fractions averaged over the last 100 years are used as the boundary condition of the atmospheric sensitivity experiments. The high-resolution atmospheric experiments equilibrates quickly and are run for 25 model years, and the last 20 years of data are analyzed and presented herein.
RESULTS
Drying Effect of the Gangdese Mountains
The Late Cretaceous climate reconstructed from proxies is much warmer than the present. The annual-mean tropic SSTs could be greater than 30°C (Wilson et al., 2002; Forster et al., 2007), and the high-latitude SSTs were above 0°C (Huber et al., 2002; Spicer and Herman, 2010). In general, the results of the CoupExp experiment compare well with the SST reconstructions (Tabor et al., 2016; Figure 3). This gives us confidence in the model’s ability in simulating the Late Cretaceous climate. However, there is large disparity among the tropical proxy data (Figure 3B). The main issue is that some proxy-derived SSTs are much lower than either others or modeled values, which can be explained at least by a few factors (Pearson et al., 2001; Zeebe, 2001; Hay, 2011). Firstly, the early measurements were based on oxygen isotope of planktonic foraminifera, which are diagenetically altered or recrystallized in the sediments (Pearson et al., 2001; Hay, 2011). In addition, some studies did not consider the depth habitat of the planktonic foraminifera used, which may live in subsurface layer, so the reconstructed tropical SSTs look much like the modern water temperature at 100 m depth (Hay, 2011). Moreover, during Cretaceous greenhouse period with much higher atmospheric CO2 levels, the pH of the sea water is lower than the present. If this is taken into account, the paleotemperature reconstructed from the oxygen isotopic can be adjusted upward by 2–3.5°C (Zeebe, 2001).
[image: Figure 3]FIGURE 3 | Comparison of the annual-mean SST between model simulations (this study) and proxy data (Tabor et al., 2016). The proxy data are shown as filled circles in (A) and blank squares in (B) where the overlying vertical lines represent their uncertainties. In (B), the zonal mean SST from the model is calculated and indicated by the red lines, with the pink shading represents the simulated range of the monthly climatology.
The annual precipitation in the interior Asia exhibits a triple mode, with more precipitation in the low (south of ∼20°N) and mid (north of ∼40°N) latitudes and less precipitation in the mid-to low-latitudes (∼20–40°N, Figure 4A). In the low latitudes, strong water vapor transport from both the Tethyan and Pacific oceans brings heavy precipitation of >6 mm d−1, while in the mid-latitudes, the water vapor is mainly brought there by the westerlies. All three sources of water vapor, i.e. Tethyan Ocean, Pacific Ocean and westerlies, bring little amount of water vapor to the region in between those two regions. In this middle region (mid-to low-latitudes Asia), precipitation is the least in the west and increases towards the east. The Gangdese Mountains, if present, are located right on the path of water vapor transport from Tethyan Ocean to Asia and expected to deprive large amount of the water vapor. Indeed, the precipitation increases over the mountain range and its upstream, while decreases significantly to the north (Figures 4B–F).
[image: Figure 4]FIGURE 4 | Annual mean precipitation (shaded; units: mm d−1) and vertically integrated water vapor transport (vectors; units: kg m−1 s−1) of experiment Gds_0 km (A) and their differences between experiments Gds_1 km and Gds_0 km (B), Gds_2 km and Gds_0 km (C), Gds_3 km and Gds_0 km (D), Gds_4 km and Gds_0 km (E), and Gds_4 km and Gds_2 km (F). In (B–F), only the areas with confidence levels >95% (using the Student’s t-test) are presented for the water vapor transport and dotted for the precipitation.
Even with a relatively low altitude of 2 km, the Gangdese Mountains reduce precipitation significantly on the north and east within a belt of ∼15° width adjacent to the mountain range (Figure 4C), compared to the case when the mountain range is absent (experiment Gds_0 km). The effect of the mountain range on precipitation barely reaches 40°N and has little effect in the easternmost region of Asia. The most significant reduction of precipitation occurs to the northeast of the east end of the Gangdese Mountains, reaching almost ∼3 mm d−1. The magnitude and the spatial extent of decrease in precipitation increase with the altitude of the mountains. The pattern of precipitation change is similar to that obtained in Zhang et al. (2018a). They investigated the influence of the Himalaya-TP latitudes on Asian climate and found that precipitation decreased over the East Asia and inland Asia when the Himalaya-TP was located south of 20°N.
The aridity indices (AI) widely used in the present and past climate change (e.g. Feng and Fu, 2013; Liu et al., 2018; Ma et al., 2021) over Asia are calculated based on the precipitation, surface temperature, relative humidity, wind speed and surface energy fluxes from the climate model output. According to this index, a tongue-shaped arid (A) area extending from the southwest towards the northeast exists over Asia when there is no Gangdese Mountains (Figure 5A). Moving outwards from this arid region, the land surface becomes less dry and gradually changes to semi-arid and dry sub-humid types. Consistent with the change of the precipitation (Figures 4B–E), the dry region expands southwards and eastwards with the altitude of the Gangdese Mountains (Figures 5B–E). By reaching an altitude of 2 km, the arid region deviates from a tongue shape significantly (Figure 5C). Along with the expansion of dry region, the maximum intensity of dryness also exacerbates; hyper-arid (HA) region begins to appear when the Gangdese Mountains are 1 km high (Figure 5B), and its area increases with the altitude of the Gangdese Mountains (Figures 5B–E).
[image: Figure 5]FIGURE 5 | Land types of experiments Gds_0 km (A), Gds_1 km (B), Gds_2 km (C), Gds_3 km (D), Gds_4 km (E), respectively, and difference between modeling results and geological reconstruction in each Basin (F). For the land types in (A–E), H is for the humid type, SH for the semi-humid type, DSH for dry sub-humid type, SA for the semi-arid type, A for the arid type, and HA for the hyper-arid type, respectively; And each irregular polygon in A-E represents a basin (DeCelles et al., 2007; Hasegawa et al., 2012; Wang et al., 2013), and abbreviated basin names are as follows: Gb = Gobi, Tr = Tarim, Or = Ordos, Sc = Sichuan, Sm = Simao, Kr = Khorat, Sl = Songliao, Nm = Nima.
Paleoelevation of the Gangdese Mountains
Eolian deposits are widely distributed over the mid-to low-latitude Asia (Jiang et al., 2004; Jiang et al., 2008; Hasegawa et al., 2012), indicating that the region was arid/semi-arid then (Fang et al., 2016). In fact, the region was often called the Cretaceous desert belt (oriented zonally) in Asia (Hasegawa et al., 2012). The sedimentary records mainly come from eight basins, namely, Gobi (Gb), Ordos (Or), Tarim (Tr), Sichuan (Sc), Simao (Sm), Khorat (Kr), Nima (Nm), and Songliao (Sl) basins in Asia. In the Or basin, eolian dunes were found (Figure 6A; Hasegawa et al., 2012), suggesting the desert was developed there. According to Zhang et al. (2021), most of the arid to hyper-arid land surface in Cretaceous Asia was covered by the desert, so the climate in the Or and Nm basins corresponds to the arid to hyper-arid land types. The other four basins, Tr, Sc, Sm and Kr, containing red-bed (Hasegawa et al., 2012; Figure 6A), which is less dry than that in the Or basin and likely corresponds to the semi-arid (SA) to dry sub-humid (DSH) in late Cretaceous land types. The mudstone and sandstone of the alluvial plains or seasonal lakes in the Gb basin suggest semi-arid or even wetter environments (Jerzykiewicz and Russell, 1991). The records in the Sl basin in the northeast China contain large amount of black mudstone. Based on the climatologically sensitive deposits, oxygen isotope, and paleontology, the Sl basin climate was temperate and humid with relatively abundant rainfall (Wang et al., 2013), which we consider as the modeled semi-humid to humid land types.
[image: Figure 6]FIGURE 6 | The sedimentary records in mid-to low-latitude Asian basins (A), and evolution of the Gangdese Mountains from Cretaceous to Miocene (B). In B, The dashed line represents the relatively stable stage of the Gangdese Mountains with a medium height from the Early Cretaceous to Late Cretaceous based on our result and Hu et al. (2020), the dots with error bars from Paleocene to Miocene are from Ai et al. (2019), Currie et al. (2005), Ding et al. (2014), Khan et al. (2014), and Xu et al. (2018), and the dotted data with arrow represents the least elevation (Zhu et al., 2017) or the highest elevation (Botsyun et al., 2019).
The aridity of most of the basins turns out not to be sensitive to the altitude of the Gangdese Mountains (Figure 5), probably because they are too far away from the mountain range. However, the aridity of the Sc, Sm and Kr basins is highly sensitive to the altitude of the Gangdese Mountains. Among the non-sensitive basins, the simulated wet condition in the Sl basin in all experiments is consistent with the mudstone records (Wang et al., 2013), the simulated mixed condition in the Gb basin is consistent with the mixed types of deposition within that basin (Hasegawa et al., 2009; Jerzykiewicz and Russell, 1991), and the arid land type in the Nm basin is also in agreement with the evaporitic lacustrine and eolian dune-field deposits (DeCelles et al., 2007). The aridity of the Or basin is underestimated by the model. There is no plausible reason why the Or basin is not dry enough in the simulations but one reason could be that the effect of dust is neglected in our simulations. The semi-direct effect of atmospheric dust is that it can absorb sunlight and evaporates the surrounding clouds, especially those above the dust; the dust can also increase the number of cloud condensation nuclei, reducing the size of cloud droplets and increasing the lifetime of cloud droplets. Both of these effects can reduce the amount of rain. Another significant deviation between the modeled and proxy-inferred aridity appears for the Tr basin. This basin is arid in all simulations (Figure 5), which is a little drier than that indicated by the prevalent red beds in that region (Figure 6A). However, the red bed in the Tr basin might not be treated as robust evidence of semi-arid to dry sub-humid condition because the region was likely influenced by a few transgression-regression cycles (Jolivet et al., 2018; Zhang et al., 2018b).
The qualitative nature of both the modeled and reconstructed aridity does not warrant a quantitative comparison. Therefore, we compare them qualitatively in Figure 5F, in which the size of the filled circles is proportionate to the difference between modeled AI and reconstructed aridity. The Kr basin requires the Gangdese Mountains to be higher than 1 km (Figures 5C–E); the modeled Sm and Sc basins become arid when the Gangdese Mountains reach 3 km or 4 km (Figures 5D,E), so they require a height of lower that 3 km. Synthesizing the comparisons gives an optimum height of the Gangdese Mountains at ∼2 km, with a maximum possible range of 1–3 km (Figure 5F). Hu et al. (2020) concluded that the Southern Lhasa terrain had attained 2.2 ± 0.6 km at 76.53 ± 2.00 Ma based on the whole-rock Sr/Y and La/Yb ratios, where the age is within the late Cretaceous considered in this study. They inferred the range of the paleoelevation of the Gangdese Mountains might be 1.6–2.8 km, consistent with our estimate.
In this study, only the Gangdese Mountains from the Southern Lhasa terrane is considered. A proto-Tibetan Plateau including Lhasa and Qiangtang terranes might have uplifted during the Cretaceous but its central and northern parts was lower than that of the Gangdese Mountains (Hu et al., 2020). Previous modeling studies have shown that the influence of modern Tibet Plateau on the East Asian monsoon is primarily due to the effect of Himalayas on its southern edge (Boos and Kuang, 2010; Acosta and Huber, 2020), which may be analogous to influence of the proto-Tibetan Plateau and the Gangdese Mountains. Therefore, ignoring the Lhasa terrane is not expected to have significant influence the main results of this study.
DISCUSSION
There have been multiple attempts to reconstruct the paleoaltitude of the Gangdese Mountains for the post India-Asia collision period (e.g. Spicer et al., 2003; Ding et al., 2014; Ai et al., 2019), but to the best of our knowledge, few have been made for the period before their collision, such as the Late Cretaceous. Since the uplift of Lhasa terrane has been widely reported before the India-Asia Collisions (Kapp et al., 2005; DeCelles et al., 2007; Kapp et al., 2007; Sun et al., 2015), there is no reason to believe that the Gangdese Mountains did not rise during that time. Our results may provide an estimate for the early evolution of the Gangdese Mountains (Figure 6B).
The ∼2 km altitude of the Gangdese Mountains during the Late Cretaceous as constrained herein can reconcile some evidence for their evolution both before and after this period. During the Early Cretaceous (144–100 Ma), most of the Lhasa block was low (Murphy et al., 1997), implying a not high Gangdese mountain range as well. The Lhasa block was uplifted due to its collision with the Qiangtang block (Murphy et al., 1997) and/or the subduction of the Neotethyan oceanic lithosphere (Kapp et al., 2005, 2007). Recent paleoelevation reconstruction suggested that the paleoelevation of the Gangdese Mountains was relatively stable at ∼2.5 km during the Cretaceous, though it decreased to ∼2 km for the extensional environment (Hu et al., 2020). After that, there are two different pathways that have been envisioned for its evolution. In the first pathway, the Gangdese Mountains are thought to have reached a high elevation of 4–5 km during Eocene-Miocene (grey line in Figure 6B), while in the other, they only reached an elevation of <3 km by the latest Oligocene (black line in Figure 6B).
The whole uplifting history of the Gangdese Mountains, consistent with the first pathway, may be roughly divided into three stages (Figure 6B). Stage I is characterized by a relatively stable paleoelevation between ∼2–3 km before the India-Asia collision. This relatively stable stage is supported by the whole-rock Sr/Y and La/Yb ratios (Hu et al., 2020) and a constant convergence rate between the Indian subcontinent and the paleo-Asian continent (Wang et al., 2020), suggesting significant crustal shortening prior to 69 Ma (England and Searle, 1986; Kapp et al., 2007; Leier et al., 2007), probably resulted from the subduction of the Neotethyan oceanic lithosphere (Murphy et al., 1997; Kapp et al., 2003, 2005). When the Indian subcontinent collided with the Asian continent, the Gangdese Mountains was uplifted to 4.5 ± 0.4 km based on the variation of δ18O (Ding et al., 2014) and spatial and temporal variations of crust thickness (Zhu et al., 2017). Thus this uplift was accomplished in a relatively short time period, and may be distinguished as a new stage, i.e. Stage II (Figure 6B). After Stage II, the elevation of the Gangdese Mountains rose further but at a very slow rate from Eocene to middle Miocene, induced by the continued convergence of the Indian and Asian plates (Spicer et al., 2003). This relative quiescent state is referred to as Stage III, and the Gangdese Mountains reached ∼5 km around early-middle Miocene (Spicer et al., 2003; Currie et al., 2005; Khan et al., 2014; Currie et al., 2016; Xu et al., 2018).
In the second pathway, the elevation of the Gangdese Mountains remained low till the latest Oligocene. By comparing the modeled and reconstructed δ18O, Botsyun et al. (2019) suggested that the TP only reached low to moderate (<3 km) elevations during the Eocene (∼40 Ma). This greatly reduced the likelihood of the Gangdese Mountains reaching higher elevation at an earlier time period. Discovery of the fossil flora, representing deciduous, broad-leaf vegetation, suggests a temperate, humid environment with paleoelevation of only 1.5–2.9 km at 23.3 Ma (Ai et al., 2019). This pathway is represented by a thick black line in Figure 6B. Because the India-Asia collision occurred in early Paleogene (Hu et al., 2015, Hu et al., 2016) and continued afterwards, the uplift of the Gangdese Mountains coming to a halt during this time needs an explanation if this was indeed true what happened.
CONCLUSION
The climate effect of the Gangdese Mountains is simulated in this study using the general circulation model CESM1.2.2. The rise of the Gangdese Mountains causes drying on its immediate northeast in the downwind direction, and the drying exacerbates with the altitude of the mountain range. Therefore, the aridity in the Kr, Sc and Sm basins is sensitive to the altitude of the Gangdese Mountains and able to provide a semi-quantitative constraint on the altitude of the Gangdese Mountains. The aridity index is further calculated for this region, and its comparison with the sedimentary records suggests that Gangdese Mountains should be higher than 1 km but lower than 3 km during the Late Cretaceous, most likely ∼2 km.
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Late Cenozoic drying of the Asian inland has not only exerted a profound impact on the regional environment but also affected global climate as an important source of global atmospheric dust. Continuous and accurately dated sediment records from the Asian interior are pivotal to a better understanding of the evolutionary history of Asian inland drying and the associated driving mechanisms. In this study, we present a continuous record of climate change in the Asian interior spanning the past 7.3 Myr, reconstructed by the redox evolution of a paleolake in the western Qaidam Basin, NE Tibetan Plateau. The paleolake redox conditions are linked to the oxygen concentration of lake bottom water and lake level, and were revealed by the manganese (Mn) concentration in the carbonate fraction (leached by the diluted acetic acid) of the carbonate-rich lacustrine sediments retrieved from two drill-cores (SG-1 and SG-1b). The reconstructed regional climate in the western Qaidam Basin shows long-term fluctuations, consistent with the secular evolution of the coeval global climate, especially the sea surface temperature variation in the high latitude North Atlantic. Three transitions of the paleolake hydrochemical system occurred at 6.2, 5.3, and 2.6 Ma, with a short drying stage at 6.2–5.3 Ma and prolonged Quaternary drying since 2.6 Ma. We argue that drying of the Asia interior has been dominantly forced by global cooling, in particular, the high-latitude cooling of the Northern Hemisphere.
Keywords: late cenozoic, Asian inland drying, Qaidam Basin, carbonate, manganese
INTRODUCTION
As the largest temperate arid region, the Asian inland has attracted broad interest due to its strong impacts on regional and global climate change. The Asian inland drying is generally regarded as a coupling consequence of land-sea-atmosphere interaction, which could be dated back to the early Eocene (e.g., Li et al., 2018) and significantly enhanced since the late Oligocene-early Miocene (Guo et al., 2002; Sun et al., 2010a; Lu et al., 2019; Sun et al., 2020b). The driving mechanism appears to correspond closely with the uplift of the Tibetan Plateau (e.g., Manabe and Terpstra, 1974; Kutzbach et al., 1989; An et al., 2001; Guo et al., 2002), the retreat of the Para-Tethys Sea (Ramstein et al., 1997; Fluteau et al., 1999; Zhang et al., 2007; Meijer et al., 2019), and global cooling with Cenozoic development of bipolar glaciations and continental ice sheets (e.g., Ding et al., 2005; Dupont-Nivet et al., 2007; Sun et al., 2014; Li et al., 2018; Fang et al., 2019) or a combination of them (e.g., Guo et al., 2002; Lu et al., 2019). Especially during the Neogene-Quaternary, the regional drying and eolian dust activity have been greatly enhanced in the Asian interior (e.g., Rea et al., 1998; Guo et al., 2002; Sun and Liu, 2006; Kent-Corson et al., 2009; Sun et al., 2010a; Zhuang et al., 2011; Li et al., 2014; Guo et al., 2018; Jia et al., 2021). However, intensive tectonic activity since the late Oligocene-Early Miocene in the northern Tibetan Plateau and the Central Asian orogenic belt (Li et al., 2014; Lu et al., 2018; Wang et al., 2020; Yang et al., 2021 and reference therein) yields much coarser lithology with frequent changes in sediment facies in basin sequences, which hinders a better understanding of the full range of aridification and its driving force using the basin sediment records.
The Qaidam Basin, an inland arid area in the northeast Tibetan Plateau, is dominantly under the influence of the middle-latitude westerlies, with its southeast corner being impacted by the East Asian monsoons (Figure 1), thus providing the ideal area to reveal tectonic-climate linkages in terms of aridification of the Asian interior. The up to 10–15 km thick Cenozoic fluvial-lacustrine deposits in the basin contain crucial information on the evolution of the paleoenvironment and paleoclimate in the basin. Previous studies reconstructed the regional climate evolution using a variety of proxy records, e.g., pollen (Lu et al., 2010; Miao et al., 2011; Cai et al., 2012; Miao et al., 2016; Koutsodendris et al., 2019; Jia et al., 2021), biomarker (Zhuang et al., 2014; Zhuang et al., 2019; Sun et al., 2020c; Wu et al., 2019; Wu et al., 2021), clay minerals (Fang et al., 2016; Ye et al., 2016; Ye et al., 2018; Fang et al., 2019; Ye et al., 2020), and geochemical records (e.g., Zhuang et al., 2011; Yang et al., 2013a; Yang et al., 2013b; Yang et al., 2014; Yang et al., 2015; Yang et al., 2016; Song et al., 2017; Bao et al., 2019; Han et al., 2020; Song et al., 2020). However, the late-Miocene-Quaternary is a transition period of the Qaidam Basin from a dominant fresh-brackish lake environment in mid-Miocene to a widely spread salt lake and dry land in the Quaternary (e.g., Guo et al., 2018). Continuous, high-resolution and well-dated lake sediment records are pivotal to revealing the transformation of regional climates.
[image: Figure 1]FIGURE 1 | (A) Topographic map of the Tibetan Plateau and Central Asia indicating the Qaidam Basin area. (B) Map of the Qaidam Basin and adjacent region showing the surrounding mountains, major structures, and the study area (modified from Zhang et al., 2012a). (C) Geologic map of the study area in the western Qaidam Basin showing the locations of the SG-1b and SG-1 drill-sites (red asterisks) (modified from Zhang et al., 2012b).
We present a long-term hydrochemical record of the western Qaidam paleolake covering the past ∼7.3 Myr, based on analysis on two accurately dated drill-cores (SG-1 and SG-1b). Dissolved manganese (Mn) concentration in lake water reacts strongly to changes in redox conditions of lake bottom water and the lake level fluctuations in a closed basin (Yang et al., 2013a). Dissolved Mn in lake water can be incorporated in the authigenic carbonate minerals, thus leaving the hydrochemical imprint into the past sediment archives. Previous studies have revealed that Mn in carbonates (diluted acetic acid dissolved fraction) of SG-1 lake sediments (2.8–0.1 Ma) in the western Qaidam Basin is a sensitive indicator of paleolake evolution and regional climate (Yang et al., 2013a). We thus integrated new data of carbonate Mn concentration from the SG-1b core (7.3–1.6 Ma) with the previous SG-1 Mn records to reconstruct a continuous history of paleolake and climate evolution in the western Qaidam Basin since 7.3 Ma.
MATERIALS AND METHODS
The Qaidam Basin, with an average elevation of 3000 m, forms the largest inland basin on the northeastern Tibetan Plateau. The basin is surrounded by the East Kunlun Shan to the south, the Qilian Shan to the northeast, and the Altyn Mountain to the northwest (Figure 1). The closed basin contains more than 10,000 m thick Cenozoic fluvial and lacustrine deposits derived from the surrounding mountains (Xia et al., 2001). The western Qaidam Basin has a hyper-arid environment, with mean annual precipitation less than 100 mm and potential evaporation greater than 2000 mm, and the surface is covered with a strongly indurated decimeter-thick salt crust.
The SG-1b drilling campaign was performed at the top of the Jianshan Anticline in the western Qaidam Basin, 100 km northeast of Lenghu Town, and about 20 km east of the SG-1 borehole (Zhang et al., 2014a, Figure 1). The drilling extended 723m in depth with an average recovery rate of 93%. The sedimentary sequence is mainly featured by deep-water, fine-grained lacustrine sediments comprising clay, clay-silt, siltstone, and calcareous mudstone (Zhang et al., 2014b). From 723 to 232 m, the sediments are characterized by well-bedded grey and/or blue-grey clay or mudstone. The sediments in the upper 232 m are characterized by grey (or dark grey) and blue-grey clay, clay-silt, and siltstone, with small amounts of gypsum crystals or thin gypsum layers (Figure 2, Zhang et al., 2014a; Lu et al., 2015). The SG-1b drill-core was dated at about 7.3–1.6 Ma with magnetostratigraphy (Zhang et al., 2014b), refined by orbital tuning in the period of 3.3–2.1 Ma (Kaboth-Bahr et al., 2020). The sediment accumulation rate in the SG-1 core is almost three times higher than in the SG-1b core (Figure 2), probably because the SG-1 drill-site is located close to the depocenter while the SG-1b core was recovered on an anticline (Zhang et al., 2014a).
[image: Figure 2]FIGURE 2 | (A) SG-1b core lithology and magnetostratigraphy (after Zhang et al., 2014b). (B) Variations in mean grain size fractions in the SG-1b (derived from Lu et al., 2015). (C) Photographs of selected sliced cores between 723 m and 0 m (∼7.3–1.6 Ma). (D) Depth–age plot for the cores SG-1 (Zhang et al., 2012b) and SG-1b (Zhang et al., 2014a) based on the correlation of the polarity sequence with the geomagnetic polarity timescale of Gradstein et al. (2004).
Leaching experiments of loess suggest that 1M acetic acid (HOAc) mainly dissolves the Mn (II) of carbonate rather than manganese oxide (Liu et al., 2002; Liang et al., 2009). Meanwhile, leaching experiments of soil and loess show that the dissolution of clay by 1M HOAc is very weak (Yang et al., 2000; Liu et al., 2002). We thus used the 1M HOAc to leach the sediments in order to obtain the Mn(II) concentrations in the lacustrine sediments. We didn’t use a two-step procedure (water and HOAc leaching) like in the previous study of the SG-1 core (Yang et al., 2013a); instead, we used 1M HOAc leaching to directly react with bulk sediment. Therefore, the carbonate fraction and water-soluble salts are both incorporated in the HOAc leachates of the sediments. One reason for the modified leaching procedure is that only a small amount of gypsum occurred in the upper part of the SG-1b core, while evaporite minerals are abundant in the SG-1 core. Another reason is that multiple leaching experiments showed that a negligible amount of Mn exists in the water-soluble salts of the lacustrine sediments (Yang et al., 2016). Accordingly, diluted acetic acid leaching in our study can extract Mn only from carbonates, which could be well compared with the Mn concentration in the SG-1 core (Yang et al., 2013a).
A total of 619 bulk samples of the SG-1b core were selected for geochemical analysis. Samples were oven-dried at 40°C and ground into fine powder (<200 mesh). Approximately 0.5 g of each sample was leached by 10 ml 1M HOAc at room temperature for 24 h to extract Mn in the carbonate fraction of the samples. Concentrations of Mn, Ca, Mg, and Sr in the acetic acid leachate were analyzed by inductively coupled plasma-optical emission spectrometry (ICP-OES) (Leeman Labs Prodigy-H). Replicate analyses showed a relative standard deviation for all cations of less than 2%. All of the above treatments and measurements were conducted at the Institute of Tibetan Plateau Research, Chinese Academy of Sciences (ITP-CAS), Beijing. To obtain the major minerals (especially carbonate minerals in the core), we chose seven representative samples of SG-1b core for X-ray diffraction (XRD) analysis using a Rigaku D/MAX-2000 diffractometer (Cu, Kα, 1.5406 Å, 40 kV, 100 mA, 3–35°, step 0.02°, 10°/min) at the Micro Structure Analytical Laboratory, Peking University.
RESULTS
The XRD results show that major minerals in the sediments of SG-1b core include quartz, albite, orthoclase, carbonate minerals (calcite, aragonite, dolomite, and ankerite), mica or illite, and chlorite (Figure 3). There is a minor amount of evaporite minerals, e.g., halite, gypsum, and celestite in the core except for abundant gypsum and halite observed in sample 1.1 m at the top of the SG-1b core.
[image: Figure 3]FIGURE 3 | X-ray diffraction patterns of sedimentary minerals from representative samples of the SG-1b core. Note that mica minerals and illite are marked as illite.
Figure 4 shows the results of Mn, Ca, Mg, and Sr concentrations from the HOAc leaching of the SG-1b core sediments (data can be found in Supplementary Material). The concentration of Ca in acetic acid leachates (CaHOAc) mainly represents the calcium carbonate and some Ca-bearing salt minerals (e.g., gypsum) content in the sediments. The small amount of gypsum that only occurs in the upper 232 m suggests that a small amount of Ca is likely from the calcium sulfate. Consequently, the measured Ca concentrations reflect the calcium carbonate content below 232 m and an upper limit of the calcium carbonate content above 232 m. The average CaHOAc is around 10.43%, with slight fluctuations throughout the drill-core, yielding a rough estimate of 25% CaCO3 in the SG-1b core sediments. CaHOAC shows no long-term trend and remains at a relatively high level. The Mg/Ca and Sr/Ca ratios generally remain at ∼0.08 and 0.0085, respectively, and only fluctuate in some layers (Figure 4). MnHOAc values range from 40.7 μg/g to 1315.6 μg/g, with an average of 366.8 μg/g. The MnHOAc variation reveals an upward decrease above ∼240 m and a long-term relative stable content with several fluctuations below ∼240 m (Figure 4). The Mn/Ca ratios present a likewise variation as the Mn content along the whole core.
[image: Figure 4]FIGURE 4 | Depth profiles of Mn, Ca, Mg, and Sr variations of acetic acid leachate (HOAc) in the SG-1b core. (A) Ca concentrations in the HOAc leachate (CaHOAc); (B) The ratio of 1000*Mn/Ca in the HOAc leachate; (C) Mn concentrations in the HOAc leachate (MnHOAc); (D) The ratio of Mg/Ca in the HOAc leachate; (E) The ratio of 1000*Sr/Ca in the HOAc leachate; (F) Mean grain size from Lu et al. (2015); (G) Observed magnetic polarity sequence of the SG-1b core and its correlation with the Geomagnetic Polarity Time Scale (GPTS, Gradstein et al., 2004) (Zhang et al., 2014a). The lithology column is simplified according to Zhang et al. (2014b). Thin lines indicate the raw data for (A–F). Bold solid lines in the records provide 13-point running averages for (A–F).
DISCUSSION
Mn in Carbonate as a Redox Proxy
Manganese is a metallic element reacting sensitively to changes in reduction-oxidation (redox) conditions. Redox conditions of bottom water in a closed lake are generally associated with the lake level. In arid regions, the lake level in a closed catchment is highly sensitive to changes in rainfall (Narisma et al., 2007). Numerous studies have studied the redox behaviour of Mn in lakes (e.g., Dean et al., 1981; Davison, 1993; Hamilton-Taylor and Davison, 1995; Wetzel, 2001). In brief, Mn (II) is soluble in reduced phases while Mn (IV) is insoluble in oxidized phases, both of which are the main valence states of manganese in lake environment and readily converted into each other in the vicinity of a redox boundary (Davison, 1993; Wetzel, 2001). However, Mn (IV) is easily reduced but Mn (II) is not readily oxidized, which can lead to a large field of stability for dissolved Mn (II) (Maynard, 2004). Moreover, Mn sulfide is very soluble in reducing environment (Algeo and Maynard, 2004), and dissolved Mn is not readily taken up by any organic or mineral phase (Huerta-Diaz and Morse, 1992). The above Mn properties result in a diffuse and homogeneous distribution of Mn (II) throughout the lake water body (Hamilton-Taylor and Davison, 1995), thus providing an ideal tool to reflect the lake hydrochemistry in a broad area. The Mn (II) can be sequestered by carbonate formation from low Eh to slightly oxic conditions (Calvert and Pedersen, 1993; Hild and Brumsack, 1998; Caplan and Bustin, 1999; Stevens et al., 2000; Maynard, 2004; Tribovillard et al., 2006). Hence, Mn concentration in carbonate is sensitive to lake-water redox conditions linked to the oxygen content of the bottom water and water depth (e.g., Schaller and Wehrli, 1997; Stevens et al., 2000). Mn concentration in carbonate has successfully been used in the SG-1 core to address the lake redox conditions and regional climate at long-term and glacial-interglacial scales (Yang et al., 2013a; Yang et al., 2016).
Controlling Factors
Provenance change along with detrital Mn input unlikely controls MnHOAc variations. Mn-rich bedrocks, such as rhodochrosite- or pyrolusite-rich rocks, are not found in the surrounding mountains of the western Qaidam Basin (RGMRGD, 1985). Exposed rocks in the catchment area are variable, with many intermediate and acid rocks. These are mainly grey gneiss, siliciclastic rocks, dolostone, quartzite, phyllite, marble, carbonatite, peridotite, serpentinite, augite, diorite, and granite of Precambrian to Early Cretaceous ages (Zhang, 1987; Wang et al., 2008). Carbonate analyses of the nearby Lenghu and Ganchaigou lacustrine sediments show that the average proportions of detrital carbonates to total carbonates are 11 and 13%, respectively (Hanson, 1999; Graham et al., 2005). Therefore, any Mn signal inherited from detrital carbonates should be relatively small. The lack of Mn-rich rocks in the catchment suggests that the provenance change that potentially follows regional uplift in the western Qaidam Basin cannot exert a dominant control on Mn concentration in lake water and carbonates, although anticline development following the uplift since 3.6 Ma could alter the clastic sedimentation (Lu et al., 2015).
Diagenesis of carbonate minerals can significantly alter Mn concentrations in carbonates during recrystallization. The Mn partitioning coefficients for sedimentary carbonate minerals are larger than 1, and Mn is thus preferentially incorporated into crystals rather than solutions (Brand and Veizer, 1980; Rimstidt et al., 1998). Lithological investigation of the SG-1 core (Wang et al., 2012) and the SG-1b core (Lu et al., 2015; Lu et al., 2021) didn’t show an obvious diagenetic imprint for carbonate minerals. Carbon and oxygen isotopic results from sedimentary carbonates in the SG-1 core (Han et al., 2014) and in Neogene lacustrine strata from adjacent areas, such as Lenghu and Laomangnai (Kent-Corson et al., 2009), demonstrate that the carbonate minerals are only diagenetically altered to a minor degree if any.
The high contents of carbonate minerals in the SG-1b core suggest that, similar to the SG-1 core (Yang et al., 2013a), the paleolake water was saturated with calcium carbonate. It means that sufficient bicarbonate existed in the paleolake during which Mn concentrations in carbonate phases will be in proportion with dissolved Mn in lake water, thus not relying on the amount of carbonate. It can be supported by the similar changes between Mn/Ca ratio and Mn concentrations (Figure 4). Furthermore, despite the location difference of the two cores within the basin sedimentation system (Zhang et al., 2014b), the well-matched MnHOAc variations and concentrations in the overlapped duration (2.8–1.6 Ma) of the two cores also confirm a homogeneous dissolved Mn distribution throughout the lake water body. Based on these observations, MnHOAc in the SG-1b core (7.3–1.6 Ma, this study) and in the SG-1 core (2.8–0.1 Yang et al., 2013a) could be integrated to reconstruct the evolution of dissolved Mn concentrations in the paleolake of the western Qaidam paleolake since 7.3 Ma (Figure 5).
[image: Figure 5]FIGURE 5 | Integrated MnHOAc record of the SG-1b and SG-1 drill-cores since 7.3 Ma in the Qaidam Basin compared with other records. (A) Global marine benthic foraminiferal δ18O record (‰) (Zachos et al., 2001). (B) Alkenone-derived sea surface temperature (SST) record from the North Atlantic Ocean at ODP Site 982 (Herbert et al., 2016). (C) Stacked high latitude SST anomalies in North Hemisphere (Herbert et al., 2016). (D) MnHOAc record over the past 7.3 Myr (raw data, grey lines for the SG-1b core and light blue-green lines for the SG-1 core; red and black lines are 100- and 400-kyr smoothing of the raw data, respectively). (E) Artemisia content of the SG-1b and SG-1 cores (Koutsodendris et al., 2019). (F) Summer monsoon index in the Chinese Loess Plateau (Sun et al., 2010b). (G) Mass accumulation rate (MAR) of eolian dust at Site 885/886 in the northern Pacific Ocean (Rea et al., 1998).
Dissolved Mn concentration in the paleolake is mainly supplied by weathering of Mn-bearing minerals from the source area and further modulated by the lake bottom water redox conditions. To be more specific, as Yang et al. (2013a) proposed, the high MnHOAc concentration in the integrated record represents an increased input of dissolved Mn and Mn oxide-hydroxide from the source area with an intense reducing capacity that transformed Mn oxide-hydroxide to dissolved Mn(II). This scenario reflects a high lake level, probably with a stable thermocline and oxygen-deficient bottom water in a warm and humid climate. Conversely, the low MnHOAc concentration represents a decreased input of dissolved Mn and Mn oxide-hydroxide from the source area with a weakened reducing capacity that transformed Mn oxide-hydroxide to dissolved Mn(II). This scenario thus indicates a low lake level together with a less developed thermocline, probably well mixed and oxygen-deficient bottom water in a cold and dry climate. In this sense, the MnHOAc concentrations present long-term fluctuations of regional climate.
Driving Mechanism
Comparisons of the integrated MnHOAc record from the SG-1b core (this study) and SG-1 core (Yang et al., 2013a) with the benthic δ18O record (Zachos et al., 2001) and alkenone sea-surface temperatures (SST) of the North Atlantic Ocean (Herbert et al., 2016) show that the variation of MnHOAc is in general agreement with the global change and the climate of the high-latitude Northern Hemisphere (Figure 5). This becomes evident from the scatter plot of the MnHOAc record with benthic δ18O and OPD 982 Site SST (Figure 6). The integrated MnHOAc record is especially more synchronous with the North Atlantic Ocean SST (Figure 5), suggesting that the reduction of westerlies moisture caused by high-latitude cooling of the Northern Hemisphere directly affects the aridification of the Qaidam Basin. In addition, cooling in the Northern Hemisphere could also lead to cooler and drier conditions in the Qaidam Basin through enhancement of the Siberian High (Porter and An, 1995; Fang et al., 1999). A cooler and drier climate would reduce catchment Mn input from the catchment and elevate the oxygen content in lake bottom water, thus collectively leading to a decline in contents of dissolved Mn in lake water and MnHOAc in carbonate. However, it should be noted here that cooling since the late Miocene occurred synchronously in both hemispheres (Herbert et al., 2016). Given the close relationship among the high-latitude SST (especially in the North Atlantic), the formation of deep water, and the deep water δ18O (e.g., Zachos et al., 2001; Lozier, 2010), we here don’t distinguish the high latitude cooling in the North Hemisphere from a global context.
[image: Figure 6]FIGURE 6 | Cross-plots of the MnHOAc content in the SG-1 and SG-1b cores with the SST in ODP Site 982 (A) and benthic δ18O (B) since 7.3 Ma (ages are indicated by colour code). Power fits (LnY=BX + A) of MnHOAc versus SST and δ18O, yield correlation coefficients of 0.707 for (A) and −0.707 for (B), respectively (p < 0.0001). SST and δ18O data were interpolated at the same resolution as MnHOAc.
In order to detect possible nonlinear dynamical transitions in the regional climate record in the Qaidam Basin and to facilitate an evaluation of the underlying regulating driving mechanism(s), we performed a recurrence analysis (Marwan et al., 2007) of the MnHOAc time series (Figure 7). The recurrence plot is a binary plot, in which periodic processes are expressed as areas with higher-density points (i.e., longer lines and less isolated recurrence points), while chaotic/stochastic climate fluctuations are expressed by only isolated recurrence points or very short lines. Transition/shifts between different states can capture key transitions of system regime. The recurrence analysis has been successfully used to determine the climate state transitions using high-resolution proxy records, e.g., the Cenozoic climate (Westerhold et al., 2020) and the Quaternary climate in the Qaidam Basin (Han et al., 2020). The result of recurrence analysis of the integrated MnHOAc record shows three major transitions at 6.2 Ma, 5.3 Ma, and 2.6 Ma. Compared with the dry/wet cycles as suggested by the MnHOAc record (Figure 7), the 6.2 Ma marks the initiation of a short drying stage between 6.2–5.3 Ma, which accords with the concomitant rise in benthic δ18O and decline in SST in North Atlantic (Figures 5A,B). The 5.3 Ma change, i.e., at about the Miocene/Pliocene boundary, is a transition stage from the prior drying stage to the subsequent wetting stage in the Qaidam Basin, which is consistent with global warming at that time (Figure 5). The system change at the Pliocene/Quaternary boundary (2.6 Ma) marks the onset of prolonged and extensive Quaternary drying in the Qaidam Basin, which is contemporaneous with the intensification of the North Hemisphere glaciation. The three major transitions determined by the recurrence analysis thus indicate the major dry/wet changes in the Asian interior. All these transitions well match the global climate and the high latitude climate of the North Hemisphere, implying that global change modulated the Asian inland climate since 7.3 Ma at long-term scales.
[image: Figure 7]FIGURE 7 | Plots of MnHOAc 100-kyr sliding window means (top) and recurrence analysis of MnHOAc variation (bottom) for the integrated SG-1 and SG-1b data, showing major climate transitions during the past 7.3 Myr. Red arrows show the three major transitions at around 6.2 Ma, 5.3 Ma and 2.6 Ma, which correspond to the major boundaries between dry and wet stages as suggested by the MnHOAc data in the upper panel. The blue arrow marks the beginning of the Pliocene drying since ∼3.6 Ma.
Further spectral analysis of the MnHOAc concentrations shows significant periodicities at 23, 41, 100, and 405 kyr (Figure 8), which are consistent with the orbital cycles in benthic δ18O record (Zachos et al., 2001) and in OPD 982 Site SST (Lawrence et al., 2009). In particular, the enhanced eccentricity band at 405 and 100 kyr during the Quaternary compared with the dominant obliquity band before 2.7 Ma (Figure 8) confirms an orbital change at the Mid-Pleistocene Transition (MPT, 1.2-0.8 Ma) from ∼40 to ∼100 kyr (e.g., Clark et al., 2006). Therefore, global change and northern hemisphere high latitude processes could modulate the Asian inland climate at orbital time scales, which is also supported with other studies of high-resolution Quaternary records in the SG-1 core (e.g., Han et al., 2020).
[image: Figure 8]FIGURE 8 | Spectral analysis of the carbonate Mn record after 2.7 Ma (A) and before 2.7 Ma (B). Green and blue dashed lines are 90 and 95% significance levels, respectively.
The MnHOAc results also record a dramatic environmental turnover from ∼3.6 to 2.6 Ma, during which the regional climate shifted from the dominant wetting stage to the prolonged Quaternary cooling (Figure 5). This climate turnover since 3.6 Ma could be witnessed by the rise in the Artemisia content of the pollen record (Koutsodendris et al., 2019) (Figure 5E) and the rise in eolian accumulation rate in the North Pacific (Rea et al., 1998). This 3.6 Ma-event is a widely observed drying event in East and Central Asia (Ge et al., 2013), but corresponds to an East Asian monsoon enhancement as shown by the summer monsoon index in the Chinese Loess Plateau (Figure 5F, Sun et al., 2010b; Nie et al., 2014; Ye et al., 2018). This Asian inland drying coupled with East Asian wetting is a typical environmental impact of the uplift of the northern Tibetan Plateau (e.g., An et al., 2001; Zhang R. et al., 2012; Tada et al., 2016). There is abundant observational evidence of the tectonic movements in the northern Tibetan Plateau at ∼3.6 Ma. The anticline development since 3.6 Ma was also suggested by the grain-size records of the SG-1b core (Lu et al., 2015). During 3.6–2.6 Ma, huge conglomerate layers widely formed in the basins at the northeastern edge of the Tibetan Plateau, such as the Qaidam basin (Fang et al., 2003), Linxia basin (Fang et al., 2003), Guide basin (Fang et al., 2005a), Jiuxi basin (Fang et al., 2005b). Hence, the rapid drying at ∼3.6 Ma in this study is probably caused by the Tibetan Plateau uplift superimposed on the global cooling.
In addition, the westward retreat of the Para-Tethys Sea seems unlikely to affect the regional drying in the Qaidam Basin since 7.3 Ma, although it is thought to have caused the Asian interior aridification from the middle Eocene to the Eocene-Oligocene transition at ∼34–33 Ma based on evidence from the Xining, Tajik, and Tarim Basins (Bosboom et al., 2014; Carrapa et al., 2015; Sun et al., 2016; Kaya et al., 2019; Meijer et al., 2019; Sun et al., 2020a) and the modelling work (see Ramstein et al., 1997; Zhang et al., 2007). The Para-Tethys and the Neo-Tethys seas before the late-Miocene has retreated to a place (e.g., Zhang et al., 2014a; Sun et al., 2021) that cannot have a significant impact on the Qaidam Basin. In particular, the moisture barrier of the mid-latitude westerlies has established before the late-Miocene, for example, the Pamir uplift (e.g., Blayney et al., 2019; Wang et al., 2020).
CONCLUSION
The integrated MnHOAc records since 7.3 Ma from the two deep drilling cores (SG-1b and SG-1) in the Qaidam Basin revealed the evolution of Qaidam paleolake and regional paleoenvironmental change during the late Cenozoic. The region climate exhibited long-term fluctuations, similar to the global change, especially the North Atlantic high latitude sea surface temperature. Three transitions of the paleolake hydrochemical system occurred at 6.2, 5.3, and 2.6 Ma, which deliminate a short drying stage at 6.2–5.3 Ma and a prolonged Quaternary drying stage since 2.6 Ma. This Quaternary drying may be related to the enhanced aridification of the Asian interior since 3.6 Ma. We argue that the drying history has been caused by global cooling, in particular, the high-latitude cooling of the Northern Hemisphere with some contributions from the growth of the northern Tibetan Plateau at 3.6 Ma.
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Knowledge of paleolake evolution is highly important for understanding the past hydroclimate regime on the Tibetan Plateau and associated forcing mechanisms. However, the hydrological history of paleolakes on the central plateau, the core region of the plateau, remains largely inconclusive. Here we present new biomarker records from lacustrine deposits of the Lunpori section in the Lunpola Basin to reconstruct detailed lake-level fluctuations during the mid-Miocene. A set of n-alkane indexes, including the proportion of aquatic macrophytes (Paq), average chain length and carbon preference index as well as the content of n-alkanes, vary substantially and consistently throughout the studied interval. Our results altogether show relatively low lake level at ∼16.3–15.5 Ma and high lake level before and after the interval, which is in line with the lithological observations in the section. Further comparison with existing regional and global temperature records suggests that lake level fluctuations can be largely linked to global climatic conditions during the mid-Miocene, with lake expansion during relatively warm periods and vice versa. Therefore, we infer that global climatic changes might have controlled the lake-level fluctuations in this region during the mid-Miocene, whereas the tectonic uplift likely played a subordinate role on this timescale.
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INTRODUCTION
The Tibetan Plateau, with an area larger than 2.5 million km2 and an average altitude of ∼5,000 m above sea level (a.s.l.) (Spicer et al., 2021), is the most significant landmass in modern Asia (Figure 1A). The plateau growth since the early Cenozoic is widely accepted to shape the environment, climate, and biodiversity in Asia (e.g., Zhisheng et al., 2001; Boos and Kuang, 2010; Molnar et al., 2010; Liu W. et al., 2014; Wang X. et al., 2020; Zhang et al., 2020). During the uplift process, the Tibetan Plateau itself has also undergone dramatic environmental and climatic evolution. For instance, the east-west trending Bangong-Nujiang Suture (BNS), which might be a deep paleovalley separating the Lhasa and Qiangtang blocks (Figure 1A) in the early stage of the plateau growth (Fang et al., 2020) and hosts several sedimentary basins (e.g., Lunpola, Nyima, Bangor) at present, is suggested to have evolved from a wet and warm subtropical ecosystem to a cold and dry condition over the Cenozoic (Deng et al., 2012; Sun et al., 2014; Wu et al., 2017; Mao et al., 2019; Cao et al., 2020; Su et al., 2020). Today, the Tibetan Plateau, known as the “water tower” of Asia, is the origin of most major revers in the Asia (e.g., Yangtze River, Yellow River, and Mekong River), which influences more than half of the global population and thus attracts widespread interests from scientists (Bochiola et al., 2011; Viviroli et al., 2011). Reconstructions of past hydroclimate conditions on the Tibetan Plateau could help us understand the underlying evolution mechanisms, such as global climatic changes and tectonic uplift (e.g., Miao wt al., 2012; Liu W. et al., 2014; Liang et al., 2021). Thick lacustrine deposits have been well-documented in the basins on the Tibetan Plateau (Sun et al., 2014; Song et al., 2017; Fang et al., 2020; Liang et al., 2021), which directly record the lake evolution and, therefore, provide vital insight into the hydroclimate regime in the region.
[image: Figure 1]FIGURE 1 | Geological map of the studied region and section. (A) Digital elevation model shows the location of the Lunpola Basin within the Tibetan Plateau terranes. (B) Location of the studied section at the Lunpori village in the Lunpola Basin. Also indicated are previous studied sections, i.e., Chebuli, Dayu, and Wang-1 (Sun et al., 2014; Ma et al., 2017; Fang et al., 2020).
Various types of proxy records (e.g., biomarker, ostracod, carbonate and clay mineral) from lacustrine deposits on the Tibetan Plateau show important lake evolution over the Miocene period (Song et al., 2017; Guo et al., 2018; Bao et al., 2019; Liang et al., 2021). For instance, based on multiple biomarker indices, prominent lake expansion is observed in the Qaidam Basin during the mid-Miocene, followed by a long-term lake shrinkage with substantial fluctuations (Liang et al., 2021). Consistently, this pattern of lake evolution is also revealed by lithologic and geochemical evidence from not only nearby sedimentary basins on the northern plateau (e.g., the Xining Basin, Tianshui Basin, and Longxi Basin) (Peng et al., 2016; Song et al., 2018; Fang et al., 2019) but also the marginal basins on the southern plateau (Lebreton-Anberrée et al., 2016). On the central Tibetan Plateau, the core region of the plateau, earlier studies from the Lunpola Basin (e.g., the Chebuli section, Dayu section, and Wang-1 well, Figure 1B) suggest relatively high altitude, cold-dry condition, and possible lake contraction in the early Miocene (Sun et al., 2014; Jia et al., 2015; Ma et al., 2017; Cao et al., 2020; Fang et al., 2020). These studies have substantially improved our understanding of the evolution of topography and hydroclimate on the central plateau in the early Miocene. However, we know little about the subsequent paleolake status, due to the lack of well-exposed lacustrine sediments and age control, which hampers further understanding of hydrological changes on the entire plateau and associated driving mechanisms. This knowledge gap is filled here by the lake-level reconstructions using the mid-Miocene upper Dingqinghu Formation of the Lunbori section (Figure 1B), retrieved from the Lunpola Basin on the central plateau.
Here we report n-alkane records from the upper Dingqinghu Formation in the Lunbori section that can be linked to hydrological changes of the paleolake during the mid-Miocene. A recent detailed magnetostratigraphic study based on zircon dating (Mao et al., 2019) and mammalian fossils (Deng et al., 2012) in the section has constrained this stratigraphic interval to the mid-Miocene period (Tan, 2019). As the Dingqinghu Formation is suggested to deposit in a semi-deep to shallow lacustrine environment in the Lunbori section (Mao et al., 2019), it can effectively document the lake evolution in the Lunpola Basin. Multiple n-alkane biomarker indices including the carbon preference index (CPI), average chain length (ACL), and proportion of aquatic plants (Paq), were used to reconstruct lake-level variations. Due to different n-alkane distribution patterns in terrestrial and aquatic macrophytes (Liu and Liu, 2016), these indices could directly reflect relative contributions from these organic matter sources, and thus be indicative of lake water depth (Liu Z. et al., 2014; He et al., 2014; Wang Z. et al., 2020; Jiang et al., 2021). In addition, the n-alkane content and lithological characteristics, which might be associated with the primary productivity and subaqueous environment respectively (Liu Z. et al., 2014; Liang et al., 2021), were also applied to evaluate lake conditions. By comparing with regional and global climate records and tectonic activities on the Tibetan Plateau, we further inferred the forcing mechanisms which might have induced lake-level fluctuations. Our biomarker records delineate the detailed lake-level history of the Lunpola Basin during the mid-Miocene and provide further constraints on the hydrodynamics on the Tibetan Plateau and its associated forcing mechanisms.
MATERIALS AND METHODS
Lunpori Section
The Lunpola Basin, with an altitude of ∼4,500 m a.s.l. and an area of ∼3,600 km2, is situated along the southern margin of the BNS belt on the central Tibetan Plateau, framed by the Qiangtang and Lhasa Terranes (Figure 1A) (Fang et al., 2020). Today, a general basin-wide syncline structure exists in the Lunpola Basin, i.e., the north fold-thrust, the central depression, and the south thrust belt, with the Cenozoic sequence larger than 4,000 m thick including the Dingqinghu and Niubao Formations. The Lunpori section (31°56′18.27″N, 89°48′3.62″E) is located close to the Lunpori village in the central depression (Figure 1B) where the middle and upper members of the Dingqinghu Formation are well exposed (Figure 2A) (Mao et al., 2019). Our studied interval in this work is the upper part of the Lunpori section (153 m, Figure 2B), which mainly consists of grayish mudstone, silty mudstone, and oil shales intercalated with a few siltstones and marlite layers, indicating relatively stable and shallow lake facies (Figure 2B).
[image: Figure 2]FIGURE 2 | The stratigraphy sequence and lithology of the middle-upper part of the Dingqinghu Formation in the Lunpori section. (A) The entire stratigraphic column shows two age constraints within the Lunpori section, i.e., fossil mammal (Plesiaceratherium sp., Deng et al., 2012) and zircon dating (Mao et al., 2019). (B) Detailed stratigraphic column of our studies interval. Representative photographs of the paper-like oil shale, fossil mammal (Plesiaceratherium sp., Deng et al., 2012), and red mudstone layers respectively. The column colour (i.e., dark grey, light grey, yellow, and red) indicates the colour of the strata.
The depositional age of the Lunpori section is well constrained by zircon U-Pb dating (Mao et al., 2019) and mammal fossil (Deng et al., 2012). First, in the middle Dingqinghu Formation, zircon U-Pb dating has yielded concordant ages of 20.6 ± 0.1 million years ago (Ma) and 20.7 ± 0.1 Ma for the tuff layers at the bottom (Mao et al., 2019) (Figure 2A). Second, the mammalian rhino fossil (Plesiaceratherium) reported by Deng et al. (2012) from the upper Dingqinghu Formation has been uncovered worldwide between the Miocene cold events Mi-1b and Mi-2, implying an age of ∼18–16 Ma (Figure 2A). Recently, by using these two types of control points, a detailed magnetostratigraphic study has correlated the entire Lunpori section to the early and mid-Miocene period (Tan and Liu, 2019). Based on this age assignment (Tan, 2019), the chronology of our studied interval is calculated to be ∼16.8–14.7 Ma.
Biomarker Analysis
In our studied interval (153 m), 165 rock samples were collected in total at an average spacing of ∼1 m except for the stratigraphy covered by Quaternary sediments, including mudstone, oil shale, marlite, and silty mudstone. Before extracting organic lipids, we scraped off rock surface and cleaned freshly exposed faces with deionized water. Then, all samples (∼20 g each) were grounded, freeze-dried, and extracted ultrasonically with dichloromethane (DCM): methanol (MeOH) (9:1 solution; v/v) for three times. Subsequently, the n-alkane fraction was separated by silica gel column chromatography using the eluent of n-hexane. Finally, we analyzed the n-alkanes on an Agilent 7890B Gas Chromatography (GC), equipped with a flame ionization detector (FID), at the University of Hong Kong. Identification of n-alkanes was through direct comparisons of retention times with known laboratory standards. All n-alkanes were quantified through the external n-C36 standard of a known concentration.
The n-alkane indices, namely CPI, modified based on Marzi et al. (1993), Paq (Ficken et al., 2000), and ACL (Poynter and Eglinton et al., 1990) were calculated via the following equations:
[image: image]
where Ci is the concentration of n-alkane of i number carbon. Analytical uncertainty of replicated measurements is typically less than 5% for individual compounds and 0.01 units for ratio-based indices.
RESULTS
Throughout the records at ∼16.8–14.7 Ma, the n-alkane indices (i.e., Paq, CPI, and ACL), as well as the content of n-alkanes, vary substantially and consistently (Figure 3; Supplementary Table S1). Generally, the Paq record, ranging from 0.09 to 0.89, can be divided into three stages (Figure 3A). In detail, higher Paq values can be observed during the intervals of ∼16.8–16.3 and 15.5–14.7 Ma (when averaged Paq values are 0.44 and 0.38 respectively), while lower Paq values exist during the interval of ∼16.3–15.5 Ma (with averaged value of 0.29). Such a variation pattern could also be recognized in the content of n-alkanes (Figure 3D), which changes between ∼80 and 15,000 ng/g, e.g., higher contents during the periods ∼16.8–16.3 and 15.5–14.7 Ma (when averaged values reach 4,100 and 3,300 ng/g respectively) and lower contents during the period of ∼16.3–15.5 Ma (with averaged value of 1800 ng/g). The CPI and ACL records, varying from 2.66 to 9.79 and 24.96 to 29.10 respectively, show a distinctly anti-phase relationship with the Paq and n-alkane content (Figure 3). The episodes of ∼16.8–16.3 Ma and 15.5–14.7 Ma are mainly characterized by lower values (with averaged CPI of 4.86 and 4.92 respectively, and averaged ACL of 26.9 and 27.1 respectively). On the contrary, higher CPIs and ACLs occurred during the period of ∼16.3–15.5 Ma (when averaged CPI is 5.56 and averaged ACL is 27.8) (Figures 3B,C). Hence, these records are characterized by lower Paq and n-alkane content values and higher CPI and ACL values at ∼16.3–15.5 Ma, in addition to the beginning and end of the studied period, whereas the opposite occurred around 16.5 and 15.1 Ma (Figure 3).
[image: Figure 3]FIGURE 3 | The litho-stratigraphy and records of n-alkane indices, Paq (A), CPI (B), and ACL (C), together with the n-alkane content (D), in the Lunpori profile. The greybar marks the interval of relatively low lake level. The legend of the stratigraphic column refers to that in Figure 2.
DISCUSSION
Biomarker Interpretation
In our records, long-chain n-alkanes show typical odd-to-even preference (CPI >3, Figure 3C), indicating that the n-alkanes were well preserved in sediments with minor degradation (Liu Z. et al., 2014). All n-alkane indices can thus be used to infer the source of organic matters in the paleolake. To date, n-alkane distribution patterns in different types of plants have been well-studied. In general, submerged/floating macrophytes appear to generate significant amount of mid-chain C21‒C25 n-alkanes, while terrestrial vascular plants produce more long-chain C27‒C31 n-alkanes (Liu Z. et al., 2014; He et al., 2014; Liu and Liu, 2016; Wang Z. et al., 2020). Therefore, the n-alkane distribution pattern of dominant mid-chain homologues, as indicated by higher Paq and lower ACL values, can be directly linked to more contribution of submerged/floating macrophytes. In contrast, the distribution pattern of dominant long-chain components with lower Paq and higher ACL values would imply relative importance of terrestrial input (Jiang et al., 2021). In this sense, we suggest that higher Paq and lower ACL values around ∼16.5 Ma and ∼15.1 Ma indicate larger contribution of submerged/floating macrophytes relative to terrestrial input, and vice versa (i.e., ∼16.3–15.5 Ma) (Figures 3A,B).
This interpretation is further supported by the CPI record which can also reflect the composition of n-alkane pool. Generally, n-alkanes produced by the terrestrial vascular tend to have stronger odd-to-even preference, perhaps due to the production of leaf epicuticular waxes (Eglinton and Hamilton, 1967), and thus higher CPI values than aquatic communities (Liu Z. et al., 2014). In our case, intervals of lower CPI values and higher n-alkane contents around ∼16.5 and ∼15.1 Ma (Figures 3C,D), indicative of reduced terrestrial input from adjacent watersheds, correspond well with intervals of higher Paq and lower ACL values (Figures 3A,B). Therefore, all these n-alkane indices from the Lunpori section consistently document the sources of organic matters of the paleolake in the Lunpola Basin during the mid-Miocene.
Lake-Level Fluctuations During the Mid-Miocene
Based on investigations of surface sediments in modern lakes, previous studies suggest that the composition of sedimentary n-alkane pool appears to be closely associated with its water depth, which might result from the community structure of aquatic species in the lake (Liu Z. et al., 2014; He et al., 2014; Liu and Liu, 2016; Wang Z. et al., 2020; Jiang et al., 2021). Due to the niche differentiation and habitat filtering, an optimum range of water depth is widely accepted to be necessary for the growth of specific aquatic macrophytes (Jones et al., 2002). For instance, emergent plants, which display a similar n-alkane distribution pattern with terrestrial plants (i.e., more production of long-chain homologues), are usually the dominant n-alkane source along lake littoral zones but gradually replaced by the thrived submerged and floating macrophytes with increasing depth to ∼1–10 m (Hannon and Gaillard, 1997; Rea et al., 1998;Liu and Liu, 2016; Jiang et al., 2021). Further, terrestrial input from surrounding watersheds would decrease with increasing water depth. Hence, in a relatively shallow lake, such as the paleolake in the Lunpola Basin during the mid-Miocene (Mao et al., 2019), higher Paq and lower CPI and ACL values, which reflects more proportion of submerged/floating vs. emergent/terrestrial plants, can be used to infer deeper water depth of the lake. We thus interpret that the lake level in the Lunpola Basin was relatively high around ∼16.5 and ∼15.1 Ma and realtively low at ∼16.3–15.5 Ma, perhaps in addition to the beginning (before ∼16.6 Ma) and end (after ∼14.9 Ma) of the studied interval (Figure 3).
Although lower Paq and higher CPI and ACL values could sometimes indicate increased water depth, e.g., in relatively deep lake settings (Liu Z. et al., 2014), the corresponding changes in n-alkane content and lithological characteristics, together with the pollen evidence from nearby Chebuli section, do not support such an interpretation in our case. First, during the intervals of higher Paq and lower ACL and CPI values (i.e., ∼16.8–16.3 and ∼15.5–14.7 Ma), we also found higher amount of n-alkanes (Figure 3) that may be linked to better preservation condition of organic matter and/or enhanced lake primary productivity (minor contribution from terrestrial input as inferred from n-alkane indexes), and thus possibly deeper water depth (Liu Z. et al., 2014). Second, relatively low Paq and high ACL and CPI valuesare largely observed in the mudstone beds with more silty and light-color sediments, which might have been deposited in relatively shallow and oxidizing subaqueous environment (Figure 3). Third, during the early Miocene when the lake in this basin was realtively deep as compared to the mid-Miocene, based on lithological characteristics, relatively low CPI and ACL values at ∼23–22 Ma correspond well with the substantial increase of warm-humid pollen species Keteleeriaepollenites (Sun et al., 2014; Cao et al., 2020), further supporting our interpretation of lower Paq and higher ACL and CPI values to reflect lower lake level. Therefore, these lines of evidence collectively suggest relatively high lake level around ∼16.5 Ma and ∼15.1 Ma and low level at ∼16.3–15.5 Ma in the Lunpola Basin during the mid-Mioecene.
Associated Forcing Mechanisms
Today, the northern and southern Tibetan Plateau are mainly controlled by the westerlies and south Asian monsoon respectively, while the central plateau is located in the transition zone receiving mixed moisture from both atmospheric circulations (Yao et al., 2009). As such atmospheric circulation systems might have already been built on the Tibetan Plateau in the early Miocene (Guo et al., 2008; Caves et al., 2015), it can be inferred that the Lunpola Basin on the central Tibetan Plateau was likely influenced by both the westerlies and south Asian monsoon during the studied period, the mid-Miocene. In this study, environmental changes (lake level) inferred from the Lunpori section in the Lunpola Basin are in line with those on the northern and southern Tibetan plateau. For instance, the content of gammacerane and carbon isotope of bulk organic matter (δ13Corg) from the Qaidam (northern Tibetan Plateau) and Wushan Basin (southeastern Tibetan Plateau) respectively (Lebreton-Anberrée et al., 2016; Liang et al., 2021), suggest similar lake level changes during the mid-Miocene (e.g., lake shrinkage at ∼16.3–15.5 Ma and expand before and after this interval) (Figure 4E). Further, an analogous pattern of detailed fluctuations can also be identified from the moisture records in these regions. Intervals of increased lake level, as indicated by higher Paq and lower ACL and CPI values, coincide with intervals of reduced aridity in the northern and southern plateau, as indicated by the higher percentage of humid conifers (Miao et al., 2011) and more negative oxygen isotope (δ18Ocarb) of paleosol (Quade et al., 1989) respectively (Figure 4D). Hence, we infer that higher lake level in the Lunpola Basin (e.g., ∼16.5 and 15.1 Ma) might have resulted from enhanced moisture transport from both westerlies and south Asian monsoon, and vice versa (e.g., ∼16.3–15.5 Ma).
[image: Figure 4]FIGURE 4 | Comparison of representative n-alkane index Paq from the Lunpori section with regional and global records during the middle Miocene. (A) Global benthic foraminiferal δ18O (Zachos et al., 2001). (B, C) Sea surface temperature (SST) records from the northern Atlantic Ocean at DSDP site 608 (TEX86-based, Super et al., 2018) and the eastern tropical Indian Ocean at ODP site 761 (Mg/Ca-based, Sosdian and Lear, 2020) respectively. (D) Pollen humid conifer percentage from the Qaidam Basin, northern Tibetan Plateau (Miao et al., 2011) and palaeosol carbonate δ18O from the Siwalik, southern Tibetan Plateau (Quade et al., 1989). (E) Biomarker gammacerane content from the Qaidam Basin, northern Tibetan Plateau (Liang et al., 2021) and bulk organic δ13C from the Wenshan Basin, southern Tibetan Plateau (Lebreton-Anberrée et al., 2016). (F) Paq values from the Lunpori section (this study). The grey bar indicates the period of relatively low lake level during gobal cool condition. MMCO in (A) denotes the middle Miocene climatic optimum interval.
Moreover, lake-level oscillations display a high degree of consistency with global climatic conditions, with high lake level during the relatively warming period (e.g., ∼16.5 Ma and 15.1 Ma), as suggested by the negative excursion of global benthic δ18O (Zachos et al., 2001) (Figure 4A). Similarities of the general patterns are also recognized between our n-alkane indices and sea-surface temperature (SST) record from the North Atlantic (Figure 4B) (Super et al., 2018). A SST record from the Indian Ocean (Figure 4C) (Sosdian and Lear, 2020) does not show particular cooling at ∼16.3–15.5 Ma, perhaps due to chronological uncertainties and relatively small signal of SST changes in tropical oceans. However, the overall pattern of lake-level changes corresponds well to global benthic δ18O changes, indicative of global climatic control on regional temperature and hydrological conditions. It has long been recognized that the concentration of atmospheric water vapor is highly dependent on temperature and also plays an important role in the climate system (Miao et al., 2012; Sun et al., 2020; Liang et al., 2021). During global warmer intervals, strengthened evaporation effect of global oceans would provoke higher moisture level in the atmosphere, exerting significant influence on the continental area. In our case, higher concentration of water vapor would have been carried to the Lunpola Basin by the westerlies and south Asia monsoon when the North Atlantic and Indian Ocean were warmer. Thus, intensified basin moisture level and lake expansion could be associated with global warmer intervals. Such temperature control on regional humidity has also been reported on orbital timescales in westerlies region (Liu W. et al., 2014; Li et al., 2020).
In addition to global climatic conditions, the tectonic uplift has also been proposed as a potential factor to influence the long-term hydrological evolution on the Tibetan Plateau (Miao et al., 2012; Liu W. et al., 2014; Wang X. et al., 2020; Liang et al., 2021). The growth of nearby mountains could block the delivery of water vapor into the basin and gradually induce lake contraction. In the central Tibetan Plateau, multiple paleoaltimeters including stable isotopes, pollen assemblages, and fossil leaves and mammals indicate that the Lunpola Basin and its surrounding mountain ranges (i.e., Gangdese, Tanggula, and Fenghuoshan Mountains) might have already reached a high elevation close to the modern height prior to the mid-Miocene (Rowley and Currie., 2006; Deng et al., 2012; Sun et al., 2014; Jia et al., 2015; Xu et al., 2018; Fang et al., 2020; Xiong et al., 2020). In this case, the tectonic configuration was inferred to be relatively stable around the Lunpola Basin since the mid-Miocene, and thus tends to exert minor impact on its long-term moisture changes. However, such inference cannot be tested in our study due to the relatively short studied interval. Identifying the role of tectonic uplift in the long-term lake dynamics requires longer records and warrants further research. Our results mainly show the detailed lake-level fluctuations during the mid-Miocene, which correlates well with contemporaneous global climatic changes, rather than the tectonic uplift, i.e., lower lake level under cooler conditions, and vice versa (Figure 4). Overall, we infer that the lake status in the Lunpola Basin, especially the fluctuations, was largely associated with global climatic changes during the mid-Miocene.
CONCLUSION
Multiple records of n-alkane indices and n-alkane contents from the Lunpori section consistently document the paleolake evolution in the Lunpola Basin, central Tibetan Plateau during the mid-Miocene. All these records indicate relatively high lake level around ∼16.5 and ∼15.1 Ma and low level at ∼16.3–15.5 Ma in the Lunpola Basin during the mid-Mioecene. Lake level fluctuations in the basin correspond well to regional and global climatic changes, i.e., lake expansion during relatively warm intervals and shrinkage during relatively cool intervals, which appears to be primarily linked to global climatic conditions during the mid-Miocene, with the impact of tectonic activities on the hydrological status to be minor on this timescale.
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The northeastern Tibetan Plateau (NE TP) has long been thought to be the last part of the Plateau to be raised, but this assumption has been challenged by recent analyses of fossil leaf energy, which have pointed to the possibility that the present surface altitude of ∼3,000 m above sea level (asl) in the Qaidam Basin (QB) was attained during the Oligocene. Here, for the first time, we present a record of glycerol dialkyl glycerol tetraethers (GDGTs) from a well-dated Cenozoic section in the QB. This record appears to demonstrate that the mean annual average paleotemperature of the QB was 28.4 ± 2.9°C at ∼18.0 Ma. This would suggest that the paleoelevation of the QB was only ∼1,488 m asl at that time and that a ∼1,500 m uplift was attained afterwards, in agreement with the massive shortening of the QB and the rapid drying of inland Asia since the late Miocene.
Keywords: paleoelevation, paleotemperature, GDGTs, early Miocene, Qaidam Basin
INTRODUCTION
The tectonic collision between India and Asia resulted in the formation of the Himalayan orogen, the largest and best known orogen in the world. The successive geologic evolution of the Himalayan orogen eventually led to the formation of the TP (Dewey et al., 1988; Yin and Harrison, 2000). At present, in contrast to the southern and central TP, where a variety of modern paleoaltimetries have been applied to reconstruct generally high paleoelevation during the Eocene (Rowley and Currie, 2006; Wang et al., 2008; Ding et al., 2014), the topographic history of the NE TP has been less well studied, with far fewer well-dated archives compiled (Zhuang et al., 2014; Song et al., 2020). This region has long been thought to have been uplifted much later, mostly during the Plio-Quaternary (Tapponnier et al., 2001), or since the late Miocene (Fang et al., 2005, 2007; Li et al., 2014). This process is thought to have exerted a significant impact on the East Asian Monsoon (EAM) and the aridification of Central Asia (Liu et al., 2015). Very notable is the recent finding of fossil leaves in the QB, indicating that the central part of the NE TP, i.e., the QB, was already at its present height (∼3,000 m asl) in the Oligocene (Song et al., 2020). This challenges the tectonic model and dry climate predictions above and highlights a large discrepancy with a study that reconstructed much lower topographies using the hydrogen isotopes of n-alkanes (Zhuang et al., 2014).
The huge QB received very thick and continuous deposits and therefore provides a great opportunity for detecting the Cenozoic uplift history of NE TP (Figures 1A,B). One the other hand, branched glycerol dialkyl glycerol tetraethers (brGDGTs), a suit of membrane lipids produced by unknown bacteria, offer a potential tool for paleoaltimetry reconstruction (Decelles et al., 2016; Bai et al., 2018; Deng and Jia, 2018; Chen et al., 2019, 2020; Zhuang et al., 2019). This is due to the fact that brGDGTs are sensitive to temperature variation (Weijers et al., 2007), while temperature decreases with increasing altitude. Significant relationships between brGDGT distributions and altitude have been observed along several altitudinal gradients on the TP (Peterse et al., 2009; Deng et al., 2016; Li X. M. et al., 2017; Wang et al., 2017; Bai et al., 2018; Feng et al., 2019).
[image: Figure 1]FIGURE 1 | (A,B) The map of the northern Tibetan Plateau (TP) showing the locations studied and mentioned: the Hongliugou (HLG) section, Dahonggou (DHG) section, Huaitoutala (HT) section, Sugan Lake, Hurleg Lake, and Tuosu Lake in the Qaidam Basin (QB); (C) the simplified geological map of the northwestern QB (modified from Wu et al., 2021), E1-2L, Lulehe Formation (early Eocene); E3g, Xia Ganchaigou Formation (middle-late Eocene); N1g, Shang Ganchaigou Formation (Oligocene); N2y, Youshashan Formation including N12y, Xia Youshashan Formation (early-middle Miocene) and N22y, Shang Youshashan Formation (middle-late Miocene); N2s, Shizigou Formation (late Miocene-Pliocene); Q1q, Qigequan Formation (Pliocene-Pleistocene); Q2, late Pleistocene and Holocene.
Here, we present new GDGTs data from fossils and precisely paleomagnetically dated Cenozoic sedimentary rocks identified in the Hongliugou (HLG) section of the QB (Figure 1B), and quantitatively reconstruct the paleotemperature and the paleoelevation of the early Miocene in the QB.
GEOLOGICAL SETTING
The QB (35°55′ - 39°10′ N, 90°00' - 98°20′ E; ∼58,000 km2) is the largest rhombic intermontane basin on the NE TP (Figure 1A). The QB has an average elevation of ca. 3,000 m asl and is bounded by the Kunlun Mountains, Altyn Mountains, Qilian Mountains, and Ela Mountains (elevations ∼4,500–5,500 m asl) to the south, west, north, and east, respectively (Figure 1B). The QB is covered by thick deposits of Cenozoic sediments of up to 12,000 m in depth. These have recorded a detailed history of plateau uplift, basin evolution, and climate change, making this the ideal area to reveal the growth of the TP and the mechanisms controlling this growth, and to test tectonic models. It has generally been believed that the QB was formed in response to the collision of the Indian subcontinent with Asia; this area has been subjected to continuous compression deformation and sink, although much of the shortening and uplift have occurred since the late Miocene–Pliocene (Zhou et al., 2006; Fang et al., 2007; Bao et al., 2017).
The QB lies in a continental desert climatic zone. The mean annual average temperature (MAAT) and mean annual average precipitation (MAAP) are 3.5°C and <20–200 mm, respectively, but the mean annual average evaporation is >2,000 mm. The vegetation in the QB is very sparse and mostly of desert species, e.g., Ephedra przewalskii, Haloxylon ammodendron, Salsola collina, Kalidium foliatum, Sympegma regelii, Ceratoides lateens, Nitraria roborowskii, N. tangutorum, Tamarix chinensis, and Artemisia spp. (Zhou et al., 1990). The higher-elevation slopes on the QB’s surrounding mountains are covered by shrubs adapted to cold, windy, semi-arid conditions, chiefly Berberis and Salix amnematchinesis (Wu, 1995). The QB’s soils are also desert soils (National Soil Survey Office, 1998).
The Cenozoic stratigraphy is almost completely exposed along the northern flank of the QB, where the HLG section (38°07.50′ N, 94°41.07′E) is one of the most representative outcrops (Figure 1B). It contains sediments ranging from the Eocene Lulehe Formation to the Quaternary Qigequan Formation, with a total thickness of 5,030 m (Figure 1C, Zhang et al., 2006; Fang et al., 2019; Wu et al., 2021). High-resolution paleomagnetism has dated the formation of the section to between 54.2 Ma and 1.8 Ma (Zhang et al., 2006; Fang et al., 2019; Figures 2A–F).
[image: Figure 2]FIGURE 2 | (A–G) Stratigraphy, thickness, lithology, magnetostratigraphy (Zhang et al., 2006; Gradstein and Ogg, 2012; Fang et al., 2019) and the GDGT sample horizon (the blue square is the horizon of the GDGTs not obtained, and the red is the two sample horizons of the compound obtained); (H,I) the distribution of GDGTs for 18.3 Ma and 18.8 Ma in the HLG Section.
MATERIALS AND METHODS
Samples were freeze-dried, ground to fine powder (100 mesh), and homogenized. As for their lithology and ages, they are shown in Figures 2C,F; Supplementary Table S1. Then, to perform Soxhlet extraction, aliquots of samples (∼100 g) were used with dichloromethane (DCM):methanol (MeOH) (2:1, v/v) at 60°C for 72 h. The total lipid extracts were classified into polar and nonpolar fractions using n-hexane (HEX)/DCM (9:1, V:V) and DCM/MeOH (1:1, V:V) by adopting column chromatography with a neutral alumina column over activated silica gel (100–200 mesh). The polar fraction was re-dissolved in n-hexane:isopropanol (99:1, v/v), followed by being filtered through a 0.2-μm PTFE filter for GDGT analysis.
The GDGTs analysis was conducted at the Key Laboratory of Tibetan Environment Changes and Land Surface Processes, the Chinese Academy of Sciences, when an Agilent 1,200 High Performance Liquid Chromatography device coupled to an Agilent 6,100 Mass Spectrometry device with Atmospheric Pressure Chemical Ionization (HPLC-APCI-MS) is adopted. To be specific, normal phase chromatography (Grace Prevail Cyano, 150 mm × 2.1 mm, 3.0 μm) was applied at 40°C, and there was the injection volume of 20 μl and a flow rate of 0.2 ml/min to achieve the separation. Besides, mobile phase A was n-hexane, while B was n-hexane/isopropanol (9:1, v/v), when an elution gradient was adopted following Yang et al. (2014). Furthermore, to enhance detection sensitivity and reproducibility, a Single Ion Monitoring (SIM) mode was established at (M + H) + values of 1,302, 1,300, 1,298, 1,296, 1,292, 1,050, 1,048, 1,046, 1,036, 1,034, 1,032, 1,022, 1,020, and 1,018 (see Figure 3 for GDGT structures). We used the integral area of each brGDGTs component to calculate the relevant proxies, and the brGDGTs indices used in this study are calculated as follows:
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(Weijers et al., 2007)
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[image: Figure 3]FIGURE 3 | Structure of GDGT compounds (from Yang et al., 2014).
RESULTS
We extracted and tested 33 samples from the whole section; only two GDGTs data of 18.3 Ma and 18.8 Ma were identified from the HPLC-APCI-MS (Figure 2G). GDGTs compounds were not extracted from other sample horizons, possibly related to their lithologies (Figure 2C). In the QB, it would appear that reddish mudstone is more conducive to the generation and preservation of GDGTs. In this study, the sedimentary lithologies for 18.3 Ma and 18.8 Ma are all of reddish mudstone. Additionally, all of the lacustrine sample lithologies of GDGTs compounds measured in the study of Zhuang et al. (2019) were also of reddish mudstone. It is possible that the temperature, salinity, and dissolved oxygen conditions found in Cenozoic reddish mudstones in the QB are more beneficial to the formation of GDGTs compounds. Although only two GDGTs datasets were obtained from the HLG section, these two datasets constitute a critical resource for the Cenozoic paleotemperature reconstruction of the NE TP, filling a quantitative paleotemperature and paleoelevation gap in our understanding of the early to middle Miocene period of the QB.
The MBT ratio of these two samples were 0.82 and 0.59, respectively; the CBT ratio were −0.141 and 0.006, respectively (Supplementary Table S2). Diagenesis, maturation, and exposure to oxygen during sedimentation are all likely to lead to the degradation of GDGTs (Schouten et al., 2013). Although the degradation of brGDGTs is inevitable, and can be relatively rapid, the fidelity of paleotemperature reconstructions based on brGDGTs is less affected by their preservation (Schouten et al., 2013). In an artificially simulated thermal maturation experiment, the MBT index changes little, while the CBT index increases with the temperature increase, indicating that the components containing five membered rings are relatively unstable, but also that the temperature change in the MBT/CBT calculation is small (Schouten et al., 2013). The stability of the MBT index and the MBT/CBT-reconstructed temperature were also evident in an artificially simulated oxidation experiment (Ding et al., 2013). In other words, although the degradation will lead to the reduction of GDGTs content in the formation, the environmental temperature information preserved is less affected, meaning that the paleotemperatures calculated in this study can be assumed to be relatively reliable.
Consistent with the distribution of GDGTs compounds in the surface sediments of other lakes on the TP (Günther et al., 2014; Wang et al., 2016; Wang et al., 2021), the distribution of GDGTs in the two samples in this study was principally of brGDGTs, in which the contents of Ia, Ib, and Ic were the highest. The contents of GDGT-2 and GDGT-3 in isoprenoid glycerol dialkyl glycerol tetraethers (iGDGTs) were higher, with the crenarchaeol (cren) and its isomers (cren’) content being the lowest (Figures 2H,I).
DISCUSSION
GDGTS and Paleotemperature
In this study, the early Miocene samples (dated to 18.3 Ma and 18.8 Ma) from the HLG section contained sufficient fractional concentrations to calculate the brGDGT-based paleotemperature proxy. Sedimentary facies analyses revealed that the two samples were composed of lacustrine sediments (Figure 2C). We therefore chose lake brGDGT-temperature calibration equations to calculate the paleotemperature (Tierney et al., 2010; Pearson et al., 2011; Sun et al., 2011; Loomis et al., 2012; Günther et al., 2014; Wang et al., 2016).
The MAAT value reconstructed by the three equations of samples mainly from Africa is obviously too high (Figure 4; Supplementary Table S3; Tierney et al., 2010; Pearson et al., 2011; Loomis et al., 2012). To be specific, the MAAT of 18.3 Ma was 40.4°C, 45.0°C, and 43.5°C, respectively, while that at 18.8 Ma was 31.7°C, 38.0°C, and 36.4°C, accordingly. Compared with the equations whose samples are mainly from Africa, the other three equations whose samples are mainly collected from China (Figure 4 and Supplementary Table S3; Sun et al., 2011; Günther et al., 2014; Wang et al., 2016) seem to be more reliable. Then, the mean MAAT for 18.3 Ma and 18.8 Ma was taken as the possible paleotemperature in this area at 18.0 Ma (Figure 5), whereas at 18.0 Ma, the MAAT values calculated using these three formulae were 31.3 ± 4.3°C, −0.3 ± 1.2°C, and 25.6 ± 1.5°C, separately. Among the three equations, it is believed that the reconstructed-MAAT of Sun et al. (2011) and Wang et al. (2016) is the most reliable for the following reasons. Firstly, Sun et al. (2011) and Wang et al. (2016) have a larger number of samples (n = 100 and n = 27), including a wide range of lakes featured with various climatic conditions, lake size, and depths. Secondly, the reconstructed-MAAT values of Sun et al. (2011) and Wang et al. (2016) are closer. Thirdly, the MAAT value of 18.0 Ma calculated by Günther et al. (2014) is much lower than the late Miocene long-chain alkenone temperature (18.9 ± 0.5°C) and lacustrine carbonate oxygen isotope temperature (19.0 ± 0.5°C) in the Dahonggou (DHG) section (Figures 1B, 5, Sun et al., 2012) and Xitieshan area of the QB (Figure 5, Wu et al., 2007), which is inconsistent with the global cooling trend during Middle Miocene to late Miocene (Figure 5, Wang et al., 2003). We therefore felt it fair to assume that 31.3 ± 4.3°C and 25.6 ± 1.5°C could be taken as reliable paleotemperature values. In order to reduce any errors in the paleotemperature calculations further, our final 18.0 Ma temperature took the mean value of 31.3 ± 4.3°C and 25.6 ± 1.5°C to be 28.4°C, with the error being calculated as half of the difference between 31.3°C and 25.6°C (i.e., 2.9°C) (Figure 5).
[image: Figure 4]FIGURE 4 | (A,B) Reconstructed temperature in 18.3 Ma and 18.8 Ma of the HLG section using different lake brGDGT-temperature calibrations; S, G, W, T, P, and L respectively represent the temperature equation from Sun et al. (2011), Günther et al. (2014), Wang et al. (2016), Tierney et al. (2010), Pearson et al. (2011), and Loomis et al. (2012).
[image: Figure 5]FIGURE 5 | Paleotemperatures for the HLG section calculated from Sun et al. (2011) (MAAT1, yellow circle), Wang et al. (2016) (MAAT2, blue circle), and Günther et al. (2014) (MAAT3, purple circle) and the average value of MAAT1 and MAAT2 (blue hexagon) in comparison with other Miocene paleotemperature records (Wang et al., 2003; Wu et al., 2007; Sun et al., 2012; green curves, gray squares and triangles, respectively).
The climatic environment of the QB during the Miocene was quite different from that of today. A considerable corpus of fossils, sedimentary facies, and paleoclimatic evidence has pointed to this region experiencing a warm period at this time. For instance, pollen from the genus fupingensis, representative of the humid environment typical of a subtropical, warm/temperate zone, was found in the Miocene sediments of the Naoge section (Miao et al., 2016) in the QB. Large mammalian fossils from the QB such as rhinoceros and elephant can be dated to the middle to late Miocene (Wang et al., 2011). The discovery of Castor fiber fossils in the DHG section would suggest that the area was warm and humid around 13.0 Ma (Li and Wang, 2015). The discovery of a large number of Chalicothere fossils from the early Pliocene would also intimate that the QB was still a humid and treeless environment during that period (Chen et al., 2015). Additionally, during the early and middle Miocene in the QB, the development of algal limestone and the wide distribution of homogeneous fine-grained layers would indicate that a megalake dominated the Basin (Shou et al., 2003; Miao et al., 2011; Zhuang et al., 2011; Liu et al., 2014; Chang et al., 2015; Guo et al., 2018). Moreover, the hydrocarbon isotopes of leaf wax identified in the Honggouzi section in the western QB appear to show that the climate in this area was relatively warm and wet in the middle Miocene (Wu et al., 2019).
We also used the brGDGT-temperature calculation method employed in this study to recalculate the paleotemperatures of lacustrine sediments during the 9.5–5.1 Ma (mean age 7.3 Ma) period from the Huaitoutala (HT) section (Figure 1B; Zhuang et al., 2019). These calculations rendered a mean value of 17.8 ± 2.9°C. As shown in Figure 6A, the MAAT of the QB decreased from 28.4°C at 18.0 Ma to 17.8°C at 7.3 Ma (△T = 10.6°C), consistent with the significant late Miocene cooling trend recorded by the oxygen isotope record in deep-sea sediments (Zachos et al., 2008; Figure 6B).
[image: Figure 6]FIGURE 6 | (A) Miocene-Quaternary paleotemperature variations in the QB in comparison with (B) global temperatures and ice volume changes recorded by the oxygen isotopes of marine sediments (Zachos et al., 2008); (C) Cenozoic elevation history of the QB in comparison with (D) the tectonic crustal shortening history of the QB (Bao et al., 2017).
In conclusion, numerous fossils, sedimentary facies, and paleoclimatic archives in the QB demonstrate the reliability of this study’s calculated paleotemperatures.
An Early-Middle Miocene Paleoelevation Reconstruction of the QB
The temperature lapse rate (TLR) is an important indicator of altitude and gradient. The TLR for the TP derived from long-term, near-surface air temperatures recorded at meteorological stations ranges from 4.8°C/km to 6.6°C/km (Guo et al., 2015). Due to the influence of many less well-constrained parameters such as underlying surface conditions, elevation, atmospheric circulation, and humidity (Spicer and Yang, 2010), any assumption of any paleo-TLR remains uncertain. Therefore, 6.6°C/km was regarded as the upper limit of the TLR in this study in order that the lower limit of any change in the elevation of the QB since the early Miocene might be calculated; 4.8°C/km was taken as the lower limit of the TLR so as to estimate the upper limit of any change in elevation for the same period.
In addition to determining the TLR, another important step in GDGT-paleoelevation calculation is to find the reference point of the temperature change at “Zero Altitude.” After a large number of screenings, we found three reference points that were close to the latitude and age of this study site, with the temperature proxy being either long chain alkenones or GDGTs. The first reference point was ODP Site 1,010 (30°N, 118°W) in the Pacific Ocean (LaRiviere et al., 2012), which is relatively close to the QB, though the age of its base is 13.4 Ma, quite different from that of this study. The Uk37-temperature change since 13.4 Ma at this site was 14.0°C. The second reference point was ODP Site 608 (42.8°N, 23.1°W), relatively far away from the QB, but close in age to this study (with a range of 24–0 Ma). Since 18.8 Ma, the GDGT-calculated temperature at this site has changed by 13.6°C (Super et al., 2018, 2020). Reference point three was located in the coastal lowlands of Northwest Europe (51.5°N, 6°E). Although the site is far away from the QB, its basal age is 16.5 Ma, consistent with that of this study. It is also a terrestrial environment like the QB, meaning any temperature change should be closer (Donders et al., 2009) to that identified in this study. From 16.5 Ma to now, the GDGT-based temperature change at this site was 13.9°C, very similar to 14.0°C at ODP Site 1,010 and 13.6°C at ODP Site 608. We therefore felt it appropriate to select the Northwest Europe low elevation site in as a reference point.
However, nothing is known about the latitudinal change between the low elevation point in Northwest Europe and the HLG section since the early Miocene, which will inevitably cause uncertainty in the temperature change (△t). Besides, the difference of △t between the modern “Zero Altitude” point and the HLG section was calculated. The △t of the Brussels Meteorological Station (50.9°N, 4.5°E, 55 m asl) from 1973 to 2020 that is closest to the low elevation point of Northwest Europe is 3.1°C (https://en.tutiempo.net/climate/ws-64510.html). Additionally, the △t for the Lenghu Meteorological Station (38.8°N, 93.4°E, 2,771 m asl) nearest to the HLG section from 1973 to 2020 was calculated, and it is 2.5°C (https://en.tutiempo.net/climate/ws-526020.html). During 1973–2020, the difference in △t between the “Zero Altitude” point and the HLG section was 0.6°C. Furthermore, as the latitude pattern between the Northwest Europe and the QB in the early Miocene cannot be obtained, it is assumed that the value, twice of 0.6°C (1.2°C), is the error representing the latitudinal difference between the “Zero Altitude” point and the HLG section since the early Miocene.
In order to calculate the paleoelevation of the QB in the early Miocene, firstly, the MAAT of lake surface sediments in Lake Sugan, Hurleg, and Tuosu of the QB (raw data from Wang et al., 2016) was recalculated (Figure 1B), by using the conversion equations of brGDGT-temperature from Sun et al. (2011) and Wang et al. (2016). Besides, their mean value was 6.1°C as the MAAT in the modern QB. From the early Miocene to the present day, the variation in the low elevation MAAT value for Northwest Europe is 13.9°C. The modern MAAT of the QB is 6.1°C. Therefore, if the temperature change caused by uplift in the QB between the early Miocene and the present day were to be taken as ΔT = 28.4°C − 13.9°C − 6.1°C = 8.4°C, and the upper limit of the TLR as 6.6°C/km, then the figure of 8.4°C would be equivalent to an uplift of ∼1,273 m. When the TLR is 4.8°C/km, the 8.4°C would be equivalent to an uplift of 1,750 m in the study area since the early Miocene. We took a mean value of 1,512 m from the lower limit of 1,273 m and the upper limit of 1,750 m as the change in elevation of the QB since the early Miocene. The modern mean elevation of the QB is ∼3,000 m asl, meaning that the paleoelevation of the study area would have been < ∼1,488 m asl during the early Miocene (Figure 4C). The uncertainty in this modeling was estimated to be 738 m, derived principally from the uncertainty within the calibrations of Sun et al. (2011) and Wang et al. (2016) being 2.9°C, and the difference in temperature change (△t) between the low elevation point in Northwest Europe and the HLG section caused by latitude variation is 1.2°C.
As mentioned above, the MAAT in the QB from 18.0 Ma to 7.3 Ma decreased by 10.6°C. During this period, the temperature change in the lowlands of Northwest Europe was 5.6°C (Donders et al., 2009). When the TLR is taken as 6.6°C/km, the change in elevation would be 758 m. When the TLR is 4.8°C/km, the elevational change would be 1,042 m. We took a mean value of 900 m from the upper limit and the lower limit as the variation in the paleoelevation of the QB from 18.0 Ma to 7.3 Ma. If the paleoelevation of the QB at 18.0 Ma is taken to be ∼1,488 m asl, its paleoelevation during the late Miocene would have been ∼2,388 ± 738 m asl (Figure 6C).
Clarifying the Uplift History of the TP
Using our reconstructed paleoelevations for the QB during the early Miocene and other previously published data (Meng et al., 2001; Zhuang et al., 2019), we reconstructed the Cenozoic altitudinal history of the QB (Figure 6C). This would suggest that at the initiation of the QB in the Eocene, the Basin’s surface was close to the sea level because the QB was connected with the Tarim Basin (Meng et al., 2001). Our brGDGT-based paleoaltimetry showed that the QB was still a low-elevation region (∼1,488 m asl) until ∼18.0 Ma. Even at 7.3 Ma, the brGDGT-based recalculated paleoelevation (∼2,388 m asl) of the QB shows that the Basin’s modern elevation had not yet been obtained. Subsequently, the QB was uplifted by ∼600 m, reaching the present elevation of 3,000 m asl.
However, recent fossilized plant finds in the DHG section have suggested a much earlier date at which the QB attained its present height, i.e., during the Oligocene (Figures 1B, 6C; Song et al., 2020). The plant fossil assemblages belong to a temperate-deciduous-dominated woodland environment and were buried in fluvial sandstone beds. We assumed from this finding that these plants grew on the slopes of the Qilian Mountains and were transported by river action into the Basin, most probably during flooding. This assumption can be based on the analyses of pollen spores from the QB, which indicate that, during the Oligocene, arid-tolerant species of the genera Ephedra, Chenopodiaceae, and Artemisia dominated the Basin’s surface (Exploration and Development Research Institute of Qinghai Petroleum Administration Bureau., and Nanjing Institute of Geology and Paleontology, Chinese Academy of Sciences, 1985), while deciduous Ulmus tree species and fewer numbers of Picea and Pinaceae coniferous trees grew in the Qilian Mountains (Sun et al., 1980). This forest composition would suggest an elevational range of ∼2,000–3,500 m asl when compared with the nearest modern species (Mosbrugger et al., 2018). The elevations suggested by these tree fossils thus most likely reflect the paleoelevations of the Qilian Mountains, rather than the QB. Furthermore, leaf fossil assemblages dominated by Populus and Podocarpium were found in the DHG Gulley (Song et al., 2020). Of these, the same modern Populus indicates a temperate, semi-humid climate and grows mostly along riverbanks in the Lanzhou Basin and at an elevation of ∼1,400 m asl (Sun et al., 2004). This would imply that the fossilized Populus found in the DHG Gulley in the QB most likely grew in valleys during the Oligocene at an elevation of ∼1,400 m asl; this would not support an elevation of ∼3,000 m asl for the QB at that time. Moreover, fossilized plant leaves and fruits of genera Ailanthus found in the Huatugou area in the northwestern QB and dating from the early Oligocene lend further support to our inference (Yang et al., 2020), indicating that the northwestern QB was most likely at low elevations of 500–2,000 m asl during the Oligocene. The recent discovery of fossilized Paleoschizothorax vertebrates (Cyprinidae, a genus of freshwater fish living in warm water environments and at low elevations of ∼500–1,800 m asl in southwestern China) in the Oligocene stratigraphy in the same area would appear to further support the inference of a low-elevation QB during the Oligocene (Yang et al., 2018). The pharyngeal bones of the Schizothorax subfamily or Barbinidae found in the late Miocene strata of the HT area exist purely in the original Schizothorax subfamily and Barbinidae fish, and are only distributed in areas with an elevation of 1,250–2,500 m asl or lower (Chang and Miao, 2016), indicating that the QB did not reach its modern height until the late Miocene, consistent with this study.
The above topographical histories of the QB suggest that a slow rise of the NE TP, and a lowland environment, dominated the QB for much of the Eocene and Miocene, and that the rapid uplift of the Plateau’s surface to the present-day elevation of ∼3,000 m asl occurred from the late Miocene onwards (Figure 6C).
The reconstructed Cenozoic tectonic history of the QB shows a highly variable crustal shortening rate (Figure 6D; Bao et al., 2017), being high from 43.8 Ma to 35.5 Ma and from 15.3 Ma to 0 Ma, and low from 53.5 Ma to 43.8 Ma and from 35.5 Ma to 15.3 Ma. The Miocene represents the dividing lines between these high and low rates, with ∼50% of the Basin’s total shortening occurring by the onset of the Miocene.
The reconstructed Cenozoic paleoelevation evolution of the QB can also be confirmed by overwhelming geological evidence. For instance, a low topography in the QB during the Paleogene is indicated by the age of the last-remaining marine units in the area (Meng et al., 2001), which was connected with the southwestern Tarim Basin when the region was occupied by the Paratethys Sea between the Cretaceous and the early Paleogene (e.g., Popov et al., 2004). Additionally, Yin et al. (2008) suggested that the Paleogene (65–24 Ma) Qaidam and Hoh Xil basins on both sides of the Eastern Kunlun Mountains may have been parts of a single topographic depression called the “Paleo-Qaidam Basin,” which would imply that the QB experienced a process of slow uplift during the Paleogene. During the period from the early to middle Miocene, the sedimentology, paleomagnetism, thermochronology, and structural geology (Jolivet et al., 2003; Fang et al., 2007; Clark et al., 2010; Li B. et al., 2017) all point to a rapid denudation and uplift of the QB and its surrounding mountain ranges. This body of evidence is consistent with this study’s brGDGT-based paleoelevation reconstruction. A significant number of stratigraphic, petrographic, sedimentological, thermochronological, and climate records have also demonstrated that since the late Miocene, the Qaidam region and even the entire NE TP have undergone a period of intensive uplift, laying the foundations for the region’s present-day geomorphic patterns and elevation, and causing huge climatic and environmental change (Fang et al., 2005; Li et al., 2014).
In summary, all the aforementioned geological evidence agrees well with our reconstructed Cenozoic paleoelevation history of the QB on the NE TP, a reconstruction that supports a rapid late Miocene uplift and growth of the NE TP. However, due to the difficulty in preservation of the GDGTs, the interpretation and resulting conclusion in this study is based primarily on limited datasets. Further studies with more samples from a broad region can subsequently verify and reinforce the results from this study.
CONCLUSION
We used a new, organic, quantitative paleotemperature/paleoaltimeter-GDGTs ratio to constrain the Cenozoic paleogeomorphology of the NE TP, so as to improve our understanding of the uplift history of the region. The GDGTs temperature indicated that the MAAT of the QB was relatively high in the early Miocene (28.4 ± 2.9°C). This would suggest that the paleoelevation of the QB at that time was relatively very low, at ∼1,488 m asl. Combined with other published paleoelevation/geological records, we reconstructed the uplift history of the Cenozoic era in the Qaidam area, and showed that at the beginning of the Eocene, the Basin’s surface was close to sea level. Until in the early Miocene, the QB was still a low-elevation region (∼1,488 m asl). Even at 7.3 Ma, the recalculated paleoelevation (∼2,388 m asl) of the QB showed that the Basin’s modern elevation had not yet been obtained. Subsequently, the QB was uplifted by ∼600 m, reaching its present elevation of 3,000 m asl.
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The early uplift of the Tibetan Plateau (TP) had a profound influence on the paleoenvironment and paleoclimate. However, we still have little information about the link between the paleoclimatic changes and flora ecosystem caused by the uplift. The Eocene fluvial-lacustrine sequences in the Gonjo Basin, eastern TP, provide excellent archives of the paleoecological and paleoclimatic responses to the surface uplift of the TP. In this study, we investigated a section of the middle Eocene Ranmugou Formation (47.8–>44 Ma) and used the sporomorphs assemblages, sedimentology, and geochemistry of the evaporites to reconstruct the paleoclimate and paleovegetation. The palynological assemblages and coexistence analysis reveal that the middle Eocene ecosystem in the Gonjo Basin was dominated by warm and humid temperate deciduous broad-leaved forests. The 87Sr/86Sr ratios (0.709942–0.710062) of all of the gypsum samples are higher than those of contemporaneous seawater, while the δ34S values (10.3–11.0%) are much lower, indicating a lacustrine environment. Combined with published palynological and paleoelevation data for eastern Tibetan lacustrine basins, we infer that the paleoenvironment changed from warm and humid deciduous broad-leaved forests during 47.8–>44 Ma, to cool and arid temperate forest during 44–40 Ma in the Gonjo Basin, and to arid and cool steppe-desert vegetation in the late Eocene Nangqian Basin. The changes in the paleoclimate and vegetation were primarily driven by the surface uplift of the Central Watershed Mountain, the high topography of which blocked the moisture from the Asian Eocene monsoon.
Keywords: palynology, vegetation, paleoclimate, paleoenvironment, Gonjo Basin, Tibetan plateau
INTRODUCTION
The Eocene was a key period for Asian paleoenvironmental changes (Hoorn et al., 2012) and was characterized by a warmer climate than any other interval in the Cenozoic (Zachos et al., 2001). The highest temperatures were recorded during the Paleocene-Eocene transition (Paleocene-Eocene Thermal Maximum, PETM) (Zachos et al., 2008; Cramwinckel et al., 2018). During the Eocene-Oligocene transition, the expansion of the polar ice sheets marked a sharp global cooling event in the long-term gradual cooling period after PETM and the climate transformed from a greenhouse to an icehouse (Bohaty and Zachos, 2003; Eldrett et al., 2009). The Middle Eocene Climatic Optimum (MECO) was a very short interval (between ∼40.5 Ma and ∼40 Ma) of warming during this long-term descent witnessing the Asian tectonic development and monsoon intensification (Fang et al., 2021). The proto-Tibetan Plateau (TP) (Lhasa and Qiangtang terranes) reached an elevation of ∼4,000 m (Wang et al., 2008). The Central Watershed Mountain attained a near-present altitude (Xiong et al., 2020). In the middle Eocene, the high topography, retreat of the proto-Paratethys Sea, and global cooling intensified the Asian monsoon (Fang et al., 2021). Nevertheless, how the terrestrial ecosystem and climate changed in response to these Eocene events is still not well constrained. The main obstacle to revealing these responses is the absence of an altitude history with a well-constrained chronology. Moreover, previous studies based on palynological and isotope proxies are regionally limited and were conducted in separate continental basins (e.g., the Xining Basin and the Nangqian Basin, Hoorn et al., 2012; Yuan et al., 2020). Therefore, paleoenvironmental reconstruction, including climate and vegetation, under well-constrained paleoaltimetry in basins on the regional scale is crucial to understanding how the ecosystem responded to the uplift of the TP and global cooling.
The Gonjo Basin, located on the eastern part of the Central Watershed Mountain, hosts a thick, successive Paleocene-Eocene sedimentary record (Studnicki-Gizbert et al., 2008). The accurate age constraints based on magnetostratigraphy and radioactive isotopes (Li et al., 2020; Xiao et al., 2021) of uplift history (Xiong et al., 2020) make the ∼2,000 m sedimentary sequences in the Gonjo Basin perfect for conducting Eocene paleoclimatic and paleovegetation reconstruction, although the age of the Ranmugou Formation is still controversial. Palynological studies are a useful tool for constraining the age and reconstructing the vegetation, paleoclimate, and paleoecological evolution of a region (Hoorn et al., 2012; Miao et al., 2016; Tang et al., 2020). The use of sedimentology and isotopic geochemistry to study paleoenvironmental changes is also well-established. In this study, we used palynological, sedimentary, and geochemical records of the middle Eocene Ranmugou Formation to discuss the age of the Ranmugou Formation and reconstruct the paleoenvironmental changes in the Gonjo Basin. Then, we compared the climate and vegetation with other continental basins in the northeastern TP and determined the driving forces of the paleoenvironmental changes.
GEOLOGIC SETTING
The TP is composed of the Qiangtang, Lhasa, and Tethyan Himalaya terranes and several sutures between these continental terranes, including the Jinshajiang suture, Longmuco-Shuanghu suture, Bangong-Nujiang suture, and Yarlung-Zangbo suture (Yin and Harrison, 2000; Metcalfe, 2013) (Figure 1). The Qiangtang terrane is further subdivided into the southern and northern Qiangtang terranes (SQT and NQT) by the Longmuco-Shuanghu suture, which is believed to be related to the closure of the Paleo-Tethyan Ocean in the Late Triassic (Zhai et al., 2011; Metcalfe, 2013). A series of Cenozoic strike-slip pull-apart basins were developed in the southeastern margin of the TP, including the Nangqian, Shanglaxiu, Gonjo, Markham, Jianchuan, Lanping, and Simao basins. These basins were commonly infilled by alluvial fan and fluvial coarse clastic rocks interbedded with lacustrine mudstone and marls, and these deposits are thousands of meters thick along the faults and suture zone (Zhang et al., 2007).
[image: Figure 1]FIGURE 1 | Map showing the main terranes and sutures of the Tibetan Plateau and surrounding areas. ATF: Altyn Tagh fault; QF: North Qaidam fault; AS: Anemaqen suture; HJS, Hoh Xil-Jinshajiang suture; LF: Longmenshan fault; LSS: Longmuco- Shuanghu suture; BNS: Bangong-Nujiang suture; YZS: Yaulung Zangbo suture; ARS: Ailaoshan-Red River suture; TT: Tengchong terrane; BT: Baoshan terrane; WB: West Burma terrane; CM-I: Changning-Menglian-Inthanon suture; L: Lincang Batholith; Suk: Sukhothai Arc terrane; SM: Simao Block.
The Gonjo Basin is located in the northeastern part of the NQT and is bounded by the Jinshajiang suture to the east and the Bangong-Nujiang suture to the west. The Gonjo Basin is a syn-contraction basin (Studnicki-Gizbert et al., 2008) and is composed of an asymmetric syncline controlled by a thrust system (Li et al., 2020; Xiong et al., 2020). The Cenozoic red beds in the Gonjo Basin are divided into the Gonjo and Ranmugou formations. The Gonjo Formation is conformably overlain by the Ranmugou Formation and is unconformably underlain by Lower and Middle Triassic limestone and volcanic rocks (Tong et al., 2017). The Gonjo Formation consists of eolian sandstones in the lower part and fluvial sandstones and siltstones in the upper part (Xiong et al., 2020). The Ranmugou Formation can stratigraphically be divided into three parts. The lower part is mainly composed of massive gray-purple conglomerates interlayered with sandstones (BGMRT, 1993), indicating a distal alluvial fan or fluvial facies (Xiong et al., 2020). The middle part is mainly reddish-brown sandstones, which have been hypothesized to be deltaic deposits (Tang et al., 2017). The upper part consists of green lacustrine carbonaceous shales, carbonates, red mudstone, and evaporites (Studnicki-Gizbert et al., 2008).
Although several geochronological studies have been recently conducted, the ages of these beds remain controversial (Figure 2). The previous geochronology studies of the Gonjo red beds were based on palynology and palm fossils. The palm fossil Sabalites sp. was initially assigned an Eocene age (He et al., 1983). A Tibetan regional study suggested a Paleocene to Eocene age based on fossil sporomorphs (BGMRT, 1993). Studnicki-Gizbert et al. (2008) identified limited palynomorphs of Momipites sp., Retitricolporites sp., Taxodiaceae, and/or Cupressaceae sp., Inaperturites sp., Striatricolpites sp., Caryaepollenites, Psilamonocolpites sp., Psilatricolpites sp., Tricolpites sp., and Schizosporis sp. and concluded these to be late Eocene and Oligocene deposits. However, the volcanic rocks in the upper Ranmugou Formation yielded an age of ∼43 Ma based on Ar-Ar and U-Pb zircon dating methods (Studnicki-Gizbert et al., 2008; Tang et al., 2017). Recently, Xiong et al. (2020) reported several ages for the volcanic rocks in the upper Ranmugou Formation, ranging from 50 Ma to 40 Ma in northern and southern parts of basin. A magnetostratigraphic study in the central part of the basin revealed that the ages of the continuous sequences of the Gonjo and Ranmugou formations ranged from ∼69 Ma to 41.5 Ma, of which the Ranmugou Formation is ∼65.2 Ma to 41.5 Ma (Li et al., 2020) (Figure 2). Xiao et al. (2021) indicated that the Gonjo and Ranmugou formations are 69 to 50 Ma in the central Gonjo Basin, and the Ranmugou Formation was assigned an age ranging between 63.5 Ma and 50 Ma. They believed that the magnetostratigraphic results of Li et al. (2020) were inaccurate due to their isotopic age deriving from other sections. Therefore, the age constraint of the upper Ranmugou Formation lacustrine sequences is still controversial (Figure 2). The biostratigraphy based on palynology will be used to limit the age in this study.
[image: Figure 2]FIGURE 2 | The stratigraphic and geochronological division of the Gonjo Basin.
MATERIALS AND METHODS
Measured Section and Sedimentology
A 90 m thick section of the upper Ranmugou Formation is exposed in Youzha, Gonjo Basin (30.719468°N, 98.420275°E) (Figure 3A). This section is near the core of the Youzha syncline and consists of thin-bedded limestones and marls, siltstones, mudstones, shales, and evaporites (Figure 3B). The lower part of the section is characterized by limestones and marls interbedded with thin-bedded gypsum rocks. The middle part of the section is composed of purple siltstones interbedded with shales and mudstones. Ripple marks, parallel bedding, and horizontal bedding are common (Figure 4). The lithology of the upper part is mainly dark grey limestones and marls interbedded with thin gypsum rocks and conglomerates. Secondary gypsum usually cuts through the bedding and occurs in veins (Figure 4). Based on a previously recovered drill core, the evaporites are composed of gypsum, anhydrite, and rock salts (Chen, 1990). The thickness of the rock salt is up to 356.8 m. It mainly consists of clay gravel and halite, and it exhibits tectonic reworking, salt solution, and leaching. The rock salts that outcrop at the surface are usually conglomerates composed of clay gravels. Due to the Quaternary cover, the thick halite sequences in the core of the syncline are not exposed.
[image: Figure 3]FIGURE 3 | (A) Geological map of the central and southern Gonjo Basin (adapted from Tang et al., 2017). (B) The stratigraphic column of the measured section in Youzha, Gonjo Basin. The location is marked with a red star. Geochemical and palynological samples from the upper part of the Ranmugou Formation are marked with black triangles.
[image: Figure 4]FIGURE 4 | Field photos of the upper part of the Ranmugou Formation, Gonjo Basin. (A) The contact between the marls and siltstones in the lower part of section. (B) Outcropped photos show the thin-bedded siltstones and marls interbedded with gypsum rocks. (C,D) Ripple marks. (E) Marls interbedded with gypsum rocks in the upper part of section. (F) Conglomerates that are composed of clay gravels show the rock salt solution. Noted that the secondary gypsum veins cut into the conglomerates.
Samples and Analytical Methods
Four gypsum samples were collected for trace element and rare Earth element (REE) analyses and S and Sr isotopic analyses. The trace element and REE contents were obtained via inductively coupled plasma mass spectrometry (ICP-MS) after being treated with 5 M HCl and filtered through a cellulose acetate membrane filter at the Beijing Research Institute of Uranium Geology. For the S isotope analysis, the samples were purified as BaSO4 after combustion with a Eschka reagent, and then, they were treated with V2O5 to produce SO2. The resulting SO2 was measured using the MAT 251 EM mass spectrometer at the MNR Key Laboratory of Metallogeny and Mineral Assessment, Beijing. The δ34S values are reported vs. the Canyon Diablo troilite (CDT), and the estimated error is about ±0.2‰. The Sr isotope analyses were performed at the Beijing Research Institute of Uranium Geology. About 10 mg of sample (200 mesh) were dissolved using 4 M HNO3 after being washed with milli-Q water and dried. The Sr was extracted from the Sr-resin and was analyzed using a Neptune Plus multicollector ICP-MS. The Sr isotopes are reported as 87Sr/86Sr. 87Sr/86Sr values of 0.71022–0.71030 were obtained for standard NBS987. The reported uncertainties of the 87Sr/86Sr ratios are 1σ.
A total of 16 limestone and marl samples from the Youzha section were analyzed for the palynological investigations. The sample processing employed a standard technique and was conducted at the Institute of Geology, Chinese Academy of Geological Sciences. About 50 g of crushed sample (100 mesh) was treated with 15% HCl for 24 h and then washed 3 to 5 times to a neutral pH. Then, the samples were treated with 39% HF for 72 h and were washed to a neutral pH. The residue was sieved through a 10 μm nylon mesh and collected in a 10 ml centrifuge tube (2,500 rpm). The final organic residue was placed in a 1.5 ml centrifuge tube in glycerin jelly and was mounted on microscope slides. The palynomorph identification and photography were performed using a LEICA DM4500P microscope. At least 200 grains from each sample were identified and counted. The coexistence approach (CA) was widely used to quantitatively reconstruct paleoclimate in recent decades (e.g., Quan et al., 2012; Xie et al., 2019), although the CA remains uncertainties (Mosbrugger and Utescher, 1997). The CA is based on assumption that climatic tolerances of a fossil plant are similar to its nearest living relative (NLRs) when its modern affinity is determinable (Quan et al., 2012). We determine NLRs from a Palaeoflora Database (Utescher and Mosbrugger, 1997) and data from Quan et al. (2012) (Table 2). We only reconstruct two climatic parameters, i.e., mean annual temperature (MAT) and mean annual precipitation (MAP). It should be noted that the CA was challenged and referred to as “useless” by Grimm and Denk (2012). However, ongoing updates of the database, new successful tests with modern florals, and probability considerations for a high number of taxa overlapping make the method of paleoclimate reconstructions reliable (Hoorn et al., 2012; Quan et al., 2012; Utescher et al., 2014).
RESULTS
Geochemistry
The most concentrated trace element was strontium (Sr), with concentrations of 96–111 ppm. The V, Co, and Ni contents were much higher (V: 7.9–35.3 ppm; Co: 10.1–10.9 ppm; and Ni: 15.6–18.1 ppm) (Table 1), similar to those in the mid-Cretaceous anhydrite in the Mengyejing Formation in the Simao Basin (Xia and Li, 1983). This probably indicates contribution from a deep fluid. The concentrations of other metals such as Sc, Cr, Cu, and Zn range from 0.9 to 7.4 ppm. The REE concentrations are all low and are much lower than the heavy REE (HREE) concentrations. The δ34SVCDT values vary in a very narrow range from 10.3% to 11.0%, which is much lower than those of the contemporaneous seawater (Claypool et al., 1980). The Rb contents are much lower than the Sr contents, with Rb/Sr ratios of <0.1 (average of 0.014), indicating that the values do not need to be corrected for the decay of Rb to Sr. The 87Sr/86Sr ratios of the gypsum samples range from 0.709942 to 0.710062, which are higher than modern seawater (0.70920) and Eocene seawater (0.70755) (McArthur et al., 2012).
TABLE 1 | The trace and rare Earth element concentrations and sulfur, strontium isotopic composition of gypsum samples from Youzha section, Gonjo Basin.
[image: Table 1]TABLE 2 | List of nearest living relatives and the fossil taxa grouped according to the information from the biome studies.
[image: Table 2]Palynological Records and CA Results
Of the 16 samples analyzed, palynomorphs were identified in 10 samples, and the recovery was poor in all of the samples. There are rare palynomorphs in the upper part of the Youzha section, which is likely related to the aridity inferred from the presence of gypsum and halite. Vegetation is usually sparse and their palynomorphs are easily destroyed in arid environments (Yuan et al., 2020). We identified 56 palynomorphs, including 13 spores and 43 pollen taxa (4 gymnosperm and 39 angiosperm morphospecies) (Figure 5). The palynoflora are predominantly angiosperm pollen (20.5–95.3%), which are dominant by Celtispollenites and Caryapollenites, as well as Tricolpites, Tricolporopollenites, and Lonicerapollis (Figure 6). Pollen of Liquidambarpollenites, Ulmipollenites, Ulmoideipites, Juglanspollenites, Multiporopollenites, and Subtriporopollenites occur frequently. There are minor amounts of Ptericaryapollenites, Faguspollenites, Quercoidites, Retitricolpites, Aceripollenites, Ranunculacidites, and Sapotaceoidaepollenites. The gymnosperm pollen (2.2–9.5%) are mainly from Ephedripites and Taxodiaceaepollenites with minor Cycadopites and Cedripites. The ferns include 13 sporomorphs; and the dominant taxa are Lycopodiumsporites and Osmundacidites; while Triporoletes, Toroisporites, Pterisporites, and Zlivisporis sporadically appear.
[image: Figure 5]FIGURE 5 | Selected pollen grains and spores from Youzha section, Gonjo Basin. 1: Hymenophyllumsporites; 2: Osmundacidites; 3: Triporoletes; 4: Leiosphaeridia; 5: Liquidambarpollenites; 6-8: Algae; 9: Hymenophyllumsporites; 10: Triporoletes; 11: Osmundacidites; 12-13: Algae; 14: Triporoletes; 15: Aequitriradites; 16-21: Osmundacidites; 22, 24: Clavatosporis; 23: Echinatisporis; 25: Pediastrum; 26: Tubulifloridites; 27: Liliacidites; 28: Magnolipollis; 29: Casuarinaepollenites; 30-31: Ulmipollenites; 32: Salixpollenites; 33,42: Sapotaceoidaepollenites; 34: Tricolpites; 35,37. Ranunculacidites; 36,38: Aceripollenites; 39,40: Alnipollenites; 41,48,50: Myricipites; 43: Ptericaryapollenites. 44: Ulmoideipites; 45,46: Tiliaepollenites; 47: Lonicerapollis; 49: unidentified; 50,51: Ostryoipollenites; 52: Leiosphaeridia; 53: Lonicerapollis; 54: unidentified; 55: Ostryoipollenites; 56: Proteacidites; 57: Caryapollenites; 58: Myricipites; 59: Ptericaryapollenites; 60: Ptericaryapollenites; 61-65: Ephedripites; 66: Euphorbiacites.
[image: Figure 6]FIGURE 6 | Cumulative pollen summary diagram of the Youzha section in the Gonjo Basin, with palynomorph percentages of the total pollen sum plotted on the x-axis.
Middle Eocene fossil sporomorphs from the Gonjo Basin were used to reconstruct the MAT and MAP using CA. The estimated paleoclimatic parameters are shown in Figure 7. The CA quantitative estimates show a warm and humid climate with a MAT ranging from 13 to 15°C and a MAP of ∼1,400 mm.
[image: Figure 7]FIGURE 7 | The climatic parameters of MAP and MAT calculated using CA in the Gonjo Basin.
DISCUSSION
Age Constraints
As was previously stated, the ages of the lacustrine marlstone, mudstone, and evaporite of the upper Ranmugou Formation in the Gonjo Basin are still controversial, especially regarding the differences between the fossil and magnetostratigraphic ages. Sparse sporomorphs fossils indicate a wide age range of Paleocene to Oligocene (BGMRT, 1993; Studnicki-Gizbert et al., 2008). The magnetostratigraphy and volcanic U-Pb studies limited the age from 50 to 40 Ma (Xiong et al., 2020) or from 43.4 to 41.5 Ma (Li et al., 2020) or from 54 to 50 Ma (Xiao et al., 2021) for the upper Ranmugou Formation. The palynoflora assemblages in the Youzha section discussed below give an age of middle Eocene, which is congruent with the isotopic ages in the Qudeng section (Xiong et al., 2020).
The absence of the diagnostic Cretaceous taxa Cicatricosisporites, Schizaeoisporites, and Classopollis (Li et al., 2019a), the predominance of the Paleogene pollen taxa, and the presence of Cretaceous relic taxa Aequitriradites (Tripathi, 2008) indicate that the samples from the Youzha section could be early Paleogene in age. The amount of Pinaceae pollen suddenly increased at ∼36 Ma in the Xining Basin (Hoorn et al., 2012; Page et al., 2019), which was common during the E/O transition, which predominantly occurred in the Oligocene (Zhang, 1995; Page et al., 2019), indicating that the Youzha section cannot be younger than the latest Eocene. In northwestern China, the Paleocene taxa Normapolles and Proteacidites are dominant (Song, 1999), but these taxa are absent in our samples, indicating that the sedimentary age of the Youzha section is likely younger than the Paleocene. The assemblage of Ephedripites, Nitrariadites/Nitraripollis, and Chenopodipollis are dominant in the late Eocene Tibetan basins, such as Xining Basin (Hoorn et al., 2012), Jiuquan Basin (Miao et al., 2008), Hoh Xil Basin (Miao et al., 2016), and Nangqian Basin (Yuan et al., 2017; Yuan et al., 2020). Zhang (1995) comprehensively reviewed the Paleogene palynological flora in China and concluded that the xerophytic pollen of Zygophyllaceae flourished in the late Eocene. Tong et al. (2001) reported that the average percentage of Ephedripites is 30, 20, and 15% in the halite, glauberite, and purple mudstones, respectively, of the middle and late Eocene evaporites in the Jianghan Basin. Therefore, the lower abundances of Ephedripites and Nitrariadites/Nitraripollis and the absence of Zygophyllaceae and Chenopodiaceae (Dupont-Nivet et al., 2008) preclude a late Eocene age for the Youzha section. Ulmaceaelate, Betulaceae, and Juglandaceae pollen are significant in the early Eocene strata in southern China (Zhang, 1995). This assemblage is similar to those in the Linzhou Basin, central Tibet (Li et al., 2019a), but it differs from the Eocene Hengyang Basin, where a high percentage of Ephedripites was recovered (Xie et al., 2020). The middle Eocene was characterized by dominant tricolporate pollen of Fagaceae and a remarkable decline in triporate to multiporate pollen of the early Eocene taxa (Song and Liu, 1982; Zhang, 1995), although Ulmipollenites still account for a large proportion in southern China (Xie et al., 2019). Therefore, the fossil pollen assemblage of Celtispollenites-Caryapollenites-Tricolpites-Tricolporopollenites in our samples is similar to the middle Eocene palynoflora records in China. Xiong et al. (2020) gave the age range between 44 Ma and 40 Ma of the lacustrine carbonates from the Ranmugou Formation in the Qudeng section with a thickness of more than 400 m, which is close to the Youzha section. Due to the Quaternary cover, absence of thick salt-solution conglomerates of the upper part of the studied section, and the warm temperate pollen (discussed below) which is inconsistent with the significant cooling since 44 Ma (Xiong et al., 2020), we thus speculate that the age of the section is from 47.8 Ma to >44 Ma.
Paleoenvironmental Reconstruction in the Gonjo Basin
The δ34S values in our gypsum samples are lower than those of the contemporaneous seawater, which is probably the result of either the reservoir effect (Holser and Kaplan, 1966) or dissolved sulfates with lower δ34S values in continental water. However, the reservoir effect would not cause lower values in gypsum due to the negligible depletion of 34S in sulfate during gypsum precipitation (Shen et al., 2021). The high 87Sr/86Sr values were likely caused by radiogenic 87Sr based on the high Rb/Sr ratios and/or continental water. Based on the low Rb/Sr ratios, we speculate that continental water was the only reason for the observed high 87Sr/86Sr ratios of the gypsum samples. Therefore, we argue that the gypsum was precipitated from a continental water body, not from marine water. The δ13C and δ18O values of the marls in the upper part of the Ranmugou Formation have been reported to range from −5.9% to −7.2% and from −16.6% to −13.8%, respectively (Xiong et al., 2020). These values coincide with typical lacustrine carbonates (Talbot, 1990). Thus, during the middle Eocene, the Gonjo Basin was a typical lacustrine environment with input from a continental water body and deep fluids.
The sedimentary sequences in the Youzha section represent a typical lacustrine environment and are characterized by a cycle from saline water to freshwater to hypersaline water (Figure 3B). During the saline water stage, lacustrine carbonates and gypsum rocks were deposited, indicating a sulfate deposition stage. In the freshwater stage, fine-grained clastic rocks such as siltstones, mudstones and shales were deposited, indicating that the lake was dilute by influent water. During the hypersaline stage, large amounts of gypsum and halite were deposited when the saline water evaporated and minerals precipitated under hyper-arid conditions. However, due to the unexposed thick halite sequences (Figure 3B), the hypersalinity in the studied section was not reached.
Our palynological results show that the flora consisted of arbors Celtispollenites, Carya, Betulaceae, Pterocarya, and Liquidambar, and the herbs Caprifoliaceae, Ranunculaceae, Asteraceae, accompanied by the ferns Lycopodiatae and Osmunda, which indicates that the vegetation was a temperate deciduous broad-leaved forest. The abundance of Celtispollenites and Caryapollenites together with Ulmus, Taxodiaceaepollenites, and Juglans suggest a humid and warm climate (e.g., Sun and Wang, 2005; Lu et al., 2020), which is consistent with the CA results. It should be noted that some freshwater algae such as Pediastrum, Leiosphaeridia, and Psiloschizosporites occurred in large amounts in the lower part of the Youzha section, indicating that the depositional environment was near a water body, which is supported by our sedimentary results. In the Youzha section, the xerophytic taxa Ephedripites is only found in the lower part (samples GJ-52 and GJ-53) and top part (sample GJ-64) of the section in low abundance. In addition, Nitrariadites is absent throughout the section. The Xerophytic shrub Ephedra (Ephedripites) usually grows in arid environments (Dupont-Nivet et al., 2008). The modern equivalent of Nitrariadites is Nitraria, which is a steppe-desert taxon (Sun and Wang, 2005). The xerophytic taxa Ephedripites, Nitrariadites, and Chenopodiaceae are typical in alluvial gravelly plains and treeless alpine desert landscapes with an annual rainfall of <100 mm (Herzschuh et al., 2003; Sun and Wang, 2005). Thus, the paleoenvironment recorded by the pollen assemblages in the Youzha section (47.8–>44 Ma) was a warm and humid temperate deciduous broad-leaved forest (Figure 8).
[image: Figure 8]FIGURE 8 | Paleoenvironmental reconstruction in the Gonjo Basin during the interval of 47.8 to >44 Ma (Modified from Yuan et al., 2021), showing the vegetation of broad-leaved trees on slopes and ferns closer to the lake. Very few conifers grew due to the relatively low elevation of the Central Watershed Mountain.
The carbonate clumped isotope thermometry indicates a warm climate, with a temperature of about 24°C, during the early Eocene (54–50 Ma) and a dramatic decrease in temperature to about 7°C during 44–40 Ma (Xiong et al., 2020). Thus, based on our sedimentary and pollen evidence and the isotope-based temperature, we conclude that the paleoenvironment in the Gonjo Basin changed from the warm and humid deciduous broad-leaved forest in the early middle Eocene (47.8–>44 Ma), to the cool and arid temperate forest during 44–40 Ma.
Comparison With Other Middle Eocene Paleovegetation in Western China
Our palynological assemblages are comparable with those in the Kuqa and Yarkand basins (Wang et al., 1986). Our findings indicate a paleoenvironmental change from warm and humid to cool and arid at ∼44–40 Ma, which is quite consistent with the change in the Qaidam Basin. The palynological assemblage of the Luluhe Formation (50–43 Ma) in the Qaidam Basin is predominantly Betulaepollenites-Taxodiaceaepollenites-Potamogetonacidites-Tsugaepollenites, indicating a deciduous broad-leaved forest and a warm and humid climate (Lu et al., 2020). During 43–41 Ma, a certain amount of the coniferous taxa Piceaepollenites, Pinuspollenites, and Abiespollenites began to appear, suggesting that the climate changed to arid and cool (Lu et al., 2020). These environmental and ecosystem variations are supported by a recent paleoclimate estimate. A quantitative reconstruction suggests that the MAP in the Qaidam Basin was ∼800–1,400 mm during ∼49–43 Ma, and the MAP and mean temperature of the coldest month (MTCO) declined after ∼43 Ma, indicating a climatic change from warm and humid to cool and arid at ∼43 Ma (Jia et al., 2021). The paleoenvironmental variation in the middle Eocene is also regionally corroborated by the records in the Xining Basin. The palynological composition in the Xining Basin changed from abundant Ulmipollenites to 80% desert-steppe vegetation at ∼40 Ma, indicating significant aridification (Bosboom et al., 2014). The palynofloras are different from those in the Lunpola Basin which is dominated by Quercoidites-Ulmipollenites-Taxodium assemblage (Li et al., 2019a). The middle Eocene vegetation in southern China was a mixture of evergreen and deciduous broad-leaved forests, indicating a warm and humid subtropical climate under the influence of the East Asian Monsoon (Xie et al., 2019), which changed from the early Eocene arid desert (Xie et al., 2020).
Paleoenvironmental Evolution and Driving Factors During the Eocene on the Eastern TP
The Eocene sedimentary records in the Xining, Jiuquan, Qaidam, Hoh Xil, and Nangqian basins, which have accurate age control, and their pollen and other climate proxies can provide good climatic and ecological correlations. Large amounts of xerophytic taxa are a significant feature of the late Eocene sedimentary basins in the northeastern TP, such as the Xining (Dupont-Nivet et al., 2008; Hoorn et al., 2012), Jiuquan (Miao et al., 2008), Qaidam (Lu et al., 2020), Hoh Xil (Miao et al., 2016), and Nangqian basins (Yuan et al., 2020). After the MECO (∼40 Ma), the Xining Basin was characterized by halophytic and xerophytic vegetation, including Ephedripites and Nitrariadites/Nitraripollis (Hoorn et al., 2012; Bosboom et al., 2014), with a sudden increase in the high-altitude pollen of Pinaceae at ∼37 Ma (Abels et al., 2011; Hoorn et al., 2012). During ∼40–33 Ma, arid-semiarid shrubs, represented by Nitrariadites and Chenopodipollis, prevailed in the Jiuquan Basin (Miao et al., 2008). It should be noted that Pinaceae accounted for 5–25.6% (Pinuspollenites, Abietineaepollenites, Piceaepollenites, and Abiespollenites) at ∼40 Ma (Miao et al., 2008). This sharp increase in Pinaceae (6.3–32%, Piceaepollenites, Pinuspollenites, and Abiespollenites) also began at 43 Ma in the Qaidam Basin (Lu et al., 2020). The pollen in the late Eocene to Oligocene Yaxicuo Group in the Hoh Xil Basin (Jin et al., 2018; Lin et al., 2020) are predominantly from xerophytic Ephedripites, Nitrariadites, and Chenopodipollis with a low abundance of Picea due to the aridity and low elevation in this area (Miao et al., 2016). Thus, the flora in the late Eocene Hoh Xil Basin reflects a subtropical arid climate and the paleoenvironment changed from warm and humid to arid and cool at ∼41 Ma (Li et al., 2019a). This is consistent with the cooling trends inferred from clumped isotopes in the Nangqian Basin (Li et al., 2019b). Therefore, the paleoclimate in the northeastern TP basins became to be arid and relatively cool during ∼43–40 Ma. It should be noted that the cooling was a long-term and stepwise trend, and it ultimately lead to significant cooling during the Eocene-Oligocene transition (EOT).
The flora in the Markam Basin were previously thought to be Miocene and are currently dated as latest Eocene to earliest Oligocene, reflecting a change from late Eocene subtropical/warm temperate evergreen and deciduous mixed vegetation (mainly represented by Fagaceae and Betulaceae) to early Oligocene cool temperate vegetation (represented by Eosaceae and Salicaceae) (Su et al., 2019; Chen et al., 2021). In the Jianchuan Basin, southwestern Yunnan, the late Eocene flora in the Shuanghe Formation (Gourbet et al., 2017) are characterized by Caryapollenites, Cupuliferoipollenites, Alnipollenites, Juglanspollenites, Pterocaryapollenites, and Meliaceoidites, indicating a temperate deciduous broad-leaved forest (Wu et al., 2018).
As such, based on the flora and climatic records in the TP, it is clear that a warm and humid temperate broad-leaved forest dominated in the northeastern (NE) TP during the middle Eocene (e.g., Gonjo Basin). During ∼44–40 Ma, region-wide aridification and cooling prevailed, with significant amounts of conifers and xerophytic shrubs, indicating a cool and arid steppe-desert environment (e.g., Nangqian Basin). During the EOT, which is represented by the flora in the Markam Basin, vegetation indicative of a cool temperate environment dominated. We infer that the paleoenvironmental changes in the Gonjo, Nangqian, and Markam Basins during the middle to late Eocene were forced by the uplift of the Central Watershed Mountain, although several drivers such as global cooling, the retreat of the Paratethys Sea, and the uplift of the TP have been proposed to explain the aridification and cooling on the NE TP (Dupont-Nivet et al., 2008; Bosboom et al., 2014; Zhang et al., 2018; Yuan et al., 2020). The uplift of the Tanggula Shan, Nangqian, Gonjo, and Markam Basins in the Central Watershed Mountain during the middle to late Eocene attained near present elevations. The Tanggula Shan was elevated to about 4,000 m at ∼40 Ma based on thermochronologic and structural evidence (Wang et al., 2008). The paleoelevation recovered from n-alkane δ2H data for the Yaxicuo Group indicate that the source of the Tanggula Shan was located at about 4,000 m in the late Eocene (Lin et al., 2020). Carbonate stable and clumped isotopic evidence suggests an altitude of ∼3,000 m in the Nangqian Basin and its surrounding mountains during the late Eocene (Li et al., 2019b). Also, the Gonjo Basin reached its elevation of 3,800 m in the 44–40 Ma based on carbonate clumped isotopes (Xiong et al., 2020), while the Markam Basin reached an elevation of about 3,000 m in the latest Eocene (∼34 Ma) (Su et al., 2019), indicating the southward expansion of the Central Watershed Mountains. Collectively, the high topography of the Central Watershed Mountain leads to the development and intensification of the Asian monsoon during the middle Eocene (∼44–40 Ma) (Xiong et al., 2020; Fang et al., 2021) by blocking the southerly source of moisture and altering the atmospheric circulation (Raymo and Ruddiman, 1992), which is similar to the scenario in the Gangdese Mountains (Ding et al., 2014). The development of the Eocene Asian monsoon was controlled by the paleogeography resulting from the uplift of the TP rather than by the CO2 concentration (Farnsworth et al., 2019). Recent climate model simulations also suggest that the northward migration of the high-elevation proto-TP intensified the aridity and affected the precipitation (Zhu et al., 2019). As such, we infer that the climate and ecosystem transition since the middle Eocene in the regional-wide Central Watershed Mountain were largely controlled by the tectonic uplift of the TP rather than by global cooling and the retreat of the Paratethys Sea.
However, for the interior basins in the northern TP, we conclude that global cooling, the uplift of the northern TP, and the retreat of the Paratethys Sea were the combined driving force. First, the rapid decreases in temperature and precipitation in the Qaidam Basin at ∼43 Ma were inferred to be caused by global cooling alone (Jia et al., 2021). Similarly, the appearance of high-elevation conifers predated the significant cooling in the EOT in the Xining Basin (Dupont-Nivet et al., 2008), which supports the hypothesis that the stepwise global cooling could not sufficiently drive the paleoenvironmental changes. Second, the increased amount of coniferous taxa reflect the uplift of the surrounding mountains with plant zonation, but the fossils and isotope-based paleoaltimetry indicate relatively low elevations for the interior basins during the middle Eocene (Miao et al., 2008, 2016; Lin et al., 2020). Although model simulations have shown the important role of the uplift of the central TP in the long-term trend of aridification (Li et al., 2018), the short-term fluctuations between dry and wet (Fang et al., 2015; Meijer et al., 2019) cannot be explained by the slow tectonic uplift. Third, the major retreat of the Paratethys Sea from the Tarim Basin at ∼41 Ma (Bosboom et al., 2013) was broadly coeval with the stepwise aridification and cooling in the Xining, Jiuquan, Qaidam, and Hoh Xil basins. Moreover, owing to the sustained blocking of the southerly source moisture by the Central Watershed Mountain, the moisture carried by the westerlies was significant to the climate change in these basins. Thus, the retreat was an important driving factor.
CONCLUSION
In this study, we analyzed the palynological assemblages, sedimentary records, and geochemistry of evaporites from the Youzha section in the Gonjo Basin. The conclusions that follow were drawn.
(1) The outcropped section in the Youzha is middle Eocene in age, with an upper age limit of 44 Ma.
(2) This section is indicative of a temperate deciduous broad-leaved forest and a warm and humid climate. The paleoenvironment in the Gonjo Basin changed from the warm and humid forest to the cool and arid forest in 44–40 Ma.
(3) We infer that the regional scale uplift of the Central Watershed Mountain since the middle Eocene largely controlled the climate and ecosystem transitions in the Gonjo, Nangqian, and Markam Basins.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
LW: investigation, writing, review, and revision. QY: writing, review, revision. LS: investigation and review. LD: conceptualization, supervision, and funding acquisition. All authors have read and agreed to the published version of the manuscript.
FUNDING
This research was financially supported by the STEP (Grant nos. QZKK20190803, QZKK20190708), and Strategic Priority Research Program of Chinese Academy of Sciences (Grant No. XDA 20070301).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We thank LetPub (www.letpub.com) for its linguistic assistance during the preparation of this manuscript.
REFERENCES
 Abels, H. A., Dupont-Nivet, G., Xiao, G., Bosboom, R., and Krijgsman, W. (2011). Step-wise Change of Asian interior Climate Preceding the Eocene-Oligocene Transition (EOT). Palaeogeogr. Palaeoclimatol. Palaeoecol. 299 (3-4), 399–412. doi:10.1016/j.palaeo.2010.11.028
 BGMRT (1993). Regional Geology of Xizang (Tibet) Autonomous Region. Beijing: Geological Publish House. Geological Memoirs Series. (in Chinese with English abstract). 
 Bohaty, S. M., and Zachos, J. C. (2003). Significant Southern Ocean Warming Event in the Late Middle Eocene. Geology 31 (11), 1017–1020. doi:10.1130/G19800.1
 Bosboom, R., Dupont-Nivet, G., Grothe, A., Brinkhuis, H., Villa, G., Mandic, O., et al. (2014). Linking Tarim Basin Sea Retreat (West China) and Asian Aridification in the Late Eocene. Basin Res. 26 (5), 621–640. doi:10.1111/bre.12054
 Bosboom, R. E., Abels, H. A., Hoorn, C., van den Berg, B. C. J., Guo, Z., and Dupont-Nivet, G. (2014). Aridification in continental Asia after the Middle Eocene Climatic Optimum (MECO). Earth Planet. Sci. Lett. 389, 34–42. doi:10.1016/j.epsl.2013.12.014
 Chen, K. G. (1990). Geological Characteristics of the Youzha Rock Salts Deposits in Tibet. Tibetan Geology 1, 87–97. 
 Chen, L., Deng, W., Su, T., Li, S., and Zhou, Z. (2021). Late Eocene Sclerophyllous Oak from Markam Basin, Tibet, and its Biogeographic Implications. Sci. China Earth Sci. 64, 1969–1981. doi:10.1007/s11430-020-9826-4
 Claypool, G. E., Holser, W. T., Kaplan, I. R., Sakai, H., and Zak, I. (1980). The Age Curves of Sulfur and Oxygen Isotopes in marine Sulfate and Their Mutual Interpretation. Chem. Geology 28, 199–260. doi:10.1016/0009-2541(80)90047-9
 Cramwinckel, M. J., Huber, M., Kocken, I. J., Agnini, C., Bijl, P. K., Bohaty, S. M., et al. (2018). Synchronous Tropical and Polar Temperature Evolution in the Eocene. Nature 559 (7714), 382–386. doi:10.1038/s41586-018-0272-2
 Ding, L., Xu, Q., Yue, Y., Wang, H., Cai, F., and Li, S. (2014). The Andean-type Gangdese Mountains: Paleoelevation Record from the Paleocene-Eocene Linzhou Basin. Earth Planet. Sci. Lett. 392, 250–264. doi:10.1016/j.epsl.2014.01.045
 Dupont-Nivet, G., Hoorn, C., and Konert, M. (2008). Tibetan Uplift Prior to the Eocene-Oligocene Climate Transition: Evidence from Pollen Analysis of the Xining Basin. Geology 36 (12), 987–990. doi:10.1130/G25063A.1
 Eldrett, J. S., Greenwood, D. R., Harding, I. C., and Huber, M. (2009). Increased Seasonality through the Eocene to Oligocene Transition in Northern High Latitudes. Nature 459 (7249), 969–973. doi:10.1038/nature08069
 Fang, X., Yan, M., Zhang, W., Nie, J., Han, W., Wu, F., et al. (2021). Paleogeography Control of Indian Monsoon Intensification and Expansion at 41 Ma. Sci. Bull. 66 (22), 2320–2328. doi:10.1016/j.scib.2021.07.023
 Fang, X., Zan, J., Appel, E., Lu, Y., Song, C., Dai, S., et al. (2015). An Eocene-Miocene Continuous Rock Magnetic Record from the Sediments in the Xining Basin, NW China: Indication for Cenozoic Persistent Drying Driven by Global Cooling and Tibetan Plateau Uplift. Geophys. J. Int. 201 (1), 78–89. doi:10.1093/gji/ggv002
 Farnsworth, A., Lunt, D. J., Robinson, S. A., Valdes, P. J., Roberts, W. H. G., Clift, P. D., et al. (2019). Past East Asian Monsoon Evolution Controlled by Paleogeography, Not CO2. Sci. Adv. 5 (10), eaax1697. doi:10.1126/sciadv.aax1697
 Gourbet, L., Leloup, P. H., Paquette, J.-L., Sorrel, P., Maheo, G., Wang, G., et al. (2017). Reappraisal of the Jianchuan Cenozoic basin Stratigraphy and its Implications on the SE Tibetan Plateau Evolution. Tectonophysics 700-701, 162–179. doi:10.1016/j.tecto.2017.02.007
 Grimm, G. W., and Denk, T. (2012). Reliability and Resolution of the Coexistence Approach - A Revalidation Using Modern-Day Data. Rev. Palaeobotany Palynology 172, 33–47. doi:10.1016/j.revpalbo.2012.01.006
 He, S. Y., Tian, Y. H., Chen, K. G., Chen, Q. Y., and Wen, H. C. (1983). “Paleogene Gonjo Red Beds in East Tibet,” in Contributions to Tibetan Geology ed . Editor T. D. Li (Beijing: Geological Publish House), No. 3, 233–242. (in Chinese with English abstract). 
 Herzschuh, U., Kürschner, H., and Ma, Y. (2003). The Surface Pollen and Relative Pollen Production of the Desert Vegetation of the Alashan Plateau, Western Inner Mongolia. Sci. Bull. 48 (14), 1488–1493. doi:10.1360/02wd0256
 Holser, W. T., and Kaplan, I. R. (1966). Isotope Geochemistry of Sedimentary Sulfates. Chem. Geology 1, 93–135. doi:10.1016/0009-2541(66)90011-8
 Hoorn, C., Straathof, J., Abels, H. A., Xu, Y., Utescher, T., and Dupont-Nivet, G. (2012). A Late Eocene Palynological Record of Climate Change and Tibetan Plateau Uplift (Xining Basin, China). Palaeogeogr. Palaeoclimatol. Palaeoecol. 344-345, 16–38. doi:10.1016/j.palaeo.2012.05.011
 Jia, Y., Wu, H., Zhang, W., Li, Q., Yu, Y., Zhang, C., et al. (2021). Quantitative Cenozoic Climatic Reconstruction and its Implications for Aridification of the Northeastern Tibetan Plateau. Palaeogeogr. Palaeoclimatol. Palaeoecol. 567, 110244. doi:10.1016/j.palaeo.2021.110244
 Jin, C., Liu, Q., Liang, W., Roberts, A. P., Sun, J., Hu, P., et al. (2018). Magnetostratigraphy of the Fenghuoshan Group in the Hoh Xil Basin and its Tectonic Implications for India-Eurasia Collision and Tibetan Plateau Deformation. Earth Planet. Sci. Lett. 486, 41–53. doi:10.1016/j.epsl.2018.01.010
 Li, J., Wu, Y., Batten, D. J., and Lin, M. (2019a). Vegetation and Climate of the central and Northern Qinghai-Xizang Plateau from the Middle Jurassic to the End of the Paleogene Inferred from Palynology. J. Asian Earth Sci. 175, 35–48. doi:10.1016/j.jseaes.2018.08.012
 Li, L., Fan, M., Davila, N., Jesmok, G., Mitsunaga, B., Tripati, A., et al. (2019b). Carbonate Stable and Clumped Isotopic Evidence for Late Eocene Moderate to High Elevation of the East-central Tibetan Plateau and its Geodynamic Implications. Geol. Soc. Am. Bull. 131 (5–6), 831–844. doi:10.1130/B32060.1
 Li, S., van Hinsbergen, D. J. J., Najman, Y., Liu-Zeng, J., Deng, C., and Zhu, R. (2020). Does Pulsed Tibetan Deformation Correlate with Indian Plate Motion Changes. Earth Planet. Sci. Lett. 536, 116144. doi:10.1016/j.epsl.2020.116144
 Li, X., Zhang, R., Zhang, Z., and Yan, Q. (2018). What Enhanced the Aridity in Eocene Asian Inland: Global Cooling or Early Tibetan Plateau Uplift. Palaeogeogr. Palaeoclimatol. Palaeoecol. 510, 6–14. doi:10.1016/j.palaeo.2017.10.029
 Lin, J., Dai, J. G., Zhuang, G., Jia, G., Zhang, L., Ning, Z., et al. (2020). Late Eocene-Oligocene High Relief Paleotopography in the North Central Tibetan Plateau: Insights from Detrital Zircon U-Pb Geochronology and Leaf Wax Hydrogen Isotope Studies. Tectonics 39 (2), e2019TC005815. doi:10.1029/2019TC005815
 Lu, J. F., Zhang, K. X., Song, B. W., Xu, Y. D., Zhang, J. Y., Huang, W., et al. (2020). Paleogene-Neogene Pollen and Climate Change in Dahonggou Region of Qaidam Basin. Geoscience 34 (4), 732–744. (in Chinese with English abstract). doi:10.19657/j.geoscience.1000-8527.2020.027
 McArthur, J. M., Howarth, R. J., and Shields, G. A. (2012). “Strontium Isotope Stratigraphy,” in The Geologic Time Scale ed . Editor F. M. Gradstein (Amsterdam: Elsevier), 127–144. doi:10.1016/b978-0-444-59425-9.00007-x
 Meijer, N., Dupont-Nivet, G., Abels, H. A., Kaya, M. Y., Licht, A., Xiao, M., et al. (2019). Central Asian Moisture Modulated by Proto-Paratethys Sea Incursions since the Early Eocene. Earth Planet. Sci. Lett. 510, 73–84. doi:10.1016/j.epsl.2018.12.031
 Metcalfe, I. (2013). Gondwana Dispersion and Asian Accretion: Tectonic and Palaeogeographic Evolution of Eastern Tethys. J. Asian Earth Sci. 66, 1–33. doi:10.1016/j.jseaes.2012.12.020
 Miao, Y., Fang, X., Song, Z., Wu, F., Han, W., Dai, S., et al. (2008). Late Eocene Pollen Records and Palaeoenvironmental Changes in Northern Tibetan Plateau. Sci. China Earth Sci. 51 (8), 1089–1098. doi:10.1007/s11430-008-0091-7
 Miao, Y., Wu, F., Chang, H., Fang, X., Deng, T., Sun, J., et al. (2016). A Late-Eocene Palynological Record from the Hoh Xil Basin, Northern Tibetan Plateau, and its Implications for Stratigraphic Age, Paleoclimate and Paleoelevation. Gondwana Res. 31, 241–252. doi:10.1016/j.gr.2015.01.007
 Mosbrugger, V., and Utescher, T. (1997). The Coexistence Approach-A Method for Quantitative Reconstruction of Tertiary Terrestrial Palaeoclimate Data Using Plant Fossils. Palaeogeogr. Palaeoclimatol. Palaeoecol. 134, 61–86. doi:10.1016/S0031-0182(96)00154-X
 Page, M., Licht, A., Dupont-Nivet, G., Meijer, N., Barbolini, N., Hoorn, C., et al. (2019). Synchronous Cooling and Decline in Monsoonal Rainfall in Northeastern Tibet during the Fall into the Oligocene Icehouse. Geology 47 (3), 203–206. doi:10.1130/G45480.1
 Quan, C., Liu, Y.-S., and Utescher, T. (2012). Eocene Monsoon Prevalence over China: a Paleobotanical Perspective. Palaeogeogr. Palaeoclimatol. Palaeoecol. 365-366, 302–311. doi:10.1016/j.palaeo.2012.09.035
 Raymo, M. E., and Ruddiman, W. F. (1992). Tectonic Forcing of Late Cenozoic Climate. Nature 359 (6391), 117–122. doi:10.1038/359117a0
 Shen, L., Wang, L., Liu, C., and Zhao, Y. (2021). Sr, S, and O Isotope Compositions of Evaporites in the Lanping-Simao Basin, China. Minerals 11 (2), 96. doi:10.3390/min11020096
 Song, Z. C. (1999). Fossil Spores and Pollen of China, Vol. 1. Beijing: Science Press. The late Cretaceous and Tertiary. 
 Song, Z. C., and Liu, J. L. (1982). The Tertiary Sporopollen Assemblages from Namling of Xizang. Palaeonotology of Xiang. Beijing: Science Press, 153–164. (in Chinese with English abstract). 
 Studnicki-Gizbert, C., Burchfiel, B. C., Li, Z., and Chen, Z. (2008). Early Tertiary Gonjo basin, Eastern Tibet: Sedimentary and Structural Record of the Early History of India-Asia Collision. Geosphere 4 (4), 713–735. doi:10.1130/ges00136.1
 Su, T., Spicer, R. A., Li, S.-H., Xu, H., Huang, J., Sherlock, S., et al. (2019). Uplift, Climate and Biotic Changes at the Eocene-Oligocene Transition in South-Eastern Tibet. Natl. Sci. Rev. 6 (3), 495–504. doi:10.1093/nsr/nwy062
 Sun, X., and Wang, P. (2005). How Old Is the Asian Monsoon System?-Palaeobotanical Records from China. Palaeogeogr. Palaeoclimatol. Palaeoecol. 222 (3-4), 181–222. doi:10.1016/j.palaeo.2005.03.005
 Talbot, M. R. (1990). A Review of the Palaeohydrological Interpretation of Carbon and Oxygen Isotopic Ratios in Primary Lacustrine Carbonates. Chem. Geology 80 (4), 261–279. doi:10.1016/0168-9622(90)90009-2
 Tang, H., Li, S.-F., Su, T., Spicer, R. A., Zhang, S.-T., Li, S.-H., et al. (2020). Early Oligocene Vegetation and Climate of Southwestern China Inferred from Palynology. Palaeogeogr. Palaeoclimatol. Palaeoecol. 560, 109988. doi:10.1016/j.palaeo.2020.109988
 Tang, M., Liu-Zeng, J., Hoke, G. D., Xu, Q., Wang, W., Li, Z., et al. (2017). Paleoelevation Reconstruction of the Paleocene-Eocene Gonjo basin, SE-central Tibet. Tectonophysics 712-713, 170–181. doi:10.1016/j.tecto.2017.05.018
 Tong, G. B., Zheng, M., Yuan, H., Liu, J., Li, Y., and Wang, W. (2001). A Study of Middle and Late Eocene Palynological Assemblages in Jianghan Basin and Their Environmental Significance. Acta Geoscientica Sinica 22, 73–78. (in Chinese with English abstract). 
 Tong, Y., Yang, Z., Mao, C., Pei, J., Pu, Z., and Xu, Y. (2017). Paleomagnetism of Eocene Red-Beds in the Eastern Part of the Qiangtang Terrane and its Implications for Uplift and Southward Crustal Extrusion in the southeastern Edge of the Tibetan Plateau. Earth Planet. Sci. Lett. 475, 1–14. doi:10.1016/j.epsl.2017.07.026
 Tripathi, A. (2008). Palynochronology of Lower Cretaceous Volcano-Sedimentary Succession of the Rajmahal Formation in the Rajmahal Basin, India. Cretaceous Res. 29 (5-6), 913–924. doi:10.1016/j.cretres.2008.05.008
 Utescher, T., Bruch, A. A., Erdei, B., François, L., Ivanov, D., Jacques, F. M. B., Kern, A. K., Liu, Y.-S., Mosbrugger, V., and Spicer, R. A. (2014). The Coexistence Approach-Theoretical Background and Practical Considerations of Using Plant Fossils for Climate Quantification. Palaeogeogr. Palaeoclimatol. Palaeoecol. 410, 58–73. doi:10.1016/j.palaeo.2014.05.031
 Utescher, T., and Mosbrugger, V. P. (1997). PALAEOFLORA Database. http://www.palaeoflora.de/. 
 Wang, C., Zhao, X., Liu, Z., Lippert, P. C., Graham, S. A., Coe, R. S., et al. (2008). Constraints on the Early Uplift History of the Tibetan Plateau. PNAS 105 (13), 4987–4992. doi:10.1073/pnas.0703595105
 Wang, D. N., Sun, X. Y., and Zhao, Y. N. (1986). Palynoflora from Late Cretaceous to Tertiary in Qinghai and Xinjiang. Bull. Inst. Geol. CAGS , 15, 152–165. (in Chinese with English abstract). 
 Wu, J., Zhang, K., Xu, Y., Wang, G., Garzione, C. N., Eiler, J., et al. (2018). Paleoelevations in the Jianchuan Basin of the southeastern Tibetan Plateau Based on Stable Isotope and Pollen Grain Analyses. Palaeogeogr. Palaeoclimatol. Palaeoecol. 510, 93–108. doi:10.1016/j.palaeo.2018.03.030
 Xia, W. J., and Li, X. H. (1983). About the Theoretic Original Study of Evaporites ─ from the Potash-Halite deposit in Mengyejing Yunnan. J. Mineral. Petrol. 9, 1–11. (in Chinese with English abstract). 
 Xiao, R., Zheng, Y., Liu, X., Yang, Q., Liu, G., Xia, L., et al. (2021). Synchronous Sedimentation in Gonjo Basin, Southeast Tibet in Response to India‐Asia Collision Constrained by Magnetostratigraphy. Geochem. Geophys. Geosyst 22 (3), e2020GC009411. doi:10.1029/2020GC009411
 Xie, Y., Wu, F., and Fang, X. (2019). Middle Eocene East Asian Monsoon Prevalence over Southern China: Evidence from Palynological Records. Glob. Planet. Change 175, 13–26. doi:10.1016/j.gloplacha.2019.01.019
 Xie, Y., Wu, F., Fang, X., Zhang, D., and Zhang, W. (2020). Early Eocene Southern China Dominated by Desert: Evidence from a Palynological Record of the Hengyang Basin, Hunan Province. Glob. Planet. Change 195, 103320. doi:10.1016/j.gloplacha.2020.103320
 Xiong, Z., Ding, L., Spicer, R. A., Farnsworth, A., Wang, X., Valdes, P. J., et al. (2020). The Early Eocene Rise of the Gonjo Basin, SE Tibet: From Low Desert to High forest. Earth Planet. Sci. Lett. 543, 116312. doi:10.1016/j.epsl.2020.116312
 Yin, A., and Harrison, T. M. (2000). Geologic Evolution of the Himalayan-Tibetan Orogen. Annu. Rev. Earth Planet. Sci. 28 (1), 211–280. doi:10.1146/annurev.earth.28.1.211
 Yuan, Q., Barbolini, N., Ashworth, L., Rydin, C., Gao, D.-L., Shan, F.-S., et al. (2021). Palaeoenvironmental Changes in Eocene Tibetan lake Systems Traced by Geochemistry, Sedimentology and Palynofacies. J. Asian Earth Sci. 214, 104778. doi:10.1016/j.jseaes.2021.104778
 Yuan, Q., Barbolini, N., Rydin, C., Gao, D.-L., Wei, H.-C., Fan, Q.-S., et al. (2020). Aridification Signatures from Fossil Pollen Indicate a Drying Climate in East-central Tibet during the Late Eocene. Clim. Past 16 (6), 2255–2273. doi:10.5194/cp-16-2255-2020
 Yuan, Q., Vajda, V., Li, Q.-K., Fan, Q.-S., Wei, H.-C., Qin, Z.-J., et al. (2017). A Late Eocene Palynological Record from the Nangqian Basin, Tibetan Plateau: Implications for Stratigraphy and Paleoclimate. Palaeoworld 26 (2), 369–379. doi:10.1016/j.palwor.2016.10.003
 Zachos, J. C., Dickens, G. R., and Zeebe, R. E. (2008). An Early Cenozoic Perspective on Greenhouse Warming and Carbon-Cycle Dynamics. Nature 451 (7176), 279–283. doi:10.1038/nature06588
 Zachos, J., Pagani, M., Sloan, L., Thomas, E., and Billups, K. (2001). Trends, Rhythms, and Aberrations in Global Climate 65 Ma to Present. Science 292 (5517), 686–693. doi:10.1126/science.1059412
 Zhai, Q.-G., Zhang, R.-Y., Jahn, B.-M., Li, C., Song, S.-G., and Wang, J. (2011). Triassic Eclogites from central Qiangtang, Northern Tibet, China: Petrology, Geochronology and Metamorphic P-T Path. Lithos 125 (1-2), 173–189. doi:10.1016/j.lithos.2011.02.004
 Zhang, K., Wang, G., Chen, F., Xu, Y., Luo, M., Xiang, S., et al. (2007). Coupling between the Uplift of the Tibetan Plateau and Distribution of Basins of Paleogene to Neogene. Earth Sci. 32 (5), 583–597. (in Chinese with English abstract). 
 Zhang, R., Jiang, D., Ramstein, G., Zhang, Z., Lippert, P. C., and Yu, E. (2018). Changes in Tibetan Plateau Latitude as an Important Factor for Understanding East Asian Climate since the Eocene: A Modeling Study. Earth Planet. Sci. Lett. 484, 295–308. doi:10.1016/j.epsl.2017.12.034
 Zhang, Y. Y. (1995). Outline of Palaeogene Palynofloras of China. Acta Palaeontologica Sinica 34 (2), 212–227. 
 Zhu, C., Meng, J., Hu, Y., Wang, C., and Zhang, J. (2019). East‐Central Asian Climate Evolved with the Northward Migration of the High Proto‐Tibetan Plateau. Geophys. Res. Lett. 46 (14), 8397–8406. doi:10.1029/2019GL082703
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Wang, Yuan, Shen and Ding. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 08 February 2022
doi: 10.3389/feart.2022.808843


[image: image2]
Upper Oligocene–Lower Miocene Gangdese Conglomerate Along the Yarlung-Zangbo Suture Zone and its Implications for Palaeo-Yarlung-Zangbo Initiation
Keke Ai1*, Kexin Zhang2,3*, Bowen Song2, Tianyi Shen4 and Junliang Ji3
1School of Resource and Environmental Engineering, Mianyang Teachers’ College, Mianyang, China
2Institute of Geological Survey, China University of Geosciences, Wuhan, China
3State Key Laboratory of Biological and Environmental Geology, China University of Geosciences, Wuhan, China
4School of Earth Science, China University of Geosciences, Wuhan, China
Edited by:
Yunfa Miao, Northwest Institute of Eco-Environment and Resources (CAS), China
Reviewed by:
Guangwei Li, Nanjing University, China
Houqi Wang, Institute of Tibetan Plateau Research (CAS), China
* Correspondence: Keke Ai, 1045220081@qq.com; Kexin Zhang, kx_zhang@cug.edu.cn
Specialty section: This article was submitted to Quaternary Science, Geomorphology and Paleoenvironment, a section of the journal Frontiers in Earth Science
Received: 04 November 2021
Accepted: 05 January 2022
Published: 08 February 2022
Citation: Ai K, Zhang K, Song B, Shen T and Ji J (2022) Upper Oligocene–Lower Miocene Gangdese Conglomerate Along the Yarlung-Zangbo Suture Zone and its Implications for Palaeo-Yarlung-Zangbo Initiation. Front. Earth Sci. 10:808843. doi: 10.3389/feart.2022.808843

The upper Oligocene–lower Miocene Gangdese conglomerate is deposited along the Yarlung-Zangbo suture zone, which extends 1,500 km from west to east and is located in the core area of the India–Eurasia plate collision zone. The Gangdese conglomerate records richly uplift and denudation histories of the Lhasa terrane and Tethyan Himalaya on both sides of the suture zone, thus revealing the growth process of the southern Tibetan Plateau during the Late Oligocene–Early Miocene. In this study, we documented the detailed sedimentology and chronology of the Gangdese conglomerate. The Gangdese conglomerate is dominated by conglomerate and sandstone, with minor volumes of siltstone and tuff deposited in an alluvial fan and fluvial system. Based on sedimentology and structural relationships, we suggest that the Gangdese conglomerate was deposited in an extensional tectonic environment in the early period and an extrusion tectonic environment in the late period, which was controlled by Indian slab shearing and breakoff during the Late Oligocene–Miocene. According to the new magnetostratigraphy and detrital zircon U-Pb dating, the main depositional age of the Gangdese conglomerate was likely the Late Oligocene–Early Miocene (26–18 Ma), and it trended younger from west to east. Moreover, paleocurrent data from the Gangdese conglomerate showed westward axial sediment transport; thus, we inferred that a westward axial palaeo-Yarlung-Zangbo River occurred along the whole Yarlung-Zangbo suture zone during the Late Oligocene–Early Miocene, and its flow was opposite to that of the current Yarlung-Zangbo River.
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1 INTRODUCTION
A narrow Cenozoic conglomerate unit is deposited in unconformity above in the north part of the Yarlung-Zangbo suture zone, which extends 1,500 km from west to east and is located in the core area of the India–Eurasia plate collision zone (Wang J.-G. et al., 2013; Zhang et al., 2013a) (Figure 1). Numerous local names have been given to these rocks along the strike, such as the Kailas conglomerate (Gansser, 1964) and the Kailas Formation (DeCelles et al., 2011) in the western part of the suture zone and the Qiuwu (Wang J.-G. et al., 2013), Dazhuka (Aitchison et al., 2009), and Luobusa Fms. (Yin et al., 1999) in the central segment of the suture zone. Aitchison et al. (2002) grouped all of these units into the Gangrinboche Conglomerates, whereas Wang et al. (2013a) referred to this group of rocks as the Gangrinboche Conglomerate, and Li et al. (2017) referred to this group of rocks as the Gangdese Conglomerates. Therefore, in this study, we use the name “Gangdese conglomerate” to refer to the entire east–west extent of these lithologically and structurally similar sedimentary rocks.
[image: Figure 1]FIGURE 1 | General geologic map of southern Tibet, modified after Yin (2006). Study area is outlined in red. Major faults: MFT, Main Frontal Thrust; MBT, Main Boundary Thrust; MCT, Main Central Thrust; STDS, South Tibetan Detachment System; GCT, Great Counter Thrust; KKF, Karakoram Fault. Major sutures: YTSZ, Yarlung-Zangbo suture zone.
As an important geological unit in the Yarlung-Zangbo suture zone, the Gangdese conglomerate records the detailed uplift and denudation histories of the Lhasa terrane and Tethyan Himalaya on both sides of the suture zone and reveals the growth process of the southern Tibetan Plateau during the Late Oligocene–Early Miocene (Aitchison et al., 2002; DeCelles et al., 2011; Wang J.-G. et al., 2013; Carrapa et al., 2014; DeCelles et al., 2016; Leary et al., 2016; Li et al., 2017). Hence, timing the evolution of the Gangdese conglomerate remains a fundamental problem in understanding the post-collisional tectonics of southern Tibet. In the early stage, palaeontological fossils and stratigraphic correlations were used to define the sedimentary age of the Gangdese conglomerate. Due to the lack of index fossils and marker layers, the ages obtained with these methods ranged from Jurassic to Early Miocene (Guo, 1975; Geng and Tao, 1982; Li, 2004; Li et al., 2009; Li et al., 2010). Recently, U-Pb zircon dating of volcanic interlayers and detrital zircon dating of sandstone in the Gangdese conglomerate have suggested that the sedimentary age of the Gangdese conglomerate is Late Oligocene to Early Miocene (Aitchison et al., 2002; DeCelles et al., 2011; Wang J.-G. et al., 2013; Carrapa et al., 2014; DeCelles et al., 2016; Leary et al., 2016). Li et al. (2017) proposed that the Gangdese conglomerate extended from Late Oligocene to Late Miocene.
Based on the constrained age of the Gangdese conglomerate, various tectonic models have been proposed. For instance, Aitchison et al. (2002, 2007) proposed that the India–Asia collision did not occur until the mid-Cenozoic (ca. 34 Ma) based partly on the interpretation of the Gangdese conglomerate, and this result differs greatly from the currently prevailing views of ca. 65–50 Ma (e.g., Garzanti et al., 1987; Ding et al., 2005). DeCelles et al. (2011), DeCelles et al. (2016) and Wang et al. (2013a) studied the Gangdese conglomerate in the Kailas Basin and Qiabulin area of Xigaze and pointed out that the lower strata of the Gangdese conglomerate were formed under an extensional tectonic setting, whereas the upper strata were formed under a compression background, thus representing the reversal and detachment of the subducted Indian plate during the Oligocene to Early Miocene. Li et al. (2017) performed a comprehensive study of the Gangdese conglomerate in southern Tibet and suggested that it was formed in different tectonic settings at different locations. In the Kailas Basin, the deposition of the Gangdese conglomerate was closely related to the Karakoram Fault (KKF) and Great Counter Thrust (GCT), which were mainly formed under extensional or torsional environments. However, in the Xigaze and Zedang areas, the deposition of the Gangdese conglomerate was associated with the development of the Gangdese Thrust (GT) and GCT in a compressional tectonic regime (Yin et al., 1994; Yin et al., 1999). Leary et al. (2016) studied the Gangdese conglomerate in Lazi and Xigaze and argued that the deposition of the Gangdese conglomerate was controlled by Indian slab shearing and breakoff during the Late Oligocene–Early Miocene, which began in western Tibet around 26 Ma and reached eastern Tibet by ca. 18 Ma. Using the new thermochronological data and modeling of samples from the Gangdese batholith in southwestern Tibet, et al. (2020) illustrated that not only the Kailas Basin but also over a relatively large region in southern Tibet were topographically depressed. After being exposed at the surface, the Gangdese batholith experienced reheating during burial beneath the Kailas Formation between ∼28–26 and 21–20 Ma, followed by rapid cooling between 20 and 17 Ma. Previous chronology and structural relationship studies indicate that the main depositional age of the Gangdese conglomerate was likely the Late Oligocene–Early Miocene (26–18 Ma), and it trended younger from west to east. However, the Gangdese conglomerate age, mainly controlled by detrital zircons and tuff layer, requires more dating data from different methods and outcrops to accurate the east youth trend.
The Gangdese conglomerate is preserved along the present-day course of the Yarlung-Zangbo River and more likely records the sedimentation of the palaeo-Yarlung-Zangbo fluvial system (Wang L. et al., 2013; Li et al., 2017). Previous palaeocurrent data from the Gangdese conglomerate indicate a west to northwestward sediment transport, implying that the palaeo-Yarlung-Zangbo River once flowed westward (Wang L. et al., 2013; Li et al., 2017). However, previous studies have only indicated that the palaeo-Yarlung-Zangbo River once flowed westward in the studied areas, but if there was a westward axial palaeo-Yarlung-Zangbo River that occurred along the whole Yarlung-Zangbo suture zone still remain to be investigated. Hence, new palaeocurrent measurement and age and provenance data from the Gangdese conglomerate are presented here to illustrate the evolution of the Yarlung-Zangbo River.
Although abundant research results have been obtained, many problems remain to be solved, including the exact east youth trend age constraint for the Gangdese conglomerate and reconstruction of the palaeo-Yarlung-Zangbo fluvial system. In this paper, we measured seven sections of the Late Oligocene–Early Miocene Gangdese conglomerate (K1–K7) along the Yarlung-Zangbo River valley (Figures 1, 2) and established a new chronostratigraphy framework for the Gangdese conglomerate. Based on the new age control, we thus studied the sedimentology and provenance of the seven Gangdese conglomerate sections, produced a sedimentary-tectonic model of the Gangdese conglomerate, and further discussed the implications of these findings for the evolution of the Yarlung-Zangbo River.
[image: Figure 2]FIGURE 2 | Detailed geological map of study area showing locations of measured sections. (A) Geologic map of Kailas area; (B) geologic map of Mayoumu and Sangsang area; (C) geologic map of Xigaze area; (D) geologic map of Zedang area. Major faults: Main Frontal Thrust; MBT, Main Boundary Thrust; MCT, Main Central Thrust; STDS, South Tibetan Detachment System; GCT, Great Counter Thrust; KKF, Karakoram Fault. Major sutures: YTSZ, Yarlung-Zangbo suture zone; BNS, Bangong-Nujiang suture; JS, Jinshajiang suture.
2 STRATIGRAPHY AND SEDIMENTOLOGY
The E–W distributed Gangdese conglomerate crops out along the southern flank of the Gangdese arc, north of the Yarlung-Zangbo suture zone (Figure 1). Based on the detailed study of the lithofacies and lithofacies assemblages and combined with the sedimentary structure, we identified a total of 10 types of lithofacies in the section of the Gangdese conglomerate and divided the Gangdese conglomerate into four facies: braided river, alluvial fan, fan delta, and lacustrine facies (Figure 3). The observed lithofacies and process interpretations are listed in Table 1.
[image: Figure 3]FIGURE 3 | Typical outcrops of Gangdese conglomerate in measured sections. Table 1 for lithofacies codes. (A) Lower member of section K2, Kailas locality. (B) Lower member at section K2, Kailas locality showing erosive surface. (C) Lower member of section K6, Xigaze locality. (D) Lower member of section K4, Mayoumu locality. (E) Lower member of section K1, Kailas locality. (F) Middle member of section K1, Kailas locality. (G) Middle member of section K4, Mayoumu locality. (H) Upper member of section K5, Sangsang locality. (I) Upper member of section K6, Xigaze locality. (J) Upper member at section K6, Xigaze locality showing ripple mark. (K) Upper member at section K6, Xigaze locality showing planar cross-bedding. (L) Lower member of section K3, Kailas locality.
TABLE 1 | Lithofacies used in measured sections and interpretations in this study.
[image: Table 1]2.1 Section Location
The Gangdese conglomerate sections investigated in this study are exposed along the Yarlung-Zangbo suture zone (Figures 1, 2). We measured seven sections of the Late Oligocene–Early Miocene Gangdese conglomerate (K1–K7) at five well-exposed locations along the Yarlung-Zangbo River valley (Figure 2), and they included Kailas Basin sections (K1–K3) (Figure 2A), Mayoumu and Sangsang sections (K4 and K5) (Figure 2B), Xigaze section (K6) (Figure 2C), and Jiaca section (K7) (Figure 2D).
In the Kailas area, the Gangdese conglomerate is distributed NW–SE along the south side of the Gangdese bedrock. The northern side unconformably overlies the Eocene Qiuwu and Dianzhong volcanic rocks, and the southern side is separated from the Tethyan Himalaya sedimentary system and melanges by the GCT. We measured three well-exposed sections of the Gangdese conglomerate, numbered K1, K2, and K3 (Figures 1 and 2A).
In the Mayoumu area, the Gangdese conglomerate unconformably overlies Gangdese bedrock and is covered by Quaternary rocks of ∼500-m thickness (Figures 1, 2B). In the Sangsang area, the Gangdese conglomerate is in fault contact with the underlying Gangdese bedrock and overlying Xigaze Group. (Figures 1, 2B). In the Xigaze and Jiaca area, the Gangdese conglomerate is in fault contact with the Gangdese bedrock, Xigaze Group, and ophiolite (Figures 1, 2C, D).
2.2 Facies and Interpretation
2.2.1 Alluvial Fan Facies
Alluvial fan facies are mainly distributed in the bottom part of K2, the upper part of K3, the bottom and upper parts of K4, K5, and K6, and in K7 (Figures 3, 4), and they are composed of Gm, GSs, Sh, Sp, and Fl. Gm is mainly composed of poor sorting and matrix-supported gravels, which are subangular to subrounded and mostly 5–15 cm in diameter. The gravel content of the conglomerate is approximately 40–60%, and the main ingredients are quartzite, andesite, silicalite, and tuff. The single Gm is generally approximately 1–2-m thick and often presents an imbrication structure (Gm) or grain sequence (GSs). The parallel bedding (Sh and Sm), planar cross-bedding (Sp), and erosive base in the pebbled coarse sandstone and coarse sandstone represent the alluvial fan foot to middle deposits. Fl is a magenta medium-fine conglomerate with thin-bedded sandstone and siltstone that represents alluvial fan distal deposits.
[image: Figure 4]FIGURE 4 | Sedimentary facies correlations among measured Gangdese conglomerate sections (section locations shown in Figure 1). Stratigraphic height is in meters. AF, Alluvial fan; Rb, Braided river; Fd, Fan delta; Kl and Sl, Lacustrine.
2.2.2 Braided River Facies
Braided river facies are commonly distributed in the middle part of the Gangdese conglomerate (K1–K6) (Figures 3, 4), and they are composed of Gm, GSs, Sh, Sp, Sm, and Fm. Gm is variegated, gray, white, and magenta medium-thick conglomerate intercalated with medium-thin sandstone. The conglomerate is clast supported, poorly sorted, and subangular to subrounded. The main particle size is 5–10 cm, and the large particles are around 20 cm. Imbricate structures and intercalated sandstone are partly in the conglomerate. Parallel bedding and planar cross-bedding are widely distributed in pebbled coarse sandstone and coarse sandstone, and bedded terrane sandstone represents channel sand bar depositions. There are multiple sequences of conglomerate–sandstone–siltstone–mudstone, which represent multiple flooding events. The Fm is gray to grayish-black thin-layer fine sandstone, siltstone, and mudstone, representing braided river floodplain deposition.
2.2.3 Fan Delta Facies
Fan delta facies are mainly distributed in the middle to the upper part of K3 and the upper part of K6 (Figures 3, 4), and they are composed of Gc, Gm, GSs, Sp, Sh, St, and Sm. Gc is a magenta medium-thick coarse conglomerate with some boulders. The gravel is clast supported, the main particle size of the gravel is 3–5 cm, and the larger gravel can reach 10 cm. In some areas, the gravel may be imbricated or interbedded with yellowish medium-coarse sandstone. Sp, Sh, and Sm are gray-yellow thick-layer coarse sandstones and pebbly coarse sandstones with parallel bedding and planar cross-bedding, and some sandstones are thick and massive.
2.2.4 Lacustrine Facies
The lacustrine facies are mainly distributed in the bottom part of K3 and upper part of K6 (Figures 3, 4), and they are composed of Sp, Sh, Sr, Fm, and Fl. Sp is gray medium-coarse sandstone, yellow thick-layer sandstone intercalated with a conglomerate lens with planar cross-bedding. Sh is gray and yellowish fine sandstone with a ripple mark (Sr). Fm is grayish-black thin-layer muddy siltstone and bluish thin layer fine sandstone with horizontal bedding. Fl is bluish-gray thin siltstone and thin muddy siltstone, yellowish fine sandstone and siltstone, and grayish-yellow fine sandstone.
Based on detailed field outcrop observations and sedimentary facies analyses combined with the results of previous studies, the Gangdese conglomerate is mainly composed of conglomerate and sandstone, with minor volumes of siltstone and tuff. The Gangdese conglomerate consists of multiple sedimentary cycles, with each cycle presenting a suite of fining-upward sequences.
3 DEPOSITIONAL AGE CONSTRAINTS
The age of the Gangdese conglomerate has been determined based on U-Pb zircon ages from tuff samples, the youngest populations of detrital zircon ages, and the magnetostratigraphy.
3.1 Zircon U-Pb Dating Method
In this study, nine sandstone samples were collected for zircon U-Pb dating, and the sample locations are shown in Figure 4. The age was determined by measuring the U-Pb ages of zircon using the multi-collector laser ablation inductively coupled plasma mass spectrometry (MC-LA-ICP-MS) system at the State Key Laboratory of Geological Processes and Mineral Resources (GPMR), China University of Geosciences, Wuhan. Detrital zircon samples U-Pb data shown in Supplementary.
In the Kailas area, three detrital zircon samples (K1–30D, K2–10D, and K3–35D) show that the youngest detrital zircon U-Pb ages are 23–26 Ma (Figure 5), thus constraining the maximum depositional age of this stratigraphic level to the Late Oligocene to Early Miocene.
[image: Figure 5]FIGURE 5 | Chronostratigraphy framework of Gangdese conglomerate. Tuff: Tuff layer age; DZ: youngest detrital zircon age; MG: magnetostratigraphy (Tuff and MG age from Ai et al., 2019).
In the Mayoumu and Sangsang areas, two detrital zircon samples (K4–36D and K5–5D) show that the youngest detrital zircon U-Pb ages are 42–23.6 Ma (Figure 5), with five around the 23.6 Ma, thus constraining the maximum depositional age of this stratigraphic level to the Late Oligocene.
In the Xigaze area, three detrital zircon samples (K6–5D, K6–25D, and K6–75D) show that the youngest detrital zircon U-Pb ages are 20.3–24 Ma (Figure 5), thus constraining the maximum depositional age of this stratigraphic level to the Late Oligocene to Early Miocene.
In the Jiacha area, although one detrital zircon sample was used for U-Pb dating (K7–8D), the youngest detrital zircon U-Pb ages are around 100–200 Ma, so we did not obtain the age constraint for the Gangdese conglomerate. However, previous studies showed that the Gangdese conglomerate was deposited during the Late Oligocene to Early Miocene in the Jiacha area (Aitchison et al., 2009; Li et al., 2017).
3.2 Magnetostratigraphy
A total of 170 oriented palaeomagnetic samples were collected in the K2 section of the Gangdese conglomerate to obtain high-resolution magnetostratigraphy. The ChRM directions obtained from the K2 section were used to calculate the virtual geomagnetic pole (VGP) latitudes and define the geomagnetic polarity zones, and they showed that the K2 section containing the plant fossil layer spans an age range of 25.1–21.8 Ma (Ai et al., 2019).
Based on the discussion earlier and previous studies (Aitchison et al., 2002; DeCelles et al., 2011; Wang L. et al., 2013; Carrapa et al., 2014; DeCelles et al., 2016; Leary et al., 2016; Li et al., 2017), the depositional age of the Gangdese conglomerate in the Kailas area (81–83°E) was mainly 22–26 Ma (Figures 5, 6), at 23–25 Ma in Sangsng and Lazi (85–88°E) (Figures 5, 6), at 19–23 Ma near Xigaze and Dazhuka (89–90°E) (Figures 5, 6), and as late as 17–18 Ma in Zengdang (91–92°E) (Figures 5, 6). However, Li et al. (2017) exhibited the youngest age cluster of 4.3–6.1 Ma (n = 9) from one sample in the Kailas area, constraining the maximum depositional age of this stratigraphic level to the Late Miocene to Early Pliocene in the Kailas area. This young age is very different from our study and previous data. Combined with our study and many other data in the Kailas area, we inferred that the depositional age of the Gangdese conglomerate in the Kailas area was mainly 22–26 Ma. Overall, we suggested that the main depositional age of the Gangdese conglomerate was likely the Late Oligocene–Early Miocene, and it trended younger from west to east (Figures 5, 6).
[image: Figure 6]FIGURE 6 | Spatiotemporal distribution of sedimentary age of Gangdese conglomerate. Previous age data sources: 1) DeCelles et al., 2011; 2) Li et al., 2017; 3) Kong et al., 2015; 4) Carrapa et al., 2014; 5) Leary et al., 2016.
4 PROVENANCE AND PALAEOCURRENT
Integrated palaeocurrent, petrologic, and geochronological approaches were implemented to analyze the provenance of the Gangdese conglomerate.
4.1 Palaeocurrent Data
Unidirectional palaeocurrent orientations were primarily measured from imbricated clasts, planar cross-bedding, and flute casts preserved within sandstone and conglomerate beds. The measurements were corrected with horizontal bedding rotations.
In the Kailas area, the palaeocurrent data from the bottom part of the K1 and K2 sections indicate mainly southward palaeoflow directions, suggesting a northern source. In contrast, in the upper part of the K2 section and K3 section, the palaeocurrent data measured from imbricated clasts and cross-bedding record not only southward but also northward palaeoflow directions, indicating that sediments were derived from both sides of the Yarlung-Zangbo suture zone (Figure 7).
[image: Figure 7]FIGURE 7 | Palaeocurrent and conglomerate clast count statistical analysis of Gangdese conglomerate. Section locations shown in Figure 1. Stratigraphic height is in meters.
In the Mayoumu and Sangsang areas, the palaeocurrent data measured from cross-bedding in the K4 section record a westward palaeoflow direction, and the palaeocurrent data measured from the K5 section record mainly a northwestward palaeoflow direction and a southeast palaeoflow direction (Figure 7).
In the Xigaze area, the palaeocurrent data measured from imbricated clasts and cross-bedding in the lower part of the K6 section record a southwestward palaeoflow direction and change to a northwestward palaeoflow direction in the upper part of the K6 section. In the Jiacha area, the palaeocurrent data measured from the K7 section record mainly southwestward palaeoflow directions (Figure 7).
4.2 Conglomerate Clast Counts
At least 100 clasts were counted at each station. In the Kailas area, the conglomerates of the lower part of the Gangdese conglomerate (the bottom of K1 and K2) are dominated by granite, volcanic rock, diorite, and a small amount of siliceous rock, limestone, and sandstone (Figure 7), which are consistent with the lithological characteristics of the Gangdese magmatic arc. Combined with the palaeoflow directions, these results indicate that the source area should be the Gangdese magmatic arc in the north. In contrast, in the upper part of Gangdese conglomerate (upper part of K2 and K3), the conglomerates are dominated by not only granite, volcanic rock, and diorite but also large amounts of sandstone and siltstone, siliceous rocks, and limestones from the southern Tethyan Himalaya, indicating that the sediments were derived from both sides of the Yarlung-Zangbo suture zone (Figure 7).
In the Mayoumu area, the conglomerates of the K4 section are dominated by granite and volcanic rocks and have a small amount of sandstone and siliceous rocks. There is no significant vertical change in the gravel composition, although the granite gravel content is significantly reduced upward (Figure 7). In the Sangsang area, the conglomerates of the K5 section are dominated by granite, siliceous rock, quartzite, and sandstone, and the contents of quartz sandstone and quartzite increase upward (Figure 7). Granite and sandstone gravel are mainly from the Gangdese magmatic arc and Lhasa terrane on the north side, quartzite and quartz sandstone are from the Tethyan Himalaya on the south side, and clasts from the south side show an increasing trend.
In the Xigaze area, the conglomerates of the lower part of the K6 section are dominated by granite, siliceous rock, and sandstone. In contrast, the upper part of the K6 section is dominated by limestone and bits of basic and ultrabasic gravel (Figure 7). Granite gravels are mainly from the Gangdese in the north, and sandstone and limestone gravels from the Lhasa terrane in the north or the Xigaze forearc basin in the south, whereas basic and ultrabasic gravels are from the ophiolite melange in the Yarlung-Zangbo suture zone in the south.
In the Jiacha area, the conglomerates of the K7 section are dominated by granite, limestone, and siliceous rock (Figure 7), and the sediments are derived from both sides of the Yarlung-Zangbo suture zone.
Based on the detailed statistical analysis of gravel composition discussed earlier and combined with the palaeocurrent data, the provenance of the lower part of the Gangdese conglomerate was mainly the Gangdese arc and Lhasa terrane, whereas that of the upper part of the Gangdese conglomerate included both sides of the Yarlung-Zangbo suture zone.
4.3 U-Pb Detrital Ages
In the Kailas area, two sandstone samples were collected from the K1 and K2 sections (K1–30D and K2–10D) for detrital zircon U-Pb dating, and 179 usable ages were obtained (Figure 8). The zircon crystals were mostly euhedral, and high Th/U ratios (>0.1) were observed in 98% of the total grains, which is suggestive of an igneous origin (Belousova et al., 2002). The age spectra are dominated by ages younger than 280 Ma, with main age peaks at 23 and 50 Ma, which is identical to the age pattern of the Gangdese arc (e.g., Ji et al., 2009). A small number of ages distributed from 160–260 Ma were consistent with the age of the red layer in the Lhasa terrane (Carrapa et al., 2014). The age distributions greater than 280 Ma were loose and mainly contained 500, 1,000, and 1,500 Ma, and they may have been associated with the Lhasa terrane in the north and the Tethyan Himalaya in the south (Figure 8).
[image: Figure 8]FIGURE 8 | Normalized probability plots for Gangdese conglomerate from seven sections investigated in this study. Gangdese arc, Lhasa terrane, and Tethyan Himalaya data were collected from DeCelles et al. (2004), Chu et al. (2006), Kapp et al. (2007), Wen et al. (2008), Ji et al. (2009), Hu et al. (2010, 2012), and Wang et al. (2011).
One sandstone sample was collected from the K3 section (K3–35D) for detrital zircon U-Pb dating, and 69 usable ages were obtained (Figure 8). The zircon crystals were mostly euhedral, and no more than 1% of the zircon Th/U ratios had values <0.1. The age spectra were mainly distributed between 40 and 160 Ma, with main age peaks at 50 and 90 Ma, which is identical to the age pattern of the Gangdese arc in the north, and the significant peak age at 1,062 Ma is from the Lhasa terrane (Zhu et al., 2011).
In the Mayoumu and Sangsang areas, two sandstone samples were collected from the K4 and K5 sections (K4–36D and K5–5D) for detrital zircon U-Pb dating, and 101 usable ages were obtained (Figure 8). The zircon crystals were mostly euhedral and had high Th/U ratios (>0.1). The age spectra of the two samples were similar and dominated by ages younger than 280 Ma (89%), with main age peaks at 23, 53, and 94 Ma, which is identical to the age pattern of the Gangdese arc in the north, and the significant peak age at 1,062 Ma was from the Lhasa terrane (Zhu et al., 2011).
In the Xigaze area, three sandstone samples were collected from the K6 section (K6–5D, K6–25D, and K6–75D) for detrital zircon U-Pb dating, and 210 usable ages were obtained (Figure 7). The age spectra of the three samples were similar and mainly divided into two parts: <100 and >100 Ma. The age value < 100 Ma accounts for 90%. Samples K6–5D and K6–25D from the lower part of the K6 section showed a major early Miocene (∼23 Ma) peak, which was identical to the age pattern of the Gangdese arc. Combined with the palaeocurrent data of Section K6, we infer that the provenance of the lower part of K6 was mainly from the Gangdese arc in the north. The age of sample K6–75D in the upper part of the K6 section changed significantly. There were two significant age peaks at 40–60 and 80–110 Ma, which were identical to the age pattern of the Gangdese arc (Chu et al., 2006; Wen et al., 2008; Ji et al., 2009), whereas the age records of the older zircons at 500, 800–1,000, and 1,600 Ma were obtained from the Lhasa terrane in the north, the Tethyan Himalaya in the south, and the Xigaze forearc basin in the south (Hu et al., 2010; Wang et al., 2011; Hu et al., 2012) (Figure 8).
In the Jiacha area, one sandstone sample was collected from the K7 section (K7–8D) for detrital zircon U-Pb dating, and 90 usable ages were obtained (Figure 8). The age spectra were mainly distributed from 160–300 and at 1,100 Ma, which were mainly from the Lhasa terrane, whereas the age at 450–650 Ma was from the Tethyan Himalaya. Combined with the palaeoflow data, the ages between 1,400 and 3,300 Ma should be from both sides of the Yarlung-Zangbo suture zone.
Overall, according to the statistical analysis of the gravel composition and detrital zircon age spectrum, the provenance of the Gangdese conglomerate in the lower part mainly came from the Gangdese arc and Lhasa terrane, whereas that in the upper part of the Gangdese conglomerate was from both sides of the Yarlung-Zangbo suture zone. Based on the provenance analysis, we inferred that the Gangdese in the north was the main erosion source area during the early deposition of the Gangdese conglomerate, and the Himalayas were at a low elevation at that time. Later, the Himalayas in the south were uplifted, becoming the main erosion source area.
5 DISCUSSION
5.1 Sedimentary-Tectonic Model of the Upper Oligocene-Lower Miocene Gangdese Conglomerate
Based on the study of chronology, sedimentology, and structural relationships, and combined with previous studies, we established the sedimentary-tectonic model of the upper Oligocene–lower Miocene Gangdese conglomerate.
1) Late Oligocene–Early Miocene (Figure 9A)
[image: Figure 9]FIGURE 9 | Sedimentary-tectonic model of upper Oligocene–lower Miocene Gangdese conglomerate along Yarlung-Zangbo suture zone (modified after Leary et al., 2016). MCT: Main Central Thrust; YZSZ: Yarlung-Zangbo suture zone; GC: Gangdese conglomerate.
The Indian–Eurasian plate collision mainly occurred from the Early Palaeocene to Eocene, and the central Tibetan Plateau underwent weak tectonic deformation after the Oligocene. However, rollback of the subducted Indian slab occurred in the Late Oligocene along the Yarlung-Zangbo suture zone, thus leading to significant upper crustal uplift and forming a series of extensional basins along the Yarlung-Zangbo suture zone (DeCelles et al., 2011; Wang L. et al., 2013; Leary et al., 2016; Shen et al., 2019; Shen et al., 2020). The initiation of deposition could have occurred north of the Gangdese magmatic arc and south of the Lhasa terrane above the Indian slab, subducted since ∼35 Ma after the Neo-Tethyan slab breakoff at ∼45 Ma (Guillot et al., 2003; Replumaz et al., 2014; Shen et al., 2019, Shen et al., 2020). The deposition of the Rigongla Formation at ∼31 Ma along the northern margin of the Gangdese magmatic arc between Shiquanhe and Xigaze could correspond to this initial subsidence. Afterward, subsidence migrated southward, as the northward drifting Indian plate moved above its own stationary slab (Shen et al., 2020). Hence, around the Oligocene to Miocene, Indian slab shearing causes the southward migration of magmatism, subsidence occurred in the Gangdese magmatic arc and Indus-Yarlung suture zone, and the rocks in the south of the Gangdese and Lhasa terrane were denuded and transported to the extensional basin during this period, thus forming the thick Gangdese conglomerate. This finding is consistent with the result of our palaeocurrent and provenance studies of the Gangdese conglomerate in this period. In addition, outcrop observations of the Gangdese conglomerate on Mt. Kailas and in the Mayoumu and Xigaze areas also showed that the lower part of the Gangdese conglomerate was weakly deformed and deposited under an extensional background (Figure 9A).
2) Early Miocene (Figure 9B)
The subducted Indian plate broke off during the early Miocene, and then the Yarlung-Zangbo suture zone area changed from the previous extensional background to a compressive background (Chung et al., 2005; Replumaz et al., 2010a; Replumaz et al., 2010b; Gourbet et al., 2017). Previous studies have shown that the breakoff initiated in western Tibet and proceeded eastward (Replumaz et al., 2010a; Replumaz et al., 2010b; Capitanio et al., 2010), which is consistent with the east-to-west younging trend in adakitic magmatism between 91°E and 95°E (Ding and Lai, 2003; Williams et al., 2004; Liu et al., 2014) and preliminary geochronologic constraints on the age of the Gangdese conglomerate in this region. We suggest that the Gangdese conglomerate was driven by Indian slab shearing and breakoff initiated in western Tibet and proceeded eastward (Leary et al., 2016) (Figure 9B).
5.2 Evolution of the Palaeo-Yarlung-Zangbo River
According to the statistical analysis of the palaeocurrent direction, the palaeocurrent of the Gangdese conglomerate was generally from east to west. The lower part of the Gangdese conglomerate was mainly southward and westward; the middle to the upper part of the Gangdese conglomerate was generally westward but also showed a two-way characteristic of south and north, representing a westward axial palaeo-Yarlung-Zangbo River along the Yarlung-Zangbo suture zone during the Late Oligocene–Early Miocene. Combined with our palaeocurrent data of the Gangdese conglomerate and Cenozoic tectonic-lithofacies palaeogeographic map of Qinghai-Tibet Plateau and adjacent regions proposed by Zhang et al. (2013b), we inferred that there was a westward axial palaeo-Yarlung-Zangbo River along the whole Yarlung-Zangbo suture zone during the Late Oligocene–Early Miocene, which presented an opposite flow to the current Yarlung-Zangbo River.
1) Southward-flowing stage (Late Oligocene, Figure 10A)
[image: Figure 10]FIGURE 10 | Sketch map of evolution of palaeo-Yarlung-Zangbo River (A,B) and current Yarlung-Zangbo River (C). (Modified after Zhang et al., 2013b)
The development of the GT system (Late Oligocene) in southern Tibet caused the rapid uplift and denudation of the southern Gangdese arc (DeCelles et al., 2011; Wang L. et al., 2013; Leary et al., 2016; Shen et al., 2019, 2020). The Gangdese conglomerate started to accumulate in the footwall of the GT. During this time, the paleocurrents were southward, and the detritus was entirely derived from the Lhasa terrane to the north. A series of lakes might have formed along the southern margin of the Gangdese arc. An axial paleo-Yarlung-Zangbo River did not exist during this time.
2) Westward-flowing stage (Early Miocene; Figure 10B)
The development of the GCT system (Early Miocene) caused the uplift and denudation of the southern terranes (the Xigaze forearc basin and Tethyan Himalaya), which induced the deposition of the upper part of the Gangdese conglomerate, with increasing detritus sourced from the south. The westward-flowing palaeo-Yarlung-Zangbo River initiated during this time. As we suggest that the Gangdese conglomerate was driven by Indian slab shearing and breakoff that initiated in western Tibet and proceeded eastward (Leary et al., 2016), we inferred that the palaeo-Yarlung-Zangbo River had been headward erosion from west to east, capturing the southward flowing tributaries and lakes of the earlier stage; this is also consistent with the east youth trend age of the Gangdese conglomerate.
3) Eastward-flowing stage (Early Miocene-present; Figure 10C) (Zhang et al., 2013b)
Since the late middle Miocene, the palaeogeomorphology in the southern Tibetan Plateau underwent a reversal, becoming higher in the west and lower in the east. The deposition of the Gangdese conglomerate ended, and the present Yarlung-Zangbo River initiated.
6 CONCLUSION
The Oligocene–Miocene Gangdese conglomerate exposed along the Yarlung-Zangbo suture zone was deposited in an alluvial-fan and fluvial system that was dominated by conglomerate and sandstone and included minor volumes of siltstone and tuff. Based on detailed sedimentary, provenance, and chronology studies, the following conclusions can be drawn.
1) The main deposition age of the Gangdese conglomerate was likely Late Oligocene–Early Miocene, and it showed a youth trend from west to east.
2) The palaeocurrent of the Gangdese conglomerate was generally from east to west. The lower part of the Gangdese conglomerate was mainly southward and westward; the middle to the upper part of the Gangdese conglomerate was generally westward but also showed south and north characteristics. The provenance of the Gangdese conglomerate in the lower part was mainly the Gangdese arc, Lhasa terrane, and in the upper part of the Gangdese conglomerate from the south and north side.
3) We established a sedimentary-tectonic model of the Late Oligocene–Early Miocene Gangdese conglomerate in which the Gangdese conglomerate deposited in an extensional tectonic environment in the early period and an extrusion tectonic environment in the late period, which was controlled by Indian slab shearing and breakoff during the Late Oligocene–Miocene.
4)We inferred that there was a westward axial palaeo-Yarlung-Zangbo River along the whole Yarlung-Zangbo suture zone during the Late Oligocene–Early Miocene, and its flow was opposite to that of the current Yarlung-Zangbo River.
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Landslides are important agents of the surface processes involved in the growth of mountainous topography. Dating prehistoric landslides is a prerequisite for establishing the relationships between prehistoric slope instability, and past climatic regimes and paleoseismic records. The Nyixoi Chongco rock avalanche (NCRA) is located in the Angang graben within the N–S trending rift zone in southern Tibet. It represents a giant prehistoric mass wasting event that was characterized by exceptional mobility and a large volume. However, the exact emplacement time and origin of the NCRA are still controversial. In this study, we conducted 14C dating of peat layers and snail shells to constrain the emplacement age of the NCRA. The 14C ages of the organic material and plant remnants in the basal peat layer are 1272–1389 and 1299–1404 cal AD, respectively. The 14C ages of aquatic snail shells and the bog overlying the rock avalanche are 425–565 and 1022–159 cal AD, respectively. These results indicate that the NCRA consisted of at least two separate and distinct events, instead of the single event suggested by previous studies. Based on field investigations and temporal correlations, we infer that there may be no paleoseismic records in the Angang graben that would corroborate a coseismic trigger for the NCRA. Therefore, we suggest that the 14C ages of the sediments below and above the landslide rocks should be interpreted carefully. The 14C ages alone do not provide sufficient evidence to infer the true trigger of the NCRA event.
Keywords: Nyixoi Chongco rock avalanche, Angang graben, southern Tibet, 14C dating, earthquake, climate change
INTRODUCTION
Rock avalanches are the result of the detachment of large volumes (>1 Mm3) of intact rock during extremely rapid, massive flow-like movements (Hungr et al., 2001). Due to their high velocities, large dimensions, and long run-out distances (Sembroni et al., 2019), rock avalanches are one of the major agents of hillslope erosion and pose a threat to property in mountain ranges. Reconstructing the occurrence history of rock avalanches is a key issue in discerning whether an increased incidence of such events can be expected in the future. To answer this question, it is important to identify the timing of past rock avalanche events and to correlate them with reconstructed seismic and/or climatic records.
The Nyixoi Chongco rock avalanche (NCRA) is located in the Angang graben in the middle segment of the Yadong–Gulu Rift (YGR), southern Tibet (Figure 1). It is considered to be the product of a large earthquake event (Wu et al., 2015; Zeng et al., 2020). However, preconditioned slopes may fail as a result of a number of factors (e.g., earthquakes, glacial events, and heavy rainfall) (Mitchell et al., 2007; Korup et al., 2013). Establishing a connection between paleolandslides and triggers is based on landslide ages (Struble et al., 2020). If a synchrony among landslide events can be identified, the mechanisms of paleolandslides can be inferred to be seismic or extreme hydrologic events (Pánek, 2015). However, the age of the NCRA is still controversial. The NCRA has been inferred to have occurred during the latest tectonic event (strong seismic event) on the normal fault bounding the Angang graben at 2.4 ± 0.2 ka based on the optically stimulated luminescence (OSL) age of the normal fault–scarp colluvium (Wu et al., 2015). Zeng et al. (2020) reported a 14C age of 820 ± 30 years BP (1,220 ± 30 years cal AD) for the NCRA, which was dated from a humus substrate. A correlation between the NCRA and the Chubusi earthquake (1264 AD), which occurred outside the Angang graben, was simply proposed (Zeng et al., 2020). However, it should be noted that Zeng et al. (2020) only provided a single radiocarbon age for a bulk organic sample and misinterpreted the upper age as the event age of the NCRA. In this study, we determined the occurrence time of the NCRA using 14C ages of plant remains and snail shells. Based on these new 14C ages, high-resolution aerial images, and field observations, we reinterpreted the landslide event associated with the NCRA. Furthermore, the limitations of using 14C dating alone to determine the occurrence time of the NCRA are also discussed in this paper. The uncertainty of the potential triggering factors of the NCRA are also discussed in the context of the regional tectonics and paleoclimate.
[image: Figure 1]FIGURE 1 | (A) Simple tectonic map of the Tibetan Plateau. The pink fault line is the Yadong–Gulu rift (YGR). (B) The Nyixoi Chongco rock avalanche (NCRA) is located on the western side of the Angang graben. The focal mechanism solution data are from website https://www.globalcmt.org/CMTsearch.html (Accessed July 9, 2020).
GEOLOGIC AND GEOMORPHIC SETTING
The Neogene rift system, which is characterized by a series of N–S trending grabens in southern Tibet, is considered to be one of the most prominent structures caused by the continuous post-collision intracontinental convergence between India and Eurasia (Yin and Harrison, 2000). The YGR is the most significant and youngest rift (Harrison et al., 1995; Chung et al., 2005; Mahéo et al., 2007), and it is the longest one within the Tibetan Plateau, extending for over 500 km from Yadong to Gulu (Figure 1A) (Armijo et al., 1986).
According to the geometry and kinematic indicators of its boundary faults, the YGR can be divided into three segments: the northern, central, and southern segments (Armijo et al., 1986; Ha et al., 2019). The NCRA occurred on the western side of the Angang graben in the central segment of the YGR (Figure 1B). In this segment, the Angang graben is bounded by a pair of normal faults on both sides of the rift (Armijo et al., 1986). However, some researchers have argued about the existence of the eastern boundary normal fault of the Angang graben (Wu et al., 2015). In contrast, the western boundary normal faults, namely, the Angang Fault (Armijo et al., 1986) and Nimu Fault (Zeng et al., 2020), are easy to recognize both in the field and on satellite images due to a clear fault plane and linear fault scarp trace, respectively. The topographic relief of the western slope is steeper and higher than that of the eastern slope, with a series of typical tectono-geomorphic indicators, including fault scarps, colluvial wedges, and deformed fluvial terraces (Figure 2B). A previous study reported a vertical movement rate of 0.8–1.3 mm a−1 on the Angang Fault since 26 to 23 ka (Wu et al., 2015). Along this fault, six large paleo-earthquakes have been identified, with the last two seismic events occurring at 5.8 ± 1.0 and 2.4 ± 0.2 ka (Wu et al., 2015). The lithology within the Angang graben is dominated by Miocene monzonitic granite with a U–Pb zircon age of ∼15 Ma (Ji et al., 2009), which constitutes the bedrock of the high topography on both shoulders of the graben (Figure 2A). The continued activity along the active Angang Fault has resulted in a wide fault zone. The granite that outcrops along the fault trace has been intensively fractured and weathered.
[image: Figure 2]FIGURE 2 | (A) The topography and rock types of the Angang graben. (B) Swath profile shows the significant topographic characteristics on the western side of the Angang graben due to continued activity on the Angang fault. (C) The source area of the NCRA is located above the fault scarps of the Angang fault.
The NCRA included an initial rock slope failure with a mass of 2.8 × 107 m3, which traveled ∼4.6 km down slope, with a vertical distance of 885 m (Wang et al., 2019a). The NCRA dammed the Xuqu River flow across the Angang graben. The bedrock of the source is composed of granite. The intensively fractured granite with a series of joints and fissures can be observed in the field. Two dominant sets can be traced, which substantially weakened the granite and controlled wedge failures in the source area (Wang et al., 2019a). The NCRA is characterized by complex surface landforms (e.g., Toreva blocks, longitudinal and transverse ridges, en echelon ridges, and hummocks) and internal sedimentary structures (e.g., jigsaw structures, inner-shear zones, aligned clasts, diapiric structures, and convoluted structures), implying a rapid stacking process, which is similar to laminar flow transport (Wang et al., 2019b). A small lake and pond have developed within depressions above the chaotic rock avalanche deposit, providing critical lacustrine sediments to constrain the minimum age of the NCRA (Figure 3A). The western slope has experienced more severe erosion than the eastern slope due to the extensive development of glaciers in the Quaternary (Wu et al., 2015). However, the precise time at which the glaciation took place is still unknown. The glacier is no longer present, and this area is only covered with snow in winter. The present average annual air temperature is around 7°C, and the average annual precipitation is 340 mm from 1971 to 2000 (available at http://data.cma.cn/).
[image: Figure 3]FIGURE 3 | High-resolution unmanned aerial vehicle (UAV) images showing that (A) two obvious different textural regions exist, and (B) The front material accelerated and climbed over the underlying terrain, forming carapace facies with abundant blocks of different sizes. The yellow dot is the 14C sample site. Table 1 presents the detailed information about the samples. Sample NXC14-01 was collected from the sediment profile exposed as the Xuqu River incised into the margin of the NCRA (Figure 4). In addition, Zeng et al. (2020) collected sample NXC-1 from the same location (Figure 4). The 14C age of sample NXC14-01 indicates that the landslide event occurred in region 1 with an age of 1,271–1,389 cal AD. Samples NXC14-03 and NXC14-04 were collected in the swales on the NCRA sediment body (Figure 5). Sample NX14C-05 was collected from the small pond on the NCRA sediment body (Figure 6). All of the samples indicate that the landslide event occurred in region 2 with an age of 425–565 cal AD.
METHODS
As the Xuqu River incised the rock avalanche deposit, the sample profile was exposed on the margin of the NCRA (Figure 3). In this study, sample NX14C-01 was collected from a 5-cm-thick peat layer underlying the rock avalanche mass (Figure 4) (Zeng et al., 2020). The plant remnants were picked from sample NX14C-01 to conduct 14C dating. In addition, the organic material separated from this sample was also dated using the 14C method to evaluate the potential old carbon effect on this sample. There are abundant small lakes, ponds, and wetlands that formed in the small intervening internally drained swales between the hummocks on the surface of the NCRA (Figures 5, 6). A pit was dug from the surface down to the rock avalanche material, and snails and plant remnants were sampled for radiocarbon dating (Figure 5). Sample NX14C-05 was collected from a small pond, and the organic material was picked out for dating (Figure 6).
[image: Figure 4]FIGURE 4 | (A,B) The 14C sample was collected from the peat layer underneath the NCRA to constrain the maximum age of the second event in the NCRA. (C) There are no rock avalanche sediments in the stratigraphic section before 1,271–1,389 cal AD. Thus, the early rock avalanche event occurred in region 2 (Figure 3) with an age of 425–565 cal AD and did not reach the site of sample NX14C-01. The terms for sedimentary rocks and grain sizes: mud (M); sand (S), fine (f), coarse (c), medium (m); gravel (G), granule (gran), pebble (peb), cobble (cob), boulder (boul).
[image: Figure 5]FIGURE 5 | (A) The 14C sample was collected from swales above the NCRA to constrain the minimum age of the first landslide event represented by the NCRA sediment. (B) Snails and plant remnants were sampled for radiocarbon dating in the sediment profile.
[image: Figure 6]FIGURE 6 | The 14C sample was collected from a small pond above the NCRA to constrain the minimum age of the first landslide event represented by the NCRA sediments.
All of the samples were pretreated and dated in the Beta Analytic lab in the United States using accelerator mass spectrometry (AMS). The raw 14C dates were converted into calendar ages using the IntCal 20 calibration curve (Reimer et al., 2020) in the OxCal v4.4.2 software. In this paper, the calibrated ages are expressed as their two-sigma ranges. In addition, Zeng et al. (2020) reported a 14C age with a one-sigma range. In order to determine the difference in the 14C ages of the organic sediment and plant remains, we recalibrated the 14C age of the dry humus sample of Zeng et al. (2020) using the same calibration curve and software.
RESULTS
The detailed descriptions and age results of the samples are presented in Table 1. The organic samples were collected from sediments below the landslide body. The organic materials and plant remnants were separated from sample NX14C-01, and their calibrated 14C ages were determined to be 1,272–1,389 and 1,299–1,404 cal AD, respectively (Figure 4B). The 14C ages of the humus sample is 820 ± 30 years BP (1,220 ± 30 cal AD) (Zeng et al., 2020). The new 2σ calibrated 14C age range of the sample of Zeng et al. (2020) is 1,175–1,273 cal AD (Table 2). The 14C age of the organic materials in this study are close to that of Zeng et al. (2020). In contrast, the 14C age of the plant remains is younger than that of the organic materials and dry humus reported by Zeng et al. (2020).
TABLE 1 | Radiocarbon analyses of samples.
[image: Table 1]TABLE 2 | Radiocarbon analyses of samples conducted in previous studies.
[image: Table 2]Sediments from the swales mainly consisted of dark gray laminated organic rich peat and grayish white silt. Snails and fragments occur in the silt toward the sharp landslide contact, which is indicated by angular granite gravel (Figure 5B). There is no obvious change in the amount of organic matter of the peat layer. Similarly, the silt content has no significant change. It is noted that there is no fluvial or flood sediment in the swale sediment. The fine grain size of the whole sediment profile indicated that there was no large amount of rain in the study area after the emplacement of the NCRA. Otherwise, the coarse landslide debris sediment may be introduced into the swales.
Modern plants grow in the upper 3 cm of the peat, followed by gray-white lacustrine deposits, which are overlain by 45 cm of peat (Figure 5B). Abundant plant roots and shells are present in the peat, and the color of the plant remains is partially yellow. The humification degree of the peat is low. The subsequent layer of lacustrine deposits is 52-cm thick and contains snail shells (Figure 5B). Two thin peat layers occur in the middle and bottom of the lacustrine deposit. Sample NX14C-03 is located in the second peat layer with a thickness of 3 cm, and the 14C age of this layer 1 is 022–1,159 cal AD (Figure 5B). Snail sample NX14C-04 was collected from the bottom of the lacustrine deposit (Figure 5B). Its 14C age is 425–565 cal AD. Below the lacustrine deposition is the NCRA sediment body.
Sample NX14C-05 was collected from a small pond. A sediment layer with a depth of 50 cm was dug in the field. This layer is characterized by medium and coarse sand-containing mud. The mud sediment was sampled for radiocarbon dating, and the age of sample NX14C-05 was determined to be 660–774 cal AD.
DISCUSSION
Two Landslide Events Occurred in the Nyixoi Chongco Rock Avalanche
According to the 14C ages and sample locations (Figures 4–6), the NCRA may have consisted of two landslide events. The younger and older events are located in regions 1 and 2, respectively (Figure 3A). From the unmanned aerial vehicle (UAV) photos, two regions with different textures can be recognized. Region 1 has a smooth texture, while region 2 has a sharp texture, and there is a clear boundary between these two regions (Figure 3A). The NCRA sediments are mainly composed of scattered granite rocks. If there was only one event, the surface of the landslide sediments should not exhibit significant differences in texture on the images (green dotted outline in Figure 3) under the same climate environment. Thus, two landslide events are the simple interpretation of the different textures in the images shown in Figure 3. In addition, according to our observations, the different textures in the images are not caused by the Xuqu River because there are no fluvial sediments in the hummock of the landslide body. The elongated longitudinal ridges close to the source area indicate the high-velocity transport direction (Wang et al., 2019b). This region was restricted between the detached source area and the Xuqu River Valley (Wang et al., 2019). Based on the high-resolution UAV photos, the microtopography associated with the the mass movement direction of the avalanche can be identified in region 1 (Figure 3A). Due to the rerouting of the Xuqu River after the emplacement of the NCRA, part of the microtopography was eroded away and became less clear. In addition, some fractured rock falls are scattered in the boundary area between regions 1 and 2 (Figure 3B). This suggests that the frontal mass suddenly decelerated and was rapidly ejected due to an increase in topographic undulation or increased basal friction (Wang et al., 2019b). All of these morphological and textural characteristics suggest that the NCRA sediment is the result of two rock avalanche events.
Figure 4C shows the characteristics of the depositional environments before 1,299–1,404 cal AD. The lithofacies association consists of coarse sand interbedded with a peat layer and the absence of rock avalanche sediments. This indicates that episodic contraction and expansion of the water level occurred near sample site NX14C-01 without the interruption of any rock avalanche event before 1,299–1,404 cal AD. That is, the 425–565 cal AD event occupying region 2 did not reach the site where sample NX14C-01 was collected (Figure 3A). Thus, Figure 4C shows the 1,299–1,404 cal AD rock avalanche event occupying region 1. The younger event may have been caused by reworking of the rock avalanche sediment in region 2 or by a new rock avalanche. However, we do not know the real origin of this event at present. We suggest that two landslide events may have deposited the NCRA sediments. Generally, the interpretation of radiocarbon ages as the minimum, maximum, or event age of landslides depends on whether the sampled material is located on, below, or is mixed within the landslide body (Lang et al., 1999). According to the sample locations (Figure 4B), the first event may have occurred in region 2 at a minimum of 425–565 cal AD. Similarly, the second one may have occurred in region 1 at a maximum of 1,299–1,404 cal AD (Figure 5). This may be the reason for the younger 14C age of the deposits below the rock avalanche than that of the deposits above the rock avalanche (Figures 4, 5).
If the NCRA only consisted of a single landslide event, the results of our 14C dating of the pond sediments above the avalanche mass should be younger than that of the peat sample below. However, Table 1 presents age results that are inconsistent with this scenario. We tend to rule out this possibility due to the following reasons. First, the hard water effect, which is the presence of calcium ions resulting from the dissolution of infinite-age calcium carbonate, can affect the 14C dating of terrestrial shells (Bowman, 1990). However, there are no carbonate formations in the study area. Second, the peat sample could have a radiocarbon reservoir effect, which could result in an age that is hundreds of years older than the real age (Kilian et al., 1995; Shore et al., 1995; Nilsson et al., 2001). Therefore, dating terrestrial plant remnants using AMS is better than dating bulk sediments (Ma et al., 2009). In addition, there is about a 500-year gap between the 14C age of the organic sediments located on (sample NX14C-05) and below (sample NX14C-01) the landslide body in this study (Table 1). In contrast, there is only a 100-year difference between the organic sediment fraction and the peat fraction in sample NX14C-01, which underlies the NCRA. It is unlikely that the old carbon effect would result in such old radiocarbon ages for the samples above the NCRA. Thus, our ages for the snail shells and plant remains cannot be denied based on a single previous 14C age alone. We are inclined to believe that the NCRA sediments represent two landslide events.
Groundwater that has been isolated from the atmosphere may have introduced a significant old carbon effect (Zimmerman and Myrbo, 2015). The sample collected from the peat layer immediately underlying the NCRA body is high enough to exclude the impact of groundwater at present (Zeng et al., 2020). However, the paleohydrology of the peat deposits in the Angang graben remains unknown. Thus, the best 14C sample is identifiable terrestrial well-preserved plant remnants within the peat layers (Ma et al., 2009; Piotrowska et al., 2011). Since the plant remnants have not been entirely decomposed, their age should be considered to be the real age of the peat sedimentation (Zhou et al., 2002). Thus, we suggest that the old carbon effect may have caused the 14C age difference between the humus and the plant remains.
The snails were picked from the basal section of the sediments, which is mainly composed of coarse quartz sands (Figure 5B) that originated from the landslide body sediments and was shed from the granite. This represents the ecesis interval between the snail occurrence and the emplacement of the first event of the NCRA. Thus, the snail age provides a minimum age for the landslide event. The old carbon effect may induce an older age for sample NX14C-04. Freshwater shells commonly incorporate carbon dissolved in water rather than the atmosphere. As a result, dated shells contain a low isotopic ratio of 14C–12C compared with the atmosphere and may be older (Clague, 2015). However, the uncertainties introduced by this may be minimal in this study based on our observations and the present climate. First, the snails were collected from the enclosed swales above the NCRA. Meteoric precipitation is the main water resource in this area according to field observations. The sediment records suggest that the swales probably contained standing water after movement that was immediately accompanied by deposition of clay, silt, and organic matter (Figure 5B). The sedimentary environment of the sample pond does not indicate fluvial input. Second, the peat sediment layer immediately underlying the NCRA sediment body is located above the groundwater and avoids carbonate contamination of the 14C ages (Zeng et al., 2020). As a result, the 14C age of the snails at the base of the pond deposits should yield reliable ages for the pond formation.
Possible Triggers
The NCRA has been hypothesized to have a seismic origin based on the morphology and size of the landslide (Wu et al., 2015). However, none of the morphological criteria of seismic paleolandslides are definitive. In addition to earthquakes, there are many other causes of landslides (Jibson, 2009). For example, more than 100 of the largest cluster of giant (>108 m3) slope failures mobilized along basal failure planes with gradients as low as ∼5° due to oscillating sea levels in the tectonically quiescent Caspian Depression of western Kazakhstan (Pánek et al., 2016). These landslides are characterized by large volumes, sizes, and spatial clustering and occurred in a subdued landscape. The morphology of these landslides seems to meet the criteria of seismic landslides described by Wu et al. (2015), but they are nonseismic landslides (Pánek et al., 2016). Thus, the presence of independent active fault or liquefaction evidence due to paleoseismic events can be used to determine if paleolandslides have a seismic origin (Jibson, 2009). In addition, the last large paleoearthquake occurred at 2,400 ± 200 years BP based on OSL dating of the fault scarp colluvium in the Angang graben (Wu et al., 2015). Thus, the NCRA was triggered by the 2,400 ± 200 years BP seismic event (Wu et al., 2015). In addition, tying prehistoric slope instability to specific triggering events requires landslide ages. Therefore, without an age for the NCRA (Wu et al., 2015), it seems dangerous to assign a seismic trigger as its origin. Our results indicate that the first event of the NCRA may have occurred before 425–565 cal AD. If so, the large earthquakes associated with the repeated active boundary fault mentioned by Wu et al. (2015) may have served as a prelude to this landside event.
The age of the second landslide event of the NCRA is 820 ± 30 years BP (1,220 ± 30 cal AD) based on dating of the humus substrate, with a new calibrated age of 1,175–1,273 cal AD from this study, which is connected to the 1264 AD Chubusi earthquake (Zeng et al., 2020). It seems that there is a temporal relationship between the age of the second landslide event and the 1264 AD Chubusi earthquake. The 14C age of the humus from the peat sediment underlying the second landslide event is the maximum age, not the actual event age. That is, the maximum 14C age cannot provide the dating precision necessary to connect the second event to the 1264 AD Chubusi earthquake. Although radiocarbon dating is one of the most widely used tools for dating landslides (Pánek, 2015), care is also required in interpreting these radiocarbon ages. The ages of the samples gathered from different locations in the landslides provide different interpretations of the emplacement time of the landslide. For example, the 14C age of the overlying lacustrine deposit indicates that the age of the Luanshibao landslide is 1,980 ± 30 years BP in the southeastern Tibetan Plateau (Guo et al., 2016). This age should be considered to be the minimum age. The 10Be exposure ages indicate that the Luanshibao landslide occurred at about 3,510 ± 346 years BP (Zeng et al., 2019). In terrestrial cosmogenic nuclide surface exposure dating, the relatively unaltered upper surface (<5 cm) of a boulder is an ideal sample target (Lal, 1991; Gosse and Phillips, 2001). However, weathering, exhumation, or toppling of boulders may have occurred since the landslide emplacement (Dortch et al., 2009). The 10Be rock sample from the Luanshaibao landslide is characterized by weak weathering and no incomplete exposure due to toppling and covering of the boulders (Zeng et al., 2019). Thus, the 10Be exposure age may represent the lower age limit of the Luanshibao landslide. Compared with 14C dating (Guo et al., 2016), the 10Be age is probably quite close to the actual emplacement age of the Luanshibao landslide. Although both ages attribute the trigger of the Luanshibao landslide to a seismic event (Guo et al., 2016; Zeng et al., 2019), the age variation causes different geological interpretations of the regional seismic shaking history. Similarly, relying solely on the upper age limit of the second landslide event of the NCRA emplacement is not sufficient to connect the event to the 1264 AD Chubusi earthquake (Figure 7A). In addition, our 14C ages indicate that the second event of the NCRA occurred after 1,299–1,404 cal AD. The temporal connection between them suggests that the 1264 AD Chubusi earthquake is unlikely to be the trigger. The Angang fault represents a high seismogenic potential in the close field of the NCRA (Wu et al., 2015; Zeng et al., 2020), yet there are no paleoseismic records in the Angang graben as young as both landslide events that would corroborate a coseismic trigger during the past 2,000 years. However, the lack of a regional paleoseismicity record should not completely rule out a seismic trigger.
[image: Figure 7]FIGURE 7 | (A) Two separate and distinct events occurred in the NCRA, (C,F) with the regional change in vegetation in the Yamzhog Yumco Lake area, southern Tibet and (B,D,E, and G) global environmental changes over the past 2,000 years. The (C) high percentage of Artemisia and (F) low percentage of Cyperaceae are indicative of the warm and dry climate period during the MWP (Guo et al., 2018). The environmental characteristics correspond with the (B) δ18O records from the Greenland Ice Sheet Project 2 (Stuiver et al., 1995), (D) solar radiation records (Stuiver, 1998), (E) Northern Hemispheric temperature records (Mann and Jones, 2003), and (G) North Atlantic Oscillation (NAO) curves (Trouet et al., 2009). The green line is the 1264 AD Chubusi earthquake. The red rectangle shows the significant 14C dating gap between the humus (Zeng et al., 2020) and plant remains sample in this study. DACP, Dark Age Cold Period; MWP, Medieval Warm Period; LIA, Little Ice Age.
The continued activity on the Angang fault and the associated seismic events or regional earthquake-induced ground motion (e.g., the 1264 AD Chubusi earthquake) may have led to tectonic preconditioning of the occurrence of the NCRA. Wu et al. (2015) reported that the seismotectonic activity on the Angang fault has been ongoing since 2.6 ka BP, and the last vertical offset was approximately 2.8 and 6.1–7.9 m at the river terrace, which is equivalent to Mw 7 to 7.2 shallow seismic events. At least four strong earthquakes (≥Mw7) have occurred in the Angang graben since the Holocene, with a mean recurrence interval of 2.1 ka (Zeng et al., 2020). The normal fault is characterized by inherent structural complexity, resulting in a series of joints and fracture planes (Wang et al., 2019b). The continued activity on the normal fault may reduce the strength of the granite rock mass. The spatial distribution of the paleolandslides on both sides suggests the effect of tectonic weakening on the granite under the same climatic and lithological conditions. Ancient landslides have been identified in both sides of the Angang graben. However, the number of ancient landslides on the western side is larger than that on the eastern side (Wu et al., 2015). Twenty-one ancient landslides larger than 0.1 Mm3 occurred in the Angang graben (Zeng et al., 2020), four of which occurred on the eastern side, while others are distributed along the Angang fault on the western side, within a distance of <1.5 km (Zeng et al., 2020).
In addition to seismic shaking, climate change can be assigned as a possible trigger of the NCRA. Fractures and fissures in the fault zone could have favored the penetration of water and led to increased weathering of the granite joints and increased pore pressure (Singeisen et al., 2020). This type of weakening and freeze–thaw cycle may have reduced the slope stability threshold and the effective friction on the sliding planes.
The sedimentary records from Yamzhog Yumco Lake show that the paleoclimate was warm–dry and cold–moist on the southern Tibetan Plateau over the past 2,000 years (Guo et al., 2018). The Little Ice Age (LIA, between ca.1300 and 1850 AD) and the Medieval Warm Period (MWP, between ca. 800 and 1300 AD) were the two most distinct climate anomalies (Hunt, 2006). The changes in the speleothem mineralogy record moister and/or cooler conditions associated with the onset of the LIA on the southern margin of the Tibetan Plateau (Denniston et al., 2000). Drier climatic conditions existed between 1000 and 1300 CE (MWP) on the southern Tibetan Plateau (Morrill et al., 2003). However, the precipitation was higher during the LIA than the MWP (He et al., 2013). Similar wetter conditions were recorded by lake sediments from Namco during the LIA compared with the MWP (Li et al., 2011). Overall, the warm and dry climate during the MWP shifted to low temperatures and relatively high moisture conditions during the LIA on the southern Tibetan Plateau (Guo et al., 2018). The second landslide event occurred during the climatic transition from the MWP to the LIA (Figure 7). Increased precipitation may have caused redistribution of the water and increased the pore water pressure (Aa et al., 2007). High precipitation events or wetter-than-normal periods lasting several months to years may cause failure of slopes (Johnson et al., 2017). Thus, the landslide may have been the result of these climatic effects acting on the fractured granite along the fault zone, which was preconditioned to failure by the continued activity on the western boundary fault of the Angang graben. In contrast, the first landslide event occurred in the Dark Age Cold Period (DACP), which has been reconstructed as cold and moist using the high-resolution palynological record from Yamzhog Yumco Lake (Guo et al., 2018). However, there were no significant distinct temperature and precipitation fluctuations (Figure 7). It remains uncertain whether the climatic change affected the occurrence of the first landslide event to a great extent.
However, it should be noted that the climate proxy only shows the change in the precipitation and temperature trends on the southern Tibetan Plateau (e.g., Guo et al., 2018). Further investigation through quantitative reconstruction of the magnitude of the past climate change is needed to support this suggestion.
Our results underscore the difficulty in accurately dating the NCRA using only 14C dating. The low accuracy of the age determination results in a high uncertainty in identifying the actual trigger of the NCRA. Either climatic or seismic factors or both are likely to have caused the NCRA.
CONCLUSION
Plant remnants and snail shells were dated using 14C dating to determine the age of the NCRA. Two landslide events were identified. The first event occurred before 425–565 cal AD, and the second event took place at 1,299–1,404 cal AD. The temporal correlation between the 1264 AD Chubusi earthquake and the NCRA suggests that there is no relationship between the events. However, the concomitant effect of crustal earthquakes on the rock avalanche initiation cannot be ruled out due to the regional seismotectonic setting. Similarly, climatic triggers cannot be easily ruled out because a long-lasting wetter climate may have led to the NCRA in the past 2,000 years. The low accuracy of the age determination makes it difficult to identify the actual trigger of the NCRA based solely on 14C dating.
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The Eastern Qiangtang Terrane is an orogenic-like belt around the Eastern Himalayan syntaxis (EHS). The deformation history of this terrane must be known to understand how the EHS region responded to the Lhasa-Qiangtang collision and the closure of the Bangong-Nujiang Ocean (BNO). Here, we present a new paleomagnetic investigation on an Early Cretaceous granite (∼126 Ma) in the Zaduo area, Eastern Qiangtang Terrane. Petrographic observations reflect crystallization from primary melts with only limited subsequent alteration (chloritization of biotite). Magnetite appears to be the dominant carrier of the characteristic remanent magnetization (ChRM) based on stepwise demagnetization of the natural remanent magnetization, supplemented by detailed rock magnetic measurements, including magnetization versus temperature, and acquisition curves of the isothermal and anhysteretic remanent magnetization. End-member modeling of those acquisition curves helped to constrain the paleomagnetic analysis. The inconsistent demagnetization behavior between alternating field (AF) demagnetization at high levels and thermal demagnetization was attributed to the development of gyroremanent magnetization in the AF demagnetization generated by fine-grained single domain magnetite. The ChRM directions from 92 granite samples in geographic coordinates yield an average of declination (Dg) of 2.6° and inclination (Ig) of 38.6° (precision parameter k = 51.4, and 95% confidence cone α95 = 2.1°). The amount of tilting of the granite is poorly constrained which makes proper correction rather tedious. We compared the expected bedding attitudes (Strikeexp = 43.1°, Dipexp = 46.1°) derived from published data (Huang et al., 1992; Tong et al., 2015) with the average observed bedding attitudes (Strikeobs = 54°, Dipobs = 32°) of the Middle-Upper Jurassic sandstones of the Yanshiping Group that was intruded by the Early Cretaceous granite. The discrepancy between the expected and measured bedding attitudes implies that the strata of the Yanshiping Group in the Zaduo area were already tilted prior to the intrusion of the ∼126 Ma Zaduo granite, which was attributed to the Lhasa-Qiangtang collision and the closure of the BNO. The collision led to a series of geological events, such as the tilting of the strata, the ophiolite emplacement, the development of a peripheral foreland basin, and the magmatic activity gap. The tilting/folding of the strata was generally delayed by the layer parallel shortening processes during the early stages of the deformation, thus suggesting an older Lhasa-Qiangtang collision (i.e., >126 Ma).
Keywords: paleomagnetism, Lhasa-Qiangtang collision, cretaceous granite, end-member modeling, Tibeten Plateau
1 INTRODUCTION
The present-day Tibetan Plateau is known as the “roof” of the world and the “third pole” of the Earth. It is a complex terrane collage that comprises the Tethyan Himalaya, Lhasa, Qiangtang, Songpan-Ganzi and Qaidam-Qilian terranes from south to north (Figure 1). These continental terranes sequentially accreted to Eurasia and formed the “Proto-Tibet” since the Paleozoic (Yin and Harrison, 2000; Tapponnier et al., 2001; Kapp et al., 2005, 2007; Metcalfe, 2011). The Qiangtang and Lhasa Terranes are two major crustal fragments in the central Tibetan Plateau and play a key role in understanding the formation and evolution of the “Proto-Tibet” region. In general, they are considered to have been separated by the Bangong-Nujiang Ocean (BNO) since the Permian (Dewey et al., 1988; Metcalfe, 2013; Zhu et al., 2013; Zhang et al., 2016; Chen S.-S. et al., 2017; Fan et al., 2018a). The timing of the Lhasa-Qiangtang collision that followed the BNO closure, however, remains controversial, ranging from the Middle or Late Jurassic (Xu et al., 1985; Dewey et al., 1988; Yan et al., 2016; Ma et al., 2017; Li et al., 2019a, 2019b) to the Early Cretaceous (Kapp et al., 2003, 2007; Zhu et al., 2006, 2011, 2013, 2016; Bian et al., 2017; Meng et al., 2018; Chen et al., 2020), or even the Late Cretaceous (Zhang et al., 2012; Fan et al., 2014; Liu et al., 2014; Fan et al., 2015; Fan et al., 2018a; Fan et al., 2018b). Thus, one of the significant targets in the “Proto-Tibet” study is to determine when the Qiangtang Terrane collided with the Lhasa Terrane.
[image: Figure 1]FIGURE 1 | Simplified tectonic map of the Tibetan Plateau and its adjacent regions. The abbreviations of the tectonic units are EQT: Eastern Qiangtang Terrane; WQT: Western Qiangtang Terrane; AKMS: Ayimaqing-Kunlun-Muztagh Suture Zone; JSSZ: Jinshajiang Suture Zone; LSSZ: Longmu Tso-Shuanghu Suture Zone; BNSZ: Bangong-Nujiang Suture Zone; IYZSZ: Indus-Yarlung Zangbo Suture Zone.
Paleomagnetism is an effective approach for quantifying terrane drift history. Many studies have been carried out on the Mesozoic paleographic positions of the Qiangtang Terrane (Lin and Watts, 1988; Dong et al., 1990; Otofuji et al., 1990; Dong et al., 1991; Huang et al., 1992; Chen et al., 1993; Cheng et al., 2012; Song et al., 2012; Huang et al., 2013; Ren et al., 2013; Song et al., 2015, 2020; Tong et al., 2015; Yan et al., 2016; Chen W. et al., 2017; Ran et al., 2017; Meng et al., 2018; Cao et al., 2019, 2020; Zhou et al., 2019; Fu et al., 2021; Guan et al., 2021). These studies have provided extensive knowledge on the tectonic evolution of the Qiangtang Terrane. However, most of these data were obtained from the center and western parts of the Qiangtang Terrane. Only three studies (Otofuji et al., 1990; Huang et al., 1992; Tong et al., 2015) were from the eastern part and all concerned Cretaceous rocks. To date, the timing of the Lhasa-Qiangtang collision is still under debate.
The Qiangtang Terrane is divided into the Eastern and Western Qiangtang subterranes (EQT, and WQT, respectively) (also named the Northern and Southern Qiangtang subterranes) (cf. Figure 1; Yin and Harrison, 2000; Pan et al., 2004; Li et al., 2009; QGSI, 2005; Yan et al., 2016). The Zaduo area is the bending (transitional) part of the Eastern Qiangtang Terrane, where the tectonic trend is east–west to its west and north-south to its east and south (Figure 1). Therefore, the tectonic evolution of the Zaduo area during the Late Jurassic to Early Cretaceous likely provides key information to address questions as to when the Lhasa-Qiangtang collision occurred and how the region deformed in response to the India-Asia collision. Investigations on the Middle-Upper Jurassic limestones of the Yanshiping Group in this area indicate that primary natural remanent magnetization (NRM) was overprinted by a chemical remanent magnetization (CRM) during the India–Eurasia collision (Fu et al., 2021). Igneous rocks are less prone to remagnetization than limestones. Thus, it is a very reasonable idea that we target the Cretaceous Zaduo granite to obtain trustworthy paleolatitude constraints to find a solution, which motivated this study.
In this paper, we report new paleomagnetic data of the ∼126 Ma Cretaceous granite (QGSI, 2014) from the Zaduo area. The granite intruded into Middle-Upper Jurassic sandstones of the Yanshiping Group presently outcropping to the southeast of the granite and was overlain by the Paleogene-Neogene Tuotuohe Group (Et) presently outcropping to its northeast (Figure 2, QGSI, 2014). Thermal and alternating field (AF) demagnetization yielded a set of characteristic remanent magnetization (ChRM) directions. Rock magnetic and petrographic studies were carried out to evaluate the reliability of the ChRM. Structural control of the granite and its adjacent formations was assessed as well. Overall, this sheds new light on the timing of the Lhasa-Qiangtang collision, as well as the closure of the BNO.
[image: Figure 2]FIGURE 2 | (A) Geological map of the Zaduo area [modified from the 1:250 000 Zaduo County regional geological map (I46C004004) by the Qinghai Geological Survey Institute (QGSI) 2005]. YSP: Yanshiping; Gr: Group; Fm: Formation. (B) Field photographs showing the contact between the Cretaceous granite and the sandstone of the Paleogene Tuotuohe Formation (Et). (C–E) Field photographs of representative outcrops and samples, hammer and marker for scale.
2 GEOLOGICAL SETTING AND SAMPLING
The Qiangtang Terrane is one of the major units in the central Tibetan Plateau and is situated between the Bangong-Nujiang Suture Zone (BNSZ) to the south and the Jinshajiang Suture Zone (JSSZ) to the north (Figure 1). It is aligned approximately east-west in the western and central parts with a maximum width of 400–500 km, but it is distinctly narrower (<150 km) in the eastern part where a gradual change to a north–south orientation is occurring (Yin and Harrison, 2000) (Figure 1).
Our study transect (32.5°N, 95.3°E) is located in Zaduo County, the eastern part of the EQT (Figure 1). The formations in this area are well exposed and mostly comprise Carboniferous, Jurrasic and Cenozoic sedimentary rocks (Figure 2A). The Cretaceous granite in this region intrudes Permo-Triassic volcanic rocks in the northwest and Middle-Upper Jurassic sandstones of the Yanshiping Group in the southeast. From base to top, the Paleogene to Neogene sedimentary rocks in this area consist of conformable contacts of the Tuotuohe (Et), Yaxicuo (ENy) and Wudaoliang (Ew) Formations, which conformably overlie each other (QGSI, 2005; QGSI, 2014). The Jurassic Yanshiping Group consists of the Quemo Co (J2q), Buqu (J2b), Xiali (J2-3x), Suowa (J3s) and Xueshan (J3x) Formations from base to top (QGSI, 2005; QGSI, 2014; Fang et al., 2016; Yan et al., 2016). The J3s and J3x Formations are absent in the study area (Figure 2A). The granite intrusion is unconformably overlain by the Paleogene-Neogene Tuotuohe Group (Et) to its northeast (Figures 2A,B). The Fenghuoshan Group which would normally be in between, is absent. The granite has an exposed surface of tens of square kilometers with pink to reddish color (Figures 2C–E). The dominant lithologies of the granite intrusion include medium- to fine-grained monzogranite and syenogranite with feldspar phenocrysts ranging from 1 to 5 cm in size (QGSI, 2014). A previous geochemical study shows that the Zaduo granites have a moderately high alumina saturation index (ASI) > 1.1, and a high SiO2 content (>∼70%). Thus, it is a typical peraluminous granite and classified as S-type (QGSI, 2005; QGSI, 2014). Whole-rock and biotite K-Ar ages of ∼126 Ma were reported for both monzogranite and syenogranite (QGSI, 2005; QGSI, 2014). A total of 98 paleomagnetic core samples from nine sites were collected from the Cretaceous granite intrusions; sites 1–4 are about 500 m away from sites 5 to 9. The lithology of the two locations is consistent, and no obvious weathering was observed. These core samples (2.5 cm diameter) were collected using a portable gasoline-powered drill with a water cooling system. Each sample was oriented in the field using a solar and/or magnetic compass.
3 LABORATORY TECHNIQUES
The cores were cut into specimens of 2.2 cm long and underwent stepwise AF demagnetization at the paleomagnetic laboratory of the Institute of Tibetan Plateau Research, Chinese Academy of Sciences, Beijing, China. In 20 steps, AF demagnetization was performed up to 140 mT with an ASC D2000/T demagnetizer. Six specimens were also progressively thermally demagnetized (TD) for comparison in 23 steps (80, 150, 200, 250, 300, 350, 400, 450, 475, 500, 530, 560, 570, 585, 610, 630, 650, 660, 665, 670, 675, 680, and 685°C) in an ASC TD-48 oven with an internal residual field of less than 10 nT. The remaining NRM after each step was measured on a 2G Enterprises cryogenic magnetometer in a magnetically shielded room, which has an average field intensity of ∼170 nT.
To investigate the mineralogical features of the granite, polished thin sections were prepared for microscopic observations with a polarizing microscope. Micrographs in plane-polarized light (PPL) and reflected light (RL) of the same area were obtained by means of a Leica DM750 optical microscope with a DMC5400 digital camera in the “Fort Hoofddijk” paleomagnetic laboratory of Utrecht University, Netherlands.
Rock magnetic tests, including high-field thermomagnetic runs (magnetization versus temperature), acquisition curves of the isothermal remanent magnetization (IRM) and anhysteretic remanent magnetization (ARM), were conducted at the “Fort Hoofddijk” Palaeomagnetic Laboratory. The high-field thermomagnetic runs were measured in air by an in-house-built horizontal translation type Curie balance with a sensitivity of ∼5 × 10–9 Am2 (Mullender et al., 1993). Approximately 60–80 mg of four representative samples were crushed to coarse powder (<4 mm) with a conventional agate mortar and pestle, after which they were put into a quartz glass sample holder and held in place by quartz wool. The magnetic measurements were conducted with heating and cooling rates of 6°C min−1 and 10°C min−1, respectively. The samples were first heated to 250°C, cooled back to 150°C, and then heated to 350°C with cooling to 250°C. The procedure was completed after performing several more of these heating-cooling cycles up to 700°C followed by final cooling back to room temperature with an applied magnetic field of 100–300 mT. The successive peak temperatures of subsequent cycles were 250, 150, 350, 250, 450, 350, 520, 420, 620, 500 and 700°C. The ARM acquisition curves of thirty-three representative samples were acquired in 19 steps up to a 150 mT peak AC field superimposed with a 40 μT direct field. Subsequently, IRM acquisition curves (43 field steps) were measured on those samples with a maximum applied field of 700 mT. Both ARMs and IRMs were measured by an in-house-developed robot (Mullender et al., 2016), which allowed the samples to pass through a 2G Enterprises SQUID magnetometer (noise level 10–12 Am2) hosted in a magnetically shielded room (residual field <200 nT) at Utrecht University.
To quantitatively estimate the contributions of different magnetic carriers, IRM component analysis of Kruiver et al. (2001) was applied to the 33 samples of the two granite types. A parameter B1/2 is defined as the field at which half of saturation isothermal remanent magnetization (SIRM) is reached, and another dispersion parameter DP is defined as the width of the distribution. For the paleomagnetic direction statistics, principal component analysis (Kirschvink, 1980) on at least five successive steps was performed to determine ChRMs, and directions with high maximum angular deviation (MAD) values (>15°) were systematically rejected from further analysis. Sample-mean ChRM directions were calculated using the statistical methods described by Fisher (1953). Because gyroremanent magnetization (GRM) occurred in so-called Type 2 granite samples, the directions towards the origin below 24mT were calculated for those samples. End-member modeling was used to illustrate the mechanism of remanence acquisition and to confirm a primary NRM; measurement and data analysis procedures are described in Aben et al. (2014), and the program used in this paper can be found online (http://people.rses.anu.edu.au/heslop_d/).
4 PETROGRAPHY
Sampled outcrops of the Zaduo granite show a typical homogeneous texture and are barely weathered (Figures 2D,E). Minerals in Type 2 samples are finer and cleaner than those in the Type 1 samples (Figure 3). A classic granitic texture appears in thin section observations consisting of quartz, feldspar and biotite; opaque minerals include magnetite (Figure 3). Quartz is one of the main constituents of the granite. It is in direct contact with other minerals and mostly >1.0 mm in size. In addition, it is invariably clear and unaltered, being characterized by euhedral crystals (Figure 3). Feldspar includes alkali feldspar and plagioclase feldspar, and shows euhedral or subhedral crystals; some feldspar crystals display clear and straight grain boundaries and slight alteration that is characterized by an uneven color (Figures 3A–F). The brown–yellow pleochroic grains in PPL are biotite. In general, biotite is accompanied by magnetite and/or chlorite and has regular and sharp grain boundaries. Chlorite is commonly formed as the product of biotite chloritization, showing greenish-yellow pleochroism and irregular and indistinguishable boundaries with biotite (Figures 3E,F). Magnetite is observed in most samples, frequently occurring as interstitial crystals with irregular shapes. However, Type 2 granite samples show fewer and smaller magnetite crystals than Type 1 granite samples (two types of granite samples were classified, see Section 5.2) (Figure 3).
[image: Figure 3]FIGURE 3 | Micrographs of Type 1 (A–I) and Type 2 (J–O) samples in plane-polarized light (−), cross-polarized light (+) and reflected light (r). Abbreviations of minerals in the images are Bt: biotite; Mag: magnetite; Fsp: feldspar; Qtz: quartz; Chl: chlorite.
In the field, no massive veining or fluid motion was found in the granite. The outer surface of each sample was removed in the laboratory. Although chlorite is an alteration product, it is probably associated with the cooling of the granite, instead of being associated with later fluid motion due to intrusion of a new generation of granites. In addition, no ore bodies associated with the granite were reported. Magnetite formed during the cooling of the intrusion and the granite suffered minor further hydrothermal alteration (some chloritization of biotite), thus probably reserving primary remanent magnetization.
5 ROCK MAGNETISM
5.1 Magnetization Versus Temperature
Stepwise high-field thermomagnetic runs of magnetization versus temperature were carried out for the Zaduo granite (Figure 4). The initial magnetization intensity of most samples is fairly low (∼5 × 10–3–5 × 10–2 Am2/kg, Figures 4A–C). Only ZD 9-10 has an initial magnetization intensity two orders of magnitude higher (∼1.4 Am2/kg, Figure 4D). The thermomagnetic curves are characterized by a reversible decrease during heating to 700°C and a steeper decrease in magnetization at ∼500°C–580°C, indicating magnetite. The descent of magnetization from ∼580°C–700°C is a very tiny and gradual process, which is thought to be the “tail” of the magnetite or partially oxidized during heating instead of pointing to the presence of hematite. More importantly, we did not observe a distinct drop at ∼680°C, suggesting the absence of hematite. The final cooling curves from 700°C to room temperature are slightly above the corresponding heating curves for most of the samples (Figures 4A–C). These features likely indicate the alteration of a small quantity of Fe-bearing minerals to magnetite during heating (Özdemir and Dunlop, 1997; Li et al., 2016; Huang et al., 2017a; Huang et al., 2017b). Only for the deviating sample ZD 9-10, it is below the heating curves.
[image: Figure 4]FIGURE 4 | (A–D) High-field thermomagnetic runs of representative samples from the Zaduo granite. Solid (dashed) lines indicate the heating (cooling) curves.
5.2 Isothermal Remanent Magnetization Acquisition Curves and IRM Component Analysis
There are two types of granite samples classified by their rock magnetic and demagnetization characteristics. Type 1 comprises sites 1–4, as well as most of the samples of site 5, while Type 2 comprises the remainder. Thirty-three IRM acquisition curves show subtly different behavior between the two types. Type 1 includes seventeen samples and acquires 80%–90% of its maximum IRM at 100 mT and is essentially saturated at 200 mT (Figures 5A,B). These features indicate that low-coercivity magnetic components (e.g., magnetite sensu lato) are dominant. The saturation IRM values (IRM acquired in a field of 700 mT) range from ∼1 × 10–3 to 3 × 10–3 Am2/kg (Figures 5A,B; Supplementary Table S1). Type 2 (16 samples) behavior is also characterized by ∼80%–90% of the maximum IRM at 100 mT. However, the IRM acquisition curves show a gentle increase after 200 mT and seem to flatten off close to the maximum applied field of 700 mT. Thus, both typical magnetite and very fine-grained magnetite close to the SP threshold size (Gong et al., 2009) could be magnetic carriers in Type 2 granite. The saturation IRMs of Type 2 samples are much lower, below ∼2 × 10–4 Am2/kg (Figures 5C,D; Supplementary Table S1).
[image: Figure 5]FIGURE 5 | (A–D) IRM acquisition curves of representative samples. (E–H) IRM component analysis plots (Kruiver et al., 2001) of representative samples. Squares are measured data points. The components are marked with different colored lines. B1/2 and DP are in log10 mT. LAP: linear acquisition plot, GAP: gradient acquisition plot and SAP: standardised acquisition plot.
All of the IRM acquisition curves appear to be fit by up to three IRM components: component 1 with B1/2 of ∼10–20 mT, component 2 with B1/2 of ∼30–40 mT, and a harder component 3, with B1/2 of ∼400–600 mT (Figures 5E–H, Supplementary Table S2). Component 1 has low coercivity and contributes ∼15% to the SIRM. It is interpreted to be the result of thermally activated component 2 (Egli, 2004; Heslop et al., 2004; Huang et al., 2015; Zhang et al., 2016; Fu et al., 2021), which results in a left-skewed distribution that must be fitted with an extra component in Kruiver et al. (2001) software that only considers symmetric log-Gaussian functions. Component 2 is the dominant magnetic carrier in the granite and contributes >80% to the SIRM; it is typically interpreted to be magnetite (e.g., Kruiver et al., 2001). Component 3 has much higher coercivity and only contributes ∼1–6% to the SIRM (Figures 5E–H; Supplementary Table S2). This component can be interpreted along two lines: 1) hematite that has a typical B1/2 value ranging from 300 to 800 mT (Kruiver and Passier, 2001); or 2) very fine-grained magnetite close to the SP threshold size, which may not be saturated at a fairly high field (Dekkers and Pietersen, 1991; Tauxe et al., 1996; Gong et al., 2009; Huang et al., 2015). Here, we tend to favor the second option because hematite is not detected in the thermomagnetic runs. In addition, marginal oxidation of magnetite may result in a harder coercivity distribution. It is worth noting that Type 2 granite has a higher contribution to component 3 than Type 1 granite. Component 3 of Type 1 granite is only required to fit the “tail” of the IRM acquisition curves (contributions <1–2%). Thus, to some extent it is mineralogically less meaningful.
5.3 Anhysteretic Remanent Magnetization Acquisition Curves Analysis
ARM was imparted in a peak alternating field of 150 mT and a bias field of 40 µT. It is a sensitive probe of small variations in the domain state straddling the SD and pseudosingle domain (PSD) states (Hunt et al., 1995; Geiss et al., 2003). The ratio of ARM to IRM, as well as the shape of the acquisition curves of ARM are used as indicators of the domain state of the particles (Egli and Lowrie, 2002). We used IRM acquired in a field of 100 mT (marked as IRM100mT) and 700 mT (marked as IRM700mT) to display the contribution of high-coercivity grains to the ratio of ARM/IRM. As shown in Figure 6A, the ARM of Type 1 samples (∼20 × 10–6 Am2/kg) is distinctly higher than that of Type 2 samples (below ∼20 × 10–6 Am2/kg); similar characteristics can be observed in the SIRM (i.e., IRM700mT, Figure 6B; Supplementary Table S3). For Type 1 granite, the ratio of ARM/IRM100mT is indistinguishable from the ratio of ARM/IRM700mT (Figure 6C), indicating that there is no obvious influence of high-coercivity grains. In contrast, the ratio of ARM/IRM100mT is higher than the ratio of ARM/IRM700mT for Type 2 granite (Figure 6C), showing the influence of high-coercivity grains. A clear distribution of data points along a single line for Type 1 and 2 samples can be fitted with a linear trendline, whereas Type 1 samples have a larger coefficient of determination of the least-square fit (also reported in the figure) than Type 2 samples (Figure 6D). This testifies a finer but less uniform average magnetite grain size distribution in the Type 2 samples than in the Type 1 samples. These results are in line with the IRM component analyses.
[image: Figure 6]FIGURE 6 | (A, B) ARM and IRM acquired at 150 mT in a 40 μT DC bias field and 700 mT respectively. (C) ARM versus IRM at sample level. (D) ARM versus IRM diagram confirming the uniformity in magnetic grain size for Types 1 and 2. The coefficient of determination of the least-square fitting is indicated for each data group.
6 DEMAGNETIZATION AND CHARACTERISTIC REMANENT MAGNETIZATION DIRECTIONAL ANALYSES
6.1 Demagnetization
The demagnetization characteristics are also different between Type 1 and Type 2 samples: 1) Type 1 with robust demagnetization behavior at a high field (temperature) that decays toward the origin, and 2) Type 2 with erratic demagnetization behavior at a high field level during AF demagnetization (>40 mT) but with a relatively stable demagnetization behavior of thermal demagnetization up to ∼580°C. More specifically, most of the Type 1 specimens exhibit a single NRM component, while the remainder shows two NRM components with the soft component removed at a fairly low field level (<15 mT) (Figures 7B,C,E). The NRM decays to the origin down to 10%–20% of the starting intensity at ∼60 mT or 580°C; it is thus considered as ChRM carried by magnetite (Figure 7; Supplementary Table S4). Although the number of thermally demagnetized specimens is limited, the ChRM directions are similar in both types of demagnetization, except for the specimen ZD seven to five that has deviating ChRM directions. In most Type 2 samples, a demagnetization behavior similar to that presented in Type 1 occurred below ∼24–28 mT. However, these specimens tend to bypass the origin after applying AF above 30 mT (Figures 7G–K). A stable demagnetization direction towards the origin can be observed when conducting thermal demagnetization. It is worth noting that this direction is virtually identical to the direction identified below ∼24 mT during AF demagnetization.
[image: Figure 7]FIGURE 7 | (A–K) Zijderveld diagrams (Zijderveld, 1967) of the representative granite samples (in geographic coordinates). Solid (open) symbols represent the projections of vector endpoints on the horizontal (vertical) plane. Numbers along the inclination represent the alternating field and thermal demagnetization steps in mT and °C, respectively. AF demag: alternating field demagnetization; Thermal demag: thermal demagnetization.
6.2 Characteristic Remanent Magnetization Directions
As the AF demagnetization yielded stable directions for Type 1 granite, we therefore calculated the ChRM directions from the AF demagnetization results. For Type 1 granites, 51 directions were obtained from 55 analyzed samples. The sample-mean direction of these 51 samples is Dg = 2.8°, Ig = 38.4°, κ = 46.4, and α95 = 3.0°, n = 51 in geographic coordinates (Figure 9A; Supplementary Table S4).
Gyroremanent magnetization (GRM) is a spurious magnetization that is rather frequently generated by procedures used in static 3-axis AF demagnetization of the NRM (Stephenson, 1980a; Stephenson, 1980b; Dankers and Zijderveld, 1981; Stephenson, 1993). Although greigite often acquires GRM during AF demagnetization (e.g., Snowball, 1997a, Snowball, 1997b; Hu et al., 1998, Hu et al., 2002; Sagnotti and Winkler, 1999; Stephenson and Snowball, 2001; Fu et al., 2008; Duan et al., 2020), fine-grained (titano)magnetite has been reported to be able to acquire it (Roperch and Taylor, 1986; Stephenson, 1993). It seems plausible that GRM can account for the deviating demagnetization behavior at higher field levels during AF demagnetization (>40 mT).
To address this ambiguity, we analyzed the demagnetization directions of the sample collection as a function of AF levels (Figure 8). The sample-mean directions of the Type 1 and 2 samples are basically identical at alternating fields below 24 mT, which agrees well with the demagnetization features shown on the orthogonal demagnetization diagrams (Figures 7, 8). With the alternating field increasing from 28 to 50 mT, the sample-mean direction of the Type 2 samples shifts to the west with an increasingly shallower inclination, while the Type 1 samples maintain a stable direction albeit with a larger uncertainty (Figures 8J–O). From 60 mT upward, Type 2 samples remain stable with a westerly direction while the Type 1 samples keep their original direction but with greater uncertainty (Figures 8P–T). This difference can also be observed on the normalised decay curves (Figure 8U). It is therefore likely that the high AF demagnetization behavior of Type 2 samples represents a GRM. To obtain a geologically meaningful direction we used the low AF steps (mostly <28 mT) for principal component analysis (Kirschvink, 1980), and obtained the sample-mean direction from 41 Type 2 samples as Dg = 2.8°, Ig = 38.8°, κ = 60.9, and α95 = 2.9°, n = 41 in geographic coordinates (Figure 9B).
[image: Figure 8]FIGURE 8 | (A–T) Equal-area projections of the AF demagnetization directions at each step. Red dots (blue squares) denote the samples of Type 1 and 2 samples. All diagrams are displayed in geographic coordinates. (U) Normalized remanence decay curves. Red (blue) lines denote the samples of Type 1 (Type 2) granite.
[image: Figure 9]FIGURE 9 | Equal-area projections of the sample-mean directions of Type 1 (A) and Type 2 (B) granite based on principal component analysis (Kirschvink, 1980). The brown squares denote the direction of the present-day geomagnetic field (PGF, D = 359.5°, I = 51.1°) of the sampling location.
The ChRM directions calculated from Type 1 samples are paleomagnetically well-behaved; the low field component of Type 2 samples, however, cannot be considered a ChRM without further ado. We note that the directions of the low field AF component are consistent with those of the high temperature segment during thermal demagnetization for Type 2 samples. In addition, the sample-mean direction obtained from 41 Type 2 samples (Dg = 2.8°, Ig = 38.8° and α95 = 2.9°) is statistically indistinguishable from the mean of 51 Type 1 samples (Dg = 2.8°, Ig = 38.4° and α95 = 3.0°). Thus, in the remainder the directions of Type 1 samples and low AF Type 2 samples are combined and yield Dg = 2.6°, Ig = 38.6° and α95 = 2.1°.
7 END-MEMBER MODELING OF MAGNETIC COMPONENTS
End-member modeling based on rock magnetic research has been a novel approach to detect potential remagnetization without a strong reliance on paleomagnetic field tests (i.e., the fold test, conglomerate test, reversals test, and baked contact test). It is based on the assumption that the measured data can be a linear mixture of a number of invariant constituent components referred to as end members. Several case studies have demonstrated the huge potential of the approach to evaluate the magnetic properties of remagnetized and non-remagnetized rocks (Gong et al., 2009; Van Hinsbergen et al., 2010; Meijers et al., 2011; Aben et al., 2014; Huang et al., 2015). Magnetic particles were added to an existing particle suite in a chemically remagnetized rock, which resulted in distinct IRM acquisition curves and a collection of related end members. This approach was not only applied in sedimentary rock settings (Gong et al., 2009; Van Hinsbergen et al., 2010; Meijers et al., 2011; Aben et al., 2014; Huang et al., 2015), but also used in volcanics (Huang et al., 2015). IRM is considered to be a suitable rock magnetic property to define end-members (Gong et al., 2009; Dekkers, 2012; Aben et al., 2014). Typically, at least 30 IRM acquisition curves should be used as input to make use of the inherent variability within a data set. The only criterion is that the input curve must be monotonic (i.e., the derivatives of the input data should be ≥0) and contain the same number of the data points at the same field steps (e.g., Heslop and Dillon, 2007). The end-modeling algorithm used here is described in Aben et al. (2014). We interpolated the measured IRM acquisition curves onto a common field step grid via spline interpolation.
7.1 End-Member Modeling of Acquisition Curves of IRM
IRM acquisition curves of 33 specimens from the granite were used for the end-member model (Figure 10A; Supplementary Table S1). The unmixing algorithm mathematically suggests four end-members as the optimal number of end-members, based on the break-in-slope in the coefficient of determination (r2, ranging from 0 to 1) versus the number of an end-member graph (Figure 10B). However, the end-member curves (called EM1, EM2, EM3 and EM4) become noisy, and two of them (EM2 and EM3) are essentially duplicating, suggesting overinterpretation of the data set (Figures 10C,D). Thus, models from four end-members onward are not considered further. End-member solutions reveal that the three-end-member model has a convexity of -3.8872 (after 1,000 iterations) and an r2 value of 0.93, while the two-end-member model has a convexity of -3.3819 (after 1,000 iterations) and an r2 value of 0.89. Both of the r2 values are higher than the lower limit of 0.8 and meet the requirements. The end-member curves of both the two and three end-member models show similar characteristics (Figures 10E–I). The end-member curve 1 (EM1) is nearly identical in both models, whereas the end-member curve 2 (EM2) in the two end-member model is decomposed into two other end-member curves (EM2 and EM3) in the three end-member model. Plotted on a ternary plot, the three end-members show that all samples fall within the field with high contributions of EM1 and EM2, or EM2 and EM3, but without high contributions of EM2 and EM3 (Figure 10F). There is no sample with a high contribution of EM1 or EM3 as shown in Figure 10F. This appears to indicate that the three end-member model does not identify more than the two end-member model, but complicates the interpretation needlessly. Therefore, the two end-member model is considered the optimal model for the granite.
[image: Figure 10]FIGURE 10 | IRM end-member modeling for the Cretaceous granite. (A) Normalized IRM acquisition curves for Type 1 and Type 2 samples. (B) Coefficient of determination versus the number of endmembers, there is a clear break-in-slope in the four end-member model. End-member modeling for the normalized IRM-acquisition curves with four (C,D), three (E–G) and two (H,I) end-members. (J,K) IRM component analysis (Kruiver et al., 2001) of the end-members in our favorable two end-member model; colors and symbols are the same as in Panel 5.
As shown in Figure 10H, EM1 consists of ∼80% of a soft component with a coercivity range below 100 mT while the remaining 20% is acquired with a broad coercivity fraction ranging up to 700 mT. EM2 presents a sharp increase in low fields and acquires >90% saturation below 100 mT, and can be considered to be saturated at 200 mT. We also applied IRM component analysis to these two end-members (EM1 and EM2 in the two end-member model) (Kruiver et al., 2001). EM1 can be fitted with three components (components C1, C2, and C3, increasing magnetically from soft to hard), while EM2 requires two components (components C1 and C2). Component C1 with B1/2 < 20 mT is considered as thermally activated component C2 particles for both EM1 and EM2. Its contribution is approximately 10% to the SIRM (13% for EM1 and 9% for EM2) (Figures 10J,K; Supplementary Table S2). Component C2 (with B1/2 ∼30 mT for EM2 and ∼52 mT for EM1) is interpreted to be typical magnetite (Lowrie, 1990). It is the dominant magnetic component, contributing 81 and 91% to their respective SIRMs. Component C3 with a relatively high B1/2 (∼450 mT) contributes 6% to EM1, whereas it appears to be absent in EM2. As interpreted in Section 5.2, we also regard it here as fine-grained magnetite or marginally oxidized magnetite. EM1 is dominant in Type 2 granite samples while EM2 dominates in Type 1 granite samples. IRM700mT (Figure 10I) also relates to the end-member allocation, where the EM2-dominated samples have a high IRM700mT value. Several studies demonstrate that the end-members vary in remagnetized and non-remagnetized rocks (Gong et al., 2009; Van Hinsbergen et al., 2010; Meijers et al., 2011; Aben et al., 2014; Huang et al., 2015).
7.2 End-Member Modeling of Acquisition Curves of ARM
Although ARM is not considered to be the most suitable rock magnetic property to define end-members, due to its bias towards magnetite (Gong et al., 2009; Aben et al., 2014), subtle differences can be expected when comparing end-member models of ARM and IRM data. We follow the end-member modeling procedures of IRM; the optimal end-member number remains obscure as no distinct break-in slope can be observed on the r2 versus the number of end-members diagram. Based on the end-member models of the IRM acquisition curves, three and two end-member models are utilized in an attempt to satisfy the optimal number of end-members (Figures 11A–G).
[image: Figure 11]FIGURE 11 | ARM end-member modeling for the Cretaceous granite. (A) Normalized ARM acquisition curves for Type 1 and Type 2 granite. (B) Coefficient of determination versus the number of endmembers. End-member modeling for the normalized ARM acquisition curves with three (C–E) and two (F,G) end-members. (H,I) ARM component analysis (with the software of Kruiver et al., 2001) of the end-members in the two end-member model; colors and symbols are the same as in Panel 5.
End-member solutions reveal that the three-end-member model has a convexity of −4.0807 (after 1,000 iterations) and an r2 value of 0.89, while the two-end-member model has a convexity of -6.1728 (after 1,000 iterations) and an r2 value of 0.87. EM1 in the two-end-member model seems to be the combination of EM1 and EM2 in the three-end-member model through the comparison of end-member contributions (Figures 11C,F). In the ternary plot, most samples are mixtures of EM1 and EM2, or EM3 and EM2 (Figure 11E). In addition, the three-end-member model is characterized by rather noisy end members, especially in high fields, which means that the dataset is overinterpreted. The general model selection criteria or rules follow the idea that the minimum number of components should be opted that still fit well to the input data (Burnham and Anderson, 2002; Heslop and Dillon, 2007). We therefore prefer the two-end-member model to interpret our ARM acquisition data.
The shape of the normalized ARM acquisition curve for each of the two end-members is shown in Figure 11F. After being stable in the lowest AF steps, EM1 shows a rapid increase below 50 mT, followed by a gentle further rise. In contrast, EM2 has no stable zone at low AF levels and climbs much quicker than EM1 below 30 mT, followed by a gradual increase; both curves intersect at ∼60 mT. We applied coercivity component analysis to these two end-members (Kruiver and Passier, 2001). Generally, both EM1 and EM2 can be fitted with two components (components C1 and C2, with C1 being the softer of the two). Component C1 has a very low B1/2 and generally results from other thermally activated components (Egli, 2004; Heslop et al., 2004). Component C2 (with B1/2 ∼20–30 mT) represents typical SD magnetite (Lowrie, 1990), accounting for ∼68% of both EM1 and EM2. The high coercivity component is absent in the end-members. For Type 1 granite, most samples are mixtures of EM1 and EM2 (Figure 11F). The contributions of EM1 and EM2 vary considerably, yet an average of 50% for each. A great number of samples of Type 2 have the predominant EM1, indicating the sole contribution from EM1 (Figure 11F). The end-member modeling of ARM acquisition curves resembles that of IRM acquisition curves. However, the EM1 contribution yielded from ARM is higher than that from IRM for all the samples, which coincides with those reported previously (Gong et al., 2009; Aben et al., 2014).
8 DISCUSSION
8.1 Primary Natural Remanent Magnetization in the Early Cretaceous Granites
The granites intruded into the early Carboniferous Zaduo Group, and the Permo-Triassic volcanic rocks outcropping to the northwest. Other rocks that were intruded are the Middle-Upper Jurassic sandstones of the Yanshiping Group outcropping to the southeast (Figures 2A,B). Thus, the age of the granite is post Jurassic. This is confirmed by whole-rock and biotite K-Ar ages of ∼126 Ma (QGSI, 2005; QGSI, 2014). No younger igneous bodies are found near the studied location, and the nearby Permo-Triassic volcanic rocks retain primary magnetizations (Guan et al., 2021). Hence, it is less likely that thermoviscous resetting of existing magnetic minerals has occurred (Kent and Opdyke, 1985). The nearby Middle-Upper Jurassic limestones of the Yanshiping Group were reported to be remagnetized during the India–Eurasia collision process (Fu et al., 2021). However, igneous rocks have a considerably lower porosity that grossly diminished the circulation of fluids. In addition, the absence of organic matter in igneous rocks could not drive oxidation/reduction reactions. Therefore, both the Permo-Triassic and Cretaceous igneous rocks escaped the remagnetization that affected the nearby Middle-Upper Jurassic limestones.
Rock magnetic analyses indicate that magnetite is the dominant magnetic carrier of the granite. The presence of finer-grained magnetite in Type 2 granite samples yielded erratic demagnetization behavior at the highest field levels during AF demagnetization (Figures 7, 8), GRM, a high contribution of EM1 (Figures 10, 11) and deviating ARM/IRM values (Figures 6C,D). Gong et al. (2009) reported that remagnetized limestones have a high percentage of end-member 1 that is close to saturation at approximately 700 mT, whereas non-remagnetized rocks have a high percentage of end-member 2 that saturates at ∼300–400 mT. End-member 1 is interpreted to be very fine-grained magnetite, close to the SP threshold size. This is verified by other studies on both volcanic and sedimentary rocks (Van Hinsbergen et al., 2010; Meijers et al., 2011; Aben et al., 2014; Huang et al., 2015). As shown in Figure 10H, EM2 saturates at 200–300 mT while EM1 does not reach saturation until 700 mT. Most EM2-dominated samples belong to Type 1, indicating a primary remanent magnetization of Type 1 granite samples. Although EM1 that saturates at approximately 700 mT dominates in Type 2 granite samples, it is not considered as a remagnetized end-member because the sample-mean directions of the Type 1 and Type 2 samples are similar. We consider that EM1 is fine-grained magnetite, which can account for the GRM that occurred in Type 2 granite samples.
The granitic composition can be changed through mineral dissolution or recrystallization during post-magmatic hydrothermal/metasomatic alteration. Feldspars are generally vulnerable to alteration, and turbid feldspars are considered as a hint of hydrothermal alteration (e.g., Nédélec et al., 2015). Chlorite is formed after biotite; chloritization indicates medium- to high-temperature conditions (Bailey, 1984). Quartz formed during late crystallization and did not alter. As a whole, the studied granites display primary (magmatic) minerals in thin sections. Magnetite formed merely during the cooling of the igneous intrusion and underwent only slight hydrothermal alteration (some chloritization of biotite), thus probably retaining a primary remanent magnetization.
In summary, although we could not apply paleomagnetic field tests, it is very probable that the studied Cretaceous granite carries a (quasi)primary remanent magnetization acquired during its cooling. Our microscopic and rock magnetic results form the basis for this notion. The A95 of the pole (2.1°) falls within the theoretical range for a pole that has sufficiently averaged PSV (1.97–4.75° for N = 92 samples) (Deenen et al., 2011, Deenen et al., 2014), which is sufficiently long enough to average paleosecular variation.
8.2 Structural Control of the Granite and its Implications for the Lhasa-Qiangtang Collision
Structural control of granites is usually difficult due to poor constraints on the paleohorizontal. Intrusion need not occur in horizontal strata, so standard tilt correction of adjacent sediments with extrapolation to the granite cannot be performed here. The Late Cretaceous to early Cenozoic Fenghuoshan Group is absent in this area, and the Eocene sedimentary rocks (Et) in the northeast unconformably overlie the Cretaceous granite (Figures 2A,B). The bedding attitude of Et has an average strike/dip of 321°/20°. In the southeast, the Middle-Upper Jurassic sandstone of the Yanshiping Group has an average strike/dip of 54°/32°. Below we evaluate these constraints on the ChRM directions of the Zaduo granite.
The ChRM direction obtained from 92 granite specimens is Dg = 2.6°, Ig = 38.6°, κ = 51.4, and α95 = 2.1° in geographic coordinates (Figure 12A; Supplementary Table S4). First, we can assume that the studied granite had not been tilted prior to the deposition of the overlying Tuotuohe Formation, which was proposed to have been tilted during the late Himalayan period (∼25 Ma) (STRGSQ, 1988; QGSI, 2005; QGSI, 2014). In this scenario, it is reasonable to take the same tilting for the granite. After tilt-correction, the sample-mean direction of the 92 samples is Ds = 11.1°, Is = 24.5°, κs = 51.4, α95 = 2.1°, corresponding to a paleopole at 67.1°N, 243.4°E with A95 = 2.1° and a paleolatitude at ∼12.5 ± 2.9°N for the study area (Figure 12B; Supplementary Table S4). This scenario yields an unrealistic paleolatitude as it is much lower than the predicted paleolatitude of over ∼30°N for the Mangkang area in the Eastern Qiangtang Terrane (∼500 km southeast of the Zaduo area) (i.e., paleolatitudes of 30.8° ± 10.9° during the Berriasian-Barremian and 33.3° ± 8.3° during the Aptian-Turonian by Huang et al. (1992); 36.2° ± 6.5° in the Late Cretaceous by Tong et al., 2015); 33.2° ± 2.5° in the Late Cretaceous in the center Qiangtang by (Meng et al., 2018). Therefore, it is improper to perform a granite tilt correction via the attitudes of the overlying sedimentary rocks of the Tuotuohe Formation. Thus, the target granite was (partially) tilted prior to Paleogene sediment deposition.
[image: Figure 12]FIGURE 12 | Equal-area projections of the sample-mean directions from Type 1 and Type 2 granite before (A) and after bedding corrections with the bedding attitude (strike/dip) of Et (B) and Jq (C) sandstones.
Alternatively, if we assume that the sedimentary rocks of the Late Jurrasic Quemocuo Formation were not tilted prior to the granite intrusion, we can correct the granite tilt with the attitude of the adjacent Quemocuo Formation. The tilt-corrected paleomagnetic direction in this situation is Ds = 33.0°, Is = 58.6°, with κs = 51.4 and α95 = 2.1°, corresponding to a paleopole at 62.4°N, 161.9°E with A95 = 2.1° and a paleolatitude of ∼39.1° ± 3.8°N (Figure 12C; Supplementary Table S4). In this scenario, the deduced paleolatitude remains improper as it is ∼5°–10° higher than previously published paleolatitude estimates (e.g., paleolatitudes of ∼30°–33° during K1 by Huang et al. (1992); ∼36° during K2 by Tong et al. (2015); ∼33° during K2 by Meng et al., 2018). This inconsistency suggests that the Quemocuo Formation was tilted before the intrusion of the granite, that is, ∼126 Ma.
Although robust paleolatitudes cannot be obtained by the above two assumptions, we can estimate the tilt of the Middle-Upper Jurassic sandstones of the Yanshiping Group in the southeast at the time of intrusion. Two paleomagnetic studies on Cretaceous rocks in the Mangkang area provide forty mean paleopoles for the Eastern Qiangtang Terrane (Table 1). To constrain the reference paleopoles as precisely as possible, we calculated the average paleopoles using Fisher statistics: 40.6°N, 170.5°E, A95 = 13° during the Early Cretaceous (Huang et al., 1992); 48.9°N, 168.1°E, A95 = 6.3° during the Late Cretaceous (Huang et al., 1992; Tong et al., 2015); and 46.5°N, 168.9°E, A95 = 5.7° during the Cretaceous (Huang et al., 1992; Tong et al., 2015). Another study from Otofuji et al. (1990) on Cretaceous strata was excluded because the number of samples is deemed insufficient. For completeness, it yields a similar mean paleopole of 48.5°N, 175.8°E, A95 = 9.5° during the Barremian-Albian. The expected declination (Ds-exp = 52.4°) and inclination (Is-exp = 53.0°) in stratigraphic coordinates can be obtained for our study area using the mean Cretaceous paleopoles, thus yielding an expected bedding attitude of Strikeexp = 43.1° and Dipexp = 46.1° for the Middle-Upper Jurassic sandstones in the southeast of the granite. The observed bedding attitude of the Middle-Upper Jurassic sandstones is strike = 54° and dip = 32°. Thus, there is a discrepancy of ∼10° between the expected and observed strike and ∼14° between the expected and observed dip in the overlying Middle-Upper Jurassic sandstones of the Yanshiping Group.
TABLE 1 | Paleomagnetic poles for the Eastern Qiangtang Terrane during the Cretaceous.
[image: Table 1]The difference between the observed and expected bedding attitudes indicates that the strata of the Yanshiping Group in the Eastern Qiangtang (at least in the Zaduo area) were tilted during/prior to the intrusion of the granite. We provide two options here to interpret this discrepancy in attitudes. One is that the granite intrusion lifted the overlying Jurassic sedimentary strata and led to the SE dip. In this case, the S-type granite could be a result of orogenic building processes during the collision of the Lhasa and Qiangtang Terranes. The second option is that the Jurassic sedimentary strata were tilted before the granite intrusion, which was formed in a post-orogenic extensional regime after the Lhasa-Qaingtang collision. We tend to favor the second option, as there is roughly 40 Myr between the overlying Jurassic sedimentary strata and the granite intrusion, during which the tilt could occur. In this case, the tilt of the Jurassic sedimentary strata was likely the response to the Lhasa-Qiangtang collision, as there was no other known significant tectonic activity from the late Jurassic to 126 Ma. Therefore, the age of the granite (∼126 Ma) provides a minimum age constraint for the Lhasa-Qiangtang collision, or the closure of the Bangong-Nujiang Ocean. The NE-trending Jurassic sedimentary strata are distinguished from the SE-trending Cenozoic strata, which may signify a ∼90° clockwise rotation before the Cenozoic. Another clockwise rotation may have occurred after the India-Eurasia collision, which formed the NE-trending Jurassic sedimentary strata. Given that layer parallel shortening (LPS) processes occurred widely during the early stages of deformation, which delayed the folding of the strata (Pueyo-Morer et al., 1997; Larrasoana et al., 2004; Weil and Yonkee, 2009; Rashid et al., 2015), the timing of the Lhasa-Qiangtang collision (the closure of the Bangong-Nujiang Ocean) could be even substantially earlier than ∼126 Ma. Our results are in line with those published in several recent palaeomagnetic studies (Yan et al., 2016; Bian et al., 2017; Ma et al., 2018; Meng et al., 2018; Cao et al., 2019). Moreover, other lines of evidence support this scenario: (a) The Lagongtang Formation (starting at ∼140 Ma) developed in a mature peripheral foreland basin in the Dingqing area. An abrupt transition in provenance and depositional environment is indicative of a response to the initial Lhasa-Qiangtang collision (Chen et al., 2020). (b) Angular unconformities and the accumulation of non-marine successions in the Bangong suture zone during the mid-Cretaceous are attributed to the Lhasa-Qiangtang collision (Zhu et al., 2016). (c) The 140–130 Ma magmatic activity gap in the Eastern Qiangtang Terrane suggests that the Lhasa-Qiangtang collision occurred during this period (Li et al., 2014; Zhu et al., 2016). (d) Studies on ophiolite, metamorphism, magmatism, lithostratigraphy and tectonism reveal that the closure of the Bangong-Nujiang Ocean terminated between the latest Jurassic and the Early Cretaceous (Li et al., 2019a, b). S-type granites are generally considered to have formed in syn-collisional or post-collisional environments after the subduction of the oceanic crust, indicating a continental collision orogenic stage. Thus, the geological evolution in the Zaduo area can be outlined as follows: the Lhasa Terrane collided with the Qiangtang Terrane during the Late Jurassic to Early Cretaceous, followed by the closure of the Bangong-Nujiang Ocean. The strata of the Middle-Upper Jurassic Yanshiping Group tilted during the convergence of the Lhasa and Qiangtang Terranes. In response to the Lhasa-Qiangtang collision, the granite intruded into the Yanshiping Group at ∼126 Ma and recorded a primary (or quasi-primary) magnetization during cooling; later, the region rotated clockwise in response to the India-Asia collision.
9 CONCLUSION
Granite plutons are widespread in Earth’s upper crust in various geodynamic settings and can acquire a stable remanent magnetization during formation. However, granites are less paleomagnetically investigated due to poor constraints on the paleohorizontal. We studied the Cretaceous granite that is outcropping in the Zaduo area, Eastern Qiangtang Terrane. Petrographic observations show that magnetite formed during the cooling of the intrusion and suffered minor further hydrothermal alteration, thus probably preserving a primary remanent magnetization. Rock magnetic analysis indicates magnetite as the main magnetic carrier. In particular, IRM-acquisition end-member modeling successfully assessed the veracity of the NRM residing in magnetite. EM1 does not reach saturation until 700 mT, which is interpreted as fine-grained magnetite and accounts for the GRM that occurred in some granite samples. EM2 saturates at 200–300 mT and dominates in other samples. The primary magnetization of the granite yields a ChRM direction in geographic coordinates: Dg = 2.6°, Ig = 38.6°, κ = 51.4, α95 = 2.1° (n = 92).
After tilt-correction via the bedding attitude of the Paleogene Tuotuohe Formation (Et), the sample-mean direction of the 92 samples is Ds = 12.1°, Is = 35.6°, κs = 43.7, α95 = 3.7°, corresponding to a paleopole at 67.1°N, 243.4°E with A9 5 = 2.9° and a paleolatitude of ∼12.5 ± 2.9°N. After tilt-correction via the bedding attitude of Middle-Upper Jurassic sandstones (Jq), the sample-mean direction of the 92 samples is Ds = 33.2°, Is = 58.4°, with κs = 46.4 and α95 = 3.0°, corresponding to a paleopole at 62.4°N, 161.9°E with A95 = 3.8° and a paleolatitude of ∼39.1° ± 3.8°N for the study area. Both assumptions appear to yield unrealistic paleolatitudes and are thus deemed improper, indicating that the target granite was tilted prior to the Paleogene deposition and/or the Jq sandstones were tilted to some degree before the intrusion of the granite. The expected declination (Ds-exp = 52.4°) and inclination (Is-exp = 53.0°) in stratigraphic coordinates can be obtained for our study area using the published paleopoles, yielding an expected bedding attitude of Strikeexp = 43.1° and Dipexp = 46.1° for the Jq strata in the southeast of the granite. There is a discrepancy of ∼20° between the expected and observed strike, and ∼10° between the expected and observed dip in the overlying Jq sandstones, which justifies that the Jq sandstones in the study area had been tilted prior to the intrusion of the granite. Given the frequent LSP during the early stages of deformation, we infer that the Lhasa-Qiangtang collision occurred before ∼126 Ma.
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The Kongur Shan and Muztaghata massifs, bounded by the Kongur Shan extensional system (KES), represent tectonic and topographic anomalies in the eastern Pamir region. They are ideal examples to study how normal faulting and surface erosion influence Quaternary exhumation of the dome system. We apply multiple geomorphic parameters, including hypsometric integral, stream length-gradient index, drainage basin shape, drainage basin asymmetry and ratio of valley floor width to valley height, for the catchments on both sides of the range. We first evaluated the validity of various indices and chose three active tectonic-sensitive indices to establish a newly-integrated parameter (Iat) that is used to measure relative intensities of tectonic activity in active orogens. Results suggest stronger tectonic activity west of the domes along the Kongur Shan normal fault (KSF) and Muji dextral strike-slip fault, compared to the eastern side, along the Ghez and Kalagile faults. This first-order observation reflects tectonic control on the topographic development of the domal structure, consistent with eastward crustal tilting, attested by older thermochronology ages to the east. On the western flank of the range, stronger tectonic activity occurs mostly on the Muji fault, Kingata Tagh - Kongur Shan fault segment, as well as along the western and southern Muztaghata segments of the Kongur Shan fault. This is consistent with field investigations of Quaternary offsets of landforms, which suggest continuous activity of the Muji fault and KSF since the late Miocene. Average basin-wide erosion rates derived from stream power models are highest near the Kongur Shan dome, and gradually decrease southwards and northwards, in agreement with the spatial pattern of long-term exhumation rates in the footwall of the KSF obtained by low-temperature thermochronology data. Positive correlation between exhumation/erosion rates and extensional rates along the active faults located west of the domes indicates that extensional deformation likely plays a dominant role in controlling focused dome exhumation/erosion. However, considering peaked exhumation/erosion rates, stronger rock resistivity and steeper glacial landforms, attest to the important role of glacial buzz-saw in reshaping the recent dome’s landscape.
Keywords: Pamir, gneiss dome, Kongur Shan extensional system, geomorphic indices, active tectonics, stream power erosion model
INTRODUCTION
The interaction between tectonics, climate, and surface processes in actively deforming orogens remain poorly understood at various timescales, despite the fact that mountain topography results from the interplay between tectonics and surface erosion. Tectonic activity raises the Earth’s surface through rock uplift, while surface erosional agents (e.g., fluvial, glacial, and landslide) modulate the landscape through bedrock removal. In active convergent mountain belts (e.g., Himalayas, Alaska, Southern Alps), the coincidence of localized rapid exhumation/erosion with abundant glacier cover and precipitation indicates that bedrock removal has a significant impact on rheological conditions of the crust hence on regional tectonics (e.g., Beaumont et al., 2001; Zeitler et al., 2001; Koons et al., 2002; Berger et al., 2008). Major debates remain regarding which forcing factor dominates focused exhumation/erosion in tectonically active orogens. Some studies suggest that tectonics plays a major role in controlling bedrock exhumation/erosion in high-relief mountains (e.g., Montgomery and Brandon, 2002; Burbank et al., 2003; Robert et al., 2009; Liu-Zeng et al., 2011; Bermúdez et al., 2012; Replumaz et al., 2020), while others argue that the increase in mountainous exhumation/erosion rates largely results from surface erosion linked to climate change (e.g., Zhang et al., 2001; Reiners et al., 2003; Molnar, 2004; Thiede et al., 2004; Herman et al., 2013). Therefore, distinguishing the relative importance of tectonics and climate on exhumation/erosion in active orogens is essential, although challenging (e.g., Molnar, 2003; Burbank, 2005; Whipple, 2009). Addressing the above issue requires independent estimates of tectonic activity and erosion rates in the orogen at various spatial and temporal scales.
The Kongur Shan (7,719 m) and Muztaghata (7,546 m) domes stand out high above the Pamir plateau (Figure 1), representing tectonic and topographic anomalies within a convergent tectonic regime. They are ideal structures to quantitatively assess the relative contribution of tectonics vs. erosion to focused domal exhumation in tectonically active mountain orogens. These massifs are capped by extensive glaciers and form the core of the eastern Pamir range, which is bounded to the west by the active Kongur Shan extensional system (KES; Figure 1; Chevalier et al., 2011, 2015; Li et al., 2019). Numerous thermochronology ages available in the region allow to constrain footwall exhumation rates of the KES (e.g., Arnaud et al., 1993; Robinson et al., 2004, Robinson et al., 2007, Robinson et al., 2010; Sobel et al., 2011; Cao et al., 2013a; Thiede et al., 2013). Focused Quaternary exhumation/erosion of these domal structures, derived from detrital zircon fission track (ZFT) ages, records abundant information about the feedback between tectonics and climate-related surface erosion that operates on the topographic evolution of the dome system (Cao et al., 2013b). While previous studies indicate variations in the magnitude and long-term extension rates along the western flank of the domes since the late Cenozoic (Robinson et al., 2004; Robinson et al., 2007, Robinson et al., 2010), shorter-term (late Quaternary) data are still sparse (Chevalier et al., 2011; Chevalier et al., 2015; Li et al., 2019). In addition, while exhumation of the domes is dominantly controlled by the KES, surface erosion also plays an important role, with the domal landscape being sculpted by glacial and/or fluvial processes (e.g., Cao et al., 2013a; Schoenbohm et al., 2014; Seong et al., 2009a, Seong et al., 2009b). In contrast to long-term exhumation along the domes, shorter-term (Quaternary) exhumation/erosion rates remain poorly constrained.
[image: Figure 1]FIGURE 1 | Topography of eastern Pamir and southwestern Tarim basin with main Cenozoic faults, earthquakes (from the USGS), mountain peaks and drainage basins (W = west and E = east). Inset shows location of study area in central Asia with Cenozoic gneiss domes in pink, modified from Cowgill (2010), Robinson et al. (2007), Schmidt et al. (2011), and Schwab et al. (2004). Holocene extension rates and strike-slip rates are from Chevalier et al. (2011), Chevalier et al. (2015) and Li et al. (2019). Long-term exhumation rates of the domes are from Arnaud et al. (1993), Cao et al. (2013a), Robinson et al. (2010), and Thiede et al. (2013). Average basin-wide erosion rates are from Seong et al. (2009a). The hexagons show the location of landslides reported by Yuan et al. (2013). KSF: Kongur Shan normalfault; KYTS: Kashgar-Yecheng transfer system.
In this study, we use a variety of geomorphic indices along the eastern Pamir domes in order to assess the relative importance of active tectonics, determined by an index of relative active tectonics (Iat) along the KES. We also use the stream power model combined with existing thermochronology data to predict average basin-wide erosion rates for 199 drainage basins located on both sides of the range. The spatial comparison of average basin-wide erosion rates and long-term exhumation rates with related tectonic activity and lithology, may help evaluate the relative contribution of tectonics and glacial/fluvial erosion on Quaternary exhumation and topographic evolution of the domes in the eastern Pamir region.
BACKGROUND
Cenozoic Tectonic Evolution of the Pamir Region
The Pamir Mountains, located between the Tarim and Tajik basins to the east and west, respectively, stand as an orographic highland at the northwestern end of the Tibetan Plateau, shaped as a northward convex orogen (Figure 1) resulting from the northward indentation of the Pamir salient over the Tajik basin following the India-Asia collision (e.g., Burtman and Molnar, 1993; Sobel and Dumitru, 1997; Arrowsmith and Strecker, 1999; Coutand et al., 2002; Zubovich et al., 2010; Chapman et al., 2017; Chen et al., 2018; Li et al., 2020). Consequent shortening during the Cenozoic has driven lateral extrusion through extension and exhumation as well as tectonic denudation (e.g., Cao et al., 2013a; Stübner et al., 2013; Thiede et al., 2013; Rutte et al., 2017a, Rutte et al., 2017b; Worthington et al., 2020). Such large-scale deformation is characterized by compressional and transpressional structures along the western (Darvaz fault), northern (Main Pamir Thrust: MPT), and eastern (Kashgar-Yecheng transfer system: KYTS) Pamir, and metamorphic crystalline basement domes bounded by extensional faults emplaced in the interior (Figure 1). In the Pamir interior, large areas of metamorphic domes exhumed at the surface have experienced high-grade metamorphism since the Oligo-Miocene as well as continued exhumation, facilitated by extension until the late Miocene (e.g., Robinson et al., 2004; Robinson et al., 2007; Robinson et al., 2010; Cao et al., 2013a; Cao et al., 2013b; Stübner et al., 2013; Cai et al., 2017; Rutte et al., 2017a, Rutte et al., 2017b; Worthington et al., 2020).
Eastern Pamir Domes and Kongur Shan Extensional System
In the eastern Pamir, the Kongur Shan and Muztaghata domes mostly consist of Triassic granite, gneiss and schist within their core and some slivers of Paleozoic meta-sedimentary rocks in the north and east, which are bounded by the KES (Figures 1, 2). The KES includes the right-lateral/normal Muji fault to the NW, the Kalagile and Kuke normal faults and Ghez dextral fault to the east, as well as the Kongur Shan detachment fault (KSF), Taheman and Tashkurgan normal faults to the west, and the Shen-ti normal fault to the south (Figure 1). In addition, grade of metamorphism, magnitude of E-W extension, and exhumation rates in the rocks exposed in their footwalls (e.g., Robinson et al., 2004; Robinson et al., 2007; Robinson et al., 2010; Thiede et al., 2013) vary along the different fault segments.
[image: Figure 2]FIGURE 2 | Simplified geological map of the eastern Pamir region, modified after Cao et al. (2013a), Cowgill (2010), and Robinson et al. (2007), with major lithologic units.
The Muztaghata dome is a south-vergent, northwest-to-west-plunging antiform, bounded by the steeply east-dipping Kuke normal fault to the east, south-dipping Shen-ti normal fault to the south and north-dipping North Muskol normal fault to the north (Figure 1; Robinson et al., 2007). This dome is interpreted as the eastward continuation of the west-plunging Shatput dome in the central Pamir (e.g., Robinson et al., 2007; Sobel et al., 2011; Rutte et al., 2017a, Rutte et al., 2017b). Th-Pb and U-Pb dating on monazites and zircons reveal peak metamorphism of the Muztaghata dome in the late Oligo-Miocene (Robinson et al., 2007; Cai et al., 2017). Multiple thermochronometers with different closure systems, including mica and biotite 40Ar/39Ar and apatite and zircon fission track, record rapid exhumation of the antiform at ∼12–8 Ma (Robinson et al., 2007; Sobel et al., 2011; Cao et al., 2013a; Cai et al., 2017), interpreted to result from doming accommodated by shearing along the Kuke, Shen-ti and North Muskol faults (Robinson et al., 2007; Sobel et al., 2011; Rutte et al., 2017a; Cai et al., 2017). Dome exhumation has continued until the Pliocene, possibly related to EW-oriented initial extension along the KSF and Taheman normal fault (Cao et al., 2013a; Thiede et al., 2013). Low-temperature thermochronology data input into one-dimension thermal modeling yields decreasing footwall exhumation rates from ∼1 to ∼0.4–0.5 ± 0.1 mm/yr from north to south of the Muztaghata dome since the Pliocene (Thiede et al., 2013). Average basin-wide erosion rates during the last glacial cycle, derived from 10Be cosmogenic nuclides, range from 0.6 to 1.4 mm/yr on the western flank of the dome (Seong et al., 2009a).
To the north, the Kongur Shan is defined as a NW-trending, NNW-plunging dome (Figure 1; Robinson et al., 2004). It is structurally continuous with the Muztaghata and Kingata Tagh massifs to the south and north, respectively, and is limited by the east-dipping Ghez dextral fault to the east, the low-angle west-dipping KSF to the west, and the north-dipping Kalagile normal fault to the north (Figure 1; Cao et al., 2013a; Cao et al., 2013b; Robinson et al., 2004, Robinson et al., 2007). The dome has experienced peak metamorphism at ∼9.3 Ma dated by Th-Pb monazite (Robinson et al., 2004). Dome exhumation initiated in the late Miocene and lasted until present due to extension along the KSF (Arnaud et al., 1993; Brunel et al., 1994; Robinson et al., 2004; Robinson et al., 2007; Robinson et al., 2010; Cao et al., 2013a, 2013b; Thiede et al., 2013). One-dimension thermal models with mica and biotite 40Ar/39Ar, apatite fission track and zircon (U-Th)/He data yield footwall exhumation rates of >2.5 ± 1.0 and ∼2 ± 0.5 mm/yr just north of the Kongur Shan massif, as well as in the NW Kingata Tagh massif, respectively (Thiede et al., 2013). Unlike the crosscutting relationship between the KSF and the Muztaghata dome, the Kongur Shan dome formation is interpreted to mostly be synchronous with EW-extension along the KSF taking place since the late Miocene (Arnaud et al., 1993; Brunel et al., 1994; Robinson et al., 2004; Cao et al., 2013a; Thiede et al., 2013). In summary, thermochronology ages suggest that the Kongur Shan and Muztaghata domes have undergone focused exhumation since the late Miocene (Cao et al., 2013a; 2013b), with maximum rates near the domes, decreasing northwards and southwards (Thiede et al., 2013). Despite a significant component of rock exhumation triggered by extension along the KES, prominent topographic relief in the core of the domes carved by glaciers and rivers indicates a significant contribution of glacial/fluvial erosion to domal exhumation, which remains poorly constrained (Cao et al., 2013b; Thiede et al., 2013; Schoenbohm et al., 2014).
The KES represents the most prominent tectonic structure in the eastern Pamir. As part of this extensional system, the ∼250 km-long KSF is the most striking low-angle normal fault (Robinson et al., 2004; Robinson et al., 2007). It bounds the western flank of the Kongur Shan and Muztaghata domes and controls the development of an intermontane basin named the Muji-Tashkurgan basin in its hanging wall (Figures 1, 2). The onset timing and magnitude of extension on the KSF is well constrained compared to other regional fault segments. At the northern end of the KSF, rapid cooling at ∼8–7 Ma in the footwall is interpreted to date the fault onset with an inferred ∼30 km of total E-W extension (Robinson et al., 2004). In the Kongur Shan massif, two-dimension thermo-kinematic modeling results based on mica and biotite 40Ar/39Ar ages suggest that the activity of the KSF started at ∼7 Ma and continued until recently at a constant exhumation rate of ∼4 mm/yr, hence a minimum E-W extension of ∼34 km (Robinson et al., 2004; Robinson et al., 2010). By contrast, the southern portion of the KSF may have initiated later, at ∼5–6 Ma, as recorded by overlapping apatite fission track and zircon U-Th/He cooling ages in the footwall (Cao et al., 2013a; Thiede et al., 2013), synchronous with initiation of normal faulting along the Tashkurgan fault that was constrained by accelerated exhumation in the footwall at 6–5 Ma recorded by zircon and apatite U-Th/He data (Chen and Chen, 2020). Together with extensive 5–6 Ma peak ages from detrital zircon fission track from modern glacial and river sediments at the base of the domes, this argues for roughly synchronous onset of E-W extension along the entire length of the KSF at ∼6–5 Ma (Cao et al., 2013a; Thiede et al., 2013). Accordingly, onset of extension along the southern segment of the KSF at ∼5–6 Ma would postdate the Muztaghata doming at 12–6 Ma (Robinson et al., 2007; Sobel et al., 2011; Cao et al., 2013a), suggesting that it would then have been mostly accommodated by extension along the Shen-ti and Kuke normal faults farther south and east. The magnitude of late Miocene E-W extension is estimated to be ∼20 km in the Muztaghata dome region, and to decrease dramatically to ∼3 km along the Tashkurgan fault to the south, with no clear offset along the Tahman fault (Robinson et al., 2007).
The KES is an active fault system that triggered large earthquakes, such as, the 2016 Aketao Ms 6.6 earthquake (e.g., Li et al., 2019) along the Muji fault, and the 1895 Ms 7–7.3 Tashkorgan earthquake along the Tahman and Tashkurgan faults (Li et al., 2011; USGS) (Figure 1). In general, late Quaternary E-W extension rates similarly decrease from north to south. While the dextral slip rate along the EW-striking Muji fault was determined as 4.5–9 mm/yr over ∼10 ka (Chevalier et al., 2011; Li et al., 2019), no rate estimate yet exists on active faults bounding the Kongur Shan and Muztaghata domes. Farther south, E-W extension rates are ∼1–2 mm/yr just south of the Muztaghata dome (Chevalier et al., 2015). This southward rate decrease is consistent with late Miocene footwall exhumation rates, which confirms faster extension along the KES in the north than in the south (Chevalier et al., 2011).
Climate and Surface Erosion
The present-day climatic patterns in the eastern Pamir region are dominated by the mid-latitude Westerlies that come from the Mediterranean, Black and Caspian seas (e.g., Aizen and Aizen, 1997). The Kongur Shan and Muztaghata domes are mostly semi-arid, with annual average precipitation of 70, 128 and 300 mm recorded at Tashkurgan, Bulunkol and Muztaghata stations (Figure 1), respectively (1956–2005, Duan et al., 2007; Seong et al., 2009a), which feeds glaciers and rivers.
The domal structures are extensively glaciated with >60% occupied by glaciers or glacial sediments. A variety of glacial landforms are identified in the valleys and the Muji-Tashkurgan basin, including U-shaped valleys, horn, arête, cirque, moraines, glacio-fluvial fans, debris flow and alluvial fans. Recent glacial morphology investigations suggested pronounced asymmetry in glacial area, debris cover, and headwall relief: less extensive glaciers, less debris cover and gentler headwall relief on the western (downwind) side of the range compared to the eastern side, interpreted to reflect the complex interplay between lithology, tectonics and climate (Schoenbohm et al., 2014). Glacial geology and 10Be cosmogenic dating of moraine boulders revealed that glaciers advanced westward from the Kongur Shan and Muztaghata massifs at least 12 times during the last two glacial cycles since ∼300 ka (Seong et al., 2009b; Owen et al., 2012), including 10 minor glacial advances since the Last Glacial Maximum (LGM ∼20 ka), hence suggesting a correlation with Northern Hemisphere climate oscillations (Seong et al., 2009b). The extent of glaciation varies along the range with limited glacier extent in the Muji-Tashkurgan basin since at least 43 ka, in contrast to extensive glaciation near the high domes since the LGM (Owen et al., 2012; Schoenbohm et al., 2014; Seong et al., 2009a; Seong et al., 2009b).
The gneiss domes are mainly incised by two tributary rivers, the Ghez and Tashkurgan Rivers, which are both fed by glacier meltwater and ultimately flow into the Tarim basin to the east (Figure 1). The Ghez River, which collects water from the Muji and Kengxuwar Rivers, cut across the Kingata Tagh, Kongur Shan and Muztaghata massifs, yielding a remarkable relief of ∼3,600 m (Ghez valley), which creates a prominent knickpoint where the river meets the KSF (Seong et al., 2009a). Some of the former glacier valleys may be reshaped by glacier meltwaters along the drainage divide, evident by river terraces located at the valley outlets (Schoenbohm et al., 2014). Farther south, the Tashkurgan River cuts across the southern Muztaghata dome, creating a topographic relief of >2,000 m along the river course.
GEOMORPHIC APPROACHES
Based on ASTER GDEM of 30-m pixel resolution (https://lpdaac.usgs.gov/products/astgtmv003/), we calculated geomorphic parameters along two swath profiles, for a total of 199 drainage basins along the eastern Pamir range, with 113 and 86 basins located on the eastern and western sides of the water divide, respectively (Figure 1). Tectonic activity and erosion rates for each basin have been estimated by using the index of relative active tectonics (Iat) and the stream power model. Results allow to discuss the relative contribution of tectonics and surface erosion on focused Quaternary exhumation of the dome system.
Index of Relative Active Tectonics
The Iat index is an integrated parameter that measures relative active tectonics taking into account multiple geomorphic indices: hypsometric integral (HI), stream length-gradient index (SL), drainage basin shape (Bs), drainage basin asymmetry (Af-50), ratio of valley-floor width to valley height (Vf), and mountain front sinuosity (Smf), partially based on the determination of the basin’s mean elevation and slope (El Hamdouni et al., 2008; Pérez-Peña et al., 2009; Alipoor et al., 2011). The multiple geomorphic indices were extracted from the 30-m resolution DEM. The geomorphic index values listed above can be divided into three classes from high to low tectonic activity. The combination of these indices, called Iat index, averages the different classes of geomorphic indices, and values can be divided into four classes which provide quantitative information of relative tectonic activity from strong to weak. In this study, we apply a revised Iat index that does not consider the mountain front sinuosity (Smf) because mountain fronts of catchments along the KSF are relatively straight at larger-scale, due to uplift along the normal faults.
Hypsometric Integral Index
The hypsometric integral (HI) index is defined as the area below the hypsometric curve that relates the horizontal cross-sectional area of a drainage basin to the relative elevation above the basin outlet. It represents the relative volume that has not been eroded in the topography (Strahler, 1952). Therefore, drainage basin evolution can be divided into young, mature, and old stages for high, medium, and low HI values, corresponding to convex, S-shaped, and concave hypsometric curves, respectively. The curve shapes and HI values have usually been used to assess relative tectonic activity in various geologic and geomorphic settings (e.g., Strahler, 1952; Lifton and Chase, 1992; Kirkbride and Matthews, 1997; Chen et al., 2003; Brocklehurst and Whipple, 2004; Pérez-Peña et al., 2009).
The formula for the HI index is:
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where Hmax, Hmean, and Hmin represent maximum, mean and minimum elevations of a given drainage basin, respectively.
Stream Length-Gradient Index
The stream length-gradient (SL) index has been widely applied to quantify the geometry of drainage networks. The changes in river longitudinal gradients are indicated by the SL index that is sensitive to changes in stream power or rock competence, which possibly corresponds to tectonics, climate change and lithologic contrast along the river course (Hack, 1973; Flint, 1974; Whittaker et al., 2008). Abnormally high SL values indicate significant structural variations in the drainage basins (Pérez-Peña et al., 2009). In general, river segments with high SL values correspond to zones of more intense tectonic activity or resistant bedrock, and vice versa (Hack, 1973; Flint, 1974; Whittaker et al., 2008).
The formula for the SL index is:
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where ΔH/ΔL is the local gradient of the estimated stream segment, and L is the channel length from the water divide to the midpoint of the river reach.
Drainage Basin Shape
The shape of a drainage basin (Bs) is sensitive to tectonic activity and thus, can be used to indicate active deformation. Elongated drainage basins typically correlate with greater Bs values, indicative of stronger tectonic activity. By contrast, rounded catchments yield lower Bs values that are likely related to weak tectonic activity (Bull and Mcfadden, 1977; Ramírez-Herrera, 1998).
The formula for the Bs index is:
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where Bl is the distance from the drainage mouth to its headwaters and Bw is the maximum width of the catchment.
Asymmetric Factor
Tectonic activity can lead to tectonic tilting in catchment areas. The asymmetric factor of basins (Af) is a useful geomorphic indicator of the existence of active deformation and the degree of tilting of the crust at basin scale (Keller and Pinter, 2001; Pérez-Peña et al., 2009). An Af value close to 50 means that the basin has little or no tilting, while an Af value greater or smaller than 50 indicates basin tilting resulting from tectonic activity. Therefore, absolute values of Af-50 are often used to evaluate basin asymmetry that may reflect relative tectonic activity along active faults (Keller and Pinter, 2001; El Hamdouni et al., 2008; Pérez-Peña et al., 2009).
The formula for the Af index is:
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where Ar is the area of the catchment on the right bank of the stream, and At is the total surface area of the basin.
Ratio of Valley-Floor Width to Valley Height
The Vf index is defined as the ratio of the valley floor’s width to the valley’s average height (Bull and Mcfadden, 1977). The Vf values positively correlate with the longitudinal valley shapes: narrow, V-shaped valleys usually have low Vf values, associated with high rates of uplift or incision. By contrast, broad, U-shaped valleys have relatively high Vf values indicative of lower rates of uplift or incision (Bull and Mcfadden, 1977; Keller and Pinter, 2001). Vf is measured at a given distance from the basin mouth upstream for easy comparison among different channels (Pérez-Peña et al., 2009). Here, we set the valley cross-sections and calculate Vf values at distances of 3.0–4.0 km upstream from the drainage mouth depending on the size of the drainage basins.
The formula for the Vf index is:
[image: image]
where Vfw is the width of the valley floor; Eld is the elevation on the left bank of the valley; Erd is the elevation on the right bank; and Esc is the average elevation of the valley floor.
Index of Relative Active Tectonics
In order to assess relative active tectonic activity in a given region, a comprehensive index Iat is introduced by summing and averaging classes of various geomorphic indices (El Hamdouni et al., 2008; Pérez-Peña et al., 2009; Alipoor et al., 2011) as described above.
The formula for the Iat index is:
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where S is the sum of each class values and n is the number of the indices applied.
Stream Power Model
Average erosion rates of a drainage basin can be expressed as a function of stream gradient and drainage area that includes the temporal river channel change in elevation (Dietrich et al., 1994; Hack, 1973; Flint, 1974; Howard and Kerby, 1983; Whipple and Tucker, 1999; Snyder et al., 2000). In the eastern Pamir region, most of the selected drainage basins show typical features of river valleys because of their concave and convex hypsometric curves (Strahler, 1952; Figure 3). This is reflected by the presence of fluvial terraces along the Muji fault and KSF (Schoenbohm et al., 2014). Few of them have S-shaped hypsometric curves in glaciated drainage basins, that was interpreted as resulting from progressive glacial modification on initial fluvial landscape (Brocklehurst and Whipple, 2004; Figure 3). Therefore, it is plausible to use the stream power model to simulate average basin-wide erosion rates.
[image: Figure 3]FIGURE 3 | Spatial distribution of HI values and hypsometric curves in eastern Pamir domes region. (A) Spatial map of HI values along water divide; (B,C) Hypsometric curves on eastern and western sides of divide, with typical curves in bold.
The stream power model can be expressed as below:
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where z is elevation of the river profile; U is the rock uplift rate; A is the upstream drainage area; S is the local channel gradient; K is the erodibility coefficient related to tectonics, lithology, and climate; and m and n are positive constants reflecting basin hydrology, geometry, and erosion processes (Dietrich et al., 1994; Whipple and Tucker, 1999). At steady state, river channel erosion rate is equal to rock uplift rate (E = U), and channel erosion does not change through time (dz/dt = 0), Eq. 7 can be deduced as equilibrium channel gradient (Se):
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Where, in the case of uniform U, K, m and n, Ks=(U/K)1/n and θ = -m/n (0.4<θ < 0.6) are channel steepness indices and intrinsic channel concavity indices, respectively (Flint, 1974; Snyder et al., 2000; Kirby and Whipple, 2001; Brocklehurst and Whipple, 2002; Wobus et al., 2006; Brocklehurst and Whipple, 2007; Kirby and Whipple, 2012). In various geologic settings, the power-law relation in Eq. 8 can be defined as:
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where S is the local channel gradient. At steady state, river channel erosion rate is equal to rock uplift rate (E = U). Using slope-area analysis (Kirby and Whipple, 2001; Wobus et al., 2006; Kirby and Whipple, 2012), a linear regression of the logarithm slope-area relationship can be obtained, so that the slope and intercept indicate θ and log(Ks).
Alternatively, the stream power parameters can be derived from an integral approach for steady state rivers (Perron and Royden, 2013). The transformed profile ‘χ plots’ can be described as:
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where xb is the elevation of the river outlet that is usually set to zero; A0 is the reference drainage area that is set to 1 km2. The channel steepness (Ksn) is determined directly from the slope of χ plots.
Reference Concavity Index
In order to compare the channel steepness in different drainage basins, the reference concavity index (θref = -m/n), which influences the channel steepness (Perron and Royden, 2013), is introduced based on the channel steepness pattern (Ksn; Whipple, 2004). The values of θ, m and n are empirical constants that vary with changes in tectonics, lithology, and climate. Based on numerical simulations and field observations, the concavity index normally ranges from 0.3 to 0.6 and θ = 0.45 is often used for channels in the most active orogens (Whipple, 2004). For glacier-dominated channels, θ is ∼0.4 (Brocklehurst and Whipple, 2007). Variations in slope exponent n, generally ranging from 2/3 to 7/3 (Whipple and Tucker, 1999; Kirby and Whipple, 2001; Tucker and Whipple, 2002; Kirby and Whipple, 2012), strongly influence river channel evolution because it plays an important role in determining the functional relationship between channel steepness, incision rate and erosion coefficient.
Erodibility Coefficient
The erodibility coefficient (K) represents the resistance of a river-bed to erosion. This parameter varies with a set of factors in active orogens, such as lithology, rock uplift, and climate (Stock and Montgomery, 1999; Sklar and Dietrich, 2001; Perron and Royden, 2013), as well as sediment load (Howard et al., 1994; Whipple and Tucker, 1999) and channel width and runoff (Finnegan et al., 2005). K values (given m = 0.4, n = 1) widely range from 10–2 to 10–7 m0.2/a depending on the lithology and rock uplift rates (Stock and Montgomery, 1999).
The relationship between channel steepness (Ks), erosion coefficient (K), and river erosion rate (E) can be deduced from Eqs 9, 10 as follows:
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Given the spatial variations of exhumation rates along the KSF footwall (Thiede et al., 2013), the eastern Pamir domes are accordingly divided into three segments: northwest of Kingata Tagh, Kongur Shan, and Muztaghata. Assuming a topographic steady state, we use the classic linear model (n = 1, θref = 0.45). Therefore, solving Eqs 11, 12 yields average erodibility coefficients for the three segments, of 7.31 × 10–6, 1.86 × 10–5 and 5.77 × 10–6 m0.1/a, respectively (Table 1).
TABLE 1 | Average erodibility coefficient (K) for northern Kingata Tagh, Kongur Shan, and Muztaghata massifs. Thermochronology data and exhumation rates are from Thiede et al. (2013).
[image: Table 1]Channel Steepness
The standardized channel steepness index (Ksn) is calculated using a unified reference concavity (θ). It is not only a useful parameter in quantifying erosion efficiency of fluvial valleys (Whipple, 2004), but it is also potentially useful to assess the relative efficiency of fluvial and glacial erosion (Brocklehurst and Whipple, 2004, Brocklehurst and Whipple, 2006; Brocklehurst and Whipple, 2007). Here, given a linear stream power model (n = 1, θref = 0.45), Ksn values can be calculated by an integral approach (Perron and Royden, 2013) and mostly range from 20 to 300 for drainage basins along the KSF (Figure 4; Supplementary Table S1). Average Ksn values for basins 87, 57 and 55 in the northern Kingata Tagh, Kongur Shan, and Muztaghata massifs are 147.4, 206.7, and 122.3 m0.9, respectively. The greatest Ksn values appear in the southern Kingata Tagh and Kongur Shan massifs and decrease to the north and south on both sides of the water divide (Figure 4). This pattern correlates well with spatial variations in exhumation rates of footwall rocks along the KSF (Figure 4), especially for small-to medium-sized (4–74 km2) glacier basins. Note that there is no clear correlation between Ksn values and rock resistance to erosion (Figure 4).
[image: Figure 4]FIGURE 4 | Spatial distribution of Ksn values and footwall exhumation rates with respect to variable lithology on the western (A) and eastern (B) side of the divide along the KSF. Exhumation rates are from Thiede et al. (2013).
RESULTS
Geomorphic Indices
Geomorphic index values are listed in Supplementary Table S1. For comparison, the various indices sensitive to tectonic activity were arbitrarily divided into three classes, with Classes one and three indicating high and low activity, respectively. The limit between classes was determined using the Natural Breaks (Jenks) method in ArcGis 10.2, which generally agrees with changes in the range of values for the various indices.
Topographic Relief and Slope
We generated relief and slope maps covering the targeted drainage basins along the range (Figure 5). For comparison, we plotted the mean elevations and slopes along two 4 km-wide swath profiles on each side of the divide, roughly parallel to the mountain crests (Figure 5C). In general, elevations along the western swath profile are higher (average of 4,889 m) than those to the east (average of 4,219 m), with peaks at the Kongur Shan and Muztaghata massifs although the slopes roughly overlap with each other, indicative of similar roughness with average values of <30° on each side. In addition, basin-wide geomorphic parameters have been extracted, including basin area, perimeter, elevation, relief, and slope (Supplementary Table S1). In general, basin relief is highest around the Kongur Shan and Muztaghata domes on both sides of the range, with average basin relief on the western side that are much higher (2,270 m) than those on the eastern side (961 m) (Figure 5D; Supplementary Table S1). By contrast, the average slope of the western basins (22.7°) is slightly smaller than that of the eastern ones (27°) (Figure 5E).
[image: Figure 5]FIGURE 5 | Spatial distribution of morphometric parameters along water divide. Topographic slope (A) and relief (B). (C) Mean elevation and slope envelops along two swath profiles. Relief (D) and slope (E) of basins on each side of divide.
Hypsometric Integral
HI values range from 0.257 to 0.642 with an average of 0.428 (Figure 3A; Supplementary Table S1). On the eastern side of the range, HI values vary between 0.272–0.561 with an average of 0.417 while on the western side, the basins have a slightly wider range of 0.257–0.642, with a higher average of 0.444. The HI values have been divided into three groups indicating the relative tectonic activity of the KSF: 1) class 1: 0.5 < HI < 0.64: strong tectonic activity; 2) class 2: 0.4 ≤ HI ≤ 0.5: moderate; 3) class 3: 0.26 < HI < 0.4: weak, with classes 1 and 2 focusing on fault segments on the western side of the Kingata Tagh, Kongur Shan, and southern Muztaghata massifs. Drainage basins on the western side of the divide generally have concave, S-shaped and convex hypsometric curves (Figure 3B), the latter with higher HI values indicating young landscapes related to recent normal faulting. By contrast, basins on the eastern side show mostly concave and S-shaped curves that represent mature landscapes (Figure 3C).
Stream Length-Gradient Index
SL values for the 199 basins range from 42 to 1,559 and were naturally categorized into three classes of tectonic activity (Figure 6A): 1) class 1 with SL ≥ 914: strong tectonic activity; 2) class 2 with 530 < SL < 914: moderate; 3) class 3 with SL ≤ 530: relatively weak. SL values on the western side of the divide fall into classes 1 and 2 and are clearly higher than those on the eastern side, which mostly belong to class 3. This trend reflects a significant control of the KSF on the drainage basins, with higher SL values on the southern and western sides of the Kingata Tagh, Kongur Shan, and Muztaghata massifs (Figure 6A).
[image: Figure 6]FIGURE 6 | Spatial distribution of various morphometric indices for basins along eastern Pamir range. (A) SL, (B) Bs, (C) Af-50, (D) Vf, (E) Iat, and (F) average basin-wide erosion rates. Arrows point to intensity of tectonic activity from relatively strong to weak.
Drainage Basin Shape
The Bs values range between 0.7 and 9.8 and can be sorted into three classes of tectonic activity (Figure 6B): 1) class 1: Bs ≥ 3.9: strong tectonic activity; 2) class 2: 2.2 < Bs < 3.9: moderate; 3) class 3: Bs ≤ 2.2: relatively weak. The spatial distribution of the Bs values and classes roughly shares the same pattern with the SL index but also shows high Bs values along the Muji fault (Figure 6B).
Asymmetric Factor
The absolute values of Af-50 varying from 0.1 to 49.8 can be classified into three classes of tectonic activity (Figure 6C): 1) class 1 with |Af-50|≥22: strong tectonic activity; 2) class 2 with 10<|Af-50|<22: moderate: 3) class 3 with |Af-50|≤10: relatively weak. The class distribution of Af-50 appears random and thus does not show similar spatial pattern with SL and Bs that can be used to indicate relative active tectonics.
Ratio of Valley-Floor Width to Valley Height
Vf values ranging from 0.2 to 8.7 are classified into three classes of relative tectonic activity (Figure 6D): 1) class 1: Vf ≤ 1.8: strong tectonic activity; 2) class 2: 1.8 < Vf < 4.4: moderate; 3) class 3: Vf ≥ 4.4: relatively weak. Class 1 is mostly limited to the glacier-melt river valleys of the Muji fault, Kingata Tagh-Kongur Shan, and Muztaghata massifs. Most of the drainage basins yield Vf values of 1.8–4.4 in class 2, indicative of relatively moderate tectonic activity in the entire region.
Index of Relative Tectonic Activity
The Iat index was calculated based on the quantification of three morphometric parameters (SL, Bs, and Vf). While spatial distribution of classes for these three indices are broadly consistent with each other, Af-50 shows a large discrepancy (also see discussion below). In general, Iat values can be divided into four groups that correspond to four classes of relative tectonic activity (Figure 6E): 1) class 1 (1.0 ≤ Iat < 1.5): very strong tectonic activity; 2) class 2 (1.5 ≤ Iat < 2.0): strong; 3) class 3 (2.0 ≤ Iat < 2.5): moderate; 4) class 4 (2.5 ≤ Iat < 3.0): very weak. Very strong tectonic activity is localized along the Muji fault and on two segments of the KSF on the western flank of Kingata Tagh–Kongur Shan, and western and southern Muztaghata dome. Overall, Iat values are clearly higher on the western side of the range compared to the eastern side (Figure 6E), consistent with the presence of the KES to the west.
Modeled Erosion Rates
The long-term exhumation of the domes derived from low-temperature thermochronology data (Table 1) were interpolated to the average basin-wide exhumation/erosion rates during the Quaternary by stream power model. Average basin-wide erosion rates were calculated based on topographic parameters (n = 1, θref = 0.45, Kking = 7.31 × 10–6 m0.1/a; Kkongur = 1.86 × 10–5 m0.1/a; Kmuztagh = 5.77 × 10–6 m0.1/a) for the region northwest of the Kingata Tagh, Kongur Shan, and Muztaghata massifs, respectively, by solving Eq. 5 (Figure 6F; Supplementary Table S1). In general, the modeled erosion rates peak in the Kongur Shan area and decrease northwestward and southward. The average basin-wide erosion rates in the Kongur Shan area are ∼3.84 ± 1.0 mm/yr, consistent with footwall exhumation rates of >2.5 ± 1.0 and ∼4 ± 1.0 mm/yr derived from thermochronology data (Robinson et al., 2010; Thiede et al., 2013). Northwest of Kingata Tagh, basin erosion rates are <0.5–2 mm/yr and are lowest at the northwestern end, with not much difference between basins on the eastern and western sides. In the Muztaghata region, erosion rates range from 0.1 to 1 mm/yr, with little difference between both sides of the range. The average erosion rate is 2.0 ± 0.5 mm/yr for all basins on the eastern side, slightly higher than that (1.5 ± 0.4 mm/yr) on the western side.
DISCUSSION
Sensitivity of Various Morphometric Indices to Active Tectonics
Previous studies applied a combination of two indices (e.g., Vf and Smf) to determine the relative degree of tectonic activity (Bull and Mcfadden, 1977; Silva et al., 2003) and recurrence intervals of surface ruptures related to earthquakes along mountain fronts (Silva et al., 2003). More geomorphic indices (e.g., SL, Bs, Af-50, and HI) were later introduced to evaluate regional tectonics (Ramírez-Herrera, 1998; El Hamdouni et al., 2008; Pérez-Peña et al., 2009; Alipoor et al., 2011; Bhat et al., 2020). These parameters were averaged to generate an integrated index of relative active tectonics (Iat) (El Hamdouni et al., 2008); however, the validity of various morphologic indices has not yet been quantitatively evaluated despite the fact that inconsistent indices have been artificially excluded in the calculation (El Hamdouni et al., 2008).
In this study, we attempt to assess the sensitivity of various geomorphic indices to active tectonics that were used to generate the Iat index, by examining correlations between the values of Iat and SL, Bs, Af-50, Vf and HI, respectively (Figure 7). Our best-fit solution shows negative correlation between Iat values and SL and Bs, and positive correlation between Iat and Vf values, with much higher correlation coefficients than with Af-50 and HI values (Figures 7A–D). This suggests that SL, Bs, and Vf indices are more sensitive to tectonic activity than Af-50 and HI in the eastern Pamir domes. Accordingly, we only use the average classes of SL, Bs, and Vf to produce a new Iat index (Supplementary Table S1), which is consistent with the presence of active faults on the western side of the divide (Figure 6E). As such, we suggest that the validity of multiple geomorphic indices should be evaluated by correlation test and active fault mapping before being integrated as a reliable index of relative active tectonics.
[image: Figure 7]FIGURE 7 | Correlation of Iat values with multiple morphologic parameters using polynomial, quadratic dynamic fitting in Sigmaplot. Best-fit solutions (R and R2) for correlation between Iat values and (A) stream length-gradient index (SL), (B) drainage basin shape (Bs), (C) asymmetric factor (Af-50), (D) ratio of valley-floor width to valley height (Vf), (E) hypsometric integral (HI) and (F) erosion rate.
Quaternary Tectonic Activity and Exhumation Along the KES
Field investigation on the late Quaternary vertical and horizontal slip rates of the KSF and Muji fault have been undertaken (Chevalier et al., 2011, Chevalier et al., 2015; Li et al., 2019), but along-strike variations in tectonic activity as well as footwall exhumation along the KES have not been fully resolved yet. Whether the southern end of the KSF presents intense recent activity remains debated (Robinson et al., 2007; Yuan et al., 2013). In Figure 6E, Iat values suggest relatively strong normal faulting along the KSF on the western side of the divide compared to the Ghez and Kalagile faults to the east, consistent with eastward crustal tilting as revealed by low temperature thermochronology ages across the domal structures along the Ghez and Tashkurgan rivers (Sobel et al., 2011; Cao et al., 2013a; Thiede et al., 2013).
Interestingly, relatively intense tectonic activity concentrates on three segments of the western KES: the right-lateral Muji fault and the KSF bounding the Kingata Tagh—Kongur Shan, and the western and southern Muztaghata domes (Figure 6E), as supported by field observations. For example, numerous clear right-lateral (along segments oriented ∼ EW to WNW-ESE) and vertical offsets of Quaternary moraines and alluvial fans exist along the Muji fault and KSF, with Holocene horizontal rates of >4.5–9 mm/yr on the former (Chevalier et al., 2011; Li et al., 2019) and of ∼1 mm/yr on the latter at the base of the Muztaghata massif (Chevalier et al., 2015). Likewise, clear vertical offsets and triangular facets all along the KSF bounding the Kongur Shan massif reflect strong tectonic activity (Arnaud et al., 1993; Robinson et al., 2004; Cao et al., 2013a; Chevalier et al., 2015), with late Miocene exhumation of domal rocks at rates of >2–4 mm/yr (Cao et al., 2013a, Cao et al., 2013b; Thiede et al., 2013). Despite the fact that both extension rates and magnitude significantly decrease to the south (Robinson et al., 2007; Chevalier et al., 2011; Chevalier et al., 2015; Li et al., 2019), the KSF still shows evidence of clear tectonic activity immediately south of the Muztaghata massif, reflected by Quaternary vertical offsets of alluvial fans with throw rates of ∼1.7 mm/yr (Chevalier et al., 2015). In addition, two large landslides along the western Muztaghata dome have been interpreted to have been triggered by large earthquakes (Yuan et al., 2013) although the influence of glaciers or bedrock fractures cannot be excluded (Seong et al., 2009a). Therefore, we consider that the tectonic activity along the southern end of the KSF exists since its initiation at ∼5–6 Ma (Cao et al., 2013a; Thiede et al., 2013). Tectonic activity along the KES may shift drainage basins from mature to immature states, currently reflected by convex and S-shaped hypsometric curves on the KSF-controlled (western) side, in contrast to concave and S-shaped curves on the eastern side, indicative of greater mass loss due to glacial excavation, as suggested by the presence of larger glaciers (Schoenbohm et al., 2014).
Unlike the relative intensity of tectonic activity along the KES (Figure 6E), modeled average basin-wide erosion rates clearly differ: highest in the Kongur Shan dome area, and gradually decreasing to the north and south (Figure 6F). This trend in along-strike variations in the magnitude of basin-wide erosion rates broadly coincides with late Miocene exhumation rates in the footwall of the KSF, determined by low-temperature thermochronology (Thiede et al., 2013; Figure 8). While no clear correlation exists between Iat values and erosion rates for all catchments (Figure 7F), spatial coincidence of high erosion rates and strong active tectonics (low Iat) around the Kingata Tagh—Kongur Shan massifs indicates complex feedback between glacial/fluvial erosion and tectonics, as discussed in the next section. Interestingly, average erosion rates are also comparable to millennial-scale basin-wide erosion rates (Figure 1, Figure 6F). For the drainage basins W69, W70, and W71 located on the western flank of the Muztaghata dome for example, modeled average basin-wide erosion rates of 0.6 ± 0.1 to 1.3 ± 0.3 mm/yr (Supplementary Table S1) overlap well with average basin-wide erosion rates of ∼0.6–1.4 mm/yr in the Holocene determined by 10Be cosmogenic dating (Seong et al., 2009a). In addition, our results constrain for the first time, erosion rates <1.5 mm/yr in the footwall of the Muji fault, i.e., almost half that of the exhumation/erosion rates of 2–4 mm/yr in the footwall of the KSF near the Kongur Shan massif (Thiede et al., 2013). This trend most likely reflects the smaller vertical component along the mainly strike-slip Muji fault (Chevalier et al., 2011; Chevalier et al., 2015; Li et al., 2019), in contrast to the KSF to the south, even though less extensive glacial coverage has been suggested to influence such trend (Schoenbohm et al., 2014).
[image: Figure 8]FIGURE 8 | Spatial correlation between average basin-wide erosion rates, footwall exhumation rates, extension rates along the KSF, as well as Iat values and lithology on the western side of the range. Exhumation rates are modified from Thiede et al. (2013) and shown as orange shaded areas bounded by black dashed lines for 1σ and 2σ of modeled data. Late Miocene and Holocene extension rates along KSF are from Robinson et al. (2004), Robinson et al. (2007), Robinson et al. (2010) and Chevalier et al. (2015), respectively. Measured average basin-wide erosion rate are from Seong et al. (2009a). Note the starting point 0 km (NW end of divide line between E1 and W1) in Figure 1.
Mechanisms for Quaternary Dome Exhumation/Erosion
Detrital zircon fission-track data from modern glacial and river sediments reveal focused Quaternary exhumation of the domes (Cao et al., 2013b), but mechanisms for this episode of exhumation/erosion remains uncertain. In the Kongur Shan massif area, accelerated exhumation rates since 2 Ma were interpreted to be due to rapid, recent cooling (Arnaud et al., 1993). However, two-dimension thermal models suggested that this apparent increase in cooling rates may be explained by advection of isotherms resulting from rapid dome exhumation from ∼7 Ma to present at a constant rate of 4.2–6.5 mm/yr (Robinson et al., 2010). In the southern Muztaghata dome, a few apatite fission track ages of <3 Ma were suggested to record exhumation related to continued doming (Sobel et al., 2011). Alternatively, focused denudation of the dome system may be explained by positive feedback of extension along the KES in response to unloading of glacial/fluvial erosion (Cao et al., 2013b), since significant Quaternary exhumation is inevitably accomplished by glacial/fluvial erosion, as shown by the prominent topographic relief in the Kingata Tagh, Kongur Shan, and Muztaghata domes (Seong et al., 2009a; Thiede et al., 2013; Schoenbohm et al., 2014). More importantly, along-strike changes in average basin-wide erosion rates and footwall exhumation rates may be explained by other mechanisms including factors such as lithology, tectonics, and/or glacial/fluvial erosion, having the most control on the exhumation/erosion of the dome system during the Quaternary.
First, lithology is not a major factor controlling along-strike changes in Quaternary exhumation/erosion rates of the domes, although rock resistivity clearly influences surface erosion processes (Sklar and Dietrich, 2001; Korup and Schlunegger, 2009; Schoenbohm et al., 2014). In fact, the maximum exhumation/erosion rates coincide with the location of strong Triassic granite and gneiss in the Kongur Shan area, while weaker Paleozoic meta-sedimentary rocks correlate with reduced exhumation/erosion rates in the Kingata Tagh massif area (Korup and Schlunegger, 2009; Figure 6F, Figure 7). However, the fact that the Muztaghata dome has similar rock resistivity as that of the Kongur Shan dome, but yields much lower exhumation/erosion rates, suggests limited lithologic influence on the change in magnitude of exhumation/erosion rates along the range.
Second, E-W extension along the KSF likely plays a dominant role in controlling dome exhumation/erosion at long-term timescales. Thermochronology data combined with estimated magnitudes of extension yield long-term extension rates along the KSF of: 1) 3.8–4.3 mm/yr (∼30 km since ∼8–7 Ma) in the northern Kingata Tagh (Robinson et al., 2004); 2) >4.9 mm/yr (>34 km since ∼7 Ma) in the Kongur Shan area (Robinson et al., 2004; Robinson et al., 2010); 3) 3.3–4.0 mm/yr (∼20 km since 6–5 Ma) in the Muztaghata area (Robinson et al., 2007; Cao et al., 2013a); and 4) <0.5 mm/yr (<3 km since 6–5 Ma) south of the Muztaghata massif (Robinson et al., 2007; Cao et al., 2013a). Similar late Quaternary dextral rates of >4.5–9 mm/yr have been determined NW of Kingata Tagh along the Muji fault (Chevalier et al., 2011; Li et al., 2019), and ∼EW extension rates of 1.3–2 mm/yr immediately south of Muztaghata (throw rates of 1.1–1.7 mm/yr with KSF dip angle of 35–45°; Chevalier et al., 2015). Along-strike variations in both long-term exhumation rates and average basin-wide erosion rates in the footwall of the KSF positively correlate with extension rates along the fault since the late Miocene (Figure 8), suggesting that extensional tectonics impacts exhumation/erosion patterns along the domes at long-term timescales.
By contrast, negative correlation between exhumation/erosion rates and Iat values around the Kingata Tagh and south Muztaghata massifs (Figure 8) seemingly supports the idea that tectonic activity along the KSF is not the main driver for the Quaternary dome exhumation/erosion. This is supported by an absence of clear correlation between Iat values and modeled and measured erosion rates during the late Quaternary (Figure 8). In particular, the higher-relief regions (e.g., Kongur Shan and Muztaghata) with maximum glacier debris cover (Schoenbohm et al., 2014) correlate with higher exhumation/erosion rates (Cao et al., 2013a; Robinson et al., 2007), which highlights the importance of glaciers in shaping alpine landscapes. Indeed, glacial processes such as deepening and widening of the glacial valleys as well as headwater erosion, remove large amounts of bedrock which hence enhance valley relief (MacGregor et al., 2000; Brocklehurst and Whipple, 2002; Brocklehurst and Whipple, 2006; Brocklehurst and Whipple, 2007; Shuster et al., 2011; Schoenbohm et al., 2014). This is attested by relatively lower HI values and S-shaped hypsometric curves around the summits of the Kongur Shan and Muztaghata massifs, but with steeper headwall relief (Figures 3, 5). Additionally, topographic swath profiles show greater mean basin relief and slopes on the eastern side compared to the western side of the range (Figures 5D,E). This pronounced asymmetry is consistent with contrasting glacial landforms, with larger glacier surfaces, more debris cover, and steeper headwalls on the eastern (downwind) side of the range (Schoenbohm et al., 2014).
In actively deforming orogens, the glacial buzz-saw hypothesis is believed to exert a major control on the development of alpine topography, which predicts maximum glacial erosion around and above the mean long-term equilibrium line altitude (Aizen et al., 2001; Berger et al., 2008; Brozovic et al., 1997; Egholm et al., 2009; Spotila et al., 2004; Sternai et al., 2011). Where glacial buzz-saw is efficient, glacial morphology correlates with exhumation/erosion rates so that zones of high exhumation rates correlate with those of high erosion rates (Hallet et al., 1996), where taller glacier headwalls correspond to more resistant rocks (Brocklehurst and Whipple, 2002, Brocklehurst and Whipple, 2007; Naylor and Gabet, 2007; Scherler et al., 2011). In the eastern Pamir region, we observe that high average basin-wide erosion rates indeed correlate with high exhumation rates around the Kongur Shan and Muztaghata massifs, where taller headwalls and greater basin relief and slopes are more abundant than anywhere else along the range (Figures 5, 7; Schoenbohm et al., 2014; this study). Triassic igneous and metamorphic rocks that make up these two domes are indeed more resistant than the meta-sedimentary rocks to the north. The coupling of higher exhumation rates, higher erosion rates, stronger rock resistivity, and steeper glacial landforms supports the glacial buzz-saw mechanism in modulating the recent landscape of the eastern Pamir domes. Nevertheless, the summits of the Kongur Shan and Muztaghata domes rising much higher than the regional equilibrium line altitude (Seong et al., 2009a) imply that their formation may escape the effect of the glacial buzz-saw (Schoenbohm et al., 2014) and may be protected by glaciers (Thomson et al., 2010). However, the feedback between exhumation of deep-seated metamorphic rocks in response to surface glacial erosion through change of strain field remains unclear and merits further work.
CONCLUSION
We calculated multiple morphometric indices, including hypsometric integral (HI), stream length-gradient index (SL), drainage basin shape (Bs), drainage basin asymmetry (Af-50), and ratio of valley-floor width to valley height (Vf) for 199 basins on both sides of the eastern Pamir range, where the high Kongur Shan and Muztaghata domes are located. Integration of three tectonic-sensitive indices of SL, Bs, and Vf, defined by the index of relative active tectonics (Iat), allows to assess the relative importance of tectonics versus climate along the Kongur Shan extensional fault system (KES) that bounds the domes to the west. Combined with published footwall exhumation rates, magnitude of extension, as well as glacial geology, morphology, and chronology, modeled basin-wide erosion rates derived from stream power laws allow to evaluate the relative contribution of tectonics, glacial/fluvial erosion, and lithology to focused exhumation of the dome system. We found that:
1) Iat values show stronger tectonic activity along the KES west of the range compared to that along the Ghez and Karagile faults to the east, suggesting that tectonic activity on the western side of the range exerts first-order control on topographic development of the domal structure. This is consistent with eastward crustal tilting since the late Miocene. Relatively stronger tectonic activity on the western side of the range is mostly located along the Muji fault and the Kingata Tagh - Kongur Shan segment of the KES, as well as along the western and southern Muztaghata segment of the KES, also supported by field investigation on Quaternary offsets of geomorphic landforms. This suggests that the Muji fault and KSF may have been active since the late Miocene.
2) Average basin-wide erosion rates derived from the stream power model peak in the Kongur Shan area and gradually decrease to the north and south, in agreement with spatial variation in long-term exhumation rates in the footwall of the Kongur Shan fault (KSF) determined by low-temperature thermochronology data. Both basin-wide erosion rates and footwall exhumation rates positively correlate with long-term extension rates along the KSF, indicating that extensional deformation likely plays a dominant role in controlling focused dome exhumation/erosion in the long term. Higher exhumation rates, higher erosion rates, stronger rock resistivity, and steeper glacial landforms together support the glacial buzz-saw process in shaping the recent landscape of the Kongur Shan and Muztaghata domes.
3) The efficiency of various geomorphic indices should be evaluated by correlation test and detailed mapping of active faults before averaging them as a real index of relative active tectonics.
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The relationship between silicate weathering, Tibetan Plateau uplift, and global cooling during the Cenozoic provides a valuable case study for understanding the interaction of tectonics and climate. The Tibetan Plateau uplift is considered to have caused Cenozoic cooling via the atmospheric CO2 drawdown by increased silicate weathering. However, this hypothesis has been intensively debated over the past few decades due to the lack of complete silicate weathering records from the continental interior, which can directly track the effects of uplift on weathering. We provide the first complete long (past 53 Myr) continental silicate weathering record from the NE Tibetan Plateau, combined with a comprehensive analysis on its evolution pattern, critical transitions, and associated driving forces. The silicate weathering intensity in NE Tibet is characterized by a long-term Paleogene decrease, modulated by global cooling, and a Neogene increase that may be related to the East Asian summer monsoon (EASM) intensification. Three major system transitions in regional silicate weathering are identified at ∼26–23 Ma, ∼16 Ma and ∼8 Ma, which are linked to enhanced EASM forced primarily by tectonic uplift at these intervals, with some surbordinate influences from global climate at ∼16 Ma. We also capture an intensification of the 100-kyr cycle at ∼16 Ma and ∼8 Ma in the obtained silicate weathering record, which is in coincidence in time with the enhancement of the EASM. This might suggest some contribution of the Antarctic ice sheets on modulating the regional silicate weathering in the NE Tibetan Plateau on a timescale of 105–106 years, through its influences on the EASM as proposed by previous studies.
Keywords: Cenozoic, chemical weathering, tectonic uplift, global cooling, Asian monsoon, clay mineral, Antarctic ice sheets, eccentricity cycle
INTRODUCTION
Continental silicate weathering plays a critical role in stabilizing Earth’s climate system and habitability in the long term (Walker et al., 1981). Cenozoic uplift of the Himalaya-Tibetan Plateau was suggested to have caused global cooling via the weathering of fresh silicate minerals (Raymo and Ruddiman, 1992). Over the past few decades, numerous studies have attempted to validate the evidence chain of the uplift-weathering hypothesis in diverse ways (e.g., Richter et al., 1992; Kump and Arthur, 1997; Blum et al., 1998; Misra and Froelich, 2012; Maher and Chamberlain, 2014; Lenard et al., 2020), in the course of which several new hypotheses have been proposed (e.g., France-Lanord and Derry, 1997; Caves Rugenstein et al., 2019; Guo et al., 2021). Long-term seawater Sr, Li, Os, Mg, and Be isotope records (Peucker-Ehrenbrink et al., 1995; McCauley and Depaolo, 1997; Willenbring and Von Blanckenburg, 2010; Misra and Froelich, 2012; Higgins and Schrag, 2015; Paytan et al., 2021) provide constraints on the delivery of continentally-derived elements to the ocean, which is related to global continental silicate weathering. However, due to the lack of complete Cenozoic silicate weathering records from the Himalaya-Tibetan Plateau, the role of tectonic forcing of the global climate system remains unclear.
The thick and continuous sequence of fluvial-lacustrine sediments in the NE Tibetan Plateau that have accumulated since the early Eocene is a rich source of information on the history of plateau uplift and climate change in the Asian interior (Fang et al., 2019a). This sedimentary archive can provide a continuous record of the response of silicate weathering to the weak uplift of the NE Tibetan Plateau during the Paleogene and rapid uplift during the Neogene (Tapponnier et al., 2001; Yang et al., 2021a). During the past decade, multiple long-term records of silicate weathering history have been acquired from the NE Tibetan Plateau and the adjacent Chinse Loess Plateau, based on element ratios (Song et al., 2013; Sayem et al., 2018; Bao et al., 2019; Ren et al., 2020) and clay minerals (Zhang and Guo, 2014; Sun et al., 2015; Zhang C. et al., 2015; Fang et al., 2016a; Song B. et al., 2018; Song Y. et al., 2018; Ye et al., 2018; Fang et al., 2019b; Liu et al., 2019; Yang et al., 2019; Liu et al., 2020; Ye et al., 2020; Yang et al., 2021b; Zhao et al., 2021). However, the available silicate weathering records from the region are fragmentary because they are derived from diverse time intervals from multiple sections/basins, and they lack comparability due to the use of different elements and minerals. Therefore, a long and continuous weathering record based on a consistent methodology is needed to elucidate the temporal evolution of regional silicate weathering and the controlling mechanisms.
Silicate weathering in the upper continental crust involves the removal of base cations such as Ca, Na, K, and Mg and the concomitant formation of clay minerals (Nesbitt and Young, 1982). There is a substantial sorting effect on element abundances in sediments (Guo et al., 2018), although its impact on the relative contents of clay minerals in the clay fraction of sediments can be largely eliminated. Here, we present the first continuous record of long-term Cenozoic silicate weathering intensity (SWI) history from the NE Tibetan Plateau, based on a compilation of clay mineral data from previously published records, supplemented by new data acquired in this study. The observed decrease in SWI in the Paleogene and increase in the Neogene were modulated by a cooling global climate and by a rise in regional monsoon rainfall, respectively. Additionally, three major transitions, at ∼26–23 Ma, ∼16 Ma, and ∼8 Ma, represent enhancements of the East Asian summer monsoon (EASM) together with an intensified 100-kyr eccentricity cycle.
MATERIALS AND METHODS
The NE Tibetan Plateau consists of complexly deformed terranes. Crystalline basement in the NE Tibetan Plateau is composed of the Qilian Shan and East Kunlun-Qaidam terranes (Figure 1B), which are Proterozoic and Paleozoic assemblages accreted to the Tarim and Sino-Korean cratons during Paleozoic-early Mesozoic closure of the Tethys Ocean (Yin and Harrison, 2000; Bush et al., 2016). To the north-northeast, the Qilian Shan located along the northeastern margin of the Tibetan Plateau (Figure 1B), has provided the primary source area for late Cenozoic fluvial-lacustrine rocks in adjacent drainage basins and eolian sequences in the downwind region, e.g., the Chinese Loess Plateau (Chen and Li, 2013; Pullen et al., 2021). The Qilian Shan has experienced multiple episodes of tectonic deformation, including Neoproterozoic continental breakup, early Paleozoic subduction and continental collision, Mesozoic extension, and Cenozoic intracontinental orogenesis resulting from the India-Asia collision (Zuza et al., 2018). To the south, the northern part of the Eastern Kunlun-Qaidam terrane is mostly occupied by the Qaidam basin. The south part of the Eastern Kunlun-Qaidam terrane is dominated by a broad Early Paleozoic arc, on which a younger and narrower Late Permian to Triassic arc was superposed (Yin and Harrison, 2000). The East Kunlun Shan was assumed to provide an important source area for early Cenozoic fluvial-lacustrine sediments in adjacent drainage basins resulting from the India-Asia collision (Clark et al., 2010; Wang et al., 2017; Yang et al., 2021a).
[image: Figure 1]FIGURE 1 | Cenozoic silicate weathering history in the NE Tibetan Plateau (A-B) Map of the NE Tibetan Plateau showing site locations (C) Compiled (I/S mixed layer + smectite)/(illite + chlorite) ratio from the ten studied sections. The red lines show the results of locally-weighted scatterplot smoothing (LOWESS, smoothing factor 0.1) and the corresponding uncertainty envelope (D) Benthic oxygen isotope record (Westerhold et al., 2020) (E) Proxy-based atmospheric CO2 content (Foster et al., 2017).
Given the complex geological setting in such a broad region of the NE Tibetan Plateau, comparability between clay mineral records based on semiquantitative identification methods is needed to be considered firstly for a synthesis of clay mineral records from diverse locations and time intervals. Therefore, we used clay mineral data derived using the same sample pre-treatment procedure (to obtain the clay component) and a consistent semiquantitative identification method based on X-ray diffraction (Supplementary Figure S1) to provide the necessary methodological consistency. The pre-treatment and identification methods were clearly stated in Fang et al. (2019b). In our compilation, including previous and new data, illite/smectite (I/S) mixed-layer clays and the percentage of smectite layers in it were identified, because both of them are useful indicators of diagenetic impact in old sedimentary sequences (e.g., Weaver, 1984).
A clay mineral assemblage, the smectite/(illite + chlorite) ratio, was used as an indicator of SWI because of its demonstrated effectiveness as a weathering index in North China in modern and Cenozoic contexts (Fang et al., 2019b; Yang et al., 2021b). In the Cenozoic sections of the region, clay minerals are mainly composed of abundant I/S mixed-layer clays and illite, with minor smectite, kaolinite, and chlorite (Supplementary Figure S1). I/S mixed-layer clays with varying proportions of smectites layers in different sections (Supplementary Datasets S1-S3) are mostly transitional products of smectite alteration during burial or illite weathering products in catchment weathering (Chamley, 1989; Weaver, 1989). Here, we did not try to distinguish the formation mechanism of the I/S mixed-layer clays because both formation mechanisms point to an enhanced chemical weathering intensity in a relatively temperate-humid setting (Chamley, 1989), which is in contrast to the dominant occurrences of illite and chlorite in an arid and cold setting with a weakened chemical weathering intensity. We here used the (I/S mixed layer + smectite)/(illite + chlorite) ratio to represent paleo-weathering conditions. The total content of I/S mixed-layer clays, smectite, illite and chlorite comprises up to ∼90% of the clay fraction (the remanent is minor kaolinite). Thus, we regard the (I/S mixed layer + smectite)/(illite + chlorite) proxy as the best candidate for tracing SWI at a regional scale.
The integrated dataset is based on sedimentary sequences from the sedimentary basins in NE Tibet: the Qaidam Basin (HLG section, 53–26 Ma, Fang et al., 2019b; core SG-1b, 7.3–1.6 Ma, Fang et al., 2016a; core SG-1, 2.8–0.1 Ma, Li M. et al., 2018), Xining Basin (XJ section, 51.5–26 Ma, Fang et al., 2019b; MJZ section, 12.8–5.3 Ma, Yang et al., 2019), Linxia Basin (upper HLD section, 12.2–1.8 Ma, Yang et al., 2021b), Jiuquan Basin (LMS and SYJ sections, 23.4–0.1 Ma, Liu et al., 2020), and the eastern Chinese Loess Plateau (CN eolian section, 6.2–0.1 Ma, Yang et al., 2021b). The clay data from the ten sections were collected in various sediment facies, such as fluvial-lacustrine facies and eolian deposits. The distinct sedimentary facies with different coarse-fine lithologies indicates a varying degree of sorting during transport. However, because our clay data are all from clay-sized fractions of samples, and we use the clay mineral ratio (I/S mixed layer + smectite)/(illite + chlorite) rather than clay content to represent paleo-weathering conditions, the sorting effect on the proxy reliability could be greatly eliminated.
To address the problem of a low temporal resolution between 26 Ma and ∼13 Ma (only 19 data values from the Jiuquan Bain), we obtained 387 new clay mineral data in this study (Supplementary Datasets S1-S3), including from the HZ core corresponding to the lower HLD section (228 samples, 23.3–12.3 Ma, Fang et al., 2016b) in the Linxia Basin, the upper XJ section (67 samples, 26–16.5 Ma; Dai et al., 2006) and the TS core at the top of the XJ section (92 samples, 18.4–13.8 Ma; Zan et al., 2015) from the Xining Basin. A total of 1,861 clay mineral data were obtained from these tine sections (see Figure 1 for site locations), based on precise magnetostratigraphic age control spanning the interval from 53 Ma to the present (Supplementary Dataset S4), with a mean temporal resolution of ∼28 kyr.
In order to show the long-term trend of the clay data, we used the locally weighted polynomial regression (LOESS, Cleveland and Devin, 1988) of the (I/S mixed layer + smectite)/(illite + chlorite) series with a smooth factor of 0.1. For a clay data point, a subset of the data around the data can be used with more weight to points near the data point and less weight to points further away. The smooth factor is the fraction of the total number of data points that are used in each local fit. A smooth factor of 0.1 is thus suitable to produce a curve that describes the deterministic part of the variation in the clay data on a scale of several million years.
In order to detect possible nonlinear dynamical transitions in the SWI record, and to facilitate an evaluation of the underlying regulating driving mechanism(s), we performed recurrence analysis. Recurrence analysis provides independent information about nonlinear dynamics, dynamical transitions, and even nonlinear interrelationships (Marwan et al., 2007). In a recurrence analysis plot, the recurrence analysis results identify the extent to which the silicate weathering system can ‘repeat’ itself, in which periodic processes are evident as a dark-shaded area on the plot (longer lines and less single or isolated recurrence points), whilst chaotic/stochastic fluctuations (less predictable) are evident as an unshaded area (very short lines or isolated recurrence points), and the transition between different states captures important regime changes.
RESULTS
The synthesized SWI curve for the NE Tibetan Plateau displays several noteworthy features. First, the clay mineral records from the ten sections spanning a broad region (92°-107°E, 35°-40°N) can be readily overlapped and show consistent trends (Figure 1C). These observations confirm the validity of using the records to produce a synthesis SWI for the region. The Jiuquan Basin data for ∼10–23 Ma have much higher (I/S mixed layer + smectite)/(illite + chlorite) ratios than the records from the Xining and Linxia Basins, but the low-resolution Jiuquan Basin data do not affect the general long-term trend of the SWI, as shown by a LOESS fitted data (Supplementary Figure S2). This suggests that the long-term SWI trend is little influenced by several extreme values. Second, the SWI for the Paleogene shows a long-term decrease, which is similar to the long-term Paleogene global cooling trend (Figure 1D), within the context of relatively high atmospheric CO2 concentrations (Figure 1E). Third, the SWI for the Neogene is substantially increased and shows a different evolutionary pattern from that of the global climate, within the context of generally low atmospheric CO2 levels (Figure 1). The SWI rises gradually from ∼23 Ma, and there is a subsequent rapid and moderate rise after ∼16 Ma, followed by a distinct decrease at ∼4–3 Ma.
DISCUSSION
Reliability of Clay Mineral Assemblages as a Silicate Weathering Indicator
Authigenic and diagenetic clays can bias the weathering significance of clay mineral assemblages. Previous studies have demonstrated that authigenic clay mineral formation is rare in riverine and lake systems (e.g., Fang et al., 2019b; Yang et al., 2019). Although we assume that the I/S mixed-layer clays are partially a diagenetic product of smectite, the impact of diagenesis on the (I/S mixed layer + smectite)/(illite + chlorite) ratio is insignificant. Burial diagenesis can lead to a transformation of smectite to illite with the rise in temperature and pressure caused by the rise of the burial depth. A classical diagenetic trend is the occurrence of a high proportion of illite in I/S mixed-layers and an increasing illite content with depth (Weaver, 1984), resulting in a low (I/S mixed layer + smectite)/(illite + chlorite) ratio in older samples. However, this pattern is contrary to the SWI curve, which shows high (I/S mixed layer + smectite)/(illite + chlorite) ratios in the older samples. Therefore, we consider that the clay minerals in our records are dominated by the erosion and the weathering of bedrock, not by diagenesis.
The input of recycled clays with rapid exhumation could also result in a misinterpretation of the weathering significance of clay mineral assemblages. In contrast to smectite, illite and chlorite are common constituents of older sediments due to their stability during burial (Chamley, 1989). They are also the physical product of magmatic or metamorphic rocks because physical weathering can result in mica exfoliation, feldspar sericitization and silicate chloritization in such rocks (Chamley, 1989). Recycled illite and chlorite following uplift and exhumation should thereby be considered. Our clay mineral data are from the ten sections in diverse local settings. Both the recycled clay input and the potential impact of rapid tectonics-driven erosion in each section could be related to the sedimentation rate change in each section. Plots of the sedimentation rates of the ten sections were estimated from their age-depth (thickness) relationship (Figure 2B). The sedimentation rates vary from <10 to 500 m/Ma, and there are distinct patterns of variation between sections, which may be caused by local depositional histories. The variable and complex pattern of sedimentation rates among the sections contrasts with the generally consistent trends of the (I/S mixed layer + smectite)/(illite + chlorite) ratios, suggesting a limited impact of local/regional erosion and recycled inputs on the SWI curve.
[image: Figure 2]FIGURE 2 | Cenozoic silicate weathering history in the NE Tibetan Plateau and its comparison with proveannce, erosion and tectonic records (A) Compiled (I/S mixed layer + smectite)/(illite + chlorite) ratio (B) Sedimentation rates of the study sections (Xining Basin: XJ section, Dai et al., 2006; TS core, Zan et al., 2015; MJZ section, Yang et al., 2017; Qaidam Basin: SG-1 core, Zhang et al., 2012; SG-1b core, Zhang et al., 2014; HLG section, Fang et al., 2019b; Linxia Basin: HLD section and HZ core, Fang et al., 2016; Jiuquan Basin: LJM section, Fang et al., 2005; SYJ section, Song, 2006; Chinese Loess Plateau: CN section, Song et al., 2001) (C) Average accumulation rate in Central Asian basins (Métivier et al., 1999) (D) Average shortening rate in the Qaidam Basin (Bao et al., 2017) (E) Nd isotope of decarbonated bulk sediments from the Xining and Linxia Basins (He et al., 2019; Yang et al., 2021a) (F) Convergence rates between India and Eurasia (Lee and Lawver, 1995; Molnar and Stock, 2009; van Hinsbergen et al., 2011).
Furthermore, an intense erosion is expected to result in a lower degree of weathering and thus the formation of illite- and chlorite-rich weak alteration products of silicate minerals (e.g., Yang et al., 2021b; Song et al., 2021). The gradual increase in basin sedimentation flux of basin in Central Asia (Figure 2C, Métivier et al., 1999) and in the Qaidam Basin (Figure 2D, Bao et al., 2017) since the late Oligocene-early Miocene thus implies an enhanced regional erosion. The inferred strong erosion is opposite to the increase in (I/S mixed layer + smectite)/(illite + chlorite) ratio since then, thus precluded a major impact of rapid erosion on the silicate weathering intensity.
Provenance is an essential factor that could influence clay mineral assemblages. Despite the complex tectonic evolution of the NE Tibetan Plateau, the Eocene red mudstone intercalated with layers of gypsum, which was assumed to be aeolian dust, showed an identical provenance with the Quaternary loess (Licht et al., 2016). Because the NE Tibetan Plateau was the primary source for such eolian materials during the Paleogene and Neogene (Chen and Li, 2013; Nie et al., 2015; Licht et al., 2016; Pullen et al., 2021), the stable aeolian provenance probably suggests a relatively stable provenance for fine-grained detritus from the NE Tibetan Plateau (Figure 2E; Yang et al., 2021a). Sediment Nd isotope is useful to indicate a change in provenance linked to the mean age of the provenance and its crust/mantle affinity (e.g., McLennan et al., 1993). The εNd (0) values in the Xining Basin and Linxia Basins range from −8.5 to 12.5 (Figure 2E), which are close to the typical felsic upper continental crust (e.g., McLennan et al., 1993). Nd isotope variations were thought to have been caused by the northward growth of the northern Tibetan Plateau; that is, the uplift and exhumation of the East Kunlun Shan/Songpan-Ganzi terrane since ∼42 Ma, and the enhanced exhumation of the Qilian Shan ∼25 Ma (Yang et al., 2021a). Such changes in sediment provenance in the NE Tibetan Plateau are generally consistent with the decrease in the convergence rate between India and Eurasia (Figure 2F), thus suggesting a two-stage northward growth of the northern Tibetan Plateau (Yang et al., 2021a). However, the provenance change cannot explain the variations in the SWI, for the following reasons. First, at a regional scale, the main parent minerals of newly-formed clays (e.g., feldspars and micas) are widespread in various lithologies of the upper continental crust. Second, a detailed study of the MJZ section in the Xining Basin demonstrated that the (I/S mixed layer + smectite)/(illite + chlorite) ratio is relatively uninfluenced by the provenance (Yang et al., 2019).
Besides, remote aeolian input could also result in provenance change because we cannot exclude the potential remote dust input from the Central Asian Orogenic Belt into the NE Tibetan Plateau during the late Cenozoic Asian dust expansion periods. The Central Asian Orogenic Belt is composed of young dominantly mantle-derived volcanic and plutonic rocks, showing a distinct provenance regime with less negative εNd (0) values compared with the North Tibetan Plateau (Yang et al., 2021a). Clay-sized mineral and elemental records in the Jiuquan Basin in the northern Qilian Shan indicate that a large amount of aeolian dust input from the Tianshan-Altay Orogens into the Jiuquan Basin at ∼9–8 Ma (Yang et al., 2021c). However, such remote aeolian input may less alter our main conclusion. First, the great expansion of Asian dust from Tianshan-Altay Orogens was initiated in the late Miocene. Second, the high contents of illite and chlorite input from arid central Asia are consistent with the general drying with weakened silicate weathering in the northern Tibetan Plateau (Liu et al., 2020).
Regional Weathering History and Major Transitions
After excluding the potential impacts of authigenic, diagenetic and recycled clays, and rapid erosion and provenance effects, we interpret the long-term evolutionary trends of the SWI records to be caused mainly by climatic factors. Global climate change is the first such factor to be addressed. Cooling is assumed to be the dominant factor regulating the variation of the SWI in NE Tibet during the Paleogene (Fang et al., 2019b). The regulatory mechanisms include the direct impact of temperature on silicate weathering reactions by the Arrhenius law and the supply of moisture from the Paratethys Sea by the Westerlies, modulated by the global temperature regime (Fang et al., 2019b). The significant negative correlation between the (I/S mixed layer + smectite)/(illite + chlorite) ratio and the benthic δ18O record (Westerhold et al., 2020) during the interval of 53 to ∼26–23 Ma (53–26 Ma, r = −0.88, p < 0.0001, Figure 3A) supports the dominant control of Paleogene cooling on long-term regional weathering and climate in the NE Tibetan Plateau. This is also supported by other studies showing that Paleogene cooling modulated regional aridity within the NE Tibetan Plateau (Li J. X. et al., 2018; Sun et al., 2020). Additionally, after ∼4–3 Ma the (I/S mixed layer + smectite)/(illite + chlorite) ratio and the benthic δ18O record are also negatively correlated (r = –0.97, p < 0.0001), similar to the relationship before ∼26–23 Ma (Figure 3A), which also indicates the predominant control of global cooling on Northern Hemisphere climate, in an Icehouse, on regional weathering in the NE Tibetan Plateau.
[image: Figure 3]FIGURE 3 | Transitions of silicate weathering intensity in the NE Tibetan Plateau (A) Biplot of the (I/S mixed layer + smectite)/(illite + chlorite) ratio (using the LOESS fitting data shown in Figure 1) versus benthic oxygen data (Westerhold et al., 2020), illustrating the relationship between the two signals since 53 Ma. The four climate states (Hothouse, Warmhouse, Coolhouse, and Icehouse) are from Westerhold et al. (2020). Note the interruption of the pronounced negative correlation between the two signals during the Coolhouse state after ∼26–23 Ma (B) Recurrence plots of (I/S mixed layer + smectite)/(illite + chlorite) ratio, showing patterns of climate change and major system transitions. The dark shading indicates intervals with similar weathering dynamics, and the unshaded areas indicate intervals with no common dynamics. The three major transitions are indicated by red arrows.
However, the correlation between the (I/S mixed layer + smectite)/(illite + chlorite) ratio and the benthic δ18O record (Westerhold et al., 2020) after ∼26–23 Ma is inconsistent, showing a ‘looped’ pattern until ∼4–3 Ma with an overall positive correlation (26–3.3 Ma, r = 0.68, p < 0.0001), which differs from the previous roughly negative relationship (Figure 3A). This ‘looped’ pattern implies an emerging driving factor that was different from the global climate state that regulated the regional SWI after ∼26–23 Ma. To further analyze the changes in the relationship between the SWI and the global δ18O record, we performed the recurrence analysis. The recurrence plot of (I/S mixed layer + smectite)/(illite + chlorite) ratio reveals three distinct system transitions within the SWI record: at ∼26–23 Ma, ∼16 Ma and ∼8 Ma (Figure 3B, indicated by red arrows). At each section, the three transitions mark the onset of an enhanced SWI: for example, in the Jiuquan, Xining and Linxia Basins at ∼23–21 Ma and ∼16 Ma, and in the Linxia Basin at ∼8 Ma (Figure 2A). It should be noted that ∼8 Ma corresponds to the onset of an enhanced SWI in the Linxia Basin (Yang et al., 2021b) and the Chinese Loess Plateau (Sun et al., 2015); while due to mountain uplift in NE Tibet, the rain-shadow effect led to a weakened SWI in the Xining and Jiuquan Basins (see the detailed discussion in Yang et al., 2021b). Therefore, the averaged SWI curve remains stable at ∼8 Ma.
The three transition periods, marked by the onset of an enhanced SWI, coincide with stages of an intensified EASM. The first transition at ∼26–23 Ma corresponds to the well documented reorganization of the Asian climate system, with the migration of the EASM into subtropical China, at the Oligocene-Miocene boundary (Sun and Wang, 2005; Guo et al., 2008). This Asian climate reorganization is assumed to be caused by Tibetan Plateau uplift and the retreat of the Para-Tethys sea (e.g., Ramstein et al., 1997; Fluteau et al., 1999; Zhang et al., 2007a, Zhang et al., 2007b), during which the retreat of the Para-Tethys sea could be regarded as a far-field effect of the India-Asia collision. Such tectonics-driven northward migration of the intensified EASM was considered to have promoted increased rainfall in subtropical China and the NE Tibetan Plateau, thus facilitating silicate weathering (Yang et al., 2021d). The Middle Miocene was another period of EASM strengthening, which may have been caused by Tibetan Plateau uplift (Liu and Yin, 2002; Zhang R. et al., 2015) or global warming (Westerhold et al., 2020). Both factors could have resulted in a generally humid climate in the NE Tibetan Plateau (Miao et al., 2011; Hui et al., 2018), and hence a strengthened silicate weathering intensity (Figure 2A, Song Y. et al., 2018). However, we cannot precisely distinguish the respective contributions of regional uplift and the global climate to driving the transition at ∼16 Ma. Nevertheless, the inconsistent correlation between the SWI record and global climate change (Figure 3A), and the abundant evidence for Middle Miocene uplift of the Tibetan Plateau (e.g., Lu et al., 2016; Yu et al., 2019), imply the pivotal role of tectonic uplift. The interval of ∼9–8 Ma corresponds to an important intensification of the EASM, which is considered to have been induced by the coeval uplift of the Himalaya-Tibetan Plateau (Zheng et al., 2004; Sun et al., 2015; Yang et al., 2021b). Therefore, we conclude that the three identified transition periods in the SWI record for the NE Tibetan Plateau were linked to the regional intensification of silicate weathering driven by increased monsoon rainfall after ∼26–23 Ma, which contrasts with the weaker silicate weathering before ∼26–23 Ma that resulted from global cooling.
Spectral analysis of the SWI record provides additional information on the silicate weathering history and the underlying driving mechanism. The SWI has an average resolution of 63 kyr before 23 Ma, and 25 kyr thereafter (Supplementary Figure S3). The resolution before 23 Ma is inadequate for capturing orbital variability, but the subsequent resolution is sufficient to assess orbital variability within the eccentricity band (100 and 405 kyr). Therefore, spectral analysis was performed on the post-23 Ma interval of the SWI record. The results show strong power in the 405-kyr, 100-kyr, 150–200kyr bands after 23 Ma (Figure 4B), accompanied by two major periodicity transitions characterized by prominent enhancements of the ∼100-kyr band at ∼16 Ma and ∼8 Ma (Figure 4C). These two transitions on orbital cycles coincide with an enhanced monsoon and hence SWI, as mentioned above (Figure 4A). This coincidence between the emergence or intensification of 100-kyr cycle in the SWI records in the NE Tibetan Plateau and an enhanced EASM, was also reported in previous studies from the NE Tibetan Plateau. For example, Nie et al. (2017) and Wang et al. (2019, 2021) pointed out that lake expansion cycles in the Lanzhou, Guide and Qaidam Basins in the Early and Late Miocene were dominated by ∼100 kyr eccentricity variance. And they assumed this cycle as derived from the EASM modulated by Antarctic ice sheets at the orbital scale (Nie et al., 2017; Wang et al., 2019; Wang et al. 2021). The variations of the Antarctic ice sheets are primarily presented as its intermittent development since ∼42 Ma followed by a permanent development since the Eocene-Oligocene transition at 34 Ma, and a subsequent enhancement after the Mid-Miocene Climatic Optimum at 14 Ma (Tripati et al., 2005; Westerhold et al., 2020). The onset of an enhanced EASM at ∼16 and ∼8 Ma is suggested as a result of the Tibetan Plateau uplift at a tectonic scale. Therefore, the consistency between an enhanced EASM and the intensification of 100-kyr variance in our SWI record at ∼16 and 8 Ma, implies a possible joint effect from both the Antarctic ice sheets and the tectonic uplift of the Tibetan Plateau and their interaction on modulating the evolution of the EASM and regional silicate weathering on an orbital scale. This joint effect or interaction can be performed as follows: the tectonic uplift, as the first driver, initially led to an enhanced erosion and promoted EASM intensity, both of which accelerate the silicate weathering and atmospheric CO2 drawdown. This perturbation on the global carbon cycle subsequently facilitate the development of the Antarctic ice sheets (e.g., Tripati et al., 2005), which would exert influences on the monsoon system and affect the silicate weathering intensity of the studied regions. Additionally, in a Neogene world with low atmospheric CO2 levels, a subtle change in pCO2 within the error of the proxy estimates may be important in triggering ice-volume changes (Zachos et al., 2001). The strength of the silicate weathering feedback would also increase in a tectonically active world, implying that feedback in response to an initial increase in the weathering flux, which removes CO2, could occur in a much more transient way (Caves et al., 2016; Caves Rugenstein et al., 2019). All the evidence jointly suggests that the orbital scale variations in the SWI in the NE Tibetan Plateau could stem from the interactions between tectonic uplift and the Antarctic ice sheets.
[image: Figure 4]FIGURE 4 | Orbital-scale variability of silicate weathering intensity since 23 Ma (A) Compiled (I/S mixed layer + smectite)/(illite + chlorite) ratio since 23 Ma (B) 2π-Multi-taper method (MTM) power spectrum of the (I/S mixed layer + smectite)/(illite + chlorite) ratio, and (C) evolutive Fast Fourier transform spectrum used a 400-kyr sliding window, with a robust red-noise model at the 95% confidence level. The bold white arrows in (C) show an intensified eccentricity 100-kyr cycle at ∼16 Ma and ∼8 Ma.
However, we need to stress that the inconsistent sampling resolution retrieved from different sections would limit a deeper discussion on the obtained 100-kyr cycle and associated driving factors, and therefore call for more future studies based on high-resolution continuous records. Furthermore, the strong power in the 150–200 kyr band recorded in our data (Figure 4B), is likely an indication of obliquity modulation cycle (Hinnov, 2000; Laskar et al., 2004) as found in the late Cenozoic sediments from the Qaidam Basin (Zhang et al., 2021) and the aeolian deposits in the Chinese Loess Plateau (Zhang et al., 2022), or an indication of the ∼173-kyr cycle that has been recently discovered in many sedimentary records globally (e.g., Boulila et al., 2018; Huang et al., 2021; Zhang et al., 2022). Such evidence suggests that the identified cycles centered at 150–200 kyr are potential stable cycles concealed in paleoenvironmental records in the central and east Asia, which requires more attention and further investigations.
CONCLUSION
We have constructed the first Cenozoic long-term silicate weathering history of the NE Tibetan Plateau, based on a compilation of the (I/S mixed layer + smectite)/(illite + chlorite) ratio from ten sections in the region. The silicate weathering intensity of the NE Tibetan Plateau is characterized by a long-term decrease during the Paleogene followed by a long-term enhancement during the Neogene. Three major transitions were detected in the regional silicate weathering history, at ∼26–23 Ma, ∼16 Ma, and ∼8 Ma. The ∼26–23 Ma, ∼16 Ma and ∼8 Ma transitions identified in stacked SWI record accompanied by the intensification of 100-kyr eccentricity cycle at ∼16 Ma and ∼8 Ma in SWI record, are coincide with enhanced EASM at these intervals. We suggest that global climate state is the dominant factor modulating the variations of silicate weathering of the NE Tibetan Plateau during the Paleogene, while its Neogene variations and the three identified critical transitions are more related to the regional monsoon rainfall. The ∼16 Ma and ∼8 Ma transitions coincide with an intensified 100-kyr eccentricity cycle, which may result that resulted from a joint effect of both the Antarctic ice sheets and the Tibetan Plateau uplift and their possible interaction on the EASM and regional silicate weathering on timescales of 105–106 years. Such interaction might stem from an increased feedback strength of silicate weathering and other environmental variables (e.g., ice volume) under a tectonically active Neogene world with a low CO2 level.
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Understanding weathering processes in landslide-dominated catchments is critical for evaluating the role of landslides in chemical weathering and the global carbon cycle. Previous studies have focused on solute concentrations in landslide-impacted landscapes, but have paid less attention to developing isotopic tracers of landslide-induced weathering fluxes. Recent work found that the dissolved radiogenic uranium isotopes in river water are closely related to the denudation rates in catchments draining steep mountains where landslides are thought to be a major erosion mechanism, suggesting the potential of uranium isotopes to trace landslide-induced weathering fluxes. Here we compile the dissolved radiogenic uranium isotopes (234U/238U ratios) in the river water samples from a group of catchments with variable landslide activities in the Minjiang River Basin at the eastern margin of the Tibetan Plateau. We derive three metrics of landslide activity from the analyses of digital topography and an inventory map of the co-seismic landslides triggered by the 2008 Mw7.9 Wenchuan earthquake: the normalized volume of landslides, the mean catchment slope angle, and the fraction of slopes steeper than a threshold angle beyond which slopes are mechanically unstable. The riverine dissolved 234U/238U ratios correlate negatively with the metrics of landslide activity in each catchment, which likely reflect the influence of landslides on the dissolved 234U/238U ratios. Mechanistically, enhanced bedrock landsliding would accelerate the exposure of fresh rock, promoting bedrock weathering and congruent dissolution of 234U and 238U contained in minerals; reduced landslide activities and enhanced regolith weathering would lead to preferential accumulation of 234U against 238U in solutes through alpha-recoil ejection, thus increasing dissolved 234U/238U. Our findings provide field evidence of using the riverine dissolved 234U/238U ratio to trace weathering fluxes driven by landslides, shedding new light on chemical weathering processes in uplifting mountains.
Keywords: landslide, chemical weathering, uranium isotope, tectonically active mountains, tectonic uplift
INTRODUCTION
In uplifting mountains, hillslopes steepen in response to channel incision and become prone to landslides once hillslopes are steeper than the angle of repose (Burbank et al., 1996; Ouimet et al., 2008; Larsen and Montgomery, 2012). In seismically active regions, the seismic ground motion also induces landslides that erode topography and counteract seismic uplift (Keefer, 1994; Parker et al., 2011; Marc et al., 2016; Li G. et al., 2019). As a legacy of tectonic uplift, landslides have profound influences on Earth’s surface environments, from generating hazards to exporting sediment and organic carbon fluxes (Fan et al., 2019; Croissant et al., 2021). Besides these recognitions, major research efforts have been devoted to studying how landslides impact chemical weathering—a key process governing the exchange of carbon between the atmosphere and lithosphere (Emberson et al., 2016; Jin et al., 2016; Emberson et al., 2017; Emberson et al., 2018). Because landslides have been identified as a primary mechanism of erosion in steep mountains (Hovius et al., 1997; Larsen and Montgomery, 2012; Li G. et al., 2017; Marc et al., 2019), the linkage between landslide activity and chemical weathering holds key implications for the interplay between tectonic uplift, erosion, and the carbon cycle. Understanding this linkage requires effective tracers of landslide-induced weathering fluxes (e.g., Li et al., 2018; Li S. et al., 2019), which have received less attention. Studies have used total dissolved solids (TDS, Emberson et al., 2016), elemental composition (Jin et al., 2016), and 10Be (meteoric)/9Be (Deng et al., 2021) to examine landslide-induced weathering, but we are still lacking tracers of the weathering of fresh bedrock exposed during landsliding. In the previously used tracers, TDS and elemental concentrations are sensitive to lithologic variations and are easily influenced by rainfall-related dilution effects (e.g., Gaillardet et al., 1999; Torres et al., 2015). Using 10Be (meteoric)/9Be to trace weathering processes relies on robust constraints on the absorption coefficients of 10Be to different minerals (von Blanckenburg et al., 2012).
The radiogenic uranium isotopes (234U and 238U) in river water provide a promising tool to trace weathering fluxes from landslide debris. The 234U/238U ratios of river water are controlled by the competition between the direct recoil ejection of 234Th associated with alpha-decay of 238U and the preferential dissolution of 234U from lattices that have been radioactively damaged by alpha-decay of 238U (Bourdon et al., 2003; Chabaux et al., 2003; Li et al., 2018). It is suggested that the significant influence of preferential dissolution of 234U on riverine 234U/238U ratios is only applied to regions with extremely high erosion rates, such as Taiwan and New Zealand (Li et al., 2018). Meanwhile, studies show that the riverine 234U/238U ratio is closely related to catchment-scale denudation rates (Robinson et al., 2004; Vigier et al., 2006; Li et al., 2018), and those relationships are likely caused by the differential weathering of fresh bedrock and aged regolith (Li et al., 2018). In rapidly eroding catchments where landslides dominate erosion budgets (Hovius et al., 1997; Larsen and Montgomery, 2012; Li G. et al., 2017; Marc et al., 2019), landsliding promotes the exposure of fresh bedrocks and minerals (Emberson et al., 2018), likely accelerating chemical weathering and causing congruent dissolution of 234U and 238U contained in minerals, leading to a near-equilibrium 234U/238U activity ratio (∼1). In slowly eroding catchments where landslides occur less frequently, weathering mostly occurs in regolith which has a long residence time in the catchments (West et al., 2005) to allow the preferential accumulation of 234U versus 238U in solutes through the alpha-recoil ejection of 238U, causing a higher 234U/238U ratio of river water (Chabaux et al., 2003; Li et al., 2018). Therefore, the riverine dissolved 234U/238U ratio has the potential to trace the weathering of freshly exposed bedrock and rock debris, which are commonly related to landsliding.
The 2008 Wenchuan earthquake (Mw 7.9) triggered extensive landslides in the Minjiang River Basin (Figure 1, Parker et al., 2011; Li et al., 2014), providing a unique opportunity to test the riverine 234U/238U ratio as a tracer of landslide-driven weathering. In this work, we compiled the dissolved 234U/238U ratios in river water samples from a group of catchments draining the epicentral region of the Wenchuan earthquake from a prior study (Li et al., 2018). We derived three metrics of landslide activity and propensity from a landslide inventory map and digital topography and compared those metrics to the compiled riverine 234U/238U to validate the dissolved uranium isotopes as a tracer of landslide-induced weathering. Lastly, we discussed the implications of landslide-induced weathering for the ‘uplift-weathering’ hypothesis and theories of weathering kinetic.
[image: Figure 1]FIGURE 1 | Map view of the sampling locations. The yellow polygons represent the co-seismic landslides triggered by the 2008 Wenchuan earthquake (Mw 7.9) (Li et al., 2014). The inset map shows the studied Minjiang River Basin in the regional context. Lithology: 1. Precambrian high-grade metamorphic rocks and granitoid; 2. Paleozoic carbonate rocks/basalts; 3. Triassic sedimentary including low-grade metamorphic rocks; 4. Mesozoic granitoid; 5. Mesozoic clastic rocks; 6. Cenozoic clastic rocks; 7. Quaternary fluvial deposits. The geologic map with major faults comes from Ye et al. (2017).
SETTINGS, MATERIALS, AND METHODS
Settings
We focused on the Minjiang River Basin at the eastern border of the Tibetan Plateau. The 2008 Mw7.9 Wenchuan earthquake occurred in the river basin and induced massive co-seismic landslides (Figure 1, Parker et al., 2011; Li et al., 2014). The bedrock geology in the Minjiang River Basin is characterized by Precambrian high-grade metamorphic rocks, Paleozoic carbonate rocks, and Triassic sedimentary sequences including low-grade metamorphic rocks (Figure 1). The river network in the Minjiang River Basin drained landscapes across a gradient of landslide activities (Li et al., 2016).
U Isotope and Water Chemistry Data Compilation
The dissolved 234U/238U dataset in the Minjiang River Basin was adopted from a global compilation of riverine 234U/238U data (Li et al., 2018). We summarized their sampling and measurement procedures below. In short, 12 water samples from the Minjiang River tributaries and 6 water samples along the mainstream of the Minjiang River were collected in June 2015 and August 2016 (Figure 1). For each sample, around 1 L of river water was collected and filtered through 0.22 μm cellulose acetate membrane filters. A split of the filtered sample was acidified to pH < 2 using 15 M HNO3 and stored below 5°C for uranium isotope measurements. The uranium in the water samples was separated using UTEVA resin (100–150 mesh), following the method in Wang and You (2013). The (234U/238U) ratios were measured by an MC-ICP-MS (Neptune Plus) following the protocol of Li L. et al. (2017). The standard seawater IAPSO was measured to check the accuracy of measurement, giving (234U/238U) ratios of 1.144 ± 0.002 and 1.143 ± 0.001 (mean ±2 × standard error), consistent with the long-term measurement value of 1.143 ± 0.004 (Li et al., 2018) of the laboratory and the recommended value of 1.144 ± 0.004 (Wang and You, 2013).
In this work, we complemented the U isotope analysis by measuring the cations and anions of the aliquots of the same set of samples collected by Li et al. (2018). The cation (K+, Ca2+, Na+, Mg2+) and dissolved Si concentrations were measured on the acidified splits of the filtered river water samples using an inductively coupled plasma-optical emission spectrometer (ICP-OES, iCAP-6300). The anions (F−, Cl−, NO3−, SO42-) were measured on the un-acidified splits using an ionic Chromatography System (Dionex ICS-1100). The measurement uncertainties were less than ±5% (2 SD) based on repeated analyses of the samples and standards. The contribution of the atmospheric input to Na is corrected by:
[image: image]
where [Na]*, [Na] and [Cl] represent the concentrations of atmosphere-input-corrected Na, uncorrected Na, and Cl in river water, respectively. The alkalinities in the unfiltered water samples were titrated in the field by hydrochloric acid using methyl orange as an indicator for the endpoint (pH = 4.4). The TDS (mg/L) of all water samples was calculated by summing the concentrations of cations, dissolved Si, anions, and alkalinities.
Topographic Analysis
We extracted 18 catchments upstream of the sampling sites using the hydrological toolbox in ArcMap 10.2 and the ASTGTM2 digital elevation model (DEM) with 30-m resolution (https://lpdaac.usgs.gov/products/astgtmv002/). We computed three metrics to represent landslide activity and propensity in each catchment. First, we adopted the Wenchuan co-seismic landslide data from a published landslide inventory (Li et al., 2014), and calculated the normalized volume of landslides (LSnorm) in each catchment by normalizing the total volume of the co-seismic landslides that are calculated from a regional landslide area–volume scaling relation (Parker et al., 2011; Li et al., 2014) by the total catchment area. Second, we calculated the mean slope angles of all cells in the catchments as a metric for landslide propensity considering that steeper catchments generally have higher erosion rates and more frequent landslide events (Ouimet et al., 2009; Larsen and Montgomery, 2012). Third, we quantified the fraction of cells inclined at angles steeper than a threshold angle of 32° whereas those over-steepened cells are prone to failures (Ouimet et al., 2009; Clarke and Burbank, 2010) and term this fraction, Fo.
RESULTS
The mean catchment slope angles vary from 24.0° to 30.1° for the catchments where the corresponding sampling sites are in the main Minjiang River, with an increasing trend from upper stream to downstream (Table 1). For the sampled tributary catchments, the mean slope angles lie between 23.0° and 36.1° (Table 1). Two catchments in the upper stream part of the Minjiang River Basin (corresponding to JGS6 and JGS9) do not have identifiable landslides from the Wenchuan earthquake, but the other four catchments whose corresponding sampling sites are along the main Minjiang River have an increase in the normalized volume of landslides (LSnorm) from the upstream (JGS11, 121 m3 km−2) to downstream sites (ZPP, 64100 m3 km−2) (Figure 1 and Table 1). Five sampled tributary catchments have negligible co-seismic landslides triggered by the Wenchuan earthquake, and the other tributary catchments show variable LSnorm from 115 to 184234 m3 km−2 (Figure 1 and Table 1). The fraction of slopes steeper than threshold angle (Fo) increases from 21.3 to 44.4% from upstream to downstream for those sites along the main Minjiang River and varies between 12.7 and 69.1% (Table 1) for the studied tributary catchments. TDS changes from 176.3 to 322.5 mg/L (Table 1) for the samples from the main Minjiang River with an increase from the upstream to downstream sites, and ranges between 129.4 to 491.7 mg/L for the tributary catchments (Table 1).
TABLE 1 | The chemical composition of river water and the riverine geomorphic features in the Minjiang River Basin.
[image: Table 1]The (234U/238U) value of the samples from the main Minjiang River decreases from 1.597 to 1.114, with higher 234U/238U ratios from the upstream sites and lower 234U/238U ratios from the downstream sites (Figure 2 and Table 1). The samples from the tributary catchments have (234U/238U) ratios ranging from 0.989 to 1.676.
[image: Figure 2]FIGURE 2 | The (234U/238U) values of the samples collected along the main Minjiang River from upstream to downstream. The error bar for the (234U/238U) ratio is smaller than the size of the symbols.
The riverine dissolved (234U/238U) ratios have negative correlations with the normalized volume of landslides, the mean catchment slope angle, and the fraction of slopes steeper than threshold angle (32°) in the Minjiang River Basin (r = −0.70, −0.83, and −0.85, respectively, Figures 3A, 4 and Table 1). In contrast, opposite trends between (234U/238U) ratios and Ca/Na* ratios are observed for the mainstream and tributary samples with a positive correlation for mainstream and a negative correlation for tributary (Figure 5). We do not observe statistically significant correlations between TDS and the normalized volume of landslides (LSnorm) in the Minjiang River Basin (Figure 3B), unlike the result from New Zealand (Emberson et al., 2016).
[image: Figure 3]FIGURE 3 | Relationships between the riverine dissolved (234U/238U) ratios (A), TDS (B), and the fraction of normalized volume of landslides (LSnorm) in the Minjiang River Basin. The r in the bottom left represents the correlation coefficient for the linear fit of the circles with LSnorm bigger than zero. The error bar for the (234U/238U) ratio is smaller than the size of the symbols.
[image: Figure 4]FIGURE 4 | Correlations between riverine (234U/238U) values and mean catchment slope angle (A) and the fraction of slopes steeper than the threshold angle (F0) (B) in the mainstream and tributary catchments of Minjiang River Basin. The r in the bottom left represents the correlation coefficient for the linear fit of all circles. The error bar for the (234U/238U) ratio is smaller than the size of the symbols.
[image: Figure 5]FIGURE 5 | Correlations between riverine (234U/238U) values and corrected Ca/Na* ratios in the mainstream and tributary catchments of Minjiang River Basin. The error bar for the (234U/238U) ratio is smaller than the size of the symbols.
DISCUSSION
Landslide-Induced Weathering Traced by U Isotopes
The decreasing (234U/238U) of the main Minjiang River samples from upstream to downstream (Figure 2) could be influenced by the lithologic variation of bedrock (Figure 1). To test this possibility, we examine how dissolved (234U/238U) vary with the Ca/Na* ratio of river water, with the latter being widely used to constrain the contribution of the weathering of different bedrock to riverine weathering flux, especially the contribution of carbonate weathering and silicate weathering (e.g., Gaillardet et al., 1999). However, the observed opposite trends between (234U/238U) ratios and Ca/Na* ratio for mainstream and tributary of Minjiang River (Figure 5) support that lithologic variations cannot explain the variation of riverine U isotope in the Minjiang Basin in a consistent way.
We attribute the observed decreasing (234U/238U) of the main Minjiang River samples to the increasing inputs of solutes produced by landslide-induced weathering. The co-seismic landslides triggered by the 2008 Mw 7.9 Wenchuan earthquake represent the most recent major landslide-triggering event in the Minjiang River Basin and the density of these co-seismic landslides increases from upstream to downstream along the main Minjiang valley (Figure 1). Freshly fragmented rocks, which are often produced by bedrock landsliding (Emberson et al., 2018), have a high proportion of unweathered and U-active minerals (White and Brantley, 2003), such as biotite and apatite. Rapid dissolution of these active minerals would release 234U and 238U congruently with only limited alpha-recoil ejection of 234U from the decay of 238U, thus yielding a near-equilibrium (234U/238U) ratio (∼1) of the dissolved product from weathering of fresh landslide debris. Therefore, a prominent contribution of landslide-induced weathering fluxes to the downstream Minjiang River provides a plausible explanation for the lower riverine dissolved (234U/238U) ratios (Figure 2). In contrast, landslides are less frequent in the upstream Minjiang River where erosion rates are low and regolith weathering likely dominates the total weathering fluxes. In those settings, recoil ejection of 234U from the accumulated weathering residue in the regolith would cause accumulation of 234U and thus high (234U/238U) ratios in solutes (Li et al., 2018), thus explaining the high (234U/238U) ratios of the river water samples from the upstream Minjiang River (Figure 2).
We evaluate the influence of landslides on the riverine 234U/238U using the normalized volume of landslides (LSnorm) in the catchment (e.g., Emberson et al., 2016). The negative correlation between (234U/238U) ratio and LSnorm in the studied catchments of the Minjiang River Basin (Figure 3A) is expected from the previous explanation of 234U/238U fractionation during mineral dissolution, likely revealing a control of bedrock landsliding on the riverine (234U/238U) ratio with low (234U/238U) in solutes dominated by landslide-induced weathering fluxes.
The normalized volume of landslides (LSnorm) is determined from the mapped co-seismic landslides triggered by the 2008 Wenchuan earthquake (Li et al., 2014), but does not account for the historical landslides occurring before the earthquake. Those landslide deposits may get revegetated but remain in the catchments (Pearce and Watson, 1986; Wang et al., 2015), being continuously weathered and contributing to solute fluxes. With that in mind, we adopt two other metrics for landslide activities: mean catchment slope angle and the fraction of slopes greater than the threshold angle. Mean catchment slope angles reflect topographic steepness and scale positively with erosion rates (Ouimet et al., 2009). Catchments with higher mean slope angles generally have faster erosion rates whereas bedrock landslides occur more frequently on slopes steeper than threshold angles (Ouimet et al., 2009; Clarke and Burbank, 2010). Therefore, the mean catchment slope angle could reveal landslide activities to first order. Similarly, the fraction of slopes steeper than the threshold angle (Fo) represents the extent of steep landscapes prone to landslides in a catchment, providing another useful metric for landslide activities. That said, the significant negative correlations between the riverine dissolved (234U/238U) ratios and mean catchment slope angle (Figure 4A) and the fraction of steeper-than-threshold-angle slopes (Figure 4B) reveal the influence of landslide activities on the riverine 234U/238U signals through their effects on chemical weathering. We note that varying the chosen threshold angle within 25–35° does not affect the correlation between (234U/238U) ratios and Fo (Figures 6A-D). Overall, our observations support using the riverine 234U/238U to trace landslide-induced weathering fluxes.
[image: Figure 6]FIGURE 6 | Correlations between riverine (234U/238U) values and the fraction of slopes steeper than the threshold angle (F0) under different values of applied threshold angle in the mainstream and tributary catchments of Minjiang River Basin. Panel (C) is the same as Panel 4B except for the range of the X-axis. The r in the top right represents the correlation coefficient for the linear fit of all circles. The error bar for the (234U/238U) ratio is smaller than the size of the symbols.
Landslide Activity and TDS
TDS is another useful tool to trace landslide-induced weathering. For example, Emberson et al. (2016) found a strong positive correlation between TDS and normalized landslide volume, indicating the control of landslide-induced weathering on TDS. However, TDS seems not able to reflect landslide-induced weathering fluxes in the Minjiang River Basin, since no clear relationship exists between TDS and LSnorm (Figure 3B). We tentatively attribute the silent response of TDS to LSnorm in the Minjiang River Basin to the complicated lithology. The main bedrocks in the upper stream of the Minjiang River are Triassic meta-sediment that usually contains abundant carbonate minerals and Paleozoic carbonate rocks/basalts (Figure 1). Weathering of carbonate minerals is generally fast and can quickly increase TDS, providing a non-landslide mechanism to boost TDS (Jacobson et al., 2003). Our results suggest that accounting for lithological variations and separating carbonate and silicate weathering are critical for understanding how landslides impact chemical weathering. Quantifying weathering budgets of different rocks is beyond the scope of this study, but we emphasize that this represents an important future research direction in studies of weathering processes in landslide-prone areas.
Implications for Weathering Kinetics and the “Uplift-Weathering” Hypothesis
The near-equilibrium dissolved (234U/238U) ratios in the Minjiang River Basin and their correlations with the metrics for landslide activities suggest that landslide-induced weathering fluxes may have major contributions to the total solute fluxes in an active mountain range. Future studies based on our findings could provide new insights into the theories of weathering kinetics, especially into our understanding of how silicate weathering rates respond to changes in physical erosion rates.
Modern observations from small catchments suggest that silicate weathering rates may be limited by weathering kinetics in rapidly eroding settings (West et al., 2005; West, 2012). In this framework, when erosion rates are high, silicate weathering rates do not increase with erosion rates but are regulated by climatic factors (e.g., precipitation and temperature) (West et al., 2005; West, 2012). On the other hand, the observations of ridgetop soils from New Zealand show that chemical weathering rates increase proportionally with physical erosion rates (Larsen et al., 2014), suggesting no kinetic limitations of weathering reactions. Reconciling the different observations from catchments versus from soils is critical for a better understanding of the role of tectonic uplift in the global carbon cycle and Earth’s climate (Raymo et al., 1988; Raymo and Ruddiman, 1992; Goddéris et al., 2017; Li et al., 2021). In this context, the roles of different geomorphic processes, especially landslides, have not been explicitly considered yet.
Our results shed light on the weathering-erosion coupling by demonstrating that landslides could make a major contribution to riverine solute fluxes. Which cannot be captured by the studies of soil profiles. Studies have shown that landslides dominate sediment budgets in uplifting mountains (Hovius et al., 1997; Li G. et al., 2017; Marc et al., 2019) and that landslide volumes scale with chemical weathering rates (Emberson et al., 2016), suggesting a major role of landslides in erosion and weathering in rapidly-eroding mountains. Thus, landslide-induced weathering may represent an under-appreciated weathering mechanism with global-scale impacts. Resolving landslide-induced weathering fluxes relies on the development of process-based models (e.g., Lebedeva et al., 2007; Ferrier and Kirchner, 2008; Hilley et al., 2010; West, 2012; Croissant et al., 2021; Li and Moon, 2021) and effective tracers such as the dissolved uranium isotopes presented in this study. Future studies are needed to better understand how weathering rates respond to landslide activities across different conditions and to separate contributions from soils versus landslides, as well as from different lithologies (e.g., carbonates and silicates), in weathering budgets.
The outcomes from these research efforts would advance our understanding of how tectonic uplift controls silicate weathering and Earth’s climate. In this context, our work demonstrates that the riverine dissolved 234U/238U directly links to landslide activities in a river basin where conventional water chemistry metric TDS cannot trace landslide-induced weathering fluxes, providing a promising tool to better understand landslide-driven weathering processes in catchments with complex lithologies.
CONCLUSION
We compiled the riverine dissolved radiogenic uranium isotopes (234U/238U) of a group of landslide-impacted catchments in the Minjiang River Basin and compared the results to the derived metrics of landslide activity for each catchment. We found that the dissolved (234U/238U) has negative correlations with the inferred landslide activities, reflecting the influence of landslide-induced weathering on the riverine dissolved (234U/238U). We propose that the riverine 234U/238U ratio provides a promising tracer of landslide-induced weathering fluxes in landslide-prone landscapes. Whereas landslides may have a major role in controlling weathering fluxes from uplifting mountains, future studies are needed to unravel the mechanism of landslide-induced weathering and how that differs from weathering in regolith zones. The outcomes would provide new insights into how tectonic uplift and erosion impact chemical weathering and the environmental impacts of tectonic uplift.
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The Cenozoic convergence between India and Asia has created Earth’s thickest crust in the Pamir–Tibetan plateau, leading to broadly distributed deformation and extensive crustal shortening; however, the crustal deformation of the high plateau is still poorly constrained. The variation of the Moho topography and crustal composition beneath the Pamir–Tibetan plateau has an important correlation with the major tectonic units. In this study, the results of the receiver functions have been reviewed and analyzed to observe variations in the Moho depth and crustal Vp/Vs ratio beneath the Pamir–Tibetan plateau. We found a notable SE–NW-oriented deep Moho interface that starts from the southeast of the Tibetan plateau and continues to the eastern Pamir with a northward dipping direction, which may indicate the northern frontier of the decoupled lower crust of northward underthrusting of the Indian plate. In contrast, the deepest Moho beneath the Pamir plateau has a southward dipping direction indicating the southward underthrusting Asian plate. In general, the average crustal Vp/Vs ratio is relatively low beneath the South-Central Pamir (∼1.70), while it is relatively higher (∼1.75) under the Himalaya–Lhasa terrane, suggesting more felsic to intermediate rock composition with locally high values indicating a low-velocity zone, possibly caused by partial melting. Elevated Vp/Vs ratios are observed beneath the northern Pamir (>1.77) and Qiangtang and Songpan–Ganze terranes (>1.80), which can be related to the high mafic rock content and upwelling hot materials from the upper mantle. The Vp/Vs ratio beneath the Pamir–Tibetan plateau presents complex north–south variations with a relatively low crustal Vp/Vs ratio in the south, while it gradually increases toward the north of the Pamir and central-northern Tibet, which is probably caused by the joint effects of the northward underthrusting Indian lower crust and southward subduction of the Asian plate, the low-velocity zones within the mid-upper crust, and substantial crustal shortening and thickening. The low to average crustal Vp/Vs ratio throughout the plateau (except the central Tibet) indicates a limited amount of hot materials to support the low crustal channel flow model, instead suggesting that crustal thickening and shortening is the main uplifting mechanism of the Pamir–Tibetan plateau.
Keywords: crustal composition, Vp/Vs ratio, Pamir–Tibetan plateau, crustal structure, continental subduction
INTRODUCTION
Lateral variation of Moho discontinuity, crustal thickness, and bulk composition preserve first-order information in plate tectonic evolution and provide important clues in understanding the structural evolution of the crust and upper mantle. In the past two decades, several international seismic arrays, including TIPAGE (Mechie et al., 2012; Schneider et al., 2013), FERGHANA (Schneider et al., 2013; Feld et al., 2015), TIPTIMON (Kufner et al., 2018), and the East Pamir seismic experiment (Xu et al., 2021), have been carried out within the Pamir and its adjacent region, which allowed to obtain an improved local seismic image of the crust and upper mantle in this region. The results of seismic refraction/wide-angle reflection and P and S receiver functions indicate that the crustal thickness varies from ∼58 km beneath the southern Tien Shan to ∼74 km under the North Pamir and ∼66 km beneath the South Pamir, where it shallows to about ∼40 km below the basins surrounding the Pamirs (Mechie et al., 2012; Xu et al., 2021). The CCP stacking images indicate the presence of a Moho offset at the eastern part of the Pamir, which may mark the boundary between the Pamir and the Tarim block, suggesting that pure shear shortening is responsible for the crustal thickening in the northeast of the Pamir (Xu et al., 2021). Furthermore, a Moho doublet with the deeper interface down to a depth of ∼90 km has been highlighted beneath the Central Pamir, where the Asian continental lower crust delaminates and rolls back (Schneider et al., 2019). The thick crust and doublet Moho beneath the Pamir plateau may also suggest the crustal stacking and clashing of tectonic units underneath the Pamir plateau.
Likewise, numerous geophysical observations have been carried out to reveal the detailed crustal and upper mantle structures of the Tibetan plateau, including ANTILOPE (Zhao et al., 2010; Xu et al., 2015; Murodov et al., 2018), INDEPTH (Zhao et al., 1993; Yuan et al., 1997; Kind et al., 2002; Kumar et al., 2006), Hi-CLIMB (Nábělek et al., 2009), Sino-American (Owens et al., 1993), Sino-French (Wittlinger et al., 2004). Overall, the receiver function results of these observations suggest that the Moho depth increases from 50 km beneath the Himalayas in the south of the plateau and gradually deepens to ∼80–90 km under the Qiangtang terrane and shallows again to the north (Wittlinger et al., 2004; Nábělek et al., 2009; Zhang et al., 2014; Murodov et al., 2018).
Considering that the Pamir–Tibetan plateau is composed of a complex amalgamation of Gondwanan crustal fragments that have experienced extensive and widespread tectonic deformation since the Mesozoic, the crustal temperature and composition vary throughout the plateau, which leads to high Vp/Vs ratio variation (Yin and Harrison, 2000; He et al., 2014; Robinson, 2015). The average crustal P velocities beneath the Pamirs vary from ∼6.26 to 6.30 km/s which are lower than the global average (Mechie et al., 2012; Sippl et al., 2013). Similarly, the average crustal Vp/Vs ratio beneath the Central and South Pamir is relatively low (<1.70), which is also lower than the global average for the continental crust (Zandt and Ammon, 1995), suggesting that the crust is predominantly composed of felsic rocks, presumably the result of delamination of the mafic rocks of the lower crust (Mechie et al., 2012; Schneider et al., 2019). However, the Vp/Vs ratio increases to 1.77 northward, toward the southern Tien Shan (Mechie et al., 2012). The results of receiver functions found an average crustal Vp/Vs ratio of ∼1.75 beneath the Cenozoic gneiss domes of the Central and South Pamir, which are associated with large-scale crustal extension and exhumation (mainly felsic crust) from 25 to 50 km depth and may suggest a middle crustal low-velocity zone (LVZ) (Schneider et al., 2019). In addition, the velocity model derived by surface wave tomography also imaged an intracrustal LVZ at 20–50 km depth overlain by high-velocity gneiss domes in the southern Pamir, implying the existence of crustal partial molten rocks (Li et al., 2018).
According to the result of receiver function analysis, the Vp/Vs ratio beneath southern Tibet is ∼1.70, which is lower than the global continental crust average, suggesting that the crust mainly consists of felsic and intermediate rocks without any evidence of partial melt (Nábělek et al., 2009). Under the Lhasa terrane, the Vp/Vs ratio is comparatively high, indicating the presence of localized partial melting in the middle and lower crust (Kind et al., 2002). In contrast, it is very high beneath the Qiangtang and Songpan–Ganze terranes, which may be related to joint effects of the more mafic composition and partial melt within the crust (Zhao et al., 2011). In the past decades, the seismic surveys and accumulated seismic data within the Pamir plateau and Tibet plateau have been used separately for various geophysical observations, yet they have not been jointly implemented based on the receiver functions analysis. In this paper, we combine and review previously published receiver function data beneath the Pamir–Tibetan plateau to investigate the Moho topography and crustal Vp/Vs ratio variations and their tectonic implications.
OVERVIEW OF TECTONIC SETTINGS
The Pamir–Tibetan plateau has experienced intense tectonic deformation due to the ongoing India–Asia collision that initiated crustal thickening and shortening, resulting in the thickest crust (90 km) on Earth. The Pamir–Tibetan plateau is composed of the same terranes that rifted from Gondwana and subsequently amalgamated on the south margin of Asia prior to the India–Asia collision (Burtman and Molnar, 1993; Yin and Harrison, 2000). However, due to the complex tectonic history, the terranes in the Pamirs have translated northward compared to their counterparts in Tibet. Intracontinental subduction models predict that the structures in the Pamirs have migrated northward by around 300 km with respect to the Himalaya-Tibetan plateau since the Late Cenozoic and that the total amount of crustal shortening that occurred during the Cenozoic is higher in the Pamirs than in Tibet (Burtman and Molnar, 1993; Zubovich et al., 2010). However, recent structural and stratigraphic studies referring to the sedimentary rocks in the Tajik and Tarim basins, which were eroded from the Pamirs during orogenic growth, suggest that the northward movement of the Pamir structures is less than 100 km (Chapman et al., 2017; Chen et al., 2018). The northern Pamir contains the late Paleozoic to early Mesozoic arcs and intervening subduction-accretion systems like the Kunlun arc and Songpan–Ganze terrane, where the central Pamir is composed of Paleozoic–Jurassic rocks similar to the Qiangtang terrane, and the southern Pamir, with Paleozoic–Mesozoic meta-sedimentary rocks, is correlative with the Lhasa terrane (Schwab et al., 2004). With an arcuate shape and a northward convex mountain range, the Pamir plateau has been acting as a rigid indenter, penetrating northward and depressing the Tajik-Yarkand Basin, which used to link today’s Tajik-Tarim basins (Burtman and Molnar, 1993; Schwab et al., 2004). The northward displacement has formed several well-developed thrusting and strike-slip faults in the Pamirs, including the sinistral Darvaz strike-slip fault separating the Tajik Basin to the west, the dextral Kashgar-Yecheng Transfer System (KYTS) dividing the Pamir and Tarim Basins to the east, and the Main Pamir Thrust System (MPT) that separates the Alai Valley to the north. The Pamir terranes are divided into three parts: North Pamir, Central Pamir, and South Pamir (Figure 1). The North Pamir is separated from the Alai Valley by the Main Pamir Thrust, which has accommodated a substantial part of the current north–south shortening (300 km) (Burtman and Molnar, 1993). The Central and North Pamir terranes are divided by the south-directed Tanymas thrust (Burtman et al., 2013), while the Central Pamir and the South Pamir terranes are separated by the Rushan Pshart suture (Chapman et al., 2017).
[image: Figure 1]FIGURE 1 | A topographic map of the Pamir–Tibetan plateau and its surrounding regions. The blue colored terranes represent Gondwanan terranes that successively accreted onto the Eurasia plate. The dashed lines highlight the main suture zones: TS, Tanymas Suture; RPZ, Rushan-Pshart Zone; W-TBZ, Wakhan-Tirich Boundary Zone; SS, Shyok Suture; IYS, Indus Yarlung Suture; BNS, Bangong-Nujiang Suture; JRS, Jinsha River Suture; SQS, South Qialian Suture; NQF, North Qilian Fault. The blue lines highlight the major faults within the Pamir–Tibetan plateau, including KF, Kunlun Fault, KKF, Karakorum Fault; KYTS, Kashgar-Yecheng Transfer System; MPT, Main Pamir Thrust, and Darvaz Fault.
Similarly, the terranes of the Tibetan plateau, including the Kunlun, Songpan–Ganzi, Qiangtang, and Lhasa terranes, coherently accreted to the south of Asia before the arrival of the Indian plate and formed the lithosphere of the Tibetan plateau (Molnar and Tapponnier., 1975; Yin and Harrison, 2000). The terranes are separated by the Kunlun fault (KF), Jinsha River suture (JRS), Bangong-Nujiang suture (BNS), and Indus-Yarlung Suture (IS) that are delineated based on ophiolites found along the suture zones (Figure 1). During subduction of the dense Indian lithosphere beneath Tibet, its upper crust scrapped off and formed the highest mountain range in the world, the Himalayas, in the south of the Tibetan plateau (Capitanio et al., 2010). While it has been widely accepted by the research community that the Pamir–Tibetan plateau has uplifted in response to the Cenozoic India–Asia convergence, its uplifting mechanism and crustal structure remain poorly constrained.
In terms of deep seismicity, the Pamir–Hindu Kush hosts an intense intermediate-depth seismicity zone that extends down to 250 km (Figure 2B) (Koulakov and Sobolev, 2006; Negredo et al., 2007; Sippl et al., 2013; Kufner et al., 2017). The spatial location of the hypocenters of the earthquakes beneath the Pamir and Hindu Kush forms an S-shaped seismic zone, suggesting the presence of two converging subduction zones; a steep northward dipping Indian lithosphere under the Hindu Kush and southward subduction of Asian lithosphere beneath the Pamir (Negredo et al., 2007; Sobel et al., 2013; Kufner et al., 2016). Recent studies of the geometry of seismicity constrained by earthquake location and teleseismic tomography show that the Pamir seismic zone forms a curviplanar arc dipping east to the south in the east Pamir and bending to an eastward dip beneath the southwestern Pamir (Sippl et al., 2013; Kufner et al., 2017). Intense intermediate-depth seismicity generated by these north–south contrast high seismic velocity bodies has been interpreted as evidence of ongoing intracontinental subduction (Schneider et al., 2013; Sobel et al., 2013) or forced delamination (Kufner et al., 2016). However, the different dips of the intermediate-depth seismic zones beneath the Pamir and Hindu Kush invoked various controversial interpretations about the plate configuration, such as the one slab model suggesting a single contorted slab of Indian (Pegler and Das, 1998) or Asian origin (Perry et al., 2019) and the two slab scenario implying two dipping slabs in opposite directions—northward dipping Indian lithosphere beneath the Hindu Kush and southward subduction/delamination Asian slab beneath the Pamir (Burtman and Molnar, 1993; Koulakov and Sobolev, 2006).
[image: Figure 2]FIGURE 2 | (A) Geological map showing the location of magmatic rocks beneath the Pamir–Tibetan plateau modified after Schwab et al. (2004). (B) Map of shallow and intermediate-depth earthquakes beneath the Pamir–Tibetan plateau from time period of 1990–2022 with magnitude >4.5 obtained from Incorporated Research Institutions for Seismology (https://www.iris.edu/hq/).
In contrast to the Pamir plateau, no distinct deep or intermediate-depth seismic zone is observed beneath the Tibetan plateau. The most supported model for southern Tibet is the Argant-type subduction model (Argand, 1922), where the Indian subcontinent horizontally underthrusts beneath the Tibetan plateau along the Main Boundary Thrust and its upper-crust scrapes off, forming the high Himalayan mountains, and its northward lower crust terminates at the Moho doublet (Kind et al., 2002; Nábělek et al., 2009). Moreover, to quantify the uplift mechanism of the Tibetan plateau, three end-member models have been proposed. 1) Rigid block extrusion model suggests that the deformation is accommodated by a combination of crustal thickening, underthrusting and rigid block motion along large-scale strike-slip faults (Tapponnier et al., 2001). 2) The distributed thickening and shortening model proposed by (England and Houseman, 1986), advocates a vertically coherent deformation across the entire lithosphere, that is, the N-S convergence is largely accommodated by horizontal shortening and vertical thickening. 3) Crustal channel flow explains that the deformation is accommodated by folding and thrusting in the upper crust, supported by lower crust plastic flow (Royden et al., 1997). Each of these models explains the uplifting mechanism of the Tibetan plateau, but controversy remains over the geometry of the underthrusting Indian lithospheric mantle beneath the Tibetan plateau. Seismic images indicate that the Indian lithospheric mantle is underthrusting beneath the Himalaya along the Main Himalayan Thrust and has extended sub-horizontally beneath the Lhasa terrane at ∼92° in the east (Shi et al., 2015), whereas its western corner continues to extend to the southwestern corner of the Tarim basin in the west (Wittlinger et al., 2004; Rai et al., 2006).
DATA AND METHODS
We have collected published data on teleseismic receiver functions across the Pamir–Tibetan plateau. The Vp/Vs ratio and Moho depth data across the Pamir plateau have been taken from the results of receiver functions along the TIPAGE (Schneider et al., 2019) and East Pamir seismic experiment (Xu et al., 2021). The crustal thickness and Vp/Vs ratio data beneath the Tibetan plateau have been obtained from the Hi-CLIMB array (Li J. and Song X., 2021), Namche Barwa Project (Xu et al., 2013), ANTILOPE-I, II, IV (Xu et al., 2015; Xu et al., 2017; Murodov et al., 2018), TW-80 (Zhang et al., 2014), INDEPTH (Yue et al., 2012), and from other temporary and permanent seismic stations throughout Tibet and its adjacent regions (Tian and Zhang, 2013; He et al., 2014; Cheng et al., 2021). The combination of these datasets enables us to correlate the crustal structure of Pamir and Tibet based on the crustal Vp/Vs ratio variation. In addition, the joint dataset allows observing the Moho depth beneath the Tibetan plateau and its association with the northern underthrusting Indian plate.
The P-receiver function is a well-established technique that uses a natural earthquake as a source and portable/permanent seismic stations as receivers in order to detect the depth variation of seismic velocity discontinuities beneath a seismic station using the P-to-S (Ps) conversions and associated multiples that originate from discontinuities at different depths. The time difference between the arrival time of the P phase and the converted Ps phase is calculated to determine the converted depth. The main processing steps of the receiver functions include coordinate rotation and deconvolution (Yuan et al., 1997; Kind et al., 2012). The collected Moho depth and Vp/Vs ratio values in our review have been calculated by the slant-stack method of (Zhu and Kanamori, 2000), which determines crustal thickness (H) and Vp/Vs ratio (κ) by searching for the maximum objective function value in the H-κ domain through a grid search. The algorithm sums the weighted receiver function amplitudes at predicted arrival times for the Ps phase and its multiples for different values of possible crustal thicknesses (H) and Vp/Vs ratio (κ).
DISCUSSION
Moho Depth Variation and Its Correlation With Tectonic Units
It is widely assumed that the India–Asia convergence created the vast crustal thickness of the Pamir–Tibetan plateau and the leading uplifting models, including crustal thickening and shortening model, require accurate size, shape, and northern extension of the subducted Indian plate to calculate surface uplift. However, the geometry of Greater India and its northern frontier is still being debated extensively. We traced the deepest Moho interface continuously from the southeast of the Tibetan plateau to the high Pamir mountains derived from receiver functions analysis and revealed its tectonic implications. Figure 3 displays the results of the Moho abrupt change along the N-S profiles across the Pamir–Tibetan plateau. In the southeast of Tibet along the “Gangdese 92° E” transect, the deepest Moho depth has been found at ∼30.8° N–92° E, northern vicinity of the Lhasa terrane (Shi et al., 2015). In the central part of the Tibetan plateau, the seismic data from the INDEPTH project (Kind et al., 2002) revealed the maximum thickness of the crust (78 ± 3 km) with Moho doublet within the Lhasa terrane at ∼30° N–92° E. To the west of the INDEPTH profile, receiver function images from the ANTILOPE-II seismic array (Xu et al., 2015) and Hi-CLIMB Experiment (Nábělek et al., 2009) depicted the deepest Moho with a Moho doublet and a step-rise Moho at ∼33° N–85°. In the western part of Tibet, P and S receiver functions imaged along the north–south profile of ANTILOPE-I (Murodov et al., 2018) and the TW-80 experiment (Zhang et al., 2014) imaged the deepest Moho at ∼33.7° N–82° E and ∼35° N–80° E respectively, which continues with a northward dipping interface. In parallel to the TW-80 and ANTILOPE-I profiles to the west, the teleseismic image from the Sino-French project imaged the maximum crustal thickness (90 km) at ∼36.2° N–78° E under the western Qiangtang (Wittlinger et al., 2004). Further west, the deepest Moho is found beneath the eastern Pamir (Xu et al., 2021). It should be noted that from east to west, the observed deepest Moho has a northward gradually dipping interface with an abrupt rise after reaching the maximum depth (Figure 4B).
[image: Figure 3]FIGURE 3 | N-S cross-sections tomographic images highlight the Indian lithospheric mantle beneath the Tibetan plateau and the Asian lithospheric mantle beneath the Pamir plateau (Negredo et al., 2007; Wei et al., 2016). The vertical black lines in the cross-sections and black lines along the profiles indicate the location of the northern boundary of the northward underthrusting Indian plate and the southern limit of the Asian plate, where the red arrows represent the subducting/underthrusting directions of the plates.
[image: Figure 4]FIGURE 4 | (A) Sketch map showing the deepest Moho interface beneath the Pamir–Tibetan plateau. The bold red lines show the deepest Moho depth with a northward direction interface along the N-S profiles across the Tibetan plateau and a southward direction interface beneath the Pamir plateau. The black dashed lines mark the main tectonic boundaries. (B) Cartoon showing the crust and Moho topography, with north dip interface of the Moho discontinuity at the northern margin of Indian lower crust with the deepest Moho forming a synform and step-rise form.
Using a combination of several datasets derived from receiver functions along the INDEPTH profile and its vicinity, (Kumar et al., 2006) suggest that about 500 km of the Indian lithosphere is almost horizontally subducting beneath central Tibet. The horizontal underthrusting Indian plate beneath the Tibetan plateau extends to the location of the deepest Moho found in this study (Figure 4A). Northward limit of the Indian plate has also been inferred from elevation, gravity, and geoid anomalies’ results, which reach to the location of the deepest Moho observed in this study, agrees well with our interpretation of northward boundary of the northward underthrusting Indian plate (Jiménez-Munt et al., 2008). Furthermore, the results of receiver function analysis conducted by (Rai et al., 2006) in the west of the Tibetan plateau suggest that western Tibet, as far north as the Altyn Tagh, is underlain by Indian plate. The northern frontier of the Indian plate marked in these observations correlates well with the deepest Moho found in our review from east to west. Moreover, the results of P-wave tomography revealed that the horizontal distance over which presumed Indian lithosphere underthrusts beneath Tibet may underlie most of the plateau in the west, where it decreases to the east and shows no indication further than the Indus–Yarlung Suture zone in the east (Li et al., 2008). The leading edge of the Indian plate marked in tomographic observation stretches to the location where the maximum Moho depth is observed in our review (Figure 5) (Li et al., 2008; Wei et al., 2016). This is in good agreement with our interpretation of the SE–NW-oriented deepest Moho based on the receiver functions cross-section, which forms a synform with the northern frontier of the Indian plate and supports the interpretation of sub-horizontal underplating of Tibetan crust by Indian crust. We assume that the deepest Moho imaged in the receiver function analysis, continuing from southeast to northwest of the Tibetan plateau, which has a northward dipping interface, indicates the northern limit of lower Indian crust, suggesting that the Indian plate may penetrate as far north as the location of this northward inclined Moho depth (Figure 3). We also created the crustal thickness map based on the P receiver functions data and several datasets throughout the Pamir–Tibetan plateau (Figure 6). Overall, the bulk crustal thickness in Tibet has more northward expansion in the east, less northward extension in the middle, and again more northward advancement in the west (Figure 7). This geometry of crustal thickness agrees well with the Pn tomography results, which suggest that the subducted Indian mantle lithosphere is torn into pieces with different angles and northern limits, shallower and extending further on the west and east sides, while steeper in the middle (Li and Song, 2018).
[image: Figure 5]FIGURE 5 | N–S Moho discontinuity derived from receiver functions images beneath the Pamir–Tibetan plateau along INDEPTH (Kind et al., 2002), Hi-CLIMB (Nábělek et al., 2009), ANTILOPE I,II (Zhao et al., 2010), TW-80 (Zhang et al., 2014), Sino-French project (Wittlinger et al., 2004), Chinese Pamir (Xu et al., 2021), TIPAGE (Schneider et al., 2013), and TIPTIMON (Schneider et al., 2019) projects. The vertical black lines in the cross-sections and the black lines along the profiles indicate the northern boundary of the underthrusting Indian plate, where the red arrows show subducting/underthrusting direction of the plates.
[image: Figure 6]FIGURE 6 | Map of crustal thickness beneath the Pamir–Tibetan plateau. The Moho depth values have been obtained from receiver function analysis conducted across the Pamir and Tibetan plateau. The black circles mark the locations of the seismic stations. AF, Altyn-Tagh Fault; KF, Kunlun Fault; JRS, Jinsha River Suture; IYS, Indus Yarlung Suture; BNS, Bangong-Nujiang Suture; KKF, Karakorum Fault. The crustal thickness values beneath the Pamir plateau have been taken from published data of the TIPAGE (Schneider et al., 2019) and East Pamir seismic experiment (Xu et al., 2021). Beneath the Tibetan plateau, we have used the crustal thickness values derived from the receiver functions along Hi-CLIMB (Li J. and Song X., 2021), Namche Barwa Project (Xu et al., 2013), ANTILOPE-I and II (Xu et al., 2015; Xu et al., 2017; Murodov et al., 2018), TW-80 (Zhang et al., 2014), INDEPTH (Yue et al., 2012), (Tian and Zhang, 2013; He et al., 2014; Cheng et al., 2021).
[image: Figure 7]FIGURE 7 | Map of crustal Vp/Vs ratio variation beneath the Pamir–Tibetan plateau. The Vp/Vs ratio values have been obtained from receiver function analysis conducted across the Pamir and Tibetan plateau. The triangles indicate the locations of the stations. AF, Altyn-Tagh Fault; KF, Kunlun Fault; JRS, Jinsha River Suture; IYS, Indus Yarlung Suture; BNS, Bangong-Nujiang Suture; KKF, Karakorum Fault. The Vp/Vs ratio values beneath the Pamir plateau have been taken from published data of the TIPAGE (Schneider et al., 2019) and East Pamir seismic experiment (Xu et al., 2021). Beneath the Tibetan plateau, we have used the Vp/Vs ratio values derived from the receiver functions along Hi-CLIMB (Li J. and Song X., 2021), Namche Barwa Project (Xu et al., 2013), ANTILOPE-I and II (Xu et al., 2014; Xu et al., 2017; Murodov et al., 2018), TW-80 (Zhang et al., 2014), INDEPTH (Yue et al., 2012), (Tian and Zhang, 2013; He et al., 2014; Cheng et al., 2021).
In contrast to the Tibetan plateau, the deepest Moho beneath the Pamir plateau has a south-dipping direction (Schneider et al., 2013). The Common Conversion Point (CCP) images from the active source seismic array (Schneider et al., 2013) and seismic refraction/wide-angle reflection data from the passive source seismic array (Mechie et al., 2012) across the Pamirs indicate a clear south-dipping Moho interface, which has been interpreted as the southward subduction of Eurasian continental crust (Figure 3). Furthermore, seismic images suggest that the Pamir is almost underlain by nearly horizontal underthrusting Indian mantle lithosphere, which is overlain by the Asian crust (Mechie et al., 2012). A double Moho structure beneath the Central Pamir is observed and interpreted as the result of the westward and northward delamination and rollback of the cratonic Asian lower crust of the Tajik-Tarim Basins beneath the Pamir (Schneider et al., 2019). Moreover, high seismic velocity under the Pamir crust shows the underthrusting Indian lithosphere extending as far north as the Central Pamir (Mechie et al., 2012), and may have replaced the original mantle lithosphere beneath the Pamir (Chapman et al., 2017).
Vp/Vs Ratio Variation and its Tectonic Implication
Poisson’s ratio (σ) or Vp/Vs ratio, is the ratio of P to S-wave velocity, which can provide important bounds on the composition of the crust. The crustal mineralogy is one of the main factors that induce Vp/Vs ratio with only a weak dependence on pressure and temperature (Christensen, 1996). In addition, the Vp/Vs ratio can be influenced by the presence of fluid or partial melt, which significantly decreases the shear wave velocity in relation to the compressional wave velocity, leading to a high Vp/Vs ratio (Watanabe, 1993). Based on the ratio between P and S wave velocity, the crustal composition is classified to low (σ) (<0.26) (Vp/Vs < 1.75), intermediate (σ) (0.26–0.28) and high (σ) (>0.28) (Vp/Vs > 1.81) values, whereas the average Vp/Vs ratio for a continental crust is estimated to be 1.75–1.77 (Zandt and Ammon, 1995; Christensen, 1996). Felsic composition rocks usually have a low Vp/Vs ratio (<1.75), whereas mafic rocks exhibit a relatively high Vp/Vs ratio (>1.75). The high amount of quartz (Vp/Vs ratio = 1.49) reduces the Vp/Vs ratio, while the abundance of plagioclase (Vp/Vs = 1.87) increases it.
The Pamirs-Tibetan plateau consist of Paleozoic-Mesozoic volcano sedimentary rocks and the crust experienced Cenozoic high-grade metamorphism and magmatism (Figure 2A) (Ding et al., 2003; Schwab et al., 2004). The Central and South Pamir are dominated by clastic and carbonate metasedimentary sequences as well as Paleozoic to Miocene quartzofeldspathic orthogneiss and granitoids (Yin and Harrison, 2000; Schwab et al., 2004). Low crustal Vp/Vs ratio (∼1.69) has been revealed by seismic refraction/wide-angle reflection beneath the Central and South Pamir suggesting felsic schists and gneisses in the upper part of the lower crust which probably grades into granulite-facies and possibly also eclogite-facies metapelites in the lower part (Mechie et al., 2012). A similar value (<1.70) has been inferred from receiver function analysis (Schneider et al., 2019) and tomography images beneath the Central and South Pamir (Sippl et al., 2013), suggesting a felsic bulk composition that possibly resulted from delamination/founding of the mafic rocks of the lower crust (Kufner et al., 2016). Moreover, a relatively higher crustal Vp/Vs ratio (∼1.75) has been observed locally beneath the gneiss domes and at mid-crustal level under the Central and South Pamir, which can be a sign of partially molten rocks within the crust (Sippl et al., 2013; Schneider et al., 2019). Furthermore, structural studies suggest that a syn-convergent exhumation occurred along large-scale and normal sense shear zones which exhumed the felsic crust from 25 to 50 km depth in the Central and South Pamir, which led to a low Vp/Vs ratio (Rutte et al., 2017). The average Vp/Vs ratio increases to ∼1.77 toward the North Pamir, South Tien Shan, and beneath the Tajik basin (Mechie et al., 2012; Schneider et al., 2019). Very high crustal Vp/Vs ratios (∼1.90) have been found along the Main Pamir Thrust, which is probably the result of fluid accumulation within this fault system (Schneider et al., 2019).
In contrast, the average crustal Vp/Vs ratio beneath the Himalaya and Lhasa terrane in the southern Tibetan plateau is close to the global average of ∼1.75, suggesting more felsic to intermediate rock composition (Murodov et al., 2018). This is slightly higher than those found beneath the Central and South Pamir. The highest Vp/Vs ratio (∼1.90) is observed beneath the Qiangtang terrane in Central Tibet (Mechie et al., 2004; Yue et al., 2012; liu et al., 2014), pointing toward a widespread occurrence of mafic rocks beneath the Qiangtang and Songpan–Ganzi terranes (Figure 7). Moreover, the H-κ stacking results of (He et al., 2014) suggest relatively high Vp/Vs ratio anomalies beneath the cenral Tibet which associated it to existence of thermal flow zone within the crust. This is in general agreement with the crustal velocity structure model proposed by (Vergne et al., 2002) in which the Qiangtang Terrane is underlain by a mafic lower crust, which can significantly increase the value of Vp/Vs ratio. The high Vp/Vs ratio beneath the Qiangtang terrane can also be influenced by widely distributed magmatic rocks that resulted from the northward subducting Lhasa Terrane (Ding et al., 2003; Yue et al., 2012). The Gaussian-Beam migration images of teleseismic P-RFs along the Hi-CLIMB profile suggest that the mafic upper mantle materials have probably been incorporated into the mid to lower crust in Central Tibet during Cenozoic collisions (Nowack et al., 2010). Furthermore, magnetotelluric exploration has shown a high conductivity anomaly in the middle and lower crust beneath the Qiangtang and Songpan–Ganzi terranes, which might be symptomatic of hot materials upwelling from the upper mantle in response to a descending India–Asian lithosphere, which also has a substantial influence on increasing Vp/Vs ratio values (Wei et al., 2001; Unsworth et al., 2004). The high Vp/Vs ratio beneath the Qaidam basin is related to the thick Cenozoic Qaidam sedimentary layer, which reaches ∼15–∼20 km (Yin and Harrison, 2000; Unsworth et al., 2004). The average crustal Vp/Vs ratio is ∼1.75 beneath most of the Tibetan plateau (except Qiangtang terrane), suggesting that the crustal channel flow is not the primary driving force for the uplifting of the Tibetan plateau.
CONCLUSION
We closely observed the deepest Moho imaged by N-S receiver function cross-sections along seismic arrays deployed within the Pamir–Tibetan plateau. The maximum Moho depth with a northward dipping interface from the southeast of Tibet to the southwest of the Tarim basin may indicate the northern limit of the Indian lower crust, suggesting sub-horizontal underthrusting of the Indian plate beneath the Tibetan plateau. In contrast, the deepest Moho beneath Pamir shows a southward dipping interface, indicating a southward underthrusting Asian plate beneath Pamir.
The Vp/Vs ratio values vary from low (1.69) beneath the Centeral and South Pamir to average (∼1.75) beneath the Himalaya and Lhasa terranes, suggesting felsic to intermediate rock composition, where it increases beneath the North Pamir (∼1.80) and Qiangtang to Songpan–Ganze (>1.80) terranes, indicating more mafic materials within the crust or upwelling upper mantle materials. Overall, there is no distinct pattern between the terranes of the Pamir–Tibetan plateau, which is probably due to the fact that the Pamir plateau is located right on the point of India–Asia convergence and has experienced more intense tectonic deformation compared to the Tibetan plateau. Overall, the insignificant amount of high crustal Vp/Vs ratio within the plateau suggests that the low crustal channel flow may have contributed to the crustal thickening in the central plateau, but the thickened crust of the plateau presumably resulted from crustal thickening and shortening provoked by the continuous northward movement of the Indian plate relative to stable Eurasia.
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Late Cenozoic wildfire evolution in Inner Asia has been attributed to both ice-volume modulating precipitation changes and surface uplift of the Tibetan Plateau. Whether this is the case or not requires additional research and wildfire records from older periods. In this study, 251 microcharcoal samples from the Huatugou section in the western Qaidam Basin are used to reconstruct the early Oligocene-middle Miocene wildfire history of the northern Tibetan Plateau. The results show that wildfires remained relatively frequent before ∼26 Ma, then reduced gradually until ∼14 Ma, and finally increased slightly but still at low level between 14 and 12 Ma. The wildfire variations can be correlated to the steppe-based dryness changes, and both of which are coincident with global temperature changes. We infer that mean annual temperature might have played a dominant role in controlling wildfire frequencies in the northern Tibetan Plateau through modulating atmospheric moisture content. This conclusion is in line with previous studies including microcharcoal-based wildfire records of 18–5 Ma successions from the Qaidam Basin as well as soot-based wildfire records from Quaternary glacial–interglacial cycles of the Chinese Loess Plateau.
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INTRODUCTION
The Earth’s surface has experienced wildfires since the appearance of terrestrial plants around 420 million years ago (Ma) (Scott and Glasspool, 2006). Wildfire is driven by factors such as carbon-rich vegetation, seasonally dry climates, atmospheric oxygen, widespread lightning, and volcanic ignition sources (Bowman et al., 2009). Wildfire records can therefore provide useful information about the evolution of vegetation, climate, atmosphere, and human society (Dale et al., 2001; Bowman et al., 2009; Edwards et al., 2010; Burton, 2011; Miao et al., 2016b).
For example, charred grass cuticles from tropical Africa have been used as a proxy for late Cenozoic wildfires, which indicates essentially dry periods since 8 Ma (Morley and Richards, 1993). Charred grains from southern Africa have also been used as a wildfire proxy but showing that wildfire reached a maximum at 7–6 Ma ago under moderately dry conditions (Hoetzel et al., 2013). Similarly, wildfire and its potential links with monsoonal precipitation have been studied in inner Asia for the past 7 Ma (Zhou et al., 2014) or 16 Ma (Hui et al., 2021). Wildfire patterns in East Asia have changed during the last 13 Ma, possibly influenced by regional hydroclimatic changes (Shen et al., 2018). In East Asia, the high-resolution soot record shows unique and distinct glacial–interglacial cycles that are synchronous with marine δ18O records, suggesting that aridity, which was driven by global ice volume, controlled wildfire intensity during the past 2.6 Ma (Han et al., 2020). Similar correlations between global temperature and regional wildfire intensity have also been found in the northern Tibetan Plateau for the middle Miocene-early Pliocene (18–5 Ma) period, while tectonic activities of the northern Tibetan Plateau may have only played a secondary role (Miao et al., 2019).
Globally, late Cenozoic wildfire patterns varied between different places, and a diverse range of driving mechanisms have been proposed (Bond, 2015), such as precipitation amount, degree of aridity, and hydroclimatic conditions, etc., that are further driven by either solar radiation (Han et al., 2020), atmospheric circulations (Jia et al., 2003), seasonality (Shen et al., 2018), or topographic changes (Miao et al., 2019). These hypotheses are largely based on evidence from individual sites, which may not extend to other sites or different time intervals. Extending such site-specific records to regional scales will help improve our understanding of the driving forces of wildfire.
In contrast to the late Cenozoic sequences, wildfire records of earlier periods are scarce. At present, the only wildfire record that covers the whole Cenozoic period comes from the northern Pacific Ocean (Herring, 1985), and the only record from the southern hemisphere (Australia) covers the middle Eocene (Kershaw et al., 2002). Records from the South China Sea cover periods since the early Oligocene (Jia et al., 2003). However, none of these Paleogene records can be directly compared to the late Cenozoic wildfire records on land due to their far localities and wildfire proxies. In this study, we focus on sedimentary records of the microcharcoals from the Qaidam Basin to reconstruct the early Oligocene-middle Miocene wildfire history of the northern Tibetan Plateau, and then integrate this new record with our previous reconstruction from the same basin for the middle Miocene-early Pliocene (Miao et al., 2019), to assess the drivers of wildfire in this region over a long period.
GEOLOGICAL SETTING AND SAMPLING
Geological Setting
The Qaidam Basin, covering an area of 200,000 km2 and lying at an average elevation of 2,800 m, is the largest topographic depression on the Tibetan Plateau. The current climate in the basin is arid to hyper-arid, with a mean annual precipitation of less than 300 mm in the east, and less than 50 mm in the west. The basin locates in cold climate zone with mean annual temperatures ranging between 2°C and 4°C. The westerlies are the dominant atmospheric circulation pattern throughout the year, while the East Asian monsoon only reaches the southeastern basin during summer (Wu et al., 1980) (Figure 1A). Vegetation in the basin is dominated by desert species, which grow on gravelly lake margins and well-drained soils on alluvial fans. The main species include Amaranthaceae (Chenopodioideae), Ephedra, Nitraria, Tamarix, and Asteraceae, etc. Occasionally, Picea and Sabina, two types of woods can be observed on high mountains in the eastern basin (Miao et al., 2019).
[image: Figure 1]FIGURE 1 | Physiographic map of inner to eastern Asia, showing the locations for the wildfire study. (A). Geographic map of the Tibetan Plateau, showing the study area and a simplified representation of atmospheric circulation. LC section in the Loess Plateau (yellow area) is for reference (Han et al., 2020). (B). Morphotectonic map of Qaidam Basin and the location, of the HTG section that was sampled in this study, and of the KC-1 core (Miao et al., 2019). (C). Geological map of the Youshashan Range in the western Qaidam Basin. E3S: Shangganchaigou Formation, N11X: Xiayoushashan Formation, N21S: Shangyoushashan Formation, N31–N2S: Shizigou Formation, redrawn from (Chang et al., 2015).
Geomorphologically, the Qaidam Basin is bounded by the Altyn Tagh to the northwest, the East Kunlun Shan to the south, and the Qilian Shan to the northeast (Figure 1B). Tectonically, the basin is bounded by the Altyn Tagh fault, Kunlun fault, and North Qaidam-Qilian Shan thrust belts (Song and Wang, 1993; Yin et al., 2007). Cenozoic stratigraphic units in the basin were deposited mainly in fluvial-lacustrine environments. Although disputes exist concerning the stratigraphic ages, there is a consensus that the depositional center of the basin has shifted southeastward along the axis of the basin from the early Cenozoic to the present (Song and Wang, 1993; Métivier et al., 1998; Wang et al., 2006; Yin et al., 2007; Cheng et al., 2014). Provenance analysis indicates that the Cenozoic deposits in the Qaidam basin were mainly sourced from surrounding mountains (Rieser et al., 2005; Jian et al., 2013; Cheng et al., 2016; Wang et al., 2017; Lu et al., 2019; Nie et al., 2020; Cheng et al., 2021).
Study Site and Age Constraints
The Huatugou (HTG) section (bottom: 38.43°N, 90.89°E; top: 38.36°N, 90.88°E) lies at the southwestern side of the Youshashan anticline in the western Qaidam Basin (Figure 1C) and is about 4,360 m thick (Rieser et al., 2005; Song and Wang, 1993). Strata in the section include the early Oligocene to late Miocene Shangganchaigou, Xiayoushashan, and Shangyoushashan formations. Detailed lithofacies analysis indicates that the strata between 200 and 2,700 m are dominated by marginal lacustrine facies, while the parts below ∼200 m and above ∼3,500 m are dominated by braided river facies (Li et al., 2016) (Figure 2). Magnetostratigraphic study of the HTG section indicates that the strata between 1,200 m and 4,100 m can be confidently determined to be 20.7–11.6 Ma, while there are two alternative age correlations for the lower (0–1,200 m) section: either ∼28–20.7 Ma or ∼31–20.7 Ma (Chang et al., 2015).
[image: Figure 2]FIGURE 2 | Lithology, sedimentary facies with age between boundary, and microcharcoal results from the HTG section. Age estimates (Chang et al., 2015) and sedimentary facies (Li et al., 2016). MC: total microcharcoal concentrations. Dashed arrows show the dominant MC trends.
METHODS AND RESULTS
Microcharcoal Extraction and Identification
A total of 251 samples of mudstone, sandy mudstone, and siltstone were collected for microcharcoal analysis. Over two-thirds samples were from the lower part of the section (older than 25 Ma), while 28 samples are from the upper section (younger than 20 Ma) due to the lack of suitable sampling lays because of the coarse grain size (Figure 2). All samples were pretreated using the following procedures. After gentle grinding to fine powders, two different types of acid were added successively, 10% HCl to remove carbonates completely (usually 2–3 days) and then 40% HF to remove silicates; after which the remaining powders went through 10 μm sieve again to enrich microcharcoal grains. Then, the pretreated specimens were mounted in glycerol for identification (Miao et al., 2019). Samples were counted under a light microscope at 400 × magnification with regularly spaced traverses. Microcharcoal grains were counted and photographed under the microscope. All samples were analyzed at the Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences. A known number of Lycopodium clavatum spores (batch # 27,600) were initially added to each sample to facilitate the calculation of microcharcoal concentrations (MC). The MC is calculated as:
[image: image]
N, identified number of microcharcoals (grains); L, number of Lycopodium clavatum (grains); W, sample dry weight (g).
Microcharcoal Results
The results show that in the HTG section the MC varied between 410 and 54,650 grains/g with an average of 9,720 grains/g. In general, the MC keeps at high values from the bottom of the section to 800 m (corresponding to ∼31.0–26.0 Ma or 27.0–23.5 Ma according to the two different age models), with the MC varies between 720 and 54,650 grains/g (average of 11,240 grains/g) in 146 samples. Then the MC experiences a continuous decreasing trend until ∼2,800 m (∼14 Ma), with values ranging between 410 and 45,060 grains/g (average 5,620 grains/g) in 98 samples. Except for two samples that have high MC values of 21,470 and 45,270 grains/g at 3,001 m and 3,141 m, respectively. The MC remains low in the upper section but slightly higher than that at ∼14 Ma, with values ranging between 480 and 2,170 grains/g (average 1,410 grains/g) in six samples.
DISCUSSION
Data Evaluation and Wildfire Trends
The relationship between microcharcoal concentration and wildfire is intuitive: higher MC corresponds to wildfires with higher frequency or intensity, and vice-versa (Herring, 1985; Patterson et al., 1987; Ward and Hardy, 1991; Whitlock and Larsen, 2002; Miao et al., 2016a; Miao et al., 2019). This interpretation is based on the assumption that sediment provenance is stable and that sedimentary processes have little influence on microcharcoal transport and accumulation, or at least that any influence is constant (Patterson et al., 1987; Anne-Laure et al., 2013).
Three lines of evidence indicate that the MC variations in the HTG section are not controlled by provenance or sedimentary processes. Firstly, provenance studies of sandstones and mudstones collected in the western Qaidam Basin show negligible (Rieser et al., 2005) or a small variation (Cheng et al., 2019) during the Oligocene to the middle Miocene. Secondly, the sediment transport dynamics also have no influence on MC. As shown in Figure 3, no correlations were found between MC and lithofacies, e.g., mudstone, sandy mudstone, and siltstone, which reflect different transport dynamics. Thirdly, magnetostratigraphic analyses indicate that the accumulation rate increased abruptly around 15 Ma (from 180 m/Ma or 130 m/Ma to ∼500 m/Ma) (Chang et al., 2015), but no abnormal changes in MC occurred around 15 Ma (Figure 4). In contrast, the most significant MC change occurred within the fluvial environment at ∼13.5 Ma.
[image: Figure 3]FIGURE 3 | Correlations between lithological stratigraphy and MC at 500–1,000 m of the HTG section. No regular MC change with the lithology, the high values can exist in either mudstone or sandstone.
[image: Figure 4]FIGURE 4 | Correlations between wildfire to aridity and temperature. (A). MC records according to older age model. (B). global temperature curve (Westerhold et al., 2020) chosen according to the MC old model. (C). aridity records basing on steppes in pollen assemblages during ∼26–20 Ma (Sun et al., 2014) and 18–5 Ma (Miao et al., 2011). Gray curve is a copy of the (A) to couple to these two intervals and sample frequency in Lunpola is three. The vertical light blue rectangles showed the positive correlations. Yellowish solid line shows the LOESS Fit with span: 0.5.
Compared with the other depositional environments, e.g., shallow lacustrine and fluvial, the interval of palustrine environment shows a much higher MC (Figure 2). This is reasonable as palustrine is a nearly still water environment compared with the running water conditions in the other depositional environments, and thus would accumulate more microcharcoals for the same period. However, the MC variations within the palustrine environment (both the short-term large variations and the long-term general variations) and the very high MC in the braided river environments indicate that, excluding the influence of different depositional environments, the long-term general variations still reflect wildfire intensities and frequencies.
Based on the above arguments, we conclude that the MC in the HTG section can be used to reconstruct ancient wildfire activities in the northern Tibetan Plateau. The results indicate that the wildfire experienced a higher frequency and/or intensity during the Oligocene (e.g., before ∼26 or ∼23 Ma), then decreased gradually to stay at relatively lower levels since after and last until the middle Miocene (In this study, we prefer the later age model, see Supplementary Materials, Figure 4A).
Wildfire Mechanisms
Pollen records would have been ideal for reconstruction of the aridification history of the Qaidam Basin (Cai et al., 2012; Koutsodendris et al., 2019; Miao et al., 2012; Wang et al., 1999; Wu et al., 2011), which could then be compared to the MC records (Miao et al., 2019). However, no continuous pollen records have been successfully retrieved from the HTG section or any sections within or adjacent to the Qaidam Basin with reliable age constraints. Here we compare our MC data with global mean air temperature change reconstructed from benthic δ18O changes (Westerhold et al., 2020) (Figure 4B) and two intervals of xerophytic pollen records from the Lunpola Basin (25.5–19.8 Ma) (Sun et al., 2014) and Qaidam Basin (18–12 Ma) (Miao et al., 2011) (Figure 4C).
It is observed that during stages of high amounts of steppes (such as Ephedra, Nitraria and Chenopodiaceae, etc.), the MC is also high and vice versa. This correlation indicates potential links between strong wildfire and dry conditions (low precipitation). In fact, such a correlation has also been found in other parts of East Asia. For example, high-resolution soot records from the Loess Plateau to the east, have been correlated to glacial–interglacial cycles of monsoonal precipitation during the past 2.6 Ma (Han et al., 2020) (Figure 5B): stronger wildfires always correlate with less precipitation during glacial periods. Similarly, two separate Miocene (e.g., 18–5 Ma) microcharcoal–based wildfire records from the Qaidam Basin also agree with enhanced aridification under a global cooling trend (Miao et al., 2019) (Figures 5A,C). All these records support the hypothesis that dryness (less precipitation) plays a crucial role in driving wildfires, such that dryness (less precipitation) facilitates dehydration of vegetation, which becomes more flammable (Pechony and Shindell, 2010; Jolly et al., 2015).
[image: Figure 5]FIGURE 5 | Correlations between wildfire in Inner Asia and global temperature. (A). the MC records from the HTG section (this study) and KC-1 core (18–5 Ma) from the Qaidam Basin (Miao et al., 2019). (B). Quaternary fires indicated by soot-MARs reconstructed from Chinese Loess Plateau (Han et al., 2020). (C). global temperature curve (Westerhold et al., 2020).
Furthermore, positive correlations are also observed between the MC records and global temperature changes, which further support the hypothesis that stronger wildfires always occur during periods of less precipitation (dry conditions). Lower global temperature helps to reduce the amount of vapors evaporated from oceans and other water bodies, which would then reduce the precipitation amounts in continental interiors that would lead to higher fire frequency. Further detailed explanations are as follows: according to Avogadro’s Law, temperature determines the maximum concentration of water vapor at sea level and standard air pressure. As temperature rises, the water vapor concentration increases significantly (Machine Applications Corporation, 1999). The higher the temperature is, the more water vapor is pumped into the atmosphere, leading to increased precipitation on land (Cai et al., 2012; Held and Soden, 2006; Miao et al., 2017; Ruddiman, 2008; Singh, 1988). For example, the annual precipitation data obtained from passive microwave radiometry are correlated well with sea surface temperatures (Stephens, 1990). Modeling studies have also shown that when annual temperatures increase by 2.0°C, the annual precipitation amount in the monsoonal Tibetan Plateau would increase by ∼3.9%; while in the westerlies dominated region of the Tibetan Plateau, precipitation only increases by 0.8% (Wang et al., 2021). Over large areas such as the Asian-Australian monsoon regions, the total precipitation is likely to increase significantly (by 4.5% per °C) under the representative concentration pathways (RCP) scenarios of 4.5 anthropogenic warming scenario (Wang et al., 2014).
The positive correlations between global temperatures and evaporation rates have been observed and supported by previous studies (Machine Applications Corporation, 1999). We, therefore, consider that global temperature might have played the primary role to influence precipitation amount changes, which further drives wildfire evolution in Inner Asia.
As in Introduction, the surface uplift the Tibetan Plateau has been regarded as a dominant agent in the local and regional paleoclimate, e.g., breeding the Asian summer monsoon (wetting the East Asia) and bifurcating the westerlies, which might have influenced the wildfire evolution. However, the onset of the surface uplift of the Tibetan Plateau has been hotly debated, such as early Cenozoic (e.g., Ding et al., 2017; Wang et al., 2014; Su et al., 2019; Wang et al., 2008) versus late Cenozoic (e.g., Coleman and Hodges, 1995; An et al., 2001; Spicer et al., 2003; Deng and Ding, 2015; Sun et al., 2014), which has directly affected our judgment of the uplift of the Tibetan Plateau on the wildfire.
CONCLUSION
In this study, we present a new microcharcoal dataset of 251 samples from the early Oligocene-late Miocene section in the western Qaidam Basin, northern Tibetan Plateau. We argue that the microcharcoal concentration is minimally controlled by sedimentation processes, and thus can be used to reconstruct wildfire activities in the northern Tibetan Plateau. The data indicate high frequency and/or intensity of wildfire during the Oligocene (before ∼26), then decreased gradually to stay at relatively low levels until ∼12 Ma. Comparisons between dryness records and global temperature change indicate that high levels of wildfire are well linked to colder and drier periods. We infer that wildfire is strongly influenced by temperature changes through influencing the atmospheric moisture content that are evaporated from ocean surface and other water bodies. Such correlations have also been observed in the middle to late Miocene microcharcoal records in the Qaidam Basin and soot-based Quaternary glacial-interglacial cycles in the Loess Plateau.
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Supplementary Figure S1 | Correlations between wildfire obtained in the HTG section and global air temperature at the bottom (<1750 m) of the section by two age models. (A,B), the MC curve by older age model and comparison with the global air temperature curve (Westerhold et al., 2020). (C,D), the MC curve by younger age model and comparison with the global air temperature curve (Westerhold et al., 2020). The temperature curves have been also shown as gray shading in A and C for comparison. Shallow blue rectangles show the unmatched correlations and thick solid blue lines show the LOESS Fit with span: 0.5.
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Robust paleomagnetic results through geological time are one of the keys to understand the drift history of the eastern Qiangtang terrane (EQT). Here, we presented comprehensive petrographic observations and rock magnetic and paleomagnetic analyses of the early Carboniferous Upper Zaduo (ZD) limestone Formation (C1z2) from the Sulucun (SLC) section in the Zaduo area, EQT, to investigate its magnetic originality and geological significance. A total of 12 sites (131 samples) were collected. Photomicrograph observations indicate that the limestone samples were characterized by widespread carbonate veinlets. Electron microprobe and energy dispersive spectrometry analyses confirm that authigenic magnetite formed after pyrite. Rock magnetic analyses reveal the dominant magnetic minerals of pyrite and magnetite, with ‘wasp-waisted’ hysteresis loops and close to the “remagnetization trend” hysteresis parameters. Based on both thermal and alternating field demagnetizations, the characteristic remanent magnetization directions for most samples were isolated: Dg = 6.3°, Ig = 50.1°, kg = 54.9, α95 = 6.2° in-situ, and Ds = 330.2°, Is = 58.9°, ks = 5.9, and α95 = 20.5° after 2-step tilt correction. The κ (α95) value decreases (increases) after tilt-correction, and the ChRM directions failed both the McFadden (1990), Watson and Enkin (1993) fold tests, indicating post-folding magnetizations. The 11 site-mean directions yield a mean in-situ paleopole of 84.4°N, 200.3°E, and A95 = 6.8°, which is coincident with the post ∼53 Myr (especially around 40 Ma) paleopoles of the region. We therefore interpreted that these early Carboniferous limestone samples contain remagnetized magnetizations and that they were obtained after 53 Ma, most likely around 40 Ma, due to the far-field effect of the India–Eurasia collision.
Keywords: paleomagnetism, eastern Qiangtang terrane, carboniferous limestone, remagnetization, India–Eurasia collision
INTRODUCTION
The Tibetan Plateau is composed of a series of continental terranes, such as from north to south, the Songpan-Ganzi terrane, the Qiangtang terrane (QT), the Lhasa terrane, and the Himalaya terrane (Figure 1A). These terranes drifted northward, and subsequent assemblages to Eurasia since the Late Paleozoic (Dewey et al., 1988; Yin and Harrison, 2000; Tapponnier et al., 2001; Metcalfe, 2013; Zhang et al., 2013; Zhu et al., 2013; Yan et al., 2016; Huang et al., 2018; Zhao et al., 2018; Song et al., 2020), which was accompanied by opening and closure of the Paleo-, Meso-, and Neo-Tethys oceans, have resulted in the formation and subsequent deformation of abundant marine carbonates preserved around the Tibetan Plateau (e.g., Yan et al., 2016; Guan et al., 2021). The QT, one of the major terranes in the central Tibetan Plateau (Figure 1A), is further divided into the eastern Qiangtang and western Qiangtang (alternatively called the “North Qiangtang terrane” and “southern Qiangtang terrane” in the literature, respectively) terrane by the so-called Longmo Co-Shuanghu suture zone (Figure 1A) (e.g., BGMRXAR, 1993; Yin and Harrison, 2000; Pan et al., 2004; Li et al., 2009; Zhu et al., 2013). Given that the EQT is immediately south of the Jinshajiang suture zone (Figure 1A), its drift history is important to understand the evolution and closure of the Paleo-Tethys Jinshajiang Ocean (Guan et al., 2021; Yu et al., 2022), as well as the tectonic history of the “Proto-Tibet”.
[image: Figure 1]FIGURE 1 | (A) Simplified tectonic map of the Tibetan Plateau and its adjacent regions, showing the location of Zaduo (B) Detailed geologic map of the Zaduo area showing the location of the sampled Sulucun section in the green square (modified from the 1:250,000 Zaduo County regional geological map (I46C004004) by the Qinghai Geological Survey Institute (QGSI), 2005b). Abbreviations in (A): AKMS, Ayimaqing–Kunlun–Muztagh suture zone; BG-NJSZ, Bangong–Nujiang suture zone; IYZSZ, Indus–Yarlung Zangbo suture zone; JSSZ, Jinshajiang suture zone; LSSZ, Longmu Tso–Shuanghu suture zone. The circles in (B) represent the previous remagnetization study from Fu et al. (2021).
However, the Paleozoic affiliation and drift history of the EQT are still poorly constrained. For example, the presence of Carboniferous cool-water biotic assemblages and Carboniferous/Permian moraines of the Gondwana affinity suggests that the EQT was part of Gondwana during the period (Metcalfe, 2006; Metcalfe, 2013; Kent and Muttoni, 2020), while the presence of the Cathaysian fossils in the Permian limestone implies that the EQT had Cathaysian affinity and was away from Gondwana during the Carboniferous–Early Permian period (Liu and Sun, 2008; Zhang et al., 2013). In addition, some studies argued that the EQT originated from Laurasia, based on different geological and geophysical characteristics on both sides of the Bangong–Nujiang suture zone (Pan et al., 2004, 2012).
The large-scale latitudinal motions of terranes have made paleomagnetism one of the most important methods to decipher the opening and closure processes of the Tethys Ocean. The widely distributed limestone on the EQT has been one of the main targets for paleomagnetic studies to constrain its drift history. Many paleomagnetic studies have been carried out on limestone of the EQT, including rocks of the late Paleozoic (Cheng et al., 2012, Cheng et al., 2013; Yang et al., 2017) and the Mesozoic (Lin and Watts, 1988; Cheng et al., 2012; Ren et al., 2013; Yan et al., 2016; Ran et al., 2017; Cao et al., 2019; Zhou et al., 2019; Fu et al., 2021, 2022). Nevertheless, due to the complexity of limestone, some discordant results existed. For example, Cheng et al. (2012), Ren et al. (2013), and Yan et al. (2016) suggested primary magnetizations that yield similar paleomagnetic directions (paleolatitudes of ∼20–25°N) for the Middle-Upper Jurassic Yanshiping Group from the Yanshiping area, while Ran et al. (2017) argued for remagnetization directions; Cao et al. (2019) reported primary Middle Jurassic magnetizations of a different direction (paleolatitude of ∼35°N) from Shuanghu, whereas Fu et al. (2021) reported an Eocene remagnetization direction of the Middle-Upper Jurassic limestone from the Zaduo area. It is obvious that remagnetizations are common in the EQT that might have hindered our understanding on the drift history of the EQT and hence the evolution of the Paleo-Tethys Jinshajiang Ocean. Therefore, with more and more reported remagnetization results in the Qiangtang region, detailed analysis on the possibility of remagnetization is extremely important, especially for limestone.
In this study, we reported a detailed paleomagnetic study on the early Carboniferous limestone of the EQT, trying to provide a reliable Carboniferous paleomagnetic result. Unfortunately, based on detailed petrographic observations, rock magnetic experiments, and demagnetization analyses, this early Carboniferous limestone seems to have been remagnetized. We then discussed the possible acquisition mechanisms of remagnetization and its geological implication.
GEOLOGICAL SETTING AND SAMPLING
The EQT in the central Tibetan Plateau is separated from the Songpan-Ganzi terrane by the Jinshajiang suture zone to the north and from the western Qiangtang terrane by the Longmo Co-Shuanghu suture zone to the south. (Figure 1A) (e.g., BGMRXAR, 1993; Yin and Harrison, 2000; Zhu et al., 2013). Our study section is located ∼30 km south of Zaduo in the EQT (Figure 1A). In this area, the lithologic units mainly comprise the Lower Carboniferous Zaduo Group (limestone), the Upper Carboniferous Jiamainong Group (clastic rocks), the Triassic–Permian Gadikao Formation (tuff, rhyolite dacite, limestone, and siltstone), and the Middle-Upper Jurassic Yanshiping Group (cycles of clastic rock and limestone), above which overlie some Cenozoic deposits (QGSI, 2005a) (Figure 1B). The Zaduo Group can be further divided into two formations: the Lower Clastic and the Upper limestone ZD formations, with a conformable contact relationship (QGSI, 2014). Abundant fossils, including brachiopods (e.g., Gigantoproductus cf. giganteus (Sowerby)-Striatifera and Gigantoproductus edelburgensis-Sermiplanus Latssimlls), corals (Lithotrotion irregulare-Yuanophyllum sp., Yuanophyllum-Hxaphyllum, Lithotrotion irregulare Phillps, and Yuanophyllum sp.), and trilobites (Cummingella sp.), have been observed within the Zaduo Group, yielding the early Carboniferous (Tournaisian–Visean) age (QGSI, 2014). The Upper limestone ZD Formation is well exposed in the Zaduo area and extends more than 2,300 km2 laterally, with a thickness up to 1,000 m. It formed in a shallow sea reef platform environment and mainly consists of bioclastic dolomitic limestone, cataclastic bioclastic dolomitic limestone, and bioclastic argillaceous limestone, intercalated with some siltstone and mudstone layers (QGSI, 2014).
We collected paleomagnetic samples from the Upper limestone ZD Formation at the Sulucun section (32.5°N, 95.1°E) along an anticline (part of the larger Siguo Syncline, Figures 2A,B,L) in the Zaduo area (QGSI, 2014). In this section, the formation mostly comprises bioclastic dolomitic/argillaceous limestone (Figure 2). The anticline has a NW-SE–trending axis plunging west (plunging direction = 275.8° and plunge angle = 20.3°), with its northeast limb dipping ∼49° and the southwest limb dipping ∼41–43° (Figure 2L). Given the presence of many faults and folds and some apparent deformation and absence of early Permian sediments in the study area (Figures 1B, Figure 2B), the exact time of folding is not precisely constrained. However, the Upper limestone ZD Formation is unconformably overlain by the folded Middle Jurassic Yanshiping Group. The fold axis of the Upper Carboniferous limestone is similar to that of the Middle Jurassic one (Figure 1B), likely indicating a post-Middle Jurassic folding. Our paleomagnetic sampling was carried out on both limbs along the Sulucun section, covering a range over 100 m. Ten to thirteen core samples were collected at each site by a portable gasoline-powered drill. The paleomagnetic samples were oriented with a magnetic compass and also a sun compass when weather allowed. The average difference between the magnetic and sun compass readings was 2.17° (n = 36, Supplementary Table S1); therefore, the magnetic compass can be used to constrain the direction of samples in this area. A total of 131 core samples were collected from 12 sampling sites (i.e., sites one to eight from the south limb and sites nine to twelve from the north limb) (Figure 2L). Most of the samples were collected from fresh rock away from apparent cracks and veins (Figure 2C).
[image: Figure 2]FIGURE 2 | Study section (A–D) Field photographs of the Upper limestone ZD Formation (E–J) Photomicrograph (e: cross-polarized light; g: reflected light; f, h, i, and j: single-polarized light and plane-polarized light) of the representative samples from the Upper limestone ZD Formation (K) Raman spectrum of sample SLC8-3 (L) Cross section showing the paleomagnetic sampling sites (red dots) in the Sulucun section.
PETROGRAPHY
To better understand the texture, mineral composition, and potential alteration during burial, four representative samples (SLC1-3, 6-9, 8-3, and 9-3) from different parts of the limbs were microscopically observed by using a Zeiss Stemi 5,180 polarizing microscope and an electron microprobe analyzer (JXA-8230, JEOL, Japan) and were further analyzed by energy dispersive spectrometry analysis. These experiments were carried out in the State Key Laboratory of Tibetan Plateau Earth System, Resources and Environment, Beijing, China. In order to further determine the types of minerals, samples of SLC8-3 were analyzed by laser Raman spectroscopy on a Raman spectrometer (Renishaw inVia Qontor) in the Sichuan Keyuan Testing Center of Engineering Technology, Chengdu, China.
Photomicrographs in transmitted polarizing light reveal that two different microtextures are present in these four samples (Figures 2E–J). One is the bioclastic dolomitic limestone, with a granular structure, which consists mainly of bioclastic (account for 60%) and interstitial materials (40%). The bioclastics (e.g., ostracod, trilobite, foraminifera, brachiopod debris, algae, and moss) are almost completely altered by calcite, with a grain size of ∼0.10–1.80 mm (Figure 2E). The interstitial materials include calcite, dolomite, and terrigenous argillaceous with grain sizes of ∼0.01–0.1 mm. The other is the cataclastic bioclastic dolomitic limestone, which mainly consists of porphyroclasts (account for 45%) and interstitial materials (55%). The shape of the porphyroclast is irregular, and the grain size is mainly larger than 2.00 mm. Considering the shallow-water carbonate platform depositional environment, detrital inputs could therefore potentially contribute to the presence of porphyroclasts. The main component of interstitial materials is calcite, which has an irregular granular structure and a grain size of ∼0.1–1.60 mm. Two-stage carbonate veinlets are visible in two representative samples (SLC6-9 and SLC8-3, Figure 2F), indicating the presence of a diagenetic feature. Chalcedony, sphalerite, and a minor portion of oxidized pyrite were observed in SLC1-3 and SLC8-3 (Figures 2E,G,H). The presence of chalcedony and sphalerite may indicate a hydrothermal origin of the carbonate veinlets (Jiang et al., 2006; Yi et al., 2016), where the oxidization of pyrite may suggest a late diagenesis process. Partial dissolution and recrystallization are observed in all the four samples (e.g., Figures 2I,J). All these features may suggest the presence of hydrothermal events with the likelihood of remagnetization in the Upper limestone ZD Formation. In addition, the peak of sphalerite from sample SLC8-3 is very similar to that of standard sphalerite in the Raman spectrum (Figure 2K), which further indicates that the mineral is sphalerite.
Magnetite is the common mineral in the four representative samples. Two different morphologies of magnetic minerals are present (Figure 3). One phase is framboidal with individual framboid sizes ranging from only a few micrometers to >20 um (Figures 3H,M). Authigenic growth-zoning and rims are observed in some magnetite grains (Figure 3H). Another phase is subeuhedral to euhedral with small crystal sizes (<10 um); this population is usually distributed in the calcite matrix (Figure 3O). Meanwhile, pyrite (bright in backscattered electron images) is also present (Figures 3A–E,G–N,P). The pyrite grains are usually present as framboids (Figures 3G,I–K,N) or occur as the cores of subeuhedral to euhedral magnetite crystals (Figures 3A–E,L,M,P). Thus, the magnetite grains formed after pyrite are probably an oxidation product of pyrite during later diagenetic events (Suk et al., 1990). In addition, rutile grains also presented in two samples (SLC6-9 and SLC9-3, Figures 3F,N). They are usually the diagenetic alteration product of detrital titanomagnetite with iron completely leached from the particles (Huang et al., 2017). Therefore, the magnetite grains are authigenic that likely formed as an oxidation product of pyrite or other iron sulfides and are hence apparently secondary.
[image: Figure 3]FIGURE 3 | Backscatter electron images of representative samples. White dots and numbers are the energy dispersive spectrometry analysis spots with the results shown in Figure 4. Abbreviations: Mag: magnetite, Py: pyrite, Cal: calcite, and Rt: rutile.
Energy dispersive spectrometry analysis indicates the main mineral composition of iron, oxygen, sulfur, and titanium (Figure 4). This further supports the aforementioned observations in the presence of magnetite, pyrite, and rutile.
[image: Figure 4]FIGURE 4 | Energy dispersive spectroscopy images of representative samples.
PALEOMAGNETIC MEASUREMENTS AND RESULTS
Measurement Methods
To characterize the magnetic properties of the samples, a series of rock magnetic experiments were conducted. High-temperature magnetic susceptibility measurements were performed on six representative samples by using a MFK1-FA Kappabridge with a CS-4 high-temperature furnace. Seven cycles of successive heating to 250, 350, 400, 450, 550, 620, and 700°C with intervening cooling to room temperature were carried out on each sample in an argon atmosphere. Hysteresis loop, IRM acquisition, and reverse field demagnetization curve measurements of 69 samples (five to seven representative samples/site) were measured on a Lakeshore 8600 vibrating sample magnetometer at room temperature. After using an ASC IM-10-30 pulse magnetizer with a maximum applied field of ∼100 mT, IRM acquisition curves for eight representative samples were measured by using a Minispin magnetometer. Most of the samples from the Upper limestone ZD Formation were first thermally demagnetized and then followed by alternating field demagnetization to isolate the ChRM directions. Some samples were only subjected to progressive thermal or alternating field demagnetizations. Additionally, both demagnetizations were carried out on pared sister specimens (Supplementary Table S2). Thermal demagnetization was carried out in an ASC TD-48 furnace (with a residual field <10nT). Alternating field demagnetization was performed up to 140mT by a degausser attached to the 2G Enterprises Model 755 cryogenic magnetometer (RAPID system). Most of the samples were progressively demagnetized in 24 steps (i.e., NRM, 80, 120, 150, 180, 200°C, 2.5mT, 5mT, 7.5mT, 10mT, 12mT, 15mT, 20mT, 25mT, 30mT, 40mT, 50mT, 60mT, 70mT, 80mT, 90mT, 100mT, 120mT, and 140mT), and the sister specimens were either progressively thermal demagnetized in 24 steps (NRM, 130, 170, 210, 250, 290, 320, 340, 360, 380, 400, 410, 415, 420, 425, 430, 435, 440, 445, 450, 455, 460, 465, and 470°C) or alternating field demagnetized in 19 steps (NRM, 2.5mT, 5mT, 7.5mT, 10mT, 12mT, 15mT, 20mT, 25mT, 30mT, 40mT, 50mT, 60mT, 70mT, 80mT, 90mT, 100mT, 120mT, and 140mT). All measurements were carried out in a magnetically shielded room that has an average field of less than 170 nT in the paleomagnetic laboratory in the State Key Laboratory of Tibetan Plateau Earth System, Resources and Environment, Beijing, China.
Rock Magnetism
High-Temperature Susceptibility
Stepwise thermomagnetic runs of magnetic susceptibility were carried out (Figure 5). All of the 250°C and some of the 400°C (Figure 5A,D–F) heating–cooling cycles are reversible, which may suggest no mineral transformation. Some curves are characterized by an increase in susceptibility after 420–550°C (Figure 5D–F), implying formation of new ferrimagnetic minerals during heating (e.g., pyrite, Deng et al., 2001; Zan et al., 2017). Some samples show a decrease in the susceptibility at ∼580°C and are followed by a slow decrease up to ∼680°C (Figure 5C,D), suggesting the presence of both magnetite and hematite. Meanwhile, most of the heating–cooling cycles are quasi-reversible during a higher temperature interval (i.e., 700°C) (Figure 5B, D–F), with a distinct hump at ∼450–550°C, which is likely the Hopkinson peak (Figure5D–F).
[image: Figure 5]FIGURE 5 | (A-F) Multicycle high-temperature magnetic susceptibility curves of the representative samples.
Hysteresis Loop, IRM Acquisition, and IRM Component Analyses
Hysteresis loops show a typical ‘wasp-waisted’ feature for most samples (Figures 6A,C–F), which is also indicated by quantitative analysis of that of Fabian (2003) that Ehys is larger than 4MsBc. This feature indicates the existence of multiple magnetic components with distinct coercivities, which may correspond to the mixtures of different coercivity magnetic minerals or different size fractions of a single mineral (Tauxe et al., 1996; Jackson and Swanson-Hysell, 2012). Most of the specimens (except SLC9-7, remanent coercivities: 83mT, Figure 6F) were saturated below 0.5 T, together with low coercive forces (Bc, 4.02–7.87mT) and remanent coercivities (Bcr, 34–46mT), indicating that the dominant magnetic carrier is probably magnetite (some samples also with hematite). The IRM acquisition curves reveal that their remanences are ∼64–72% saturated by 0.1T and almost fully saturated (∼92–96%) at 0.3T (Figures 6G–I), implying the major remanent carrier of the “soft” magnetic phase, such as magnetite. This is further supported by the relatively narrow hysteresis loops (Figures 6A–F). Decomposition of the IRM acquisition data of three representative samples reveals a similar four-component model (Maxbauer et al., 2016) fit (Figures 6J–L). The low-coercivity component (components 1 and 2) has Bh (the mean coercivity of an individual grain population) values of ∼0.69–1.34 log10 units (∼5–22mT) and DP (dispersion parameter) values of ∼0.2–0.3, ∼6–22% contribution. Component 3 has Bh values of ∼1.78–1.85 log10 units (∼60–70mT) and DP values of ∼0.3, >62% contribution, indicating the dominance of magnetite. Component 4 has B1/2 values of ∼2.48–2.58 log10 units (∼300–380mT) and DP values of ∼0.2, ∼2–4% contribution, implying the presence of very fine-grained magnetite that is close to the threshold size of SP, or residual iron sulfide after oxidizing to authigenic magnetite (Figures 4J–L).
[image: Figure 6]FIGURE 6 | Hysteresis loop, IRM curves, and IRM component analyses for the representative samples (A–F) Hysteresis loops (G–I) IRM curves (J–L) IRM component analysis. Abbreviations: Ms, saturation magnetization; Mrs, saturation remanence; Bc, coercivity; and Bcr, remanent coercivity.
Day Plot
Although non-definitive, the Day plot provides an indicative means of discriminating secondary from primary magnetite in limestone (Meng et al., 2020). In Figure 7, the hysteresis parameters of 69 samples are displayed in the Dunlop (2002)’s mixture zone of the pseudosingle domain (PSD), superparamagnetic (SP) to single domain (SD) magnetite. They differ from the range of primary magnetization carbonates but are rather close to the range of widespread remagnetized carbonates (Jackson and Swanson-Hysell, 2012; Fu et al., 2021), where the Bcr/Bc ratios range from 2 to 18 and Mrs/Ms ratios range from 0.08 to 0.2 (Supplementary Table S3, Figure 7). The low Bc and Bcr values indicate that these ‘wasp-waisted’ loops likely represent a mixture result of SD/PSD and SP magnetite, or in some cases possibly also a mixture of both hard and soft magnetic minerals. Although, most natural sedimentary samples that fall within the PSD domain make the interpretation more complicated (e.g., Qin et al., 2008; Cao et al., 2019; Fu et al., 2021; Guan et al., 2021), some still pertain to the Day plot that remagnetization may be diagnosed (Roberts et al., 2018).
[image: Figure 7]FIGURE 7 | Day plot of 69 limestone samples. Also, published hysteresis parameters are plotted for remagnetized and non-remagnetized carbonate rocks summarized by Jackson and Swanson-Hysell (2012) and Fu et al. (2021). Green diamonds and blue cross (red circles) denote remagnetized (non-remagnetized) carbonates.
Paleomagnetic Directions
Principal component analysis involving at least four successive steps was employed to determine the magnetization directions by PaleoMag software (v. 3.1d40) of Jones (2002). Specimens with maximum angular deviation (MAD) > 15° and sites with sample number <5 and/or α95 > 16° were rejected for further analysis. Site-mean directions were calculated by standard Fisher statistics (Fisher, 1953). Most of the specimens exhibited a single component that linearly decays to the origin. This component can generally be isolated below 470°C or 140mT. In addition, both the thermal and alternating field demagnetization results of a same sample share a similar direction (Figure 8, Supplementary Table S2). Hence, a Fisherian site mean is calculated by both the thermal and alternating field demagnetization specimens.
[image: Figure 8]FIGURE 8 | Representative orthogonal vector plots and equal-area projections of the Upper limestone ZD Formation in geographic coordinates. Thermal/alternating field demagnetization (TD/AFD) steps are in °C/mT. Open/solid circles represent vertical/horizontal plane projections in the orthogonal diagrams and upward/downward inclinations in the stereonet diagrams.
A total of 104 out of 131 samples (11 out of the 12 sites) have stable ChRM directions. The obtained overall mean direction is Dg = 6.3°, Ig = 50.1°, kg = 54.9, α95 = 6.2° in-situ, and Ds = 330.2°, Is = 58.9°, ks = 5.9, and α95 = 20.5° after the 2-step tilt correction (Stewart and Jackson, 1995) (Figures 9A,B). The κ (α95) value decreases (increases) after the tilt correction. These ChRM directions fail both the Watson and Enkin (1993) progressive unfolding test (unfolding kmax = 66.54 at 12.4%, with 95% uncertainties ranging from 5.6 to 18.8%) (Figure 9C) and McFadden (1990) fold test (ξ1 = 3.3 before and ξ1 = 7.8 after tilt correction, with critical values of ξ = 3.87 at 95% and ξ = 5.38 at 99% confidence levels), indicating post-folding magnetizations. The 11 in-situ site-means, when converted to virtual geomagnetic poles, yield a mean in situ paleopole of 84.4N, 200.3°E, and A95 = 6.8°, corresponding to a paleolatitude of 30.9°N for the sampling area (Table 1, 2).
[image: Figure 9]FIGURE 9 | Equal-area projections of the characteristic remnant magnetization directions and their Watson and Enkin (1993) progressive unfolding analysis (C) of the Upper limestone ZD Formation (A) in situ (B) tilt-corrected. Open/solid circles represent upward/downward inclinations in a and b; blue/orange symbols represent sites from the south/north limb in a and b.
TABLE 1 | Characteristic remanent magnetization (ChRM) direction of the SLC site.
[image: Table 1]TABLE 2 | Paleomagnetic poles for the eastern Qiangtang terrane.
[image: Table 2]DISCUSSION
Evidence for Remagnetizations
In the study area, as mentioned earlier, carbonate veinlets are widespread in the Upper limestone ZD Formation, such as a few to a dozen millimeters wide on the surface of some samples and a few to tens of microns wide under a microscope (Figures 2D–F,H). These carbonate veinlets are mainly composed of calcite, commonly believed as an indicator of diagenetic fluid migration (Gustavson et al., 1994; Phillip, 2008; Bons et al., 2012; Gale et al., 2014), yielding likelihood of remagnetization in the strata. Energy dispersive spectrometry and electron microprobe observations of the representative samples show that the magnetite grains have authigenic growth-zoning and rims, where the pyrite grains usually occur as framboids or the cores of magnetite crystals, with the presence of some rutile grains (Figures 3, 4). It suggested that the magnetite grains are authigenic that likely formed as an oxidation product of pyrite or other iron sulfides.
Authigenic magnetite (dominantly SP and SSD) is rather commonly used to be indicative of the occurrence of remagnetization (McCabe and Channell, 1994; Jackson and Swanson-Hysell, 2012). Our rock magnetic results show that the dominant magnetic carriers in the Upper limestone ZD Formation are pyrite and magnetite (some samples also with hematite) (Figures 5, 6). The hysteresis loops indicate the ‘wasp-waisted’ feature in most samples (Figures 6A,C–F). It is worth noting that the alternating field demagnetization and some rock magnetism results (Figures 5, 6) indicate the presence of high coercivity magnetic minerals, e.g., hematite. However, they have a relatively low content, as indicated by low unblocking temperatures in thermal demagnetization processes and no presence of hematite in all representative samples in petrographic observations (Figures 3, 8). Anyway, the presence of ‘wasp-waisted’ loops is most likely due to the mixture of SP and SSD grains of magnetite (e.g., Dekkers and Pietersen, 1991; Tauxe et al., 1996; Gong et al., 2009), or only a few cases with the mixture of hard and soft magnetic minerals (e.g., hematite and magnetite), or a combination of both situations in few cases. In addition, the unblocking temperature depends on many factors (e.g., the type, volume, shape, and element content of magnetic minerals), and the low unblocking temperature (400–500°C) may indicate the presence of fine-grained magnetite or titanomagnetite (O'Reilly, 1984; Liu et al., 2007) (Figure 8, Supplementary Table S2). Meanwhile, the coercivity (Bcr/Bc) and remanence (Mrs/Ms) ratios are rather close to the “remagnetization trend” on the Day plot; a zone was previously interpreted to be the characteristic of chemical remagnetization, which is distinct from the primary limestone magnetization region (e.g., Jackson 1990; McCabe and Channel, 1994; Jackson and Swanson-Hysell, 2012; Fu et al., 2021) (Figure 7). Furthermore, our result shows a similar trendline with the empirically derived equation Mrs/Ms = 0.89(Bcr/Bc)−0.6 (Jackson, 1990; Jackson et al., 1993) of the uncommon magnetic properties of remagnetized carbonates, except for the lower Mrs/Ms value, which can be attributed to the partial oxidation of magnetite, particle shape, or uncertain mixtures of magnetic minerals (Roberts et al., 2018). The result fits well when changing the equation to Mrs/Ms = 0.89(Bcr/Bc)−l or Mrs/Ms = 0.5(Bcr/Bc)−0.6, where the best fit equation of our data is Mrs/Ms = 0.37(Bcr/Bc)−0.5 (Figure 10).
[image: Figure 10]FIGURE 10 | Hysteresis parameters for the Upper limestone ZD Formation in the SLC section and empirically derived model of remagnetized carbonates. The red line represents the equation from Jackson and Rochette (1993); the orange and green dotted lines represent the modified equations of Jackson and Rochette (1993); the blue dotted line represents the best fit equation of our data.
In addition, the obtained ChRMs of the Upper limestone ZD Formation yield a negative fold test, suggesting post-folding magnetizations, which likely occurred after the Middle Jurassic. Meanwhile, the 11 2-step tilt-corrected site-means provide a mean paleopole of 65°N, 30.2°E, and A95 = 26.4° that corresponds to a paleolatitude of 39.7°N for the sampling area (Table 2). This is discordant to the available geological and paleomagnetic results that the EQT was located in the southern hemisphere during the late Paleozoic (Zhao et al., 1996; Li et al., 1999; Song et al., 2017; Huang et al., 2018; Zhao et al., 2018; Guan et al., 2021), rather than at such middle latitude in the northern hemisphere.
In summary, the aforementioned petrographic observations and rock magnetic and paleomagnetic measurements suggest that these early Carboniferous limestone samples most likely contain remagnetized magnetizations. Authigenic SP and SSD magnetite and/or a mixture of hematite and magnetite are responsible for the secondary magnetizations.
Timing and Mechanism of Remagnetization
In principle, remagnetization can occur at any time during the geological history, yet it is generally related to major tectonic events (e.g., orogeny and metamorphism). There are four major tectonic events reported in the Tibetan Plateau region after the early Carboniferous, such as the collisions of the EQT with the Tarim/Songpan-Ganzi/Yidun terranes, the western Qiangtang terrane with the EQT, the Lhasa with the western Qiangtang terrane, and India with Eurasia plates. Our negative fold test of the obtained ChRMs indicates post-folding magnetizations, which extensively occurred after the Middle Jurassic. Thus, the remanence was likely obtained after the Middle Jurassic. However, the time of folding is rather extensive without robust geological evidence, and the post-Middle Jurassic is a relatively long period; further analyses are essential to constrain the time of remagnetization.
The shortest distance from a remagnetization paleopole to the reliable reference poles is commonly used to estimate the time of the remagnetization event in paleomagnetism (Van der Voo and Torsvik, 2012). We collected all the available post Carboniferous paleopoles of the EQT and filled with the quality criteria (Van der Voo, 1990; Meert et al., 2020), as shown in Figure 11 and Table 2. Paleopoles are relatively concordant at each period, such as during the Permian (Song et al., 2017; Ma et al., 2019; Guan et al., 2021), the Triassic (Song et al., 2015, 2020; Yu et al., 2022), the Jurassic (Cheng et al., 2012; Yan et al., 2016), and the Cretaceous (Huang et al., 1992; Tong et al., 2015; Meng et al., 2018), except that the Cenozoic poles are rather scattered (Figure 11), which are likely due to widespread local rotations during the Lhasa–Qiangtang terrane and India–Eurasia collisions (Tong et al., 2015; Chen et al., 2017). Our obtained in-situ paleopole of 84.4°N, 200.3°E with A95 = 6.8° is far away from these known Paleozoic and Mesozoic poles but rather close to ∼53–38.6 Ma poles (especially around 40 Ma, Zhang et al., 2020; Lippert et al., 2011) and the present day pole (Figure 11; Table 2), while given that the remagnetization time of the Middle-Upper Jurassic limestone was proposed to be Eocene in the adjacent area of only ∼8 km away (Figure 1B) (Fu et al., 2021). Hence, both of the two strata likely had experienced similar Eocene remagnetizations. We therefore interpreted the episode of remagnetization of the early Carboniferous limestone (the Upper limestone ZD Formation) to be after 53 Ma, most likely around 40 Ma, during the early stage of the India–Eurasia collision, although any post 53-Myr remagnetization still cannot be ruled out.
[image: Figure 11]FIGURE 11 | Equal-area projection of the paleomagnetic poles of the EQT since the Late Paleozoic. Small-circle fitting passing through paleopoles (colored circle) and centered on the reference point (red star). Paleomagnetic data from Permian (1. Song et al., 2017; 2. Ma et al., 2019; 3. Guan et al., 2021), Triassic (4-5. Song et al., 2015, 2020; 6. Yu et al., 2022), Jurassic (7. Cheng et al., 2012; 8. Yan et al., 2016; 9. Fu et al., 2021), Cretaceous (10. Huang et al., 1992; 11. Tong et al., 2015; 12. Meng et al., 2018), and Cenozoic (13. Lippert et al., 2011; 14. Tong et al., 2017; 15-16. Zhang et al., 2018, 2020; 17. Li et al., 2020; 18. Xiao et al., 2021). PDF represent the direction of the present-day geomagnetic field.
A further question is how were these limestones remagnetized? The most common mechanisms to explain remagnetization include the thermoviscous resetting of existing magnetic minerals (Kent, 1985) and chemical remanent magnetization through magnetic mineral growth associated with orogenic fluids (e.g., Jackson, 1990; Elmore et al., 2012; Huang et al., 2015). Given that only the Late Triassic and Early Cretaceous intrusive rocks are found near the section (Figure 1B), they are deemed a less likely mechanism for the remagnetization as 1) the obtained pole is most likely of the Early Cenozoic one; 2) The nearby Permo-Triassic volcanic rocks and Early Cretaceous intrusive rocks both contain primary magnetizations (Guan et al., 2021; Fu et al., 2022). In general, limestone perhaps has not been heated for a sufficient amount of time at such a temperature to make the thermal resetting feasible by the intrusive rocks (Dekkers, 2012); and 3) The nearby Middle Jurassic limestone was remagnetized during the Eocene (Fu et al., 2021).
The Upper limestone ZD Formation was deposited in a littoral and shallow sea carbonate platform environment (QGSI, 2014). The appearance of massive bioclastic limestone indicates a warm climate at that time, which was conducive to biological growth (QGSI, 2014). Previous studies suggested that when organic carbon fluxes were high, oxygen would be used up and form an anoxic sulphidic diagenetic environment, where paramagnetic pyrite would have to be replaced with detrital magnetite and hematite (Froelich et al., 1979; Roberts, 2015; Huang et al., 2019; Fu et al., 2021). Thus, the Upper limestone ZD Formation tended to contain plenty of iron sulphides during its burial and diagenesis process. Late, the Qamdo region has been uplifted to a fairly high elevation during the early stage of the India–Eurasia collision around the Paleogene (Xu et al., 2013; Tang et al., 2017; Xiong et al., 2020). The environment might have turned to suboxic and/or oxic during the period, resulting in iron sulphide oxidation to authigenic magnetite and the acquisition of chemical remanent magnetizations (Brothers et al., 1996). Meanwhile, the process might have caused migration of orogenic fluids (e.g., hydrothermal, Figure 2), resulting in the occurrence of widespread carbonate veinlets in the Upper limestone ZD Formation and the nearby Middle-Upper Jurassic limestone (Fu et al., 2021), leading to the chemical remanent magnetizations of the previous Upper Carboniferous and Middle-Upper Jurassic limestones.
Therefore, the obtained paleomagnetic direction of the Upper limestone ZD Formation is a remagnetized direction. Given both the well-observed primary and secondary directions in limestone samples elsewhere around the Tibetan Plateau (e.g., Lin and Watts, 1988; Yan et al., 2016; Huang et al., 2017; Ran et al., 2017; Zhao et al., 2021), paleomagnetic directions recorded in the limestone are extremely complicated around the region. It is necessary to carry out detailed rock magnetic and petrographic analyses to obtain robust paleopoles in the Tibetan Plateau.
CONCLUSION
Petrographic observations of the Upper limestone ZD Formation demonstrate the magnetic minerals of pyrite and authigenic magnetite. The presence of chalcedony and sphalerite suggests that these representative samples have more likely been affected by hydrothermal activities. High-temperature susceptibility and hysteresis loop analyses reveal the dominant magnetic minerals of pyrite and fine-grained magnetite; the coercivity (Bcr/Bc) and remanence (Mrs/Ms) ratios are rather close to the ‘remagnetization trend’. Paleomagnetic demagnetization analyses obtained 11 sites of 104 ChRM directions, which failed the fold test, indicating post-folding magnetizations. These ChRMs yield an in-situ paleopole of 84.4N, 200.3°E, and A95 = 6.8°, which is coincident with the post ∼53 Myr (especially around 40 Ma) paleopoles of the region. We ascertained that these early Carboniferous limestones contain remagnetized magnetizations that were obtained after 53 Ma, most likely around 40 Ma, due to the far-field effect of the India–Eurasia collision.
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The western Qaidam Basin on the northeastern Tibetan Plateau located at the intersection between the Altyn Tagh Fault and the Kunlun Fault/Qimen Tagh Fault holds significant potential to reveal the tectonic process of these two faults as well as the evolution of the Qaidam Basin. In this paper, we conducted detailed anisotropy of magnetic susceptibility (AMS) records from Late Cenozoic sediments at the Qigequan section in the western Qaidam Basin to shed new light on the tectonic processes in this region. Based on the distribution of three principal axes of magnetic fabrics as well as magnetic fabric parameters, the AMS records can be divided into three parts. The lower part (∼6.9–4.6 Ma), mainly made of fine-grained mudstone and siltstone, exhibits three well-grouped principal axes with a NE-SW elongated Kmin axis as the embryonic tectonic magnetic fabric, suggesting constant NE-SW compressional strain. The middle part (∼4.6–3.0 Ma), characterized by mudstone, siltstone and sandstone, shows three less grouped principal axes and suggests a relatively weak and stable tectonic environment. The three principal axes of the upper part (∼2.4–0.4 Ma) is composed of sandstone and conglomerate of the Qigequan Formation, similar to the middle part, which was primarily attributed to the coarse lithology and not sensitive to tectonics since ∼2.6 Ma. The NE-SW compressional strain in the western Qaidam Basin is consistent with that in the northeastern basin, both of which are parallel to the upper crust movements revealed by the GPS, suggesting the dominant NE-SW compressional strain in the western and northern basins in the late Cenozoic. The decreasing magnitude of tectonic activities during ∼6.9–4.6 Ma indicates that the major geological units released most of the compressional strain in the western Qaidam Basin during tectonic activity that initiated in the early-late Miocene.
Keywords: anisotropy of magnetic susceptibility, northeastern Tibetan Plateau, Qaidam Basin, Qigequan, late Cenozoic, magnetic fabric
1 INTRODUCTION
The Cenozoic India-Eurasia collision is the most prominent tectonic event that not only dominates the basic geological framework in the Tibetan Plateau (Tapponnier and Molnar, 1977; Yin and Harrison, 2000) but also generates large far-field effects on the tectonic deformations of the other regions of the Asian continent (Yin et al., 1998; Holt et al., 2000; Chen et al., 2017; Tian et al., 2021). The interior basins in the Tibetan Plateau with thick Cenozoic sediments archive key information on the tectonic deformation and uplift process of the plateau (Fang et al., 2007, Wang et al., 2008; Chen et al., 2020; Zhang et al., 2020a; Fang et al., 2020b), as well as paleoclimate change (e.g., Fang et al., 2020a; Xiong et al., 2020).
The Qaidam Basin is the largest intermountain basin in the northeastern (NE) Tibetan Plateau, where almost successive Cenozoic sediments were deposited (Figures 1A,B). The western Qaidam Basin is located in the triangular zone between the Altyn Tagh Range, Qimen Tagh and Qaidam Basin. It is the key region that holds significant potential in revealing the mountain building history, thrusting and strike-slip faulting of surrounding mountains and faults (Yin et al., 2008; Zhang et al., 2016; Li et al., 2017; Li et al., 2018). To date, tectonic activity records in the western Qaidam Basin have mainly been revealed by mountain buildings or rapid cooling events from thermochronology (Jolivet et al., 2001; Wang et al., 2006; Wang et al., 2008; Liu et al., 2017), growth strata revealed by seismic reflection profiles or through detailed fieldwork analysis (Wang et al., 2012; Cheng et al., 2014; Li et al., 2017; Liu et al., 2019), and abrupt changes in lithology, sedimentation rates and magnetic susceptibility (Chang et al., 2015; Zhang et al., 2016). However, tectonic strain, which is the ultimate factor controlling mountain building, thrusting and strike-slip faulting, is largely ignored, inducing a poor understanding of tectonic deformation of the basin and its surrounding mountains.
[image: Figure 1]FIGURE 1 | (A) Tectonic digital elevation model (DEM) map of the Tibetan Plateau and it adjacent regions showing the major thrust faults [modified from Sun J. et al. (2005)]. (B) DEM map of the northeastern region of the NE Tibetan Plateau showing the locations of the Qaidam Basin [modified from Li et al. (2017)]. See Panel (A) for its geological area. (C) Geological map of the western Qaidam Basin showing the location of the Qigequan profile (red pentagram). See Panel (B) for its location in the Qaidam Basin. (D) Cross-section along the Qigequan section. (B,C) are modified from Zhang et al. (2013).
Tectonic strain can be traced by many proxies in foreland sediments, such as the strikes of beddings, faults and mountains, orientations of folding axes, and joints (Pueyo et al., 2012 and references therein). Among them, the low-field anisotropy of magnetic susceptibility (AMS) is the most reliable and sensitive strain indicator (Parés et al., 1999; Soto et al., 2009). Li et al. (2008) first reported AMS results from the Xiaganchaigou to Shizigou Formations (Fm) in the northwest part of the Youshashan anticline and suggested that these magnetic fabrics were mainly primary sedimentary magnetic fabrics with NE-ward compressional strain. This is consistent with a later study by Yu et al. (2014) that is based on the AMS records from the Xiaganchaigou and Xiayoushashan Fms from the Huatugou and Gansen sections. However, these AMS studies were mainly conducted by section-based (Li et al., 2008) or site-based sampling (Yu et al., 2014), which may be insufficient to reveal or average out the detailed strain variations in this region (Li et al., 2020; Li et al., 2021). In addition, the age of these two AMS records was dated mostly before the middle Miocene. Thus, successive AMS records, especially after the middle Miocene, are needed in the western Qaidam Basin to trace the variations in tectonic strain and depositional conditions.
In this study, we conducted a detailed AMS study along an ∼800-m-thick Qigequan profile in the western Qaidam Basin to decipher the post-Late Miocene deformation process in this region.
2 GEOLOGICAL SETTING
The Qaidam Basin in the NE Tibetan Plateau has a relatively low subsidence (∼2,800–3,000 m) compared to the large surrounding mountains (>4,000 m), i.e., the Qilian Shan to the northeast, the Altyn Tagh Range to the northwest, the Qimen Tagh Range and East Kunlun Mountain to the south and southwest, and the Ela Shan to the east (Figure 1B). Nearly successive Cenozoic lacustrine-fluvial sediments were deposited and provided as an ideal place to reveal the tectonic deformation and uplift process of the Tibetan Plateau as well as the climate changes (e.g., Yin and Harrison, 2000; Yin et al., 2002; Fang et al., 2019). Seven Fms were divided and can be correlated throughout the basin; in ascending order they are: the Lulehe Fm, the Xiaganchaigou Fm, the Shangganchaigou Fm, the Xiayoushashan Fm, the Shangyoushashan Fm, the Shizigou Fm and the Qigequan Fm. Their ages have been defined based on dense networks of seismic reflection profiles, fossil assemblages and magnetostratigraphic studies (Qinghai, 1991; Sun Z. et al., 2005; Fang et al., 2007; Lu and Xiong, 2009; Song et al., 2014; Chang et al., 2015; Ji et al., 2017; Wang et al., 2017; Fang et al., 2019; Nie et al., 2019). However, two age models have been proposed based on fossil assemblages and magnetostratigraphic studies in the northern Qaidam Basin. The traditional interpretation prefers an older age model that believed that deposition of the Cenozoic sediments was initiated since the early Cenozoic (Paleocene to early Eocene) not long after the India-Asia collision (i.e., Yin et al., 2008; Ji et al., 2017), while the recent emerging younger age model argued that Cenozoic deposition initiated quite late since the late Oligocene or early Miocene (Wang et al., 2017; Nie et al., 2019). Further studies based on definite fossils and volcanic ash in the lower part of the sediments are required to clarify these contrasting viewpoints. Another point should also be noted that these two contrasting age models were mainly based on magnetostratigraphic studies in the northern Qaidam Basin. However, the western Qaidam Basin is quite different in that the oldest exposed Cenozoic sediments are the upper Xiaganchaigou Fm, and magnetostratigraphic studies are generally consistent with each other (Zhang et al., 2012; Zhang et al., 2013; Song et al., 2014; Chang et al., 2015). In addition, a recent study that balanced the sediments preserved in the basin with materials eroded in the drainage area also preferred the traditional age model in the western Qaidam Basin (Cheng et al., 2018). Thus, the traditional ages of formations in the western Qaidam Basin are compatible with geological events.
The western Qaidam Basin is the intersection area between the Altyn Tagh Fault (ATF) and the Kunlun/Qimen Tagh Fault (Figure 1B). A series of NW-SE trending echelon folds and fault shapes the geomorphological features in this area. The Qigequan anticline is a brachy anticline developed with a NW-SE trending axis in the western Qaidam Basin. It is parallel to the Youshashan anticline in its western part, as the latter is the largest en echelon anticline in the western Qaidam Basin (Figure 1C). Over 800 m of late Cenozoic sediments, which include the Shizigou and the Qigequan Fm, were exposed along the southern limb of the anticline (Figure 1D). The Shizigou Fm is ∼501 m thick and is mainly dominated by mudstone, siltstone and sandstone that were deposited mainly under a lacustrine or fan-delta environment. The Qigequan Fm is ∼304 m thick and is disconformably (U2) overlying the lower Shizigou Fm and characterized by sandstone, sandy conglomerate and conglomerate that were deposited mainly under a fan delta or fluvial environment. In addition, another disconformity (U1) exists in the upper part of the Qigequan Fm. (Figure 1D). The lithology of the whole profile exhibits an upward coarsening trend, which is mostly attributed to the intensive tectonic deformations in this region (Wang et al., 2012; Bao et al., 2017). Detailed magnetostratigraphic studies have been performed along the Qigequan profile and have constrained these Late Neogene sedimentary sequences to ∼6.9–0.4 Ma, with two unconformities being ∼2.95–2.4 Ma and ∼0.78–0.71 Ma, respectively (Figures 2A,J) (Zhang et al., 2013).
[image: Figure 2]FIGURE 2 | Lithostratigraphy (A), restored paleocurrent directions (B), bedding strike and dip (C), AMS parameters (magnetic susceptibility (Km), lineation (L), foliation (F), corrected degree of anisotropy (Pj), shape parameter (T) and declination of K1 in tilt corrected coordinates) (D–I) and polarity correlations with the geomagnetic polarity time scale (J) plotted against depth in the Qigequan profile (Zhang et al., 2013).
3 PALEOMAGNETIC SAMPLING AND MEASUREMENTS
Block samples were collected mainly from mudstone, siltstone and sandstone with a mean sampling interval of 2–3 m that ranged depending on the lithology. In total, 408 samples were collected along the Qigequan profile (Zhang et al., 2013). For further magnetic fabric and demagnetization procedures, all samples were cut into standard cubic specimens with a 2.0 cm edge length in the laboratory for further thermal demagnetization, rock magnetic and AMS procedures. In addition, to decipher the possible relations between the magnetic lineations and hydraulic conditions, clast imbrications in conglomerates were measured at three sites (∼139 m, 380 and 732 m) with more than 70 pebble imbrications at each site along the profile to restore the paleocurrent directions (Figure 2B).
AMS has been suggested to be a rapid and sensitive method to reveal the preferred orientation of magnetic grains, which is closely related to depositional and/or tectonic regimes (Parés et al., 1999; Soto et al., 2009; Sun et al., 2016; Li et al., 2020). It can be geometrically illustrated as a triaxial ellipsoid with three principal axis directions: the maximum (Kmax or K1), intermediate (Kint or K2) and minimum (Kmin or K3). The corrected degree of anisotropy (Pj) is generally sensitive to lithological changes (e.g., the clay content) and strain (Hrouda, 1982), the shape parameter (T) describes the shape of the degree of anisotropy as a negative value (−1 < T < 0) corresponding to a prolate (i.e., rod-shaped) ellipsoid, and a positive value (0 < T < 1) corresponding to an oblate (i.e., disk-shaped) ellipsoid (Hrouda, 1982; Tarling and Hrouda, 1993). All these parameters can be automatically calculated by the Anisoft 42 software developed by Martin and Jelinek (2009).
The AMS of all specimens was measured using a KLY-3CS3 Kappabridge (AGICO) with an automated sample rotating system under an applied field of 423 A/m at a low frequency of 875 Hz at the Center for Applied Geoscience, Tübingen University.
4 RESULTS
4.1 Restored Paleocurrent Directions
The restored paleocurrent directions from pebble imbrications in the Qigequan anticline region were relatively stable with a WSW-ward direction (∼150°) since the deposition of the Shizigou Fm (Figure 2B). This result is consistent with previous results from the Xichagou or Huatugou section ∼20 km to the northwest of the Qigequan section, with south/southwestward paleocurrents or north/northwestward provenance by analyzing conglomerate imbrications, cross stratifications and heavy mineral assemblages (Wu et al., 2012; Li et al., 2015). These results indicate that the provenance of detrital grains in the Qigequan region was consistent with the Altyn Tagh Range in the north since the Late Miocene. However, it could not be ruled out that the Qilian mountains and East Kunlun mountains had not provided the sediments for the other deposited regions in the western of Qaidam Basin.
4.2 Anisotropy of Magnetic Susceptibility Results
Previous rock magnetic experiments (isothermal remanent magnetization (IRM) acquisition and back field demagnetization curves) and thermal demagnetization behaviors indicate that magnetite and hematite are the main magnetic carriers for these samples (Zhang et al., 2013), as are those for the magnetic susceptibilities.
The bulk magnetic susceptibility (Km) and magnetic fabric parameters exhibit obvious changes along the Qigequan stratigraphic depth (Figures 2D–I). The Km ranges from ∼33.14 to 259 μSI with an average value of 133 ± 49 μSI. It was very stable in the lower part (0–203 m), quite variable in the middle part (205–501 m) and exhibited an increasing trend in the upper part (∼502–805 m) (Figure 2D). A similar change is also observed for the magnetic lineation (L), magnetic foliation (F) and corrected degree of anisotropy (Pj) in the middle and upper parts (Figures 2E–G), suggesting that L, F and Pj are possibly related to the mineralogy during these periods. However, the Pj and Km diagrams indicate poor correlations between these two factors (Figure 3), suggesting that Pj has no direct relation with lithology. L and F exhibit the opposite behavior in the lower part (Figures 2E,F), both of which are independent of Km (Figure 3), suggesting that these two parameters are independent of the lithology in the lower part. The T for most samples was positive with an oblate magnetic fabric (Figure 2H), suggesting the dominant compaction process during deposition. Nevertheless, the T has a quite different variation, that it shows an increasing trend from prolate to oblate in the lower part, while relatively constant in the middle and upper part, suggesting T variation is independent of mineralogy. The variation of magnetic lineation (Kmax-Dec) orientations has a negative correlation with that of bedding strike that it exhibits a seemingly clockwise rotation trend from NW-SE (−45°) in the lower part to nearly N-S (0°) in the middle part, and again turn to NW-SE (−45°) with a counterclockwise rotation trend in the upper part.
[image: Figure 3]FIGURE 3 | AMS results including equal-area stereographic projections of the AMS principal axes in both in situ and bedding-corrected coordinates (squares, triangles and circles represent Kmax, Kint, and Kmin axes, respectively), the mean magnetic susceptibility (Km) versus corrected anisotropy (Pj), foliation (F) versus lineation (L) plots, and Pj-T diagrams) of the total samples (A), samples from 502 to 805 m (B), samples from 205 to 501 m (C) and samples from 0–203 m (D) along the Qigequan profile.
For the three principal axes of the AMS ellipsoids tilt-corrected on the equal-area stereographic projections, the Kmax axes are grouped with a low mean inclination (Dec = 307.0°, Inc = 5.4°) and parallel to the bedding strike or fold axis in a NW-SE direction (Figure 3). The Kmin axes are grouped around the bedding pole with a slight NE-SW girdle distribution, which is nearly perpendicular to the bedding strike or the fold axis. These distribution features are commonly observed in foreland basin sediments and are mostly attributed to the layer parallel shortening (LPS) process during deposition (Huang et al., 2006; Charreau et al., 2009; Tang et al., 2012; Yu et al., 2014; Tang et al., 2015; Li et al., 2020).
Based on variations in magnetic fabric parameters, the AMS ellipsoids can also be correspondingly divided into three parts: the lower (0–203 m), middle (205–501 m) and upper (502–805 m) parts (Figure 3). For the lower part, the three principal axes were separated from each other, and the magnetic lineations were well developed in a NW-SE direction. The Kmin and Kint axes exhibited an obvious NE-SW girdle distribution that gives rise to typically triaxial to prolate ellipsoids (Figure 3D). For the middle and upper parts, the Kmax and Kint axes were not well separated from each other (Figures 3B,C). Thus, the magnetic lineations were not well developed compared to the lower part. Despite this, the preferred orientation for the magnetic lineation still has a NW-SE direction. The Kmin axes were well clustered around the bedding pole, which is more “composite sedimentary/tectonic” fabric in terms of Weil and Yonkee, 2009 instead of a pure sedimentary fabric, since the axis Kmax is tectonically aligned and parallel to the axis of the folds.
5 DISCUSSION
5.1 Origin of Magnetic Fabrics
The magnetic susceptibility (Km) along the Qigequan profile seems closely related to the lithology (Figures 2A,D). The Km in the lower part is quite stable for mainly fine-grained mudstone and siltstone that were deposited under a stable lacustrine environment. For the middle part, the Km has a good correlation with the fine-grained mudstone/siltstone and coarse-grained sandstone/sandy conglomerate sedimentary cycle deposited under a lacustrine or fan-delta environment. The Km has an increasing trend from the center of the sequence to upwards (Figure 2D), which is in accordance with the upward coarsening sequence. Recent studies of rock magnetism have proposed that magnetic susceptibility variations are closely related to climate and/or source region changes (Thompson et al., 1980; Sun J. et al., 2005; Zhang et al., 2016). Thus, this increasing trend of Km in the middle part could be attributed to climate-controlled pedogenic processes, which could form new magnetic minerals (Zhou et al., 1990; Maher and Thompson, 1992), and/or changes in source materials (Sun J. et al., 2005; Zhang et al., 2016). Together with the coarse-grained lithology and intensive tectonic deformations during the Quaternary (Zhang et al., 2013; Wei et al., 2016; Bao et al., 2017), we prefer the changes of source materials that called the active tectonics model to interpret this increasing trend of the Km, which has been previously proposed by Sun J. et al. (2005) and Zhang et al. (2016) in the Tiejianggou and Honggouzi sections along the ATF to interpret the relatively high Km since ∼13.7 Ma and ∼10 Ma, respectively. This model indicates that intensive tectonics result in uplift and exposure of new bedrock that is relatively rich in magnetite and is transported to the depositional region by relatively high-energy currents with a short distance from the source to sink compared to the past.
The AMS has been proven to be a useful tool to trace magma flow directions (Macdonald and Palmer, 1990; Borradaile and Henry, 1997), paleocurrent or wind directions (Zhang et al., 2010; Sun et al., 2016) and compressional or extensional strains, even in weakly deformed foreland sediments without visible deformed features (Parés et al., 1999; Soto et al., 2009; Tang et al., 2012; Li et al., 2020). For the Cenozoic magnetic fabrics in the Qaidam Basin, some studies proposed that they were mainly attributed to tectonism and thus used to indicate compressional strain direction variations from nearly N-S to NE-SW, although the transition time is still under debate (Li et al., 2008; Yu et al., 2014; Su et al., 2016; Li et al., 2020). Other studies argued that these magnetic fabrics, especially since the Xiaganchaigou Fm., were mainly hydraulic force-induced fabrics that were either strong (Nie et al., 2019) or weak currents (Huo et al., 2020) and further applied to reflect basin rotations. Thus, different attributes of magnetic fabrics can lead to distinct tectonic implications. For the magnetic fabrics along the Qigequan profile, it is necessary to decipher what geological processes shaped these characteristics of magnetic fabrics.
Since the Shizigou and Qigequan Fms have quite similar bedding attitudes (Figures 1D, 2C), the Qigequan anticline is mostly formed after the deposition of the Qigequan Fm (∼0.4 Ma). Because the decline in Kmax has a negative correlation with the bedding strikes, the magnetic lineations along the Qigequan profile were unlikely to be related to the latter tectonic deformation that resulted in the Qigequan anticline. Used together with the quite young geological age of these sediments (since the Late Miocene), different distributions of three principal axes and the varied magnetic fabric parameters along the profile (Figures 2, 3), the magnetic fabric results were mostly the primary magnetic fabrics that acquired during or not long after the deposition and can be attributed to the hydraulic force or tectonic process, despite that the original magnetic fabrics can also be overprinted by the later-stage more intensive deformations (Larrasoaña et al., 2004; Soto et al., 2009; Larrasoaña et al., 2011).
For magnetic fabrics in the lower part (0–203 m), tectonism was mainly induced magnetically for the following observations. First, if magnetic fabrics were induced by currents, the magnetic lineations (Kmax) generally covered a wider range of azimuths (Tarling and Hrouda, 1993). However, the three principal axes of magnetic fabrics in the lower part were well clustered, and the Kmin axes exhibit a NE-SW girdle distribution, which is the typical feature of pencil structure magnetic fabrics that is commonly observed in foreland basin sediments along fold-and-thrust belts (Huang et al., 2006; Charreau et al., 2009; Tang et al., 2012; Yu et al., 2014; Tang et al., 2015; Li et al., 2020). Second, the magnetic lineations (Kmax) were generally parallel to the bedding strikes, the Qigequan anticline axis and present-day GPS vectors in this region (Shen et al., 2001; Zhang et al., 2004; Zhang et al., 2007; Wang and Shen, 2020). Since the Qaidam Basin has been a compressional setting since the early Cenozoic as a result of the continuous N-S-ward continental collision between the Indian and Eurasian plates (Yin et al., 2008; Zhou et al., 2006; Wang et al., 2012; Wei et al., 2016; Bao et al., 2017), magnetic fabrics in the lower part were mostly attributed to the LPS process during deposition and can be used to trace the compressional strain conditions. The consistent NW-SE magnetic lineation (Kmax, Dec = 306.1) and NE-SW girdle distribution of Kmin axes indicate the constant NE-SW (∼36.1°) compressional strain during this period.
Although the magnetic lineations were not well developed compared to the lower part with a broad NW-SE magnetic lineation (Figures 3B,C), the mean magnetic lineations of the middle (Dec = 307.1) and upper (Dec = 310.3) parts are consistent with that of the lower part, both of which are parallel to the bedding strikes. In addition, the Kmin axes of the upper part also exhibit a broad NE-SW girdle distribution, suggesting possible NE-SW-ward compressional strain. Based on these observations, we believe these magnetic fabrics were still tectonism-induced results. However, the weak hydraulic force-induced fabrics cannot be totally ruled out, as the preferred orientation of magnetic lineations (∼310°) was subparallel to the restored paleocurrent directions (∼150°) (Figure 2B). But, the recent studies show that the magnetic fabric in the western Qaidam basin with strong tectonic deformation was easier to reveal the tectonic activity (Li et al., 2020; Li et al., 2021), which could be well correspond to the tectonic deformation found in the previous studies.
5.2 Prevalent NE-SW Compressional Strain in the Qaidam Basin Since the Late Miocene
In general, the strain directions are generally perpendicular to the magnetic lineations in the compressional settings (e.g., Borradaile and Henry, 1997; Soto et al., 2009; Li et al., 2020). Based on the observations that the mean magnetic lineation (NW-SE, ∼127°) is generally parallel to the mean bedding strike (∼123.7°)/fold axis and that the principal axes of Kmin exhibit a girdle distribution, the characteristics of magnetic fabrics from the Qigequan profile are mostly attributed to LPS as a tectonic origin. Thus, the compressional strain direction in the Qigequan region in the late Neogene is NE (∼36°). This direction is consistent with the results from the nearby Huatugou and Gansen regions, where NE-SW-ward compressional strain prevails during the deposition of the Xiaganchaigou and Xiayoushashan Fms (Li et al., 2008; Yu et al., 2014). These results together indicate that the compressional strain direction in the western Qaidam Basin possibly remains a constant NE-SW direction since at least the Late Eocene. This is quite different from that in the northern and middle Qaidam Basin with an obvious clockwise rotation from nearly N-S to NE-SW during the early Oligocene to late Miocene and Middle to Late Miocene, respectively (Li et al., 2020, 2021), indicating that these two regions possibly underwent different deformation processes as they were dominated by different geologic units (Yin et al., 2007; Yin et al., 2008). Nevertheless, the prevailing NE-SW compressional strain in the late Miocene in the western and northern Qaidam Basin is one of the key candidates to shape a series of NW-SE trending folds and faults within the Qaidam Basin that formed since the deposition of the Shangyoushashan Fm (∼15 Ma), especially that of the Shizigou Fm (∼8 Ma) (Mao et al., 2016; Li et al., 2017; Liu et al., 2019). This geological process would produce a relatively high topography in the western and northern Qaidam Basin and contribute to the southeastward propagation of the depocenter during the Cenozoic (Métivier et al., 1998; Wang et al., 2006; Yin et al., 2008; Yu et al., 2014).
5.3 Further Tectonic Implications of Anisotropy of Magnetic Susceptibility Parameters Variations
Most geologic activity records in and around the western Qaidam Basin, such as mountain buildings and thrusting, were mainly revealed by rapid cooling from thermochronology (Jolivet et al., 2001; Wang et al., 2006; Wang et al., 2008; Liu et al., 2017) or by growth strata from seismic reflection profiles (Wang et al., 2012; Cheng et al., 2014; Liu et al., 2019). These results generally have a large time scale and are sometimes insufficient to reveal detailed or late tectonic activities. Other successive records, such as abrupt changes in lithology, sedimentation rates and magnetic susceptibility, are also quite related to climate change, and it is sometimes difficult to distinguish tectonic information from a single record (Fang et al., 2007; Chang et al., 2015; Zhang et al., 2016; Bao et al., 2017; Guan et al., 2019). The AMS parameters, especially Pj and T, which were both independent of lithology (Figure 2), provide deal proxies to track tectonic activities.
T is closely related to the tectonic strain, and it was mainly positive (oblate AMS ellipsoids) during deposition. With increasing strain, it becomes negative (prolate AMS ellipsoids; Figure 3D) and again returns to positive values (Parés et al., 1999; McCarthy et al., 2015). T exhibits an increasing trend from negative (prolate) to positive (oblate) in the lower part, while it remains positive throughout the middle and upper parts. Taken together with the distributions of the three principal axes (Figure 3D), the variations in T indicate an intense compressional strain with a weakening trend during ∼6.9–4.6 Ma (Figure 4A). In addition, the proportion of prolate ellipsoids also shows a decreasing trend (from ∼31 to 16%–9.8%) from bottom to top, suggesting plausible weakening tectonic deformation since ∼6.9 Ma in the western Qaidam Basin. Although the tectonic deformation during ∼6.9–4.6 Ma slowly released the intense compressional strain in the Late Miocene; it did not transform the extent of the shallow lake and caused the eastward migration of the lake center, which resulted in the deposition of fine detritus in the anticline center (Figure 4A).
[image: Figure 4]FIGURE 4 | Three tectonic stages inferred from the anisotropy of magnetic susceptibility (AMS) of the Qigequan profile illustrating the evolution of the lithofacies and the lake shrinking at the intense compressional stage between ∼6.9 Ma and 4.6 Ma (A), the stable compressional stage between 4.6 Ma and 2.6 Ma (B) and the relatively more intensive compressional stage after 2.6 Ma (C).
This weakening strain during ∼6.9–4.6 Ma in the Qigequan anticline is first reported in the western Qaidam Basin. Many seismic reflection profiles have revealed the growth strata developed since the early Miocene in the areas southwest of the study region. The formation of the growth strata may be related to the activity of the Kunbei fault system (Yin et al., 2007; Yin et al., 2007; Cheng et al., 2014) since the middle Miocene (∼15 Ma), especially the late Miocene (∼8 Ma) east of the study region (Mao et al., 2016; Liu et al., 2019), suggesting intensive tectonic deformation since the early to late Miocene in the western Qaidam Basin. This is further supported by the middle-late Miocene mountain uplift revealed by apatite fission track analyses (Wang et al., 2008), vertical-axis block rotations (Li et al., 2017), abrupt increases in the sedimentation rate (Chang et al., 2015) and growth index of several faults (Wang et al., 2012) in the western Qaidam Basin. This early-late Miocene tectonic deformation possibly released most of the compressional strain since initiation, leading to decreasing tectonic strain during ∼6.9–4.6 Ma.
Between 4.6 Ma and 2.6 Ma, T values are almost positive with an oblate magnetic fabric (Figure 2), and the Kmax and Kint axes also have no obvious separation (Figure 3C), indicating a relatively weak and stable tectonic environment (Figure 4B). The crustal shortening rate in the basin center and the sedimentary accumulation and erosion rate in the basin margin revealed that the NE-SW compressional strain was still strong and successive (Zhou et al., 2006; Fang et al., 2007; Bao et al., 2017). The lithofacies with the dominate fine mudstone and siltstone intercalated conglomerate between 4.6 Ma and 2.6 Ma transformed from mudstone and calcareous mudstone between 6.9 Ma and 4.6 Ma (Figure 2A), hinting that the lake water level became shallower in the western Qaidam Basin and that the frontal region of mountains deposited coarser sediments (Figure 4B).
However, this is not the case for the upper part, where T values show no obvious change compared to the middle part (Figure 2). The unconformities (U1) in the Qigequan region are direct evidence to reveal intensive tectonic activities at ∼2.6 Ma (Figure 2A). More geological evidence has proposed that more intensive tectonic deformation has occurred since the deposition of the Qigequan Fm during the Quaternary. Restoration of balanced cross-sections all over the Qaidam Basin proved that the shortening rate of the upper crust or sediment flux increased several times compared to the averaged values (Zhou et al., 2006; Wei et al., 2016; Bao et al., 2017). In addition, a rapid increase in the sediment accumulation rate at ∼2.6–2.2 Ma was also reported from drilling cores by magnetostratigraphic studies in the western Qaidam Basin (Zhang et al., 2012; Zhang et al., 2020b). The more intensive NE-SW compressional strain after 2.6 Ma brought about crustal shortening, the onset of the depocenter shifted eastward, the shallow lake shrank and the emergence of playa lakes (Figure 4C). The basin margins and even the anticline center started to deposit conglomerates, and the range of alluvial fans began to expand after 2.6 Ma (Figure 4C), and the basin depocenter ultimately withdrew from the western Qaidam Basin at 0.1 Ma (Zhang et al., 2020b). Thus, the ∼2.6 Ma tectonic deformation is quite intensive and popular in the western Qaidam Basin. However, this geological event is not reflected by the AMS parameters (T).
Previous studies that used AMS to reflect deformation information were mainly based on fine-grained mudstones (Parés et al., 1999; Soto et al., 2009). Compared to the lower and middle, the upper part is mainly composed of sandstone and sandy conglomerate (Figure 2A). These rocks generally have fewer magnetic, phyllosilicate or clay minerals. In addition, coarse grains are more likely to be influenced by gravity and hydraulic forces. All these factors indicate that the AMS results in coarse-grained lithology are inappropriate to reflect the geological process during deposition.
6 CONCLUSION
A successive AMS record since the Late Neogene has been collected along the ∼800-m-thick Qigequan profile in the western Qaidam Basin. The magnetic lineations were generally parallel to the bedding strikes. Based on the distributions of AMS parameters and three principal axes, the AMS data can be divided into three parts. The lower part with well-clustered magnetic lineation and NE-SW girdle distribution of Kmin indicate tectonism-induced magnetic fabrics and suggest a constant NE-SW compressional strain direction. We believe that the magnetic fabric along the entire profile was influenced by a NE-SW compression. However, weak hydraulic force-induced fabrics cannot be totally ruled out, as the restored paleocurrent directions were subparallel to the magnetic lineations.
NE-SW compressional strain has been prevalent in the western Qaidam Basin since at least the Late Miocene and could contribute to the southeastward migration of the depocenter of the Qaidam Basin in the Cenozoic. In addition, T revealed the change in the intensity of the deformation since 4.6 Ma, as most of the compressional strain was released during the early-late Miocene initiation of tectonic deformation in the western Qaidam Basin. Furthermore, the inconsistent relations between the AMS parameters and intensive deformation during the deposition of the upper part (∼2.6 Ma) suggest that the coarse-grained lithology is inappropriate to reflect the geological process during deposition.
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The timing and intensity of deformation of the Tanggula Range and Tuotuohe Basin are in debatable but strengthening the research on them is necessary for better understanding the geodynamic models of the Tibet and the tectonic-climate connections during the Cenozoic. Here we present the anisotropy of magnetic susceptibility (AMS) records from the foreland Tuotuohe Basin to understand the tectonic uplift history of the Tanggula Range for the interval of ∼37–19.7 Ma. Rock magnetic analyses indicate that the main magnetic carrier is paramagnetic and the minor is hematite. Thus, the AMS in the Tuotuohe Section (TS) can be used to track the tectonic strain related to tectonic processes. The distribution direction of the maximum principle susceptibility (Kmax) is approximately NW–SE, which intersects at about 10°with the strike of the strata and is nearly parallel to the Tanggula thrust fault system, whereas the minimum principle susceptibility (Kmin) is oriented in the NE–SW direction with a girdle distribution. This is consistent with the sedimentary fabric imprinted by the NE–SW shortening direction, representing the earliest deformation stage. AMS data in the TS can be divided into two phases at 30 Ma. From ∼37 to 30 Ma, the AMS parameters indicate an active tectonic strain and the Tanggula Range uplift induced by the India–Asia convergence, whereas between 30 and 19.7 Ma, the strain is weak compared with the earlier phase. Finally, the weak strain environment between 30 and 19.7 Ma indicated by the AMS indexes of the TS and the paleoelevation evidence from the Tuotuohe Basin all together suggest that an additional 1000–2000 m of surface uplift of the basin may have begun after 19.7 Ma.
Keywords: tuotuohe basin, anisotropy of magnetic susceptibility, tanggula range, tectonic uplift, Tibet
INTRODUCTION
The India–Asia collision led to the formation of the Tibetan Plateau (Molnar and Tapponnier, 1975; Yin and Harrison, 2000). Due to its vast area and high mean elevation (∼5000 m), its tectonic uplift significantly affects not only the Asian but also the global climate through the permanent high pressure airmasses forming over the plateau and the influence of mountain range on precipitation in the region (Manabe and Terpstra, 1974; Raymo and Ruddiman, 1992; Molnar et al., 1993; An et al., 2001). Despite being in the focus of intense research, the tectonic uplift history of the Tibetan Plateau and strain variation is still intensely debated due to the reasons such as difficult strata age constraints and limitations of the paleoaltimetries (e.g., Fang et al., 2020; Spicer et al., 2021). Although many studies have been conducted in the basins distributed in and around Tibet (Huang et al., 2006; Dupont-Nivet et al., 2007; Lu et al., 2014; Chang et al., 2015; Tang et al., 2015; Fang et al., 2019), still there are some poorly investigated continuous section, which could suggest nearly consecutive basin-mountain evolution history of the basin, in the central northern part of the Tibetan Plateau, mainly due to difficulties such as the harsh conditions, cold temperature and inconvenient traffic. Especially, the timing and intensity of deformation of the Tanggula Range and Tuotuohe Basin are in debatable (e.g., Wang et al., 2008; Staisch et al., 2014). For the Tanggula Range, the most negative leaf wax hydrogen isotope value suggests an approximately 4 km paleoelevation during the late Eocene (Lin et al., 2020), while “Proto-Tibetan Plateau” model indicates that it has uplifted to present elevation since 40 Ma (Wang et al., 2008, 2014). For the Tuotuohe Basin, there is an additional ˜ 1000 m tectonic uplift during Miocene suggested by paleoelevation and balanced cross-section evidence (Sun et al., 2015; Staisch et al., 2016). Mantle lithosphere removal was invoked to explain this uplift activity (England and Houseman, 1989; Staisch et al., 2016) and there is still debate for the starting work time of this mechanism (e.g., Staisch et al., 2016; Lu et al., 2018). It is meaningful and necessary to strengthen the research on the central northern part of the Tibetan Plateau, specifically the Tuotuohe Basin, for better understanding its tectonic uplift history during the Cenozoic.
Anisotropy of magnetic susceptibility (AMS) is a common geophysical method to study numerous dynamic processes and quantify strain since its application by Graham (1954) due to its rapid, nondestructive nature and sensitivity. The AMS arises from the preferred orientation of anisotropic magnetic minerals and it mainly reflects the preferred orientation of crystallographic lattices and shape of the magnetic minerals (Rochette et al., 1992; Hus, 2003). This method has been applied to determine various processes since the pioneer note by Graham (1954), such as, the direction of eolian sediments (Lagroix and Banerjee, 2002, 2004; Zhang et al., 2010; Ge et al., 2014), retrieve the strain imprint in deformed sedimentary rocks (Borradaile and Henry, 1997; Pares and vander pluijm., 2002; Pares and vander pluijm., 2003; Pares and vander pluijm., 2014), and track the uplift history of some mountain range and upper crustal shortening processes (Charreau et al., 2005, 2006, 2009; Huang et al., 2006, 2010; Tang et al., 2012, 2015; Lu et al., 2014; Qiao et al., 2016; Li S. et al., 2020). In addition to these applications, AMS parameters could also preserve information about paleoenvironmental changes and have been used as a paleoclimatic proxy (e.g., Bradák et al., 2020; and the references therein). AMS method is also proven as an effective and sensitive technique revealing tectonic stress evolution during sedimentation and changes therein in active orogenesis, even in weakly deformed clastic sedimentary rocks (e.g., Li S. et al., 2020).
In this study, we focus on the Tuotuohe Basin. Herein, we apply AMS as an independent method to construct the tectonic strain variations of the Tanggula Range based on the late Eocene to early Miocene basin deposits of the Tuotuohe Section (TS) and combine other geological evidence to further discuss the dynamic system/mechanism transition time.
GEOLOGICAL SETTING
The Tibetan Plateau comprises several orogenic systems and terranes from the south to the north: the Himalayan Orogen, Lhasa, Qiangtang, Songpan–Ganzi, and Kunlun–Qaidam–Qilian terranes (Figure 1A). The Tuotuohe Basin is located in the northeastern part of the Qiangtang terrane. It is a sub-basin of the Hoh Xil Basin. To the north of the Tuotuohe Basin (study site indicated by green star) lies the eastern Kunlun Range and to the south lies the Tanggula Range. This basin covers an area of 13,000 km2, and its average elevation is 4500 m. It is one of the largest Cenozoic basins in the hinterland of the Tibetan Plateau. It is a foreland basin of the Tanggula thrust fault system (Li et al., 2012). The thick Cenozoic deposits in this basin record not only the intracontinental deformation and uplift history but also the paleoclimate change information. Research on this basin is valuable to decipher the tectonic evolution of the Tanggula Range.
[image: Figure 1]FIGURE 1 | (A) Topographic map of the Tibetan Plateau showing sutures, major terranes and orogen, the Lhasa–Golmud Highway, Hoh Xil Basin, and the study site; (B) Geological map of the Tuotuohe Basin based on regional geological mapping (QBGMR, 1989). Abbreviations: IYS, Indus–Yalong suture; BNS, Bangonghu–Nujiang suture; JSS, Jinshajiang suture; T3jz, late Triassic Jiezha Group; E1-2tt, Paleocene-Eocene Tuotuohe Formation; E3yx, Oligocene Yaxicuo Formation; N1wd, Miocene Wudaoliang Formation; Q3fgl, late Pleistocene glacial sandstone; Q3al-pl, late Pleistocene alluvium-fluvial deposits; Q4eol, Holocene eolian deposits.
The TS is located ∼20 km to the southeast of Tanggula Town, where the Lhasa–Golmud highway crosses the Tuotuo River. At the TS, 1176 m of its strata are exposed and can be divided into three units according to its physical properties, lithology, sedimentary structure, contact relationships, and comparisons with regional stratigraphy (Figure 1B). The lowermost unit is the Tuotuohe Formation (TTH Fm.)—a fluvial succession dominated by brownish-red–grayish-green sandstone with pebbly sandstone and characterized by large-scale cross bedding, normal-graded bedding, stratified structures, and ripple marks. The overlying Yaxicuo Formation (YXC Fm.) is dominated by the lacustrine and fluvial deltaic facies. It is primarily composed of interbedded brownish-red sandstone and brownish-red–gray mudstone, with interspersed stratified gray argillaceous limestone having climbing-ripple cross laminations. The lacustrine Wudaoliang Formation (WDL Fm.) is the youngest unit and is dominated by light-gray and pale-blue mudstone, marlstone, argillaceous limestone, and calcareous mudstone, with interbedded gypsum layers. Contacts between these units (TTH Fm., YXC Fm., and WDL Fm.) are conformable in the TS, suggesting relatively continuous deposition from the TTH Fm. through the WDL Fm., although the exact ages represented by these units are not well constrained (Figure 2). Here the conformable relationship between the YXC and WDL Fms. in the TS is consistent with the Tongtianhe Section of the southern Tuotuohe Basin (Wang et al., 2008). In the TS, the lower TTH Fm. is obscured by cover and the measured WDL Fm. terminates near the core of a syncline where the youngest WDL Fm. strata are exposed.
[image: Figure 2]FIGURE 2 | Lithologies and representative photographs in the Tuotuohe Section (TS). (A) Wudaoliang Formation (WDL Fm.) Black lines show the direction of dip to the SE. (B) WDL Fm. to the east of the measured section, dipping SW. (C) Yaxicuo Formation (YXC Fm.) of mainly alternating fluvial and lacustrine facies. (D) Fossils found in the YXC Fm. include gastropods and charophytes indicating age of Oligocene. (E) Fluvial sandstones of the Tuotuohe Formation (TTH Fm.). (F) The base of our section lies in the TTH Fm.
Chronology of the TS is constrained by biostratigraphy (charophytes, pollen, and ostracods), the youngest detrital zircon ages, and high-resolution magnetostratigraphy (Li et al., under review)1. Recent studies have refined the ages of the TTH Fm. (∼37–33 Ma), YXC Fm. (33–23.6 Ma), and WDL Fm. (23.6–19.7 Ma) (Li et al., under review).
MATERIALS AND METHODS
To acquire fresh samples, we removed the surface-covering layer until the original rocks were exposed. The average sampling interval was 1 m. Between 160 and 450 m, the average sampling interval was approximately 4 m due to the strata was covered by thick grassland vegetation. In total, 946 block samples were collected. These samples were then taken to the laboratory and fashioned into cubic specimens of 2 cm3 for paleomagnetic and AMS measurements.
Various rock magnetic experiments were used on pilot rock samples to determine their magnetic mineral composition. The low-temperature magnetic measurements were performed using a Quantum Design, Inc. superconducting quantum interference device magnetic properties measurement system (Quantum Design, USA). Low-temperature susceptibility was measured from 1 to 300 K. High-temperature-dependent magnetic susceptibility was measured from room temperature up to 700°C, and then back to room temperature (heating and cooling rate of ∼6.5°C/min), using an MFK1-FA Kappabridge operated at a frequency of 976 Hz, equipped with a CS-3 high-temperature furnace. The measurements were conducted in an argon atmosphere (flow rate ∼50 ml/min). Isothermal remanent magnetization (IRM) acquisitions were obtained using an ASC IM-10-30 pulse magnetizer (ASC Scientific, USA) with stepwise increasing fields and then stepwise-applied backfields. The highest applied normal field was 2.5 T, and the backfield was 300 mT. Totally 36 magnetic steps were applied. The remanence measurements were conducted using an JR-6A spinner magnetometer (AGICO, Czech) in a magnetic shielded room (residual field <300 nT). Decomposition of IRM acquisition curves method were used to further identify the relative content contribution of magnetite and hematite in the sediments (Kruiver et al., 2001).
The domain size of magnetic components in the studied pilot samples were estimated by the use of hysteresis loops measured by vibrating sample magnetometer (Princeton Measurements, MicroMag 3900) at room temperature with the maximum applied magnetic field of 1.5 T.
Mineral analysis was elaborated by a ZEISS EVO 18 Scanning Electron Microscope (SEM) with Energy Dispersive Spectroscopy (EDS) controlled by an Advanced Mineral Identification and Characterization System (AMICS). The AMICS is the analysis system for automated identification and quantification of minerals, which is based on a comprehensive database of more than 2000 minerals.
AMS of all the samples were measured using an MFK1-FA Kappabridge (AGICO, Czech) with an automated handling system before thermal demagnetization, operating at 300 A/m at a frequency of 875 Hz. Each sample was rotated through three orthogonal directions, and the results were calculated following the definitions of Tarling and Hrouda (1993). The AMS parameters are the principal directions (maximum—kmax, intermediate—kint, and minimum—kmin) of the ellipsoid tensor, including the bulk magnetic susceptibility (km), corrected anisotropy degree (P′) (Jelinek, 1981), shape parameter (T) (Jelinek, 1981), magnetic lineation (L) (Khan, 1962), and flatness (E) (Hrouda, 1982). The parameter E represents the intensity of the development of magnetic foliation with respect to that of magnetic lineation (Hrouda, 1982). All the experiments were conducted at the Institute of Earth Environment, Chinese Academy of Sciences.
RESULTS
Magnetic Mineralogy
High-temperature-dependent magnetic susceptibility is a useful parameter for determining the magnetic mineral composition (Liu et al., 2003). The heating curves of pilot samples showed that a characteristic peak at about 550°C (C71, B242, B303, A120, A305) (Figure 3). This behavior can be interpreted as the result of the new formation of some higher susceptibility minerals, such as magnetite, reduced from low susceptibility hematite in an oxygen-free environment (Oches and Banerjee, 1996) and/or the Hopkinson peak, related to the wide grain size distribution of fine particles (Muxworthy et al., 2002). A common characteristic in all heating curves is a drop of the susceptibility at ∼580°C and a decrease to zero at ∼680°C, suggesting the existence of magnetite and hematite, respectively. Because the susceptibility of hematite is about two orders of magnitude lower than magnetite, thus the dramatic decline of the susceptibility of heating curves at ∼680°C may indicate the presence of relatively abundant hematite. In addition, the cooling curves are much higher than the heating curves (irreversible heating-cooling cycle) with a susceptibility increasing significantly between temperature 600–480°C. This phenomenon is attributed to the transformation of iron containing silicates, clays or other Fe-bearing paramagnetic minerals (Hunt et al., 1995; Deng et al., 2001).
[image: Figure 3]FIGURE 3 | Temperature-dependent susceptibility curves of typical samples from the Tuotuohe Section (TS). Heating and cooling cycles are indicated with red and blue lines, respectively.
The TS samples that were subjected to low temperature thermal treatments did not exhibit well-defined Morin transitions at approximately 250 K (−23.15°C), although there were some inflection points identified (Figures 4A–D). However, two samples exhibited Verwey transitions at approximately 120 K (−153.15°C) (Figures 4C,D). Combing the low susceptibility of the samples and the unrevealed Morin transition, indicated the possible mainly contribution of paramagnetic minerals and magnetite.
[image: Figure 4]FIGURE 4 | Low-temperature variations of the magnetic susceptibility of typical samples from the Tuotuohe Section (TS).
All the IRM acquisition curves of representative samples did not fully saturate until the applied field reached 2–2.5 T, which indicates the existence of a high-coercivity component, such as hematite (Figure 5). To assess this interpretation, IRM acquisition curves were unmixed following (Kruiver et al., 2001). The IRM component analyses identified the following two components in all the samples (Figure 5): a low-coercivity and high-coercivity component. For the former, the B1/2 (the field at which half of the saturation IRM is reached) of the samples was between 61 and 157 mT, which could be maghemite, fine-grained, c.a., <1 um hematite, or magnetite (O´reilly, 1984). For the high-coercivity component, the B1/2 of the samples was between ∼439 and 548 mT, which is consistent with the magnetic properties of hematite (O´reilly, 1984). In the TS, the proportion of the high-coercivity component, such as hematite, is relevantly higher. However, care must be taken defining hematite as the dominant magnetic mineral based on the relevant proportion. Based on the study of Frank and Nowaczyk (2008), the influence of hematite on the magnetic parameters of a magnetic mineral mixture can be widely ignored below 90–95 wt% hematite content especially when magnetite is present.
[image: Figure 5]FIGURE 5 | Isothermal remanent magnetization (IRM) acquisition curves (left) and their corresponding component analyses (right) for representative samples from the Tuotuohe Section (TS). In component analysis figures, the numbers 1 and 2 represent components 1 (low coercivity) and 2 (high coercivity), respectively. Subsequent numbers represent B1/2 (the field at which half of the saturation IRM is reached) and relative contributions to saturation IRM. in turn.
Hysteresis loops are also used to determine the magnetic mineralogy (Figures 6A–F). The magnetization of all the samples display a decreasing characteristics after paramagnetic correction, suggesting the existence of abundant paramagnetic and/or clay minerals. For the samples C119, C228 and B336 (Figures 6A–C), the hysteresis loops are generally wasp-waisted and remain saturated within a 1–1.5-T field, indicating combinations of magnetic minerals with low and high coercivities, for example, magnetite and abundant hematite (Roberts et al., 1995). For sample A0 (Figure 6D), the hysteresis loops closed above ∼450 mT, indicating the contribution of soft magnetic components, such as magnetite and the contribution from high coercivity minerals, such as hematite (Roberts et al., 1995). For samples A180 and A237 (Figures 6E,F), the curves of magnetization are closed at ∼100 mT and change linearly with field, indicating the paramagnetic may the mainly contribution to the susceptibility (Bean, 1955; Roberts et al., 2019). In addition, in order to obtain an approximate percentage of the paramagnetic contribution to the bulk magnetic susceptibility, the paramagnetic susceptibility was calculated from the slope of the hysteresis loops between 0.7 and 1.0 T (Richter and van der Pluijm, 1994). The results indicate that the paramagnetic components constitute a significant proportion of the magnetic susceptibility, the corresponded proportion values are as following: 64% for C119, 75% for C228, 66% for B336, 43% for A0, 88% for A180, 87% for A137.
[image: Figure 6]FIGURE 6 | Magnetic hysteresis loops of the samples from the Tuotuohe, Yaxicuo, and Wudaoliang Formations. The black and red loops of each sample are the original and paramagnetic corrected loops, respectively. The loops at the lower-right corner in figs. (E) and (F) are for better illustration of paramagnetic slope-corrected loops.
Mineral analysis suggests that the TS sample is mainly composed of quartz (weight percentage is 56.85%), calcite (13.32%), orthoclase (10.61%), and illite (11.17%). Hematite is the minor component, contributing with 0.21 w%.
Combining all the rock magnetic and mineral analysis experiments, we conclude that paramagnetic minerals may control the magnetic properties of these samples in the TS and the experiments indicate the appearance of magnetite and hematite as well.
Anisotropy of Magnetic Susceptibility
In AMS, Parameters F12, F23 are used to evaluate the statistical significance of the lineation and foliation. F12 describes the strength of the anisotropy testing in the plane containing the kmax and kint axes and F23 is used in regard to the plane kint-kmin as it is described in details by Jelínek (1981). The formulas for them were described by Jelínek, 1981. Generally, values > 4 indicate statistically significant anisotropies (Zhu et al., 2004). E12 indicates the angular uncertainty in the direction of maximum principal axis within the magnetic foliation plane and the measurement with E12 < 22.5° is considered to satisfy the statistically significant level (Lagroix and Banerjee, 2004; Zhu et al., 2004). All these parameters are included in the experimental results. To eliminate the directions based on statistically insignificant anisotropy, 400 samples were rejected based on their F12 < 4 and E12 > 22.5° parameters.
Equal-area stereographic projections of the AMS data before and after test are shown in Figure 7. Before bedding correction, the mean kmin axis of the entire population of specimens concentrates in the SW and the mean kmax axis is oriented approximately NW–SE. After tilt correction, the mean kmin axis has a slight NE–SW girdle distribution and is overall perpendicular to the bedding plane, indicated by the mean vector of the data. The kmax axis is in an approximately NW–SE direction and generally parallel to the fold axis that deformed the basin. In a Foliation and Lineation (F-L) diagram, 77% of the samples located in the oblate region. Additionally, the results of TTH Fm., YXC Fm. and WDL Fm. were shown by different symbols (Figure 7), 57% of the TTH Fm., 78% of the YXC Fm. and 87% of the WDL Fm. distributed in the oblate region. The shape and corrected anistropy (T-P′) diagram of the AMS ellipsoids is also generally located in the oblate region (75% of all the data). Similar with F-L diagram, from TTH Fm. to WDL Fm., the percentages distributed in the oblate are 55%, 76 and 86%, respectively.
[image: Figure 7]FIGURE 7 | All the stereonet projections of the anisotropy of magnetic susceptibility principal axes from the Tuotuohe Section (TS) and also shown are the so-called Flinn (foliation vs. lineation) and Jelinek (P′ vs. T) diagrams. In stereonet projections, the hollow squares represent the kmax orientation, and the solid circles indicate the kmin orientations. In Flinn (foliation vs. lineation) and Jelinek (P′ vs. T) diagrams, the squares indicate the Tuotuohe Formation (TTH Fm.), the open circles represent Yaxicuo Formation (YXC Fm.), and the triangles represent Wudaoliang Formation (WDL Fm.).
The equal-area stereographic projections of the AMS data after test are also shown in Figure 7. Generally, characteristics of the main principal axies distribution were similar with the result before test. 72% of all the entire population of specimens distributed in the oblate region in F-L diagram and 41% of the TTH Fm. 73% of the YXC Fm. and 83% of the WDL Fm. located in the oblate area. In T-P′ diagram, oblate area is possessed by 69% of all the data and the oblate possession percentages are 39%, 70 and 82% for TTH Fm., YXC Fm. and WDL Fm., respectively.
The stereoplots, related to the various formations are shown separately to see the change characters of the main principal axis distribution of the AMS (Figure 8). In general, there were not big differences between the principal axis distribution in corresponded formations before and after the evaluation of the anisotropy of the samples (F-tests). From TTH Fm. to WDL Fm., there was an evident change of the principal axis distribution after removing the samples with statistically insignificant anisotropy. From TTH Fm. to YXC Fm., there was an evident clockwise rotation for the maximum principal axis, but from YXC Fm. to WDL Fm., the rotation was not obvious.
[image: Figure 8]FIGURE 8 | The stereonet projections of the anisotropy of magnetic susceptibility principal axes from the Tuotuohe Section (TS), seperates by formations. The left projections are for all the oroginal data before test while the right are for data after the test. The white squares suggest the maximum principal axis (kmax) and the black circles represent the minimum principal axis (kmin). The black arrows represent the distribute direction of the maximum principal axis (kmax).
These types of AMS characteristics are commonly found in foreland basins rather than in deposits strongly influenced by paleocurrent, indicating that the sedimentary fabric was overprinted by the weak tectonic strain (Huang et al., 2006; Lu et al., 2014; Tang et al.,, 2015; Li S. et al., 2020). But when the magnetic fabric characters of the TTH Fm. changed to YXC Fm. is difficult to constrain based on only roughly division by formation units. Thus, it is necessary to study the AMS parameters against depth or age of the section (Figure 9). The data of km, T, L, E, and P′ after test exhibit significant changes with stratigraphic height and could be divided into two distinct intervals (Figure 9).
[image: Figure 9]FIGURE 9 | Anisotropy of magnetic susceptibility (AMS) parameters of the Tuotuohe Section (TS) as a function of depth. The solid black lines represent the average values. Please note that the black line in the shape parameter (T) diagram represents the boundary of prolate and oblate. The black curves are running average data with 11 window width.
The km (mean volumetric magnetic susceptibility) ranges from 2.46 × 10–5 to 7.39 × 10–4 SI, with an average of 1.24 × 10–4 SI. At 30 Ma, the bulk magnetic susceptibility decreases slightly from 1.63 × 10–4 to 1.17 × 10–4 SI and then remains at a relatively stable value up to 22.5 Ma (1020 m), followed by a gradually decreasing trend. The value of T ranges from −0.921 to 0.896, and its mean value is 0.187. The AMS fabrics and parameters exhibit a significant change at 30 Ma in the section. Before 30 Ma, the mean T value is −0.104. However, from 30 to 19.7 Ma, the mean T value is 0.259. The ellipsoid is prolate (∼37–30 Ma) compared with the upper part of section (30–19.7 Ma). The parameter E also changes at 30 Ma. Below 30 Ma, the mean value of E is 0.999. Above 30 Ma, the mean value is approximately 1.01, indicating that the ellipsoid changes from prolate to oblate. The parameter L also evidently changes at 30 Ma: from 37 to 30 Ma, its mean value is 1.015, whereas its mean value is 1.007 between 30 and 19.7 Ma. The mean value of the P′ decreases from 1.0307 (∼37–30 Ma) to 1.026 (30–19.7 Ma) at ∼30 Ma and also the inclination of the minimum principal axis significantly deviates from the perpendicular to the bedding plane between ∼37 Ma and 30 Ma comparing with the inclination values of 30 Ma to 19.7 Ma.
DISCUSSION
Source of Magnetic Susceptibility
The average value of the bulk magnetic susceptibility is 1.24 × 10–4, lower than 500 × 10–6, the bulk magnetic susceptibilities correspond to the values of paramagnetic minerals such as clay (Rochette, 1987; Tarling and Hrouda, 1993). The mean P′ value of the TS (1.024) is lower than the value for chlorite and muscovite, which is P′ = 1.15 (Martın-Hernández and Hirt, 2003) and far less than the value of goethite, hematite and magnetite, instead, closer to the P′ value of paramagnetic minerals (Rochette et al., 1992). In addition, the paramagnetic susceptibility calculated from the slope of the hysteresis loops between 0.7 and 1.0 T (Richter and van der Pluijm, 1994) indicate that the paramagnetic components constitute a significant proportion (>43%) of the magnetic susceptibility. In addition, the mean magnetic susceptibility of the TTH Fm., YXC Fm. and WDL Fm. are 7.44 × 10–5 SI, 14.5 × 10–5 SI and 10.3 × 10–5 SI, respectively, are far less than that of magnetite (×578 10–5 SI) (Tarling and Hrouda, 1993). These values already suggest that paramagnetic fractions mainly control AMS (Hrouda and Jelinek, 1990). As evidenced from the diagrams of km versus P′ and T (Figure 10), the relationships of P′ and T to km are relatively independent. The T does not correlate with the change in bulk magnetic susceptibility in the vertical direction (Figure 9) and is independent of lithology. These observations suggest that these three parameters are independent of the ferromagnetic concentrations in the TS and the AMS is controlled by the paramagnetic mineral fraction (e.g., silicates and clays) (Rochette et al., 1992; Hus, 2003; Li et al., 2014; Taylor and Lagroix, 2015). Taking the relatively low bulk magnetic susceptibility, degree of corrected anisotropy and the independent relationships together, the susceptibility and AMS parameters are mainly controlled by paramagnetic contributors.
[image: Figure 10]FIGURE 10 | Analysis of the relationship between some basic magnetic fabric parameters. (A,B) Flinn (F–L) and Jelinek (P′–T) diagrams of all the samples, respectivelly (the AMS ellipsoid for magnetite: P′ = 1.18, T = −0.30, based on Tarling and Hrouda, 1993 is marked by an enlarged circle) and; (C,D) the relationships among bulk magnetic susceptibility (km), corrected anistropy (P′), and shape parameter (T) are also shown.
In addition, the elongated distributions of all the samples of the P′–T do not include or pass through the values of P′and T of the magnetite (Figure 10), indicating that the observed AMS parameters are not a direct function of the concentration of magnetite in the TS (Pares et al., 1999).
All the evidence indicates that the AMS of the TS is mainly dominated by the anisotropy of paramagnetic minerals (such as phyllosilicates and clay minerals), although magnetite and hematite minerals also make some contributions. In the future, we will try to do further experiments, such as anisotropy of anhysteretic-remanence-magnetization (AARM) to compare the bulk and ferro/antiferromagnetic fabric built by magnetite and hematite.
Generally, paramagnetic minerals represent a larger volume fraction than ferromagnetic minerals in rocks and therefore are likely to be influenced by the crystal plastic deformation of grains and physical rotation (Pares et al., 1999; Martin-Henandez and Ferre, 2007). During the progressive plastic and physical rotation, the sedimentary fabric is characterized by the kmin perpendicular to bedding and kmax lying within the bedding plane. With progressive deformation, the kmin remains perpendicular to bedding, but kmax roughly clusters parallel to the intersection of an incipient layer parallel shortening fabric with bedding (Weil and Yonkee, 2009). In the studied TS profiles, the corrected AMS result is congruent with the preliminary tectonic fabric. Thus, the AMS of TS measures the preferred orientation of the phyllosilicate grains, indicating the strain caused grain re-orientation by compaction and tectonic processes (Paterson et al., 1995; Pares et al., 1999). In this case, the structural interpretation is the following. The magnetic foliation (the principal axis of kmin) corresponds to the bedding plane while the lineation (the principal axis of kmax) corresponds to the zone axis of sheets, which can be assumed to be parallel to the flow direction, to the current direction in the sediments, to the intersection of pressure stress (Rochette, 1987).
Tectonic Implications Derived From AMS
AMS has the potential to capture early deformation of basins, making it possible to even detect subtle deformations (Pares and van der Pluijm, 2003; Pares and van der Pluijm, 2014). Many studies have applied AMS to retrieve tectonically overprinted fabrics in sedimentary rocks, particularly in the weakly deformed rocks (Huang et al., 2006; Charreau et al., 2005, 2006, 2009; Tang et al., 2012, 2015; Li S. et al., 2020).
The magnetic fabric and its AMS parameters is sensitive to weak deformation in both directions and magnitudes of strain ellipsoids (Graham, 1966; Pares et al., 1999; Pares, 2015). In an undeformed stage, the primary fabric is essentially indicating sedimentary processes and influenced by compaction. In most cases, it is characterized by the kmin axis perpendicular to the bedding, the kmax axis distributed around the plane and the AMS ellipsoid is oblate. While imprinting by a layer parallel shortening on the sedimentary fabric, the kmin axis shows a girdle and is parallel to the shortening direction, whereas the kmax axis is perpendicular to the shortening direction and parallel to the tensile direction (Pares et al., 1999). When the strain increases further, the kmin axis is parallel to the strain direction and maintains a small elongation in the direction of the compression, whereas the kmax axis remains perpendicular to the shortening direction. At this point, the AMS ellipsoid changes from oblate to prolate. With further increasing strain, the kmin axis distributes around the plane and the kmax axis clusters to the bedding pole (Pares et al., 1999).
In the TS, the distributed direction of the Kmax is approximately in the NW–SE direction, which is parallel to the strike (the strike is ∼140°) of the strata and the Tanggula thrust fault (the strike is ∼150°) described in Li et al. (2012). The Kmin is oriented in the NE–SW direction with a girdle distribution (Figure 7). This is consistent with the sedimentary fabric imprinted by the NE–SW shortening direction, representing the earliest deformation stage, and this is also supported by the mean value of P′ in TS, which is 1.024 (Figure 9). (Pares, 2004). However, sedimentary compaction and transport dynamics could also overprint the original sedimentary magnetic fabric (Tang et al., 2015). Sedimentary compaction will generally lead to a more oblate fabric, with the parameter T showing an increasing trend as a function of depth, which characteristic was not found in the case of TS data (Figure 9). Sediment transport will result in the mean kmax being parallel to the transport direction and the mean kmin being nearly perpendicular to the bedding. In the Tuotuohe Basin, the paleocurrent directions of the TTH and YXC Fms. are toward the north and northeast (Liu et al., 2003; Wang et al., 2008; Li et al., 2012) and contradicting the mean kmax direction. The NW–SE kmax direction of the overall section in the TS parallels to the Tanggula thrust fault (Figure 7), suggesting the overprinting of tectonic fabrics on the original sedimentary fabrics instead of the paleocurrent.
Above rock magnetic experiments collectively show that the paramagnetic minerals, such as phyllosilicates and clay minerals, are the main contributors to the AMS of TS and thus the AMS measures the preferred orientation of the phyllosilicate grains, indicating the strain caused grain re-orientation by compaction and tectonic processes (e.g., physical alignment) though some local contribution of magnetite could not be ruled out (Paterson et al., 1995; Pares et al., 1999). This direct relationship between AMS and tectonic strain have been established for weakly deformed fine grained sediments from several areas in the world, such as the Pyrenees, Italian peninsula, Appalachians (Grahams, 1966; Oertel, 1983; Mattei et al., 1997), also supported by a summary of quantitative measurements of the preferred orientation of phyllosilicates grains in a variety of tectonically weakly deformed to undeformed rocks (Paterson et al., 1995), and also supported by the relationship that the magnetic lineation closely follows the fold axis of Tanggula Range in our section.
Thus, AMS offers a proxy for the preferred orientations of grains and could be used to track the tectonic strain variation (Hrouda, 1982). To trace the strain change indicated by the AMS parameters, we divided the TS into two parts according to the variations of km, L, T, E, P′, and kmin (Figure 9). All these parameters display a generally change from 37–30 Ma to 30–19.7 Ma. T and E indicate the ellipsoid changes from prolate to oblate, at c.a. 30 Ma (420 m). L exhibits a higher degree of lineation between ∼37 and 30 Ma (0–420 m) than the 30–19.7 Ma range. In addition, from ∼37 to 30 Ma (0–420 m), kmin deviated from the bedding pole, whereas the kmax was distributed along the NW–SE direction, which is approximately parallel to the fold strike. Nearly half of the kmin was scattered away from the bedding pole, as indicated by the equal-area projections, and there is an evident SW-oriented distribution (also indicated by the mean value of the kmin) (Figure 11). This is an evident original magnetic fabric overprinted by tectonic strain through layer-parallel shortening, which suggested based on insights from magnetic fabrics in sandbox models and field observed magnetic fabric development in many mountain belts (Pares et al., 1999; Almqvist and Koyi, 2018; Schöfisch et al., 2021). From ∼30 to 19.7 Ma (420 m to the top), kmin was still grouped around the bedding pole, whereas the kmax was distributed along the NNW–SSE direction. In this stage, the kmin values are much more concentrated than the former, as indicated by the equal-area projections and the mean value of the kmin (Figure 11). Comparing the changes of the principal magnetic axes and parameters, there is a relatively significant tectonic strain from ∼37 to 30 Ma.
[image: Figure 11]FIGURE 11 | Stereonet projections of the maximum principal axis (kmax) (square) and the minimum principal axis (kmin) (circle), and the Flinn (F–L), and Jelinek (P′–T) diagram of the AMS data (after the F tests). All the diagrams are separated into two parts at 30 Ma. Please note that the bigger solid black dots in the stereonet projections are the mean value of the Kmin.
The strain variations seen in the principal axes distributions are also supported by the F–L and P′–T diagrams (Figure 11). From the sedimentary fabric to the composite sedimentary/tectonic fabric, the ellipsoid changes gradually from oblate (T > 0) to prolate (T < 0) with increasing strain (Pares, 2004; Weil and Yonkee, 2009). In the TS, from ∼37 to 30 Ma (0–420 m), 62% of the T values (67 out of 108) are located in the prolate part. However, from 30 to 19.7 Ma (420 m to the top), 24% of the T values (103 out of 433) are distributed in the prolate region. The F–L diagrams obtain the same features as the T values, having nearly the same proportion distributions of prolate and oblate samples (Figure 11). Taking the concrete AMS parameters (km, T, P′, L, E, and kmin), principal axes distribution, F–L and P′–T diagrams together, it is evident that the phase from ∼37 to 30 Ma experienced a relatively strong tectonic strain in the NE–SW direction comparing with the phase of 30–19.7 Ma.
Implications for Cenozoic Uplift of the Tuotuohe Basin and Tanggula Range
In the studied section, the AMS data demonstrated that the Tanggula Range was active during ∼37–30 Ma. Please note, that due to the sampling difficulties, the bottom of the studied samples does not represent the actual bottom age of the TTH Fm. Hence, the tectonic activity was not tested earlier than 37 Ma via AMS. However, based on the study of Wang et al. (2008), significant tectonic uplift of the Tanggula Range happened between 47 and 36 Ma indicated by magmatic activities as well as fission track ages.
A variety of evidence (Table 1) has strongly demonstrated late Eocene–early Oligocene tectonic activity around the Tanggula Range. First, abundant volcanic activities are distributed in this time span. In the Tuotuohe region, the Zhalaxiageyong trachyte is found with U–Pb ages of 34.06–32.39 Ma (Ning et al., 2016) and a rhyodacite lava flow is interbedded with the TTH Fm., for which the 40Ar/39Ar age is ∼33.5 Ma (Staisch et al., 2014). In Saiduopu, north of the Tanggula Range near the Tanggula Pass, the U–Pb analytical results for zircons from the Saiduopu granite are ∼39 or ∼40.6 ± 3.1 Ma (Roger et al., 2000; Duan et al., 2005). To the south of Quemocuo, intruded gabbro along the thrust fault is dated at 44 Ma (Li et al., 2006). In the Qiangtang terrane, Eocene–early Oligocene (50–29 Ma) volcanic and intrusive rocks are widespread (Wang et al., 2010).
TABLE 1 | Supported evidence for the divided phase based on AMS.
[image: Table 1]Second, there is an elevation uplift during this time induced by the continuous India-Asia convergence. The most negative leaf wax hydrogen isotope value indicates a paleoelevation estimate of ∼4000 m for the Tanggula Range from the late Eocene to the early Oligocene (Lin et al., 2020); then, the paleoelevation uplifted to ∼5000 m by the middle Oligocene (28 Ma) (Xu et al., 2013). For the Tuotuohe Basin floor, palynological assemblages in the fossil records indicate a relatively low paleoelevation (<2000 m) in the late Eocene, whereas the elevation uplifted to ∼2900 m in the early Oligocene (29 Ma) (Miao et al., 2016; Li et al., under review). This result is supported by the paleoelevation result from the Fenghuoshan Section, immediately north of our studied section, which indicated the paleoelevation is < 2800 m after upper crustal shortening stopped during 30–27 Ma as implied by the thermochronometric data (Miao et al., 2016; Dai et al., 2020; Li et al., in review).
Third, the Tanggula Range experienced a major late Cretaceous–early Miocene uplift and a cooling episode evidenced by thermochronology: the distributions of the collected apatite fission track ages of the Tanggula Range are mainly distributed from 120 to 30 Ma (Zhao et al., 2019).
According to the AMS results of samples collected from our studied section, the tectonic strain activity induced by the India–Asia convergence decreased at approximately 30 Ma. This is almost consistent with crustal shortening evidence (Table 1) such as: 1) at the northern flank of the Fenghuoshan, N–S oriented granite porphyry intruded into the YXC Fm. and was covered by the nearly flat WDL Fm. The crystallizing ages of the late-stage zircons are approximately 27.6 ± 1.4 Ma, indicating that the cessation time of the Fenghuoshan thrust fault belt is between 29 and 26.2 Ma (Wu et al., 2007; Dai et al., 2020). 2) there is nearly flat-lying basalt covering the Fenghuoshan Group at Fenghuoshan, and the 40Ar/39Ar ages for the upper and lower basalt flows are dated at 26.46 ± 0.23 Ma and 27.33 ± 0.1 Ma, respectively (Staisch et al., 2014).
As highlighted earlier, the Tuotuohe Basin floor is at ∼2900 m in the early Oligocene (29 Ma) according to the fossil records and the Fenghuoshan Section is at <2800 m after upper crustal shortening during 30–27 Ma (Dai et al., 2020; Li et al., under review). This indicates that an additional 1000–2000 m of surface uplift was needed to reach modern elevations (∼4500 m). Crustal shortening decreased or stopped after 30–27 Ma, and the early Miocene flat-lying attitude of the WDL Fm. has been preserved to the present (Wu et al., 2008; Staisch et al., 2014; Dai et al., 2020; Li et al., under review); thus, it is necessary to invoke other mechanisms to explain the surface uplift without changing the upper crustal shortening. A combination of mechanisms including continental subduction, convective removal of the lower lithosphere, and magmatic inflation has been proposed by Dai et al. (2020). However, this study does not consider which mechanism is responsible for the additional 1000–2000 m surface uplift of the Tuotuohe Basin. Instead, it focuses on when the relevant mechanism started to work. Based on geophysical and petrochemical evidence, Lu et al. (2018) confirmed that convective removal of the Tibet mantle lithosphere started at ∼26 Ma, which contributed to the wholesale uplift, and this finding is supported by Dai et al. (2020). However, the AMS parameters of the TS do not record significant amplitude changes between 30 and 19.7 Ma, indicating that there is no active tectonic strain experienced by the Tuotuohe Basin during the range ∼30–19.7 Ma. That indicates that the additional 1000–2000 m of surface uplift began at least after 19.7 Ma, and this viewpoint is supported by the paleoelevation results of the Wudaoliang and Lunpola Basins, which suggested that both basins were at less than 3000 m in the middle Miocene (Deng et al., 2012; Sun et al., 2014).
CONCLUSION
AMS data of the Tuotuohe Basin can be divided into two phases at 30 Ma. From ∼37 to 30 Ma, AMS parameters indicate an active tectonic strain and Tanggula Range uplift induced by the India–Asia convergence. Between 30 and 19.7 Ma, the strain is weak compared with the earlier phase. The AMS indexes of the TS do not record significant strain changes between 30 and 19.7 Ma, which indicates that the additional 1000–2000 m of surface uplift of the Tuotuohe Basin began at least after 19.7 Ma.
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New zircon U-Pb dating results from the Zonggei Formation volcanics indicate that the volcanic rocks formed at ∼114–110 Ma. Paleomagnetic data, petrography, and rock magnetism confirm the primary nature of isolated characteristic remanent magnetizations carried by titanomagnetite and hematite. A statistical analysis of the combined results from the Zonggei and Duoni formations reveals a group-mean direction of D±ΔD = 0.4° ± 6.0°, I±ΔI = 22.2° ± 5.6°, α95 = 5.6°, k = 35.2 after bedding correction based on 20 group-mean directions. The corresponding paleopole was calculated to be λp = 70.3°N, φp = 270.5°E with A95 = 5.2°. The interpretation of our data alongside the Cenozoic data from the Tethyan Himalaya indicates that the India–Asia collision initiated by 61.7 ± 3.0 Ma at 13.0° ± 1.8°N, assuming a single-collision model. Intracontinental crustal shortening totaling 1,770 ± 470 km took place on the Asian side since the onset of India–Asia collision. Furthermore, the data show that the Neo-Tethys Ocean reached its maximum N-S width of 7,100 ± 530 km at ∼132 Ma and shrank to 6,400 ± 550 km by ∼115 ± 5 Ma. This is consistent with previous estimates based on the geophysical images of the subducted Neo-Tethyan slab beneath Eurasia.
Keywords: Lhasa terrane, India–Asia collision, Neo-Tethys ocean, paleolatitude, geochronology, intracontinental crustal shortening
HIGHLIGHTS

• Our data set supports the conclusion that the Lhasa terrane stayed at ∼13.0°N during 115 ± 5 Ma.
• Crustal shortening totaling 1,770 ± 470 km has occurred on the Asian side since the onset of the initial India–Asia collision.
• The Neo-Tethys Ocean reached its maximum N-S width of 7,100 ± 530 km at ∼132 Ma and shrank to 6,400 ± 550 km at ∼115 Ma.
1 INTRODUCTION
The Himalayan-Tibetan orogenic belt is the highest and largest archetype in the world. Most of the crustal shortening was driven by the Cenozoic India–Asia collision, making it an ideal setting to examine the effects of continent–continent collision and to quantify the resultant intracontinental deformation (Chang and Zhen, 1973; Achache et al., 1984; Besse et al., 1984; Patriat and Achache, 1984; Yin and Harrison, 2000; Ding et al., 2005; 2016; van Hinsbergen et al., 2011a; 2011b). The precise age of collision initiation, defined as the first contact between India and Eurasia, is still debated. Published estimates range from ∼70 to 60 Ma (Yin and Harrison, 2000; Ding et al., 2005; Cai et al., 2011; van Hinsbergen et al., 2012; Hu et al., 2015, 2016a, 2016b; Parsons et al., 2020) to as recently as ∼34 Ma (Aitchison et al., 2007). Many prior studies have attempted to resolve this issue over the past three decades (e.g., Achache et al., 1984; Patriat and Achache, 1984; Yin and Harrison, 2000; Ding et al., 2005; Aitchison et al., 2007; Dupont-Nivet et al., 2010; Liebke et al., 2010; Tan X-D et al., 2010; Najman et al., 2010, 2017; Sun Z-M et al., 2008, 2010, 2012; Meng et al., 2012; van Hinsbergen et al., 2012; Lippert et al., 2014; Ma et al., 2014; Yang et al., 2015; Bian et al., 2017; Yuan et al., 2020). The accurate dating of the collision onset age and paleolatitude is strongly dependent on the precollisional paleogeography of the southern Lhasa terrane, northern Tethyan Himalayan terrane, and Indian subcontinent (e.g., Patzelt et al., 1996; Chen et al., 2010; Yi Z-Y, et al., 2011; Sun Z-M et al., 2008, 2010, 2012; Lippert et al., 2014; Ma et al., 2014; Yang T.-S. et al., 2015; Bian et al., 2017, 2019; Qin et al., 2019; Yuan et al., 2020) (Figure 1).
[image: Figure 1]FIGURE 1 | Four competing tectonic models for interpreting the initial India–Asia collision in early Cenozoic time. (A) Single-stage collision model derived from Gansser, (1966), Patzelt et al. (1996) and Parsons et al. (2020); (B) Two-stage collision model 1, which was proposed by Patriat and Achache (1984); (C) Two-stage collision model 2, which is firstly quantified by paleomagnetic analysis (van Hinsbergen et al., 2012, 2019); and (D) Two-stage collision model 3, which was proposed by Kapp and DeCelles (2019). Abbreviations are as follows: TH, Tethyan Himalaya; GH, Greater Himalaya; LH, Lesser Himalaya.
Despite the controversy regarding the timing and configuration of collision onset, much progress has been made in understanding the tectonic evolution of the India–Asia collision. Notably, in recent years, several authors have concluded that the India–Asia collision is not as straightforward as previously thought. An emergent view holds that collision was a complex process in which two or more tectonic plates collided with each other in what is today the central part of the southern Tibetan Plateau. Until now, different authors have proposed several mutually exclusive models with different geometries. Herein, we present each of the models and make direct comparisons. Those who are interested in further exploration of this topic are referred to several recent studies (e.g., Aitchison et al., 2007; Yi et al., 2011; van Hinsbergen et al., 2012, 2019; Hu et al., 2016b; Kapp and DeCelles, 2019; Parsons et al., 2020). The different tectonic models can be divided into four categories according to their stages of development as follows: 1) single-collision models; 2) two-stage collision models with an intraoceanic arc; 3) two-stage collision models with the Greater India Basin (GIB) hypothesis; and 4) two-stage collision models with an exotic Xigaze-Spong arc.
The predominant view of prior studies is that a collision took place when a single oceanic basin closed between two continental plates (also referred to as the single-collision model) (e.g., Achache et al., 1984; Ding et al., 2005; Cai et al., 2011; Wu et al., 2014; Hu et al., 2015, 2016a, 2016b; DeCelles et al., 2014; Baral et al., 2019) (Figure 1A). The single-collision model was initially proposed by authors during the early investigations of the Tibetan Plateau (e.g., Argand, 1924; Gansser, 1964, 1966, 1980). Subsequent studies focused on the geometry of continental Greater India and timing of collision within the single-subduction framework (Figure 1A) (Argand, 1924; Gansser, 1964; Klootwijk et al., 1992; Şengör and Natal’in, 1996; Patzelt et al., 1996; Ding et al., 2005; Cai et al., 2011; Hu et al., 2016a; Searle, 2019; Wang et al., 2018). The most important argument in support of this model is the fact that only one suture zone, marked by distinctive ophiolite and mélange, is preserved along the Indus-Yarlung Zangbo suture zone (IYZSZ). This implies that the Neo-Tethys Ocean was consumed along a single subduction zone (e.g., DeCelles et al., 2014; Hu et al., 2016b). The most significant challenge to this model is the large deficit between the documented shortening and the convergence between India and Asia. Prior studies predict extremely large convergence values (∼2,000–4,800 km) that far exceed documented crustal shortening across the orogen based on a 60–50 Ma collision age (Johnson, 2002; Aitchison et al., 2007; van Hinsbergen et al., 2012; Kapp and DeCelles, 2019) (Figure 1A). Despite the challenges, several recent papers adopt the single-collision model due to its compatibility with geological data (e.g., Tapponnier et al., 1982; Ding et al., 2005; Hu et al., 2016b).
The earliest two-stage collision model was proposed by Patriat and Achahe (1984), who argued that there might have been an intra-oceanic arc (the Ladakh island arc) to the south of the India–Asia suture. In this interpretation, Greater India collided with the island arc at approximately 54 Ma, and India–Asia collision initiated shortly thereafter at approximately 50 Ma. This interpretation was later explored by other workers using tomographic imaging and/or geological evidence (Van der Voo et al., 1999; Aitchison and Davis, 2004; Aitchison et al., 2007; Aitchison et al., 2011) (Figure 1B). The two-stage model is compatible with the paleomagnetic data from Cretaceous rocks in the Dazhuqu region (Abrajevitch et al., 2005) and has been bolstered by further data synthesis (Abrajevitch et al., 2005; Aitchison et al., 2007; Parsons et al., 2020). Furthermore, it is supported by some paleomagnetic and geophysical studies (Van der Voo et al., 1999; Abrajevitch et al., 2005; Aitchison et al., 2007), although the geological evidence for the second suture zone is lacking. However, this model did not reasonably explain the deceleration of India between 60 and 50 Ma (Klootwijk et al., 1992; Copley et al., 2010; van Hinsbergen et al., 2011a).
Two-stage subduction models involving a microcontinent on the lower-plate side (GIB) have also been proposed to explain the shortening deficit (Sinha Roy, 1976; Hsu et al., 1995). Subsequent studies tested this model using paleomagnetic and tomographic imaging analysis (van Hinsbergen et al., 2012, 2019), with a focus on determining whether the GIB [referred to as North India Sea by Yuan et al. (2020) existed (Figure 1C)]. The timeline proposed in these studies begins with ∼118–68 Ma rifting of Greater Himalaya and Tethyan Himalaya composite terrane from the Lesser Himalaya and Indian plate. From 60 to 50 Ma, Greater Himalaya and Tethyan Himalaya composite terrane collided with Lhasa terrane, and the GIB was consumed along a north-directed subduction zone, which would have separated Greater Himalayan rocks from Lesser Himalayan rocks. The consumption of the GIB was completed by 30–20 Ma (van Hinsbergen et al., 2012, 2019). Direct paleomagnetic observations from two locations in the Tethyan Himalaya (Yuan et al., 2020) support this interpretation, though in that study, the GIB was referred to as the North India Sea and the timing on the rifting of the Tethyan-Himalayan and Greater Himalayan TH+GH composite terrane was tightly constrained to ∼75–53/48 Ma. However, some key discrepancies, such as the lack of geological evidence for a suture zone within the central part of the Himalayan thrust belt (e.g., Searle, 2019; Kapp and DeCelles, 2019; Parsons et al., 2020) and sediment transport pathways for Cretaceous-earliest Paleocene Jidula Fm. sediments (Hu et al., 2010) in the Tethyan Himalaya, require explanation.
Recently, Kapp and DeCelles (2019) proposed a new tectonic model in which the Xigaze-Spong continental arc rifted from the southern Lhasa terrane between 90 and 70 Ma to form a back-arc basin on the upper-plate side of the India–Asia suture. Subsequently, a new subduction zone formed within the back-arc basin shortly after India collided with the Xigaze-Spong arc (Kapp and DeCelles, 2019) (Figure 1D). The consumption of the back-arc lithosphere would have occurred between 60 and 45 Ma. This model is compatible with the available geological data, but the primary geological evidence for the Xigaze back-arc basin is lacking (Kapp and DeCelles, 2019; Parsons et al., 2020).
Paleomagnetism provides quantitative estimates of convergence and crustal shortening triggered by continental collision throughout the Cenozoic India–Asia collision. Despite the accumulation of numerous paleomagnetic data sets from the Cretaceous and Cenozoic rocks of the Lhasa terrane, the estimates of crustal shortening are still debated, with published estimates ranging from only hundreds of kilometers (Tan X-D et al., 2010) to over 2,000 km (Besse et al., 1984; Patriat and Achache, 1984; Johnson, 2002; Chen, J-S et al., 2010; Sun et al., 2010, 2012; Ma et al., 2014; Yang et al., 2015; Bian et al., 2017; Li, Z-Y et al., 2017; Tong et al., 2017).
In addition to the issues mentioned above, the determination of the north-south width of the Neo-Tethys oceanic basin is a key part of reconstructing the India–Asia collision (Van der Voo et al., 1999; Ji et al., 2009; Chen, W-W et al., 2012). This information is critical to reconstruct the evolution of the Neo-Tethys Ocean and the position of the Lhasa terrane before collision initiation. Scholars have made some major progress on this topic from different perspectives such as tomographic imaging analysis, magmatism, and paleomagnetism (Van der Voo et al., 1999; Ji et al., 2009; Chen, W-W et al., 2012).
In this study, we obtained new paleomagnetic and geochronological results from the northern Lhasa terrane to address five key questions: 1) What was the exact emplacement age of the Zonggei Formation volcanic rocks that we sampled for paleomagnetism? 2) What was the accurate paleolatitude of the Lhasa terrane during the Early Cretaceous based on the results from the Zonggei Formation volcanic rocks? 3) How much intracontinental crustal shortening has occurred within Eurasia since collision initiation? 4) What was the north–south width of the Neo-Tethys Ocean during the Early Cretaceous time based on the integration of ∼132–117 Ma paleolatitudes acquired from the Tethyan Himalaya and the interior of the Indian plate and what was the paleolatitudinal variation of the Lhasa terrane throughout Early Jurassic to Early Cretaceous time? To this end, we designed and performed the geological mapping and sampling of the Zonggei Fm. volcanic rocks to test the consistency and validity of previously obtained results from the Duoni Fm. volcano-sedimentary rocks, which are close to the sampling locations of this study in the Nagqu region.
2 GEOLOGICAL SETTING
The Lhasa terrane is situated in southern Tibet and is bounded by the Bangong-Nujiang suture zone (BNSZ) to the north and the IYZSZ to the south (Allégre et al., 1984; Dewey et al., 1988; Yin and Harrison, 2000; Ding et al., 2005; Wang et al., 2015; Hu et al., 2016a, 2016b) (Figure 1A). The final accretion of the Lhasa terrane to Eurasia predates the arrival of the Indian subcontinent and formed the southernmost margin of Asia over a long period (Şengör, 1987; Yin and Harrison, 2000; Pan et al., 2004; Ding et al., 2005; Kapp et al., 2005, 2007; Leier et al., 2007; Zhu et al., 2016). The northern Lhasa terrane is comprised of Jurassic-Cretaceous sedimentary and Mesozoic igneous rocks (Leeder, et al., 1988; Leier et al., 2007; Zhu et al., 2009, 2013) that form an E-W-trending belt of volcano-sedimentary sequences (Ma and Yue, 2010; Zhu et al., 2009, 2011, 2013).
The study area is in the Nagqu basin of the northern Lhasa terrane (Figure 2), which comprises a conspicuous Early Cretaceous magmatic belt distributed along the northern Lhasa terrane in the Nagqu area. Some scholars suggested that this magmatic belt represents a magmatic arc immediately south of the BNSZ (Ma and Yue, 2010; Zhu et al., 2009, 2011, 2013). Both of the units focused on in this study, namely, the Zonggei Formation volcanic rocks and previously sampled Duoni Formation volcano-sedimentary rocks, are a part of this magmatic belt.
[image: Figure 2]FIGURE 2 | Topographic and geological map of the study area and adjoining areas on the Tibetan Plateau. (A) Tectonic framework of the Tibetan Plateau and neighboring area based on Tapponnier et al. (1982). The study area (in the Nagqu region) is located in the northern Lhasa terrane of central Tibet (enclosed by rectangle). (B) Simplified tectonic division of the Tibetan Plateau and detailed location of the study area in this study. Some abbreviations are as follows: JSSZ, Jinsha suture zone; BNSZ, Bangong-Nujiang suture zone; IYZSZ, Indus-Yarlung Zangbo suture zone; MBT, Main boundary thrust. (C) Geological map of the study area near Nagqu County (scale, 1:250,000), where the Zonggei Formation volcanic outcrops are located on the northern side of the National Highway 317, approximately 5 km northeast of Nagqu County. Stereo projection showing bedding attitudes and associated poles to the planes from sampled Section 1 and Section 2 (Li Z. et al., 2017) and the sampled section in this study. (D) Sketched cross section of the Zonggei Formation volcanic rocks we sampled on the northern side of National Highway 317; blue dots denote the paleomagnetic sampling sites, while red pentagons denote the sampling sites for U-Pb dating bulk samples.
Regionally, the Lower Cretaceous Zonggei Formation (K2z) is unconformably underlain by the Duoni Formation, which primarily comprises andesite, basaltic andesite, and andesitic breccia (BGSXAR, 2005). The Zonggei Formation volcanic rocks were previously thought to have formed in Late Cretaceous time, whereas we revise the crystallization age with updated zircon U-Pb dating results (see Section 4 below for details) that indicate Early Cretaceous (114–110 Ma) crystallization.
In the study area, there is an unconformity between the underlying Middle-Upper Jurassic Lagongtang Formation (J2-3) and the overlying Lower Cretaceous Duoni Formation (K1d). The latter is comprised of slate and medium- to fine-grained sandstone. Occasionally, the andesite and basaltic andesite of the Duoni Formation volcanic rocks are exposed. For example, volcanic lava flows are intercalated with 3–4 sandstone layers in Section 1 that were sampled in Li Z. et al. (2017) (Figures 2B,C). Several types of fossils, including Weichselia reticulata, a global standard-type fossil with a characteristic Lower Cretaceous age, Pernidella sp., Spongiom orphan sp., and Coniopteris sp., were reported from sedimentary layers in the Duoni Formation (BGSXAR, 2005). Furthermore, previous research provides the dating results of ∼120 Ma for the Duoni Formation volcanic rocks (Li, Z-Y et al., 2017). Therefore, based on reported radiometric dating results and fossils, the Duoni Formation is Early Cretaceous in age. In the field, the Zonggei Formation volcanic lava flows, the Duoni Formation lava flows, and sedimentary sandstone layers (documented by Li, Z-Y et al., 2017) dip 16°–60° to the northeast in the study area (i.e., striking E-W and NW-SE) (Figures 2C,D; Table 1). This tilting of the Zonggei Fm. volcanics and the Duoni Fm. volcano-sedimentary rocks was chiefly caused by the folding activity that occurred during the onset of the India–Asia collision and is hence constrained to the early Cenozoic time (BGSXAR, 2005).
TABLE 1 | Summary of all ChRM group-means of the Zonggei Fm. volcanic rocks and selected results from the Duoni Fm. volcano-sedimentary rocks.
[image: Table 1]3 SAMPLING AND METHODS
Three bulk samples, each weighing 1–2 kg, were collected for radiometric dating from freshly exposed volcanic rocks in the sampled section along the northern side of National Highway 317 approximately 8 km northeast of Nagqu County.
The zircon U-Pb dating method (see Supporting Information for details) was used to date the Zonggei Formation volcanic rocks, whereas stepwise thermal demagnetization techniques were used to resolve ChRM directions. When combined, these data provide a paleolatitude for the Lhasa terrane during the Early Cretaceous time. In total, 108 independently oriented paleomagnetic samples were drilled from 13 paleomagnetic sites in the Zonggei Formation. The sampled outcrops are distributed along the northern side of National Highway 317 within Nagqu County (GPS coordinates: 31.48°N, 92.1028°E) (Figures 2C,D).
Within each site, 8–9 independently oriented paleomagnetic samples were collected in a small area (∼1 m) using a portable gasoline-powered drill (Figure 2D). All samples were oriented in situ using both magnetic and sun compasses where possible. The differences between the readings of the two compasses were limited to ±2°; hence, corrections were not necessary. At the sampling site (31.48°N, 92.1°E), the present geomagnetic field (PGF) and present dipole field (PDF) directions-Dec = 0.06°, Inc = 48.78° and Dec = 0.0°, Inc = 50.77°—were calculated based on the IGRF_2020 and geocentric axial dipole (GAD) models, respectively. Additionally, we used techniques including petrographic investigations and rock magnetic experimental work to determine the compositions of the dominant remanence carriers and to monitor possible chemical alterations and mineralogical phase transformations during the complete heating–cooling cycle under air atmosphere. Please refer to Section 5 Magnetic Mineralogy and Petrography below for further details.
4 ZIRCON U-PB DATING
The zircon U-Pb dating results from the three bulk samples (2012TZ576, 2012TZ578, and 2012TZ580) are 114.0 ± 0.8 Ma (MSWD = 3.1, n = 18) (2012TZ576), 111.2 ± 0.7 Ma (MSWD = 5.4, n = 20) (2012TZ578), and 110.5 ± 0.4 Ma (MSWD = 1.5, n = 23) (2012TZ580) (Figure 3; Supplementary Table S2 in Supporting Information). Therefore, the Zonggei Formation volcanic rocks formed at ∼114–110 Ma, indicating an emplacement age during the late Aptian to early Albian time.
[image: Figure 3]FIGURE 3 | Diagrams showing concordant ages (left column) and weighted mean ages (right column) for dating samples of the Zonggei Formation volcanic rocks in this study. (A,B) Concordant and weighted mean ages for U-Pb dating results of the sample 2012TZ580, collected from the Zonggei Formation volcanic rocks near paleomagnetic site TNZ01 (see Figure 2D for details). (C,D) Concordant and weighted mean ages for U-Pb dating results of the sample 2012TZ578, collected from the Zonggei Formation volcanic rocks near paleomagnetic site TNZ04 (see Figure 2D). (E,F) Concordant and weighted mean ages for U-Pb dating results of the sample 2012TZ576, collected from the Zonggei Formation volcanic rocks near paleomagnetic site TNZ13 (see Figure 2D). See Supporting Information Supplementary Table S2 for detailed data on the U-Pb isotopic compositions and dating results.
5 MAGNETIC MINERALOGY AND PETROGRAPHY
5.1 Rock Magnetism
Typical rock magnetic analyses including magnetic hysteresis parameters (i.e., the saturated magnetization Ms, the saturated remanent magnetization Mrs, and coercivity Hc), isothermal remanent magnetization (IRM) acquisition curves, and the backfield demagnetization of saturated IRM were performed using a Model 3900 vibrating sample magnetometer (provided by Princeton Instruments). These data were used to identify the dominant remanence carriers that reside in the paleomagnetic specimens of the Zonggei Formation volcanic rocks and set appropriate stepwise demagnetization schemes and steps for paleomagnetic specimens. In addition, the temperature dependence of magnetic susceptibility for some pilot samples was also measured. This process involved a complete heating–cooling cycle from room temperature to the maximum temperature of 700°C under air atmosphere. Measurements were completed using an MFK-1-FA device (AGICO Instruments Company) coupled to a CS-4 temperature control apparatus. Selected samples were crushed and milled to powder before analysis. All rock magnetic measurements were completed at the Paleomagnetism and Geochronology Laboratory (PGL), Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS).
5.1.1 Hysteresis Loops, Isothermal Remanent Magnetization Acquisition Curves, and Backfield Demagnetization Experiments
Hysteresis loops, IRM acquisition curves, and backfield demagnetization curves were measured for representative samples of the Zonggei Formation volcanic rocks. All experiments were conducted in a room-temperature environment (see Figure 4). Some samples exhibit typical wasp-waisted hysteresis loops (e.g., TNZ01-8) (Figure 4A), suggesting the presence of two or more magnetic minerals with contrasting coercivities (i.e., the existence of both low- and high-coercivity magnetic mineral grains such as titanomagnetite and hematite) (Tauxe et al., 1996). In this type of hysteresis loop, the coercivity is typically less than 100 mT. Furthermore, the corresponding IRM acquisition curves show a rapid increase below 200 mT, which acquired some 80% of the SIRM, suggesting the presence of low-coercivity magnetic mineral grains. However, it is worth noting that the IRM intensity increases gradually above 200 mT and the saturation is still not fully reached at 1.5 T, indicating the presence of high-coercivity magnetic mineral grains such as hematite grains in the samples (Figure 4). This is also verified through the temperature dependence of the magnetic susceptibility experiments discussed below.
[image: Figure 4]FIGURE 4 | Rock magnetic results for selected samples from the Zonggei Formation volcanic rocks. (A,D,G) hysteresis loops and detailed values of hysteresis parameters for representative samples; (B,E,H), IRM acquisition curves and backfield demagnetization of saturated IRM for representative samples; (C,F,I) temperature dependence of magnetic susceptibility curves (heating-cooling cycle from room temperature up to 700°C).
The second type of hysteresis loop is broadly similar to the third type (Figure 4D) but has a higher coercivity value. In the second type of hysteresis loop (TNZ05-1) (Figure 4D), the data also show a wasp-waisted loop but not as clearly as in sample TNZ01-8. The hysteresis loop is completely closed at 1.5 T, indicating that low-coercivity magnetic mineral grains dominate the magnetic components in the sample. The IRM acquisition curves and backfield demagnetization curves also corroborate this hypothesis. The IRM acquisition curve increases rapidly below 200 mT, and it then increases gradually until it is fully saturated at 1.5 T (Figure 4E), indicating the dominance of soft magnetic components (i.e., low-coercivity magnetic mineral grains) in the samples.
The third type of hysteresis loop clearly shows that low-coercivity magnetic mineral grains (Figure 4G) dominate the magnetic components, and these grains are likely Ti-poor titanomagnetite (or magnetite) grains with coercivity values much lower than 100 mT. The IRM acquisition curves and backfield demagnetization curves also exhibit that the saturation was fully reached below 200 mT (Figure 4H), confirming that the soft magnetic component dominates the magnetic minerals.
5.1.2 Temperature Dependence of the Magnetic Susceptibility Measurements
To further check the magnetic minerals and monitor possible chemical alterations and phase transformations of magnetic minerals, an assessment of the temperature dependence of magnetic susceptibility was also performed at the PGL in IGGCAS. All six samples exhibit a remarkable decrease in magnetic susceptibility near the Curie point of stoichiometric magnetite grains (∼585°C) during a complete heating–cooling cycle (see Figures 4C,F,I). Moreover, all samples show that the heating curves are significantly lower than the cooling curves, which could be reasonably explained by the exsolution of a small portion of magnetic mineral grains such as titanomagnetite into strong magnetic minerals such as magnetite grains during the heating–cooling cycle (Dunlop and Özdemir, 1997). Additionally, it is worth noting that some samples show a minor decrease in magnetic susceptibility at approximately 650°C –700°C (TNZ01-8 and TNZ05-1) (Figures 4C,F), which is very close to the Neél temperature of hematite (∼680°C), indicating the presence of hematite grains in these samples. Given that the magnetic susceptibility of titanomagnetite is hundreds of times that of hematite, we speculate that these kinds of samples are dominated by hematite grains, which are supported by the hysteresis loops, IRM acquisition curves, petrographic investigations, and stepwise thermal demagnetization results below. In summary, we postulate that both Ti-poor titanomagnetite and hematite grains are the dominant remanence carriers in the samples of the Zonggei Formation volcanic rocks.
5.2 Petrography
We selected representative samples to perform petrographic investigations to reflect the textures of samples and mineral compositions, grain shapes, sizes, and mineral distribution in bulk samples (see Figure 5, Figure 6).
[image: Figure 5]FIGURE 5 | Transmitted-light (A–D) and cross-polarized-light (E–I) photomicrographs for representative samples of the Lower Cretaceous Zonggei Formation volcanic rocks.
[image: Figure 6]FIGURE 6 | BSE images and EDS analysis for representative samples from the Zonggei Formation volcanic rocks. The red-colored dots in subfigures of (B,C), (F, G), and (J,K) indicate spots where the EDS analyses were performed. Measurements and analytical results are shown in subfigures (D,H,L). Areas enclosed by yellow rectangles are enlarged in subsequent subfigures.
A microscopic examination of representative samples was performed using an electron probe microanalyzer (EPMA) (JXA-8230, JEOL) set in back-scattering electron (BSE) imaging mode with an acceleration voltage of 15 kV and a working distance of 11.0 mm. This instrument is installed at the Laboratory of Continental Collision and Plateau Uplift (LCPU), Institute of Tibetan Plateau Research (ITPCAS). The examination sought to check whether the hematite particles in some paleomagnetic samples were produced by low-temperature oxidation from original Ti-poor titanomagnetite and determine the diagenetic conditions of different magnetic minerals. Polished samples were carbon-coated before analysis and energy-dispersive spectrometer (EDS) measurements were carried out by utilizing an EPMA equipped with an X-Max 50 EDS analyzer (provided by the OXFORD Instruments PLC, Abingdon, United Kingdom).
BSE analysis shows that most samples are dominantly porphyritic and consist of long strip-shaped microcrystalline plagioclase and interstitial irregular Fe-oxide and pyroxene grains ranging in size from 5 to 20 μm and conspicuously lacking oxidized rims (Figure 5, Figure 6). This rules out the possibility of pervasive low-temperature oxidation. Furthermore, the presence of these magnetic grains is consistent with a primary magmatic origin rather than secondary oxidation (Huang, et al., 2015).
In summary, we interpret the Fe-O minerals in our samples to be Ti-poor titanomagnetite and hematite based on BSE, EDS, and rock magnetic analyses (Figure 4, Figure 5, Figure 6). Moreover, the EPMA data suggest that both magnetite and hematite grains were formed from the exsolution of Ti-poor titanomagnetite particles rather than low-temperature oxidation processes that post-date the cooling of the lavas. This interpretation is further supported by the demagnetization behaviors of the paleomagnetic specimens from the Zonggei Formation volcanic rocks below (Figure 7).
[image: Figure 7]FIGURE 7 | Orthogonal vector projection of thermal demagnetization results for representative specimens of the Lower Cretaceous Zonggei Formation volcanic rocks, which are plotted in geographic coordinates. Closed (open) circles represent projection of vector end-points onto the horizontal (vertical) plane. Thermal (°C) demagnetization steps are labeled with the capital letter T and are followed by the temperature step (e.g., T500).
6 PALEOMAGNETIC PROCEDURES
All paleomagnetic specimens were subjected to a progressive thermal demagnetization inside a magnetically shielded room with a residual magnetic field of <300 nT at the Paleomagnetism and Environmental Magnetism (PMEM) Laboratory, China University of Geosciences (Beijing). An ASC-48 thermal demagnetizer with a residual magnetic field of <10 nT inside the oven and JR-6A dual-speed spinner magnetometer (AGICO Instruments Company) were used. The temperature increments for stepwise thermal demagnetization were set to 50°C at low temperatures and decreased to 5°C–10°C at high temperatures when the maximum unblocking temperatures of Ti-poor titanomagnetite (∼575°C) and titanohematite (∼680°C) were nearly reached. Subsequently, we projected our thermal demagnetization results onto orthogonal vector diagrams (Zijderveld, 1967) and isolated different magnetic components by using principal component analysis (Kirschvink, 1980). The software packages PmagPy (Tauxe et al., 2016, https://earthref.org/PmagPy), the online paleomagnetic analysis portal Paleomagnetism.org (version 2.2.0) (Koymans et al., 2016, 2020), PMGSC (version 4.2) (Enkin, 1994), and PaleoMac (Cogné, 2003) were used to analyze paleomagnetic direction data, statistical analysis, and plot data. The statistical analysis of different isolated magnetic components was performed by using Fisher statistics (Fisher, 1953).
7 PALEOMAGNETIC RESULTS
In total, we thermally demagnetized 72 out of 108 specimens from 13 paleomagnetic sites. Northward-seeking and downward high-temperature directions were successfully resolved from 59 specimens, and no reversed polarity direction data were found in any of these specimens (Figure 7; Table 1). This is consistent with the statistical analysis of these isolated 59 high-temperature components (HTCs) (Figure 8), which are consistent with characteristics of the Cretaceous Normal Superchron (CNS, 123–83 Ma) (Olierook et al., 2019).
[image: Figure 8]FIGURE 8 | Equal-area projections of isolated site-mean ChRM directions with corresponding 95% confidence ellipses before and after tilt correction (left and right columns). (A,B) Equal-area projections of filtered ChRMs from isolated 59 specimens of the Lower Cretaceous Zonggei Formation volcanic rocks with Fisher mean and corresponding 95% confidence ellipses before and after tilt correction (left and right columns); (C,D) equal-area projections of site-mean ChRM directions isolated from 9 group-means of the Zonggei Formation volcanic rocks with Fisher mean and corresponding 95% confidence ellipses before and after tilt correction (left and right columns); (E,F) equal-area projections of 11 site-mean directions with Fisher mean and corresponding 95% confidence ellipses of the Duoni Fm. volcano-sedimentary rocks before and after tilt correction (left and right columns); (G,H) equal-area projections of combined 9 group-mean directions of the Lower Cretaceous Zonggei Formation volcanic rocks and filtered 11 site-mean directions from results of the Duoni Formation volcano-sediments, which are derived from Li Z. et al. (2017) with Fisher means and corresponding 95% confidence ellipses before and after tilt correction (left and right columns). Solid and open symbols represent projections onto lower and upper hemisphere, respectively. Stars with light gray-colored ellipses indicate the overall mean directions and the 95% confidence limits before and after tilt correction, respectively. Blue solid circles represent the 9 group-mean directions from the Lower Cretaceous Zonggei Formation volcanic rocks in this study.
Generally, most specimens exhibit a straightforward linear trajectory toward the origin and only one single component can be resolved from the initial demagnetization step to the maximum unblocking temperatures of the magnetite and hematite present in the specimens (Figures 7A–N,P; Table 1). Additionally, two components were present in several specimens (Figure 7O), and the HTC was usually isolated, following the removal of a viscous or low-temperature component by demagnetization steps at temperatures less than 250°C –300°C.
For other sites, if each paleomagnetic site was collected from an individual lava flow, then one single site-mean direction was treated as one group-mean direction. By applying Fisher statistics to all of these groups, we obtained an average group-mean direction of D±ΔD = 6.2° ± 8.2°, I±ΔI = 27.0° ± 7.3°, α95 = 7.3°, with k = 50.1, n = 9 (D±ΔD = 338.5° ± 10.3°, I±ΔI = 44.6° ± 7.3°, α95 = 7.3°, with k = 50.1) after (before) bedding correction for the 9 group-mean directions (Figures 8C,D). The corresponding paleomagnetic pole was hence calculated to be λp = 72.0°N, φp = 252.6°E with A95 = 6.7°, K = 59.2 based on the above 9 group-mean ChRM directions (Table 1).
Li, Z.-Y. et al. (2017) also acquired meaningful paleomagnetic and geochronological results from the Duoni Formation volcano-sedimentary rocks. They collected samples from the Duoni Formation rocks in and around Luoma Town, which is ∼10–15 km south of Nagqu County (Figure 2C). Because an obvious inclination-shallowing effect was absent in their sedimentary rock specimens, they combined the Duoni Formation volcanic specimens with sandstone specimens and obtained a formation-mean direction of D±ΔD = 356.4° ± 6.3°, I±ΔI = 16.4° ± 6.3°, α95 = 6.3°, with k = 29.3, n = 19 (D±ΔD = 333.5° ± 7.4°, I±ΔI = 33.5° ± 7.4°, α95 = 7.4°, with k = 21.4) after (before) bedding correction for the Duoni Formation based on the 14 site-mean directions of volcanic rocks (Section 1 in Figure 2C) and 5 site-mean directions of sediments (Section 2 in Figure 2C).
The sampling location for this study area (Figures 2B,C) are ∼20 and ∼10 km away from Section 1 and Section 2 in Li, Z-Y et al. (2017), respectively. Given that our results are consistent with those of the Duoni Formation volcano-sedimentary rocks (120.2 ± 0.5 Ma) in Li, Z-Y et al. (2017), we established data selection criteria and selected data from the results of the Zonggei Formation volcanic rocks (9 group-mean directions) and the results of the Duoni Formation volcano-sedimentary rocks (11 sites). These were incorporated into a combined group-mean direction over these two formations (Figures 8G,H; Table 1). Subsequently, we obtained a combined data set that includes 20 group-mean directions from the Zonggei Formations volcanic rocks and the Duoni Formation volcano-sedimentary rocks. Accordingly, the statistical analysis of these combined 20 group-mean directions yields the following: D±ΔD = 0.4° ± 6.0°, I±ΔI = 22.2° ± 5.6°, α95 = 5.6°, with k = 35.3 (D±ΔD = 337.7° ± 8.0°, I±ΔI = 37.2° ± 6.4°, α95 = 6.4°, with k = 27) after (before) bedding correction.
The combined 20 group-mean directions show that the precision parameter k-value and associated parameter α95 improved significantly after grouping compared to the Fisher mean direction before bedding correction (Figures 8G,H; Table 1). In addition, the overall 20 group-mean directions pass the reversal test at the 95% confidence level (class C: γangle = 10.9°, γcritical = 19.0°) (McFadden and Lowes, 1981; McFadden and McElhinny, 1990) and fold tests (see Table 1; Supplementary Figure S1 in Supporting Information) (McFadden, 1990; Watson and Enkin, 1993), indicating a prefolding origin and the primary nature of the isolated ChRM directions of the combined results.
Based on the obtained radiometric dating results and positive field test results, we conclude that the remanence magnetizations were acquired over a sufficiently long time interval to average out paleosecular variation. In this study, our data set from the Zonggei Formation volcanic rocks is exclusively taken from a single normal polarity corresponding to the Cretaceous Normal Superchron (CNS) (123–83 Ma) (Olierook et al., 2019). By combining these data with published results from the Duoni Formation volcano-sedimentary rocks, we can quantify the paleosecular variation by using the conventional method of comparing observed VGP scatter parameter Sλ to established paleosecular variation models (e.g., McFadden et al., 1991; Johnson et al., 2008). The VGP scatter parameter Sλ is defined here as Sλ= [image: image] , in which ϑi stands for the angle between the ith VGP unit vector and the spin axis and N is the number of VGPs (Cox, 1970). The VGP scatter for the Zonggei Formation volcanic rocks alone is thus calculated to be Sλ = 10.6°, which falls within the expected value (S = 7.0–11.3°) at the 95% confidence limit during the CNS period according to the paleosecular variation model proposed by McFadden et al. (1991). Subsequently, the VGP scatter for the combined results of the Zonggei and Duoni formations volcanic rocks is calculated to be Sλ = 12.9° for the 20 VGPs, and this value is consistent with the expected value of Sλ = 17.4° (95% confidence limit of 12.5–22.5) at ∼13.0°N spanning 0–5 Ma summarized by Johnson et al. (2008). Furthermore, we also used a newly developed statistical method (Deenen et al., 2011) to calculate the radius of the half-cone of confidence limit around the mean VGP (i.e., A95) for the 5 site-mean directions from the sandstone layers of Li, Z.-Y. et al. (2017). These were used to calculate an A95 of 3.34°, which is well within the interval of 2.77°–8.16° and is also in line with a VGP pole population that averages paleosecular variation (Deenen et al., 2011). Therefore, the paleomagnetic directions resolved from the Zonggei and Duoni formations’ volcano-sedimentary rocks can represent the GAD field.
These observations, which are consistent with paleosecular variation models, together with rock magnetic analysis (see Figure 4, Figure 5, Figure 6 for details), petrographic investigations (see Figure 5, and Figure 6 for details), and positive field tests (Table 1; Supplementary Figure S1 in Supporting Information), all support the primary nature of the remanence magnetizations of the combined analysis of the Zonggei Formation volcanic rocks and the Duoni Formation volcano-sedimentary rocks.
8 DISCUSSION
In this study, we adopted reference poles from the well-constructed master APW paths of both Eurasian and Indian continents from 130 Ma to the present day (0 Ma) (Supplementary Table S1 in Supporting information) (Torsvik et al., 2008, 2012). For the convenience of comparison, we have calculated all paleolatitudes at the reference site (29.5°N, 91.0°E), which is on the northern bank of the Yarlung Zangbo River and represented the southernmost margin of Eurasia during the Early Cretaceous.
8.1 Precollisional Paleogeography of the Lhasa Terrane in Early Cretaceous Time
We calculated the paleolatitude at the reference site (29.5°N, 91.0°E) of the southernmost margin of the Lhasa terrane in the Early Cretaceous time to be 12.3° ± 6.7°N based on the paleomagnetic results from the Zonggei Formation volcanic rocks alone and 9.8° ± 5.2°N (Table 2) based on the combined results obtained in this study and previously published results from the Duoni Formation volcano-sedimentary rocks.
TABLE 2 | Summary of Cretaceous and Early Cenozoic paleomagnetic poles from the Lhasa and Tethyan-Himalayan (two are from interior of Indian craton) terranes.
[image: Table 2]Recently, large amounts of Cretaceous and Early Cenozoic paleomagnetic results were published from northern and southern parts of the Lhasa terrane (Table 2; Figure 9, and Figure 10) (e.g., Achache et al., 1984; Besse et al., 1984; Patriat and Achache, 1984; Sun et al., 2008, 2010, 2012; Chen et al., 2010; Dupont-Nivet et al., 2010; Liebke et al., 2010; Chen et al., 2012; Meng et al., 2012; Tang et al., 2013; Ma et al., 2014; Yang et al., 2015; Yi et al., 2015; Bian et al., 2017; Cao et al., 2017; Li, Z-Y et al., 2017; Tong et al., 2017). We compiled the paleomagnetic results from English and Chinese publications, evaluated them according to the established criteria (Van der Voo, 1990; Meert et al., 2020), and divided them into two groups, namely, the Cretaceous-pole and Cenozoic-pole groups (Table 2; Figure 9).
[image: Figure 9]FIGURE 9 | Equal-area projections showing distributions of Cretaceous paleopoles (A) and Cenozoic paleopoles (B) of the Lhasa terrane and the Tethyan Himalayan terrane based on this study and previously published results, with corresponding 95% confidence ellipses. See Table 2 in the main text for values and cited references. The deep blue star indicates the reference site (29.5°N, 91.0°E), which represents the southernmost margin of Eurasia long before the India–Asia collision when calculating the paleolatitudes of the Lhasa and Tethyan Himalayan terranes in this study. The dashed lines represent the small circle running through the reference poles of Eurasia, India, and the Tethyan Himalayan terrane centered on the reference site. (A) Black dots with red-filled circles represent the selected Cretaceous paleopoles that were fitted by the small-circle method (Mardia and Gadsden, 1977) and the corresponding 95% confidence circles; (B) black dots with pink-filled circles represent the selected Cenozoic paleopoles that were fitted by the small-circle method (Mardia and Gadsden, 1977) and corresponding 95% confidence circles. Blue dots with 95% confidence circles represent the reference poles of the Indian continent (from Torsvik et al., 2012) and the Tethyan Himalayan terrane. The light-blue strip areas with solid black line and dashed lines in (A,B) represent the small circles and corresponding 95% confidence limits passing through the selected Cretaceous and Cenozoic paleopoles centered on the reference site (29.5°N, 91.0°E) in this study, respectively. See the main text and Table 2 for details.
[image: Figure 10]FIGURE 10 | Paleolatitudes evolution of the Eurasian and Indian continents, the Lhasa terrane, and the Tethyan Himalayan terrane as a function of time. Cretaceous paleomagnetic poles of the Lhasa terrane, which were compiled from previously published results, are listed in Table 2. All paleolatitudes were calculated for the reference site (29.5°N, 91.0°E). Expected paleolatitudes of the Eurasian and Indian continents are drawn from Torsvik et al. (2008, 2012).
For the Cretaceous-pole group, a total of nineteen paleopoles were included (Table 2; Figure 9). Considering that the data of TKR2 from Westphal et al. (1983) were likely contaminated by an overprint component as noted by Achache et al. (1984), they were excluded from further analysis. Additionally, the SXV data from Tan et al. (2010) probably resulted from records with inadequately averaged paleosecular variation and were thus excluded from further analysis in this study. ZG+DN was also excluded from further analysis because it overlapped with both ZG and DN. The remaining nineteen available paleopoles (i.e., TKR1, SXR1, WRG, SXR2, TKR3, TKR4, ZC, DJ, LZZ, QS, DN, ZG, TK5, JZS, LR, SV, CLC, JZSC, and DZC) were joined in the subsequent small-circle fitting analysis (Table 2; Figure 9).
Small-circle analysis (Mardia and Gadsden, 1977) was used to fit selected poles to yield an average paleolatitude for the Lhasa terrane in the Cretaceous and Cenozoic periods, respectively (Table 2; Figure 9). In the data compilation, it is noteworthy that either the Cretaceous paleopoles or the Cenozoic paleopoles from the Lhasa terrane were aligned along a small circle, with consistent paleolatitudes that indicate that the Lhasa terrane was located within a band of 10°–15°N from the Cretaceous to Cenozoic time. Consequently, the Cretaceous-pole group yielded an average paleolatitude of 13.0° ± 1.8° centered on the reference site (29.5°N, 91.0°E), indicating a subtropical location of the Lhasa terrane during the Cretaceous time. We also applied the same analysis to the data set from the Cenozoic-pole group (Table 2; Figure 9). After data quality evaluation (Q ≥ 5 for each pole), all twelve compiled paleomagnetic data points (i.e., LZZV1, LZZT, PNT, LZZV2, LZZV3, LZZV4, DykeL, LZZV5, LZVS, PVS, CJD, and DZV2) were added to the small-circle analysis. Consequently, the analysis of the Cenozoic-pole group yielded an average paleolatitude of 14.5° ± 5.0° for the reference site (29.5°N, 91.0°E), which is consistent with the paleolatitude (13.0° ± 1.8°N) of the Lhasa terrane in the Cretaceous. In combination with the fitted paleolatitude of the southernmost margin of the Lhasa terrane in Cretaceous and Cenozoic times, the latitudinal difference Δλ in between these two periods was calculated to be 1.5° ± 4.3° (160 ± 470 km), clearly indicating that the Lhasa terrane experienced no detectable north–south convergence with respect to stable Asia from the Early Cretaceous to early Cenozoic time. This period is immediately prior to initial India–Asia collision (i.e., from at least 120 to 60 Ma). Hence, this also shows that the Lhasa terrane remained stationary at ∼10°–15°N in the Northern Hemisphere over a long period, which has been supported by many previous studies (Achache et al., 1984; Sun et al., 2008, 2010, 2012; Liebke et al., 2010; Ma et al., 2014; Yang et al., 2015; Li, Z-Y et al., 2017; Tong et al., 2017; Ma et al., 2018). The coincident paleolatitude of 13.0° ± 1.8° of the Lhasa terrane in Cretaceous time is fundamentally in accord with the results (13.1° ± 2.7°) obtained from the Duoni Formation volcano-sedimentary rocks within uncertainty (Li, Z-Y et al., 2017).
This finding is in line with geological and geophysical evidence through a large number of studies over the past three decades. Scientists have recognized that the Lhasa terrane accreted onto Eurasia shortly before or during the Early Cretaceous and has thus been amalgamated to Eurasia since that time (e.g., Yan M-D et al., 2016; Li et al., 2017a, 2017b; Chen et al., 2020). Note that a paleomagnetic study on the Yanshiping Group also argued that the Lhasa terrane had reached ∼12°N and already collided with the Qiangtang terrane as early as ∼160 Ma (Late Jurassic) and then amalgamated by mid-Cretaceous time (Yan et al., 2016). In short, we conclude that the Lhasa terrane remained at ∼13°N for at least 60–70 Myr (from 120 Ma to shortly before the India–Asia collision in the early Paleocene) and did not experience a distinct north–south plate motion with respect to Eurasia. This is because it had already become the new stable southern margin of Eurasia since at least 120 Ma.
Additionally, it is noteworthy that the geochronological and paleomagnetic results obtained from small-circle analysis (13.0° ± 1.8°N) in this study are consistent with an already published result (13.1° ± 2.7°N) from the Duoni Fm. volcano-sedimentary rocks, which are ca. 20 km southwest of the research area in this study, hence confirming the validity of these two studies and indicating the primary nature of the remanent magnetizations acquired from the Zonggei and Duoni formations.
8.2 Implications to Timing of Initial India–Asia Collision
It has been widely accepted that the IYZSZ is the tectonic boundary between the Lhasa and Tethyan Himalayan terranes (e.g., Achache et al., 1984; Patriat and Achache, 1984; Yin and Harrison, 2000; Ding et al., 2005; van Hinsbergen et al., 2011b; Hu et al., 2015, 2016a, 2016b). The intersection or overlap of the paleolatitudes of the Lhasa and Tethyan Himalayan terranes can be viewed as the beginning of the initial collision between the Indian and Eurasian continents during the early Cenozoic. This has been widely accepted by those who argue for the single-collision model.
Over the past three decades, paleomagnetists have carried out a series of studies on both sides of the Lhasa and Tethyan Himalayan terranes (Patriat and Achache, 1984; Besse et al., 1984; Patzelt et al., 1996; Sun et al., 2008, 2010, 2012; Chen et al., 2010, 2014; Dupont-Nivet et al., 2010; Tan et al., 2010; Liebke et al., 2010; Yi et al., 2011; Meng et al., 2012; Ma et al., 2014; Yang et al., 2015; Bian et al., 2017; Li, Z-Y et al., 2017; Tong et al., 2017). On the Asian side, we compiled previously published paleomagnetic data from the Lhasa terrane over the past few decades and selected them one by one by establishing a data filter based on data selection criteria (Van der Voo, 1990; Meert et al., 2020). A new paleopole (λp = 72.0°N, φp = 252.6°E, with A95 = 6.7°) from the Zonggei Fm. alone indicates that Lhasa was at 12.3° ± 6.7°N. Moreover, as discussed above, further analysis using the small-circle fitting technique (Mardia and Gadsden, 1977) indicates that the Lhasa terrane stayed at 13.0° ± 1.8°N.
Notably, the Lhasa terrane experienced very limited latitudinal movement (1.5° ± 4.3°) (160 ± 470 km) from 120 Ma to the early Cenozoic immediately before the initial India–Asia collision (Sun, Z-M et al., 2010, 2012; Ma et al., 2014; Yi et al., 2015; Li, Z-Y et al., 2017) (Figure 9), suggesting that the Lhasa terrane remained almost stationary throughout 120–60 Ma (Yang et al., 2015; Li, Z-Y et al., 2017; Tong et al., 2017). Therefore, the precollisional paleogeography of 13.0° ± 1.8°N for the Lhasa terrane during the Early Cretaceous time can be used to represent the stable southernmost margin of Eurasia at the time immediately before the initial contact between India and Asia.
On the Indian side (including the Tethyan Himalaya), paleomagnetists have obtained meaningful results from the Zongpu and Zongshan formations in the Gamba and Duela areas, respectively (Patzelt et al., 1996). Yi et al. (2011) later carried out an integrated study on the Zongpu Formation in the Gamba area and obtained two paleopoles located at λp = 67.3°N, φp = 266.3°E with A95 = 3.5° at 60.5 ± 1.5 Ma and λp = 71.6°N, φp = 277.8°E with A95 = 2.5° at 57.5 ± 1.5 Ma. These two data sets are widely accepted to be of high quality. Nevertheless, in recent years, some authors have argued that based on petrographic investigations, the dominant remanence carriers present in the Zongpu Fm. carbonates in the Gamba area are framboidal magnetite particles, i.e., diagenetic products, which are not consistent with a detrital or biogenic origin (Huang et al., 2017a; 2017b). In other words, the Zongpu Fm. carbonate rocks have likely been chemically remagnetized (Huang et al., 2017a). These new findings challenge the reliability of the resolved ChRMs from the Zongpu carbonate rocks in the Gamba area. Subsequently, Yi et al. (2017) conducted a detailed reanalysis of the paleomagnetic data sets obtained from the Zongpu Fm. and concluded that the ChRMs resolved from the Zongpu limestone are probably associated with early diagenetic minerals instead of the product of later chemical remagnetization. Thus, the paleomagnetic results of the Zongpu limestones are indeed suitable for paleogeographic reconstruction. Similarly, Roperch and Dupont-Nivet (2021) also proposed that these Paleocene carbonates are more likely of early diagenetic origin. They suggested that the previously interpreted widespread remagnetization across the Tibetan Plateau should be reassessed with caution.
Scholars from Peking University (Beijing, China) also made a systematic work on magnetic extracts by using petrography. They observed a large amount of SD euhedral magnetite particles residing in carbonate rocks in the Gamba area, which are consistent with a detrital or biogenic origin (Zhao, 2021; Zhao et al., 2021). Both types of magnetite particles can faithfully record paleomagnetic directions over billions of years (Kirschvink and Lowenstam, 1979; Taduno et al., 2006; Taduno et al., 2010).
It is worth noting that several lines of evidence from other research areas also argue for the primary nature of the ChRM directions resolved from the Zongpu Fm. carbonates in the Gamba area. These lines of evidence include the following: 1) the isotopic records of carbon and oxygen from bulk carbonate at Gamba spanning the key interval of the Paleocene-Eocene thermal maximum are well consistent with the carbon isotope records from the Ocean Drilling Program site 690, indicating no sign of any alteration of these geological records in later periods (Zhang et al., 2019). 2) The photomicrographs of carbonate rock samples in Huang et al. (2017a) and section A of Yi et al. (2011) displaying well-preserved fossils (including benthic foraminifer, echinoderm, ostracod, and green algae with particles/matrix) do not show any signs of orogenic fluids (Li and Hu, 2020). 3) The isotopic ratios of strontium (87Sr/86Sr) from calcite match well with the global oceanic strontium isotope record, indicating that the carbonates in the Gamba area have not been altered by orogenic fluids (Wang et al., 2008). In addition, the presence of abundant detrital and biogenic magnetite particles identified in the Zongpu Fm. limestone rules out the possibility of widespread chemical remagnetization in the Gamba area (Zhao, 2021; Zhao et al., 2021). Therefore, these lines of key evidence, as well as analytical results, suggest that the ChRMs resolved from the Zongpu carbonates in the Gamba area (Patzelt et al., 1996; Yi et al., 2011) are of primary origin and hence can be used for paleogeographic reconstruction.
As previously highlighted, recent research provides two new poles of λp = 40.8°N, φp = 256.3°E with A95 = 1.8° at 76.2–74 Ma (i.e., 75.1 ± 1.1 Ma) from the Cailangba sections (A and B) located in the Gyangze area and λp = 74.0°N, φp = 278.5°E with A95 = 2.5° at 62.5–59.2 Ma (i.e., 60.85 ± 1.65 Ma) from the Sangdanlin and Mubala sections in the Saga area (Yuan et al., 2020). Given that these two newly obtained paleopoles can be directly compared to paleopoles from the uppermost Cretaceous Zongshan Formation in the Gamba and Duela areas (Patzelt et al., 1996; Yi et al., 2011), we are in favor of using the paleopoles derived from these two studies (Patzelt et al., 1996; Yuan et al., 2020) to calculate the exact paleolatitudes of the Tethyan Himalayan terrane (representing the northernmost margin of Greater India at the time) immediately before the initial India–Asia collision. Thus, the paleolatitudes of the Lhasa and Tethyan Himalayan terranes in early Cenozoic time can be compared to infer the accurate timing of the India–Asia.
The northernmost margin (i.e., Tethyan-Himalayan terrane) of Greater India is calculated to have been located at −18.4° ± 1.8°S at 75.1 ± 1.1 Ma and at −4.3° ± 4.4°S at 71–65 Ma (68 ± 3 Ma) (Figure 10; Table 2) based on the available data sets. From the perspective of the rate of northward motion, the Tethyan-Himalayan terrane moved northward consistently with the Greater Indian plate at a velocity of ∼225–270 mm/yr (i.e., 225–270 km/Myr) during the time interval of ∼75.1–60.85 Ma (Table 2) and had already passed the equator and reached the paleolatitude of 13.6° ± 2.5°N in the Northern Hemisphere by ∼62.5–59.2 Ma (60.85 ± 1.65 Ma) (Figure 10; Table 2). Thus, the paleolatitude of the Tethyan Himalayan terrane had already overlapped that of the southernmost margin of the Lhasa terrane by 60.85 ± 1.65 Ma. In other words, the initial contact between these two continental terranes should have taken place earlier than 60.85 ± 1.65 Ma.
If we use the northward movement rate of the Tethyan Himalayan terrane based on the already published results (see the previous discussion of the calculated the paleolatitudes of the Tethyan Himalayan terrane at different times) (Table 2), then the northernmost margin of the Tethyan Himalaya moved northward at a velocity of ∼225–270 mm/yr during the time interval of ∼75.1–60.85 Ma and ∼277.89 mm/yr during the time interval of ∼68–60.85 Ma. Thus, it is reasonable to conservatively use a northward movement velocity of 225 mm/yr (225 km/Myr) here for the northward convergence rate of the Tethyan Himalayan terrane to estimate when and where these two continents collided. Under this assumption, starting at ∼68 Ma, the paleolatitude of the Tethyan Himalaya shifts northward with decreasing age and some 6.35 Myr later falls within the 95% confidence interval of the paleolatitude of the Lhasa terrane, indicating that the paleolatitude of the Tethyan Himalayan terrane intersected the coeval paleolatitude of the Lhasa terrane. In other words, at as late as 61.7 ± 3.0 Ma (i.e., 64.7–58.7 Ma) (Figure 10), the northernmost margin of the Greater Indian continent started to collide with the southernmost margin of the Eurasian continent, so the initial India–Asia collision very likely occurred during the period of 64.7–58.7 Ma (Figure 10). Our result agrees well with the previous estimate (59.3 Ma) from the Duoni Formation volcano-sedimentary rocks (Li Z. et al., 2017).
This accurate estimate of the timing of the collision between the Lhasa terrane to the north and the Tethyan Himalayan terrane to the south can be viewed as the onset of the India–Asia collision if the single-collision model is favored. Thus, our data set indicates that the initial India–Asia collision likely occurred at 13.0° ± 1.8°N during the period of 64.7–58.7 Ma (i.e., 61.7 ± 3.0 Ma) under the assumptions that the Tethyan Himalayan terrane moved northward at the velocity of 225 mm/yr and there was no relative motion between the Tethyan Himalayan terrane and the rest of the cratonic India subcontinent, which is highly consistent with previous estimates (Patriat and Achache, 1984; Klootwijk et al., 1992; Copley et al., 2010; van Hinsbergen et al., 2011a; Torsvik et al., 2012).
Moreover, for clarity, we also consider the timing of the onset of the India–Asia collision by using the fitted Cenozoic paleolatitude of 14.5° ± 5.0°N to represent the southernmost margin of the Lhasa terrane under the assumption of the single-collision model. Then, following the analytical method we used before, it can be calculated that the timing of the onset of the India–Asia collision is 64.2–58.2 Ma (61.2 ± 3.0 Ma), which is in excellent agreement with the timing of the onset of the India–Asia collision based on a fitted Cretaceous paleolatitude of 13.0° ± 1.8°N for the southernmost margin of the Lhasa terrane at the 95% confidence limit. In other words, these results are mutually consistent with each other at the 95% confidence limit.
Therefore, here, we use the fitted Cretaceous paleolatitude of 13.0° ± 1.8°N as the southernmost margin of the Lhasa terrane before the India–Asia collision because 1) abundant paleomagnetic studies also support this conclusion (in other words, other paleomagnetists have demonstrated the validity of using the Cretaceous paleolatitude of the Lhasa terrane to represent the paleolatitude immediately before the India–Asia collision (e.g., Achache et al., 1984; Lin and Watts, 1988; Sun Z-M, et al., 2008, 2012; Chen W-W et al., 2012; Tang X-D et al., 2013; Ma Y-M et al., 2014; Yang et al., 2015; Yi Z-Y et al., 2015; Bian et al., 2017; Cao et al., 2017; Li Z. et al., 2017; Tong Y-B et al., 2017); 2) Cenozoic paleomagnetic data sets were acquired from red beds and volcanic rocks spanning the time interval of 62–41.5 Ma, a part of which postdates the India–Asia collision (thus, the use of Cenozoic data sets to discuss timing of the onset of the India–Asia collision introduces post-collisional effects); and 3) we used the fitted paleolatitude of the Lhasa terrane in Cretaceous time to represent the paleolatitude of the Lhasa terrane shortly before the India–Asia collision occurred in early Cenozoic time because this is the interpretation we made based on the data set obtained firsthand (i.e., Zonggei Fm. volcanics) in combination with previously published Cretaceous results. This is also a reasonable interpretation for our paleomagnetic data set from the Zonggei Fm. volcanics. Thus, given the originality of this batch of paleomagnetic data set, it is clear that we also demonstrate the robustness of the previously obtained paleomagnetic results from the Duoni Fm. volcano-sedimentary rocks (Li Z. et al., 2017). In short, our analysis of the fitted Cretaceous paleolatitude based on the paleomagnetic results of the Zonggei Fm. volcanics and previous studies is reasonable and valid.
It is worth noting that our estimate of the timing of initial India–Asia collision is also consistent with the result (60.5 ± 1.5 Ma, i.e., 62–59 Ma) derived from the upper Cretaceous Jingzhushan Formation on the northeastern edge of the Lhasa terrane (Tong et al., 2017), which is also supported by several lines of substantial geological evidence (Beck et al., 1995; Lee and Lawver, 1995; Ding et al., 2005; DeCelles et al., 2014; Wu et al., 2014; Hu et al., 2015, 2016a, 2016b).
Recently, scientists have studied the timing of initial India–Asia collision from the perspectives of biostratigraphic constraints and sedimentary records (DeCelles et al., 2014; Wu et al., 2014; Hu et al., 2015, 2016a; Qasim et al., 2018; Wei et al., 2020). For instance, DeCelles et al. (2014) and Wu et al. (2014) confirmed that the first arrival of Asia-derived sediments deposited on the northern Indian continental margin occurred at ∼60 Ma in both the Sangdanlin and Gyangze foreland basins, which are located close to the IYZSZ. These independent geological facts consistently indicate that the initial India–Asia collision should have occurred by ∼60 Ma, which is in accord with our result of ∼64.7–58.7 Ma (61.7 ± 3.0 Ma). More recently, Hu, X-M et al. (2015, 2016a) performed systematic provenance analysis on the Sangdanlin Formation sediments and a continuous section covering the upper Cretaceous Padana Fm., the uppermost Qubeiya Fm., the Lower Paleocene Quxia Fm., and the Paleocene-Lower Eocene Jialazi Fm. sediments, and they concluded that the initial India–Asia collision likely occurred at 59 ± 1 Ma (mid-Paleocene) or during the period of 66–58 Ma based on sharp changes in sediment provenance in the abovementioned formations deposited on the passive margin (Tethyan Himalaya) of the Indian plate. These results are very consistent with our estimate based on paleomagnetism. In addition to these studies, earlier studies demonstrated that the obduction of the Yarlung Zangbo ophiolite (and accretionary prism) onto India could not have occurred prior to the initial India–Asia collision and that the ophiolite obduction could have started only when collision began in the mid-Paleocene (∼65–60 Ma) (Beck et al., 1995; Ding et al., 2005; Hu et al., 2016b).
However, in recent years, the two-stage collision model with the GIB hypothesis (van Hinsbergen et al., 2012, 2019) as well as its variant (i.e., the two-stage collision model with the North India Sea hypothesis) (Yuan et al., 2020) has been further endorsed by several recent paleomagnetic case studies (e.g., Yang et al., 2015; Ma et al., 2016; Yuan et al., 2020) and the presence of Cretaceous alkaline basalts within the Tethyan Himalaya (Jadoul et al., 1998; Hu et al., 2010). However, it is still challenged by some significant geological facts including the absence of the remnants of oceanic crust, ophiolites, or deep marine sediments along the MCT (Le Fort, 1975; Yin and Harrison, 2000; Hu et al., 2016b; Searle, 2019), missing traces of the matching linear magmatic arc belt, fore-arc basin, and accretionary prism along the southern margin of the Greater Himalayan terrane due to the subduction of seafloor of GIB underneath the TH+GH composite terrane and provenance of Jidula Formation sandstones deposited in Tethyan Himalaya (Hu et al., 2012). Moreover, if the GIB is assumed to have existed from ∼118 to 68 Ma, then this requires the Indian plate to have been surrounded by oceanic spreading centers; however, this is not consistent with the rapid northward motion of the Indian plate during Cretaceous time (e.g., Copley et al., 2010; van Hinsbergen et al., 2011a; Kapp and DeCelles, 2019; Parsons et al., 2020).
Nevertheless, as mentioned above, the two-stage collision model with the GIB hypothesis is inspiring and promising and cannot be ruled out by currently available paleomagnetic data sets, but conservatively, we reached our conclusions with more caution and are in favor of the single-collision model to interpret our data set in this study. The validity of this promising two-stage collision model with GIB hypothesis requires more evidence from other research areas.
8.3 Estimates of Intracontinental Crustal Shortening Within Asia North of the Lhasa Terrane
The precise estimates of intracontinental crustal shortening occurring in both Asia and India have been a controversial issue based on currently existing geological and paleomagnetic data. To date, the proposed crustal shortening estimate on the Asian side has varied widely from 180 ± 280 km (Tan et al., 2010), 780 ± 240 km (Yang et al., 2015), 1,000 ± 300 km (Ma et al., 2014), to nearly 2,000 km (1,900 ± 700 km) (Tang et al., 2013). In fact, this issue is strongly dependent on when and where the initial India–Asia collision occurred and how fast the Indian continent moved northward with respect to stable Asia after the initial contact between the two continents.
As we have noted before (see Section 8.1), the latitudinal difference Δλ of the southernmost margin of the Lhasa terrane between the Early Cretaceous and the early Cenozoic immediately before initial India–Asia collision was 1.5° ± 4.3° (160 ± 470 km), which clearly suggests that the Lhasa terrane did not experience conspicuous north–south convergence relative to stable Asia between the Early Cretaceous and the early Cenozoic immediately before the initial India–Asia collision (i.e., from ∼120 to 61.7 ± 3.0 Ma). Based on this observation, the precollisional paleolatitude of 13.0° ± 1.8° of the Lhasa terrane in the Cretaceous is used in this study to reconstruct the intracontinental crustal shortening that occurred on the Asian side north of the Lhasa terrane.
For the ease of comparison, our analysis combines the calculated paleolatitude obtained in this study with those derived from the 120 to 110 Ma reference paleopoles of Eurasia below for the reference site (29.5°N, 91.0°E) (Figure 10). Here, we define the parameter Δλ120 as the paleolatitudinal difference between the paleolatitude calculated from the small-circle analysis of compiled paleopoles and the paleolatitude calculated from the 120 Ma reference paleopole (Torsvik et al., 2012), and similar definitions are applied to the parameters Δλ110, Δλ60, and Δλ50 below.
Our calculations yield Δλ120 = 14.2° ± 2.5° and Δλ110 = 14.3° ± 3.0°(Figure 9), suggesting that ∼1,570 ± 270 km and 1,580 ± 330 km of latitudinal crustal shortening have occurred across Tibet and stable Asia north of the Lhasa terrane since 120 and 110 Ma, respectively.
Furthermore, we find that the corresponding paleolatitudinal differences of Δλ60 and Δλ50 are Δλ60 = 16.0° ± 4.3° and Δλ50 = 17.5° ± 4.6° (Figure 9) (see foregoing definition of Δλ60 and Δλ50 for details), suggesting that ∼1,770 ± 470 km and 1,940 ± 510 km of latitudinal crustal shortening has occurred across Tibet and Eurasia north of the Lhasa terrane since 60 and 50 Ma, respectively. It is important to note that these four values (i.e., Δλ120, Δλ110, Δλ60, and Δλ50), which reflect the magnitudes of intracontinental crustal shortening occurring across the interior of Tibet and Eurasia, are consistent with each other within uncertainty. For clarity, here, we use the Δλ60 (i.e., 1,770 ± 470 km) as the estimate of crustal shortening that has occurred across the interior of Tibet and stable Asia. Thus, the Δλ110 (1,580 ± 330 km) was used as a reference value for the estimate of crustal shortening within the Asian hinterland since the Early Cretaceous time.
The estimates of intracontinental crustal shortening on the Asian side since the initial India–Asia collision (∼60 Ma) and since the 110 Ma obtained in this study are consistent with the estimate of latitudinal crustal shortening (1,450 ± 400 km since 120 Ma) from the Duoni Formation volcano-sedimentary rocks (see Figure 9) (Li Z. et al., 2017). Notably, our estimate on crustal shortening since the initial India–Asia collision is in excellent agreement with the paleomagnetic data (1,300 ± 910 km) from the upper Cretaceous Jingzhushan Formation sediments on the northeastern edge of the Lhasa terrane (Tong et al., 2017) and certain important paleomagnetic studies (Achache et al., 1984; Besse et al., 1984; Patriat and Achache, 1984; Tang et al., 2013; Li Z. et al., 2017; Tong et al., 2017).
Based on current data sets from balanced cross sections and field mapping, geologists have summarized that the crustal shortening within Tibet north of the IYZSZ since the initial India–Asia collision. Scholars have concluded that approximately 1,400 km of north–south shortening has been absorbed/accommodated during the Cenozoic (Meyer et al., 1998; Yin and Harrison, 2000; Spurlin et al., 2005; Volkmer et al., 2007). The intracontinental crustal shortening distributed within Tibet on the Asian side has been partitioned as follows: approximately 46% of the 470 km north–south crustal shortening (∼215 km) has occurred within the Lhasa terrane since the onset of the India–Asia collision (Volkmer et al., 2007). Additionally, over 900 km of N-S shortening has been absorbed north of the Lhasa terrane through a series of Cenozoic fold-and-thrust systems (including the Shiquanhe-Gaize-Amdo thrust system, the Fenghuoshan-Nangqian fold belt in the Qiangtang terrane, the Qimen-Tagh-North Kunlun thrust system and the Nanshan thrust system in the Qaidam-Kunlun terrane, and the Main Pamir thrust system) (Meyer et al., 1998; Yin and Harrison, 2000; Spurlin et al., 2005; van Hinsbergen et al., 2011b). Moreover, conservatively, approximately 250 km of southeastward extrusion of the Indochina block along several major strike-slip faults can be reconciled with dextral transpression in SE Tibet during the mid-Tertiary (van Hinsbergen et al., 2011b).
Moreover, we note that Parsons et al. (2021), through the tomographic imaging analysis of a prominent subducted lithospheric slab anomaly beneath southeastern Asia, have proposed that the India–Asia collision zone underwent 1,000–2,000 km of northward migration, implying that the same magnitude (i.e., 1,000–2,000 km) of crustal shortening has occurred since the onset of the India–Asia collision. This estimate, acting as an independent evidence from tomographic imaging, is in excellent agreement with our conclusion.
In short, this work on the reconstruction of intracontinental crustal shortening is consistent with our estimate in this study. In the long run, more robust high-quality volcanic-based paleomagnetic data sets are needed to constrain the estimate.
Therefore, here, we reached the conclusion that both the calculated estimate of 1,770 ± 470 km of crustal shortening occurring on the Asian side since the initial India–Asia collision and the reference value of the estimate (i.e., 1,580 ± 330 km) since ca. 115 ± 5 Ma are in accordance with the previously published result (1,450 ± 400 km) from the Duoni Fm. volcano-sedimentary rocks, which are ca. 20 km southwest of the research area in this study, hence confirming the validity and of these two studies.
8.4 Implications for the Width of the Neo-Tethys Ocean in the Early Cretaceous and Kinematic Reconstruction of the Lhasa Terrane Since the Early Jurassic
We have noted that both Ma et al. (2016) and Yang et al. (2015) have obtained high-quality paleomagnetic results from the 135–124 Ma Sangxiu Formation volcanics (i.e., SAXY in Table 2) (Figure 10) in the Langkazi area and from the 134–131 Ma volcanic rocks in the Cuona area (Figure 10; Table 2) in the Tethyan Himalayan terrane, respectively. In the early 1980s, Klootwijk and Bingham (1980) obtained paleomagnetic data (labeled TDS in Table 2) from the sediments in the Thakkhola-Dzong Formation in the Dzong area, Nepal, which can be successfully used to reconstruct the paleogeography of the Tethyan Himalayan terrane at ∼118 Ma. It is clear that these three results are in excellent agreement with the expected paleolatitudes of the Indian plate calculated from the Indian reference paleopoles (Klootwijk and Bingham, 1980; Torsvik et al., 2012; Ma Y-M et al., 2016; Yang T.-S. et al., 2015) (Table 2). We calculate the northernmost margin of Greater India (i.e., the reference site 29.5°N, 91.0°E) to have been located at −51.2° ± 5.7°S, −47.9° ± 6.1°S, and −45.0° ± 6.0°S in the Southern Hemisphere at 132.5 ± 1.5, 129.5 ± 5.5, and ∼118 Ma, respectively.
Considering that the Lhasa terrane remained at ∼13.0°N from ∼120 Ma to the early Cenozoic immediately before the initial India–Asia collision, we use the paleolatitude of 13.0° ± 1.8°N to represent the exact location of the southernmost margin of Asia. The calculated paleolatitudinal difference between the southernmost margin of the Lhasa terrane and the northernmost margin (−45.0° ± 6.0°S, TDS) (Table 2) of Greater India is 58.0° ± 5.0° at ∼118–115 Ma. Thus, the distance between the southernmost margin of the Lhasa terrane and the northernmost margin of Greater India is estimated to have been 6,400 ± 550 km at 115 ± 5 Ma. Furthermore, this calculation also suggests that the paleolatitudinal differences between the southernmost margin of the Lhasa terrane and the northernmost margin of Greater India were 64.2° ± 4.8° and 60.9° ± 5.0° at 132.5 ± 1.5 and 129.5 ± 5.5 Ma, respectively. Hence, the north–south distances between the southernmost margin of the Lhasa terrane and the northernmost margin of Greater India were 7,100 ± 530 km and 6,700 ± 550 km at ∼132.5 ± 1.5 and ∼129.5 ± 5.5 Ma, respectively (Figure 10; Table 2). Note that our estimate of the width of the Neo-Tethys Ocean is consistent with an estimated Neo-Tethys Ocean width of ∼7,000 km north of the Tibetan Himalaya (Van der Voo et al., 1999), as derived from the observations of the remnants of the subducted Tethyan oceanic slab by tomographic imaging. It is clear that the scale of the Neo-Tethys Ocean basin shrank from 7,100 ± 530 to 6,400 ± 550 km during 132.5 ± 1.5 to 115 ± 5 Ma.
Additionally, scientists have demonstrated that the Indian plate separated from Gondwana at 140–120 Ma (van Hinsbergen et al., 2011a; Gibbons et al., 2013; van Hinsbergen et al., 2019) and that the Neo-Tethys Ocean experienced continuous expansion before 130–120 Ma, reaching its maximum width sometime between 130 and 120 Ma (Van der Voo et al., 1999; Chen et al., 2012; Gibbons et al., 2013). Recent studies also indicate that the Neo-Tethyan oceanic crust started to subduct beneath the Lhasa terrane at 180 Ma (Li et al., 2016; Wang et al., 2018). Furthermore, Chen et al. (2020) used provenance analysis to show that the initial Lhasa-Qiangtang collision very likely occurred at 146–140 Ma and that the Lhasa terrane subsequently became part of stable Eurasia (Chen et al., 2020) and remained stationary at 13.0 ± 1.8°N for at least 60 Myr.
In short, the long-lasting subduction history of the Neo-Tethyan oceanic seafloor started from at least the Early Jurassic. Greater India can be viewed as fixed within East Gondwanaland at high-middle paleolatitudes in the Southern Hemisphere, whereas the Lhasa terrane exhibited constant northward movement during the same period (Figure 10). Therefore, the Neo-Tethyan Ocean was in an expansion stage until the Lhasa terrane completed amalgamation with the Qiangtang terrane in the Early Cretaceous, became part of stable Asia, and stayed at ∼13°N for over 60 Myr (Figure 11). Accordingly, the north–south width of the Neo-Tethys Ocean reached its maximum scale at 130–120 Ma prior to the separation of India from Australia-Antarctica and its subsequent northward movement, which initiated during the same period (i.e., ∼140–120 Ma). Assuming that the Lhasa terrane remained stationary at ∼13.0° in the Northern Hemisphere for ∼60 Myr (from 120 Ma to ∼61.7 ± 3.0 Ma), kinematically, the abovementioned shrinking trend of the Neo-Tethyan Ocean can be reasonably explained by the long-standing continuous northward movement of the Greater Indian plate with respect to the stable Eurasia to the north (Figure 11).
[image: Figure 11]FIGURE 11 | Paleogeographic reconstructions of the Eurasian and Indian continents and the Lhasa terrane at 180 Ma (Early Jurassic) and 120–110 Ma (Early Cretaceous), respectively. The paleomagnetic data sets of the Lhasa terrane at 180 Ma and the period of 120–110 Ma are from Li et al. (2016) and this study. The data sets for the Africa, India, Antarctica, Australia and Madagascar are from Torsvik et al. (2012). The paleomagnetic data for Asian geological terranes are from Huang et al. (2018).
In summary, we have made a reconstruction of the Lhasa terrane, Indian continent, and Eurasia at ∼180 Ma (Figure 11A) and 120–110 Ma (Figure 11B) based on the already published results for the Lhasa terrane from Li et al. (2016) and the data presented in this study. The Lhasa terrane was in an equatorial area (-3.2° ± 3.4°S) (Table 2, Figure 11) in the Southern Hemisphere at 180 Ma and then moved northward until the Lhasa-Qiangtang collision occurred; since then, it has represented the southernmost margin of Eurasia and has remained at ∼13°N since at least 120 Ma (Figure 11). This reconstruction of the Lhasa terrane during the Late Mesozoic plays an important role in interpreting the kinematic evolution of the Lhasa terrane within the eastern Tethyan realm.
9 CONCLUSION
We carried out an integrated study involving paleomagnetism and zircon U-Pb geochronology on the Zonggei Formation volcanic rocks to constrain the paleolatitude and kinematic behavior of the Lhasa terrane during the Early Cretaceous. Based on the obtained data set and our interpretations, we have reached the following conclusions: 1) The zircon U-Pb dating results show that the Zonggei Formation formed at 114–110 Ma (latest Aptian to early Albian). 2) The rock magnetism (Figure 4) and petrographic investigations (Figure 5, and Figure 6) demonstrate that both Ti-poor titanomagnetite and hematite magnetic minerals are the dominant remanence carriers in the Zonggei Fm. volcanics. Combined with previously published data sets from the Duoni Fm. volcano-sedimentary rocks (Li Z. et al., 2017), the positive fold and reversal tests suggest the primary nature of the ChRM directions of the Zonggei Formation volcanic rocks. 3) Our paleomagnetic analysis indicates that the initial India–Asia collision very likely occurred at ca. 64.7–58.7 Ma (61.7 ± 3.0 Ma) at a paleolatitude of 13.0° ± 1.8°N. Furthermore, intracontinental crustal shortening on the Asian side since the initial India–Asia collision is estimated to be 1,770 ± 470 km, which is consistent within uncertainty with previously published crustal shortening estimates and substantial geological evidence. 4) On the basis of the paleomagnetic analysis, the maximum N-S width of the Neo-Tethys Ocean is constrained to approximately 7,100 ± 530 km at 132.5 ± 1.5 Ma. The ocean basin then constantly shrank from this maximum width to 6,700 ± 550 km and 6,400 ± 550 km at 129.5 ± 5.5 Ma and 115 ± 5 Ma, respectively, which is essentially in line with the geophysical and geological evidence from southern Tibet (Van der Voo et al., 1999; Ji et al., 2009). Finally, we reconstructed the kinematic evolution of the Lhasa terrane since ∼180 (Early Jurassic) until 120–110 Ma (Early Jurassic) (Figure 11), which is much earlier than the initial India–Asia collision. This kinematic evolution represents a tight constraint on the long-lasting northward movement trend of the Lhasa terrane through the middle to late Mesozoic time.
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Cenozoic collision between the Indian and Asian continents is generally considered as the main driver forming the high Tibetan Plateau (TP). However, it remains hotly debated when and how the relatively flat and highly elevated TP was formed. Here, we present combined analyses of the apatite fission track (AFT) and apatite (U-Th)/He (AHe) of 18 granite samples along three steep topographic transects in the central part of the Qiangtang Terrane (QT), TP. The results indicate that the AFT ages of all samples are mostly between 130 Ma and 80 Ma, while the AHe ages range from 80 Ma to 40 Ma. Further thermal history modeling indicates that no significant cooling occurred after 40 Ma for most samples, except those lying close to the Reganpei Co extensional fault in the QT. The results are generally consistent with other low-temperature thermochronological data, as well as structural and sedimentologic data from the QT, suggesting that low relief and the relatively flat topography of the QT were almost completely formed before ∼40 Ma. As both megafossils and pollen had undergone a sharp change from subtropical- to psychro-species, indicating a relatively low elevation (∼2 km) at ∼40 Ma and >2 km uplift during the Oligocene. We use simple one-dimensional isostatic modeling to assess the contribution of convective removal of the lithospheric mantle to the present elevation of the QT. The results suggest that a combined effect of isostatic rebound (≥2 km) and thermal expansion related to asthenosphere upwelling and subsequent crustal base heating (∼0.4 km) led to the final uplift of the QT. Therefore, the QT experienced multiple-stage uplift processes which were controlled by crustal thickening before ∼40 Ma and lithospheric mantle delamination during the Oligocene, respectively.
Keywords: low-temperature thermochronology, crustal shortening deformation, mantle delamination, isostatic rebound, thermal expansion, Tibetan Plateau
INTRODUCTION
The Tibetan Plateau (TP) is a product of continent-continent collisions (Yin and Harrison, 2000). Until now, there has been a heated debate on growth models for the TP, which can be summarized into three end-member as “Proto-Tibetan Plateau Expansion” model (e.g., Wang C et al., 2008), “Valley” model (e.g., Ding et al., 2014) and “Two-Stage” model (e.g., Lu et al., 2018). Although the spatial-temporal patterns of uplift and the topographic development of the TP are largely controlled by crustal shortening and induced thickening patterns (e.g., Kapp et al., 2007), high elevation growth is clearly modulated by the negative buoyancy of denser lithospheric mantle because of isostasy (Hyndman and Currie, 2011; Cao and Paterson, 2016; Gvirtzman et al., 2016). Hence, the topographic evolution of the TP, the largest plateau on earth, is controlled by different factors and mechanisms, such as crustal shortening induced thickening and/or lithospheric mantle delamination caused by magmatic inflation and isostatic rebound (Molnar et al., 1993; Lee et al., 2015; Cao and Paterson, 2016; Chen et al., 2018). These mechanisms may act independently or in combination to produce punctuated episodes of uplift of the TP. In addition, the TP is an important site of weathering and erosion, and the spatial-temporal extent of its surface rise is accompanied by basin subsidence (DeCelles et al., 2007; Li et al., 2012; Li et al., 2017), such as the eastern Himalayan syntaxis provides abundant sedimentary debris into the Bengal Fan carried by the Brahmaputra River (e.g., Gemignani et al., 2018). Thus, when the flat and high topography formed within the central TP, and its implications on plateau-building mechanisms, which are a combination of uplift and basin infilling, is still one of the most important focuses of geoscience research.
Based on structural geology, thermochronology, and sedimentology studies, the “Proto-Tibetan Plateau Expansion” model suggests that a significant portion of the central TP was >4 km in elevation prior to ∼40 Ma (Figure 1A) (e.g., Murphy et al., 1997; Xu et al., 2013; Wang et al., 2014). This model suggests that the modern TP was probably formed by thrusting and related foreland basins that propagated from the central protoplateau outward both to the north and south during continued Indian plate indentation (Wang C et al., 2008). However, paleoelevation estimates by isotopic and paleobotanical methods in many locations have been used to argue that at least some regions were at low elevations in the central TP until the Miocene (e.g., Deng and Ding, 2015; Su et al., 2019; Spicer et al., 2020a). Based on these observations, they proposed the “Valley” model in which an E-W striking low-elevation valley (<2 km) is bound by high mountains (>4 km) to the north and south (Figure 1B) (e.g., Ding et al., 2014; Wei et al., 2016; Su et al., 2019). The third “Two-Stage” model proposes that crustal thickening, induced by shortening, elevated the central TP to ∼2 km before ∼55 Ma, and ∼26 Ma lithospheric mantle delamination led to the crustal surface uplift to >5 km without obvious further crustal thickening (Figure 1C) (Lu et al., 2018; Zhao et al., 2020; Zhao et al., 2021). Thus, there are three end-member models for the non-uniform spatial-temporal patterns of deformation and uplift in the central TP, which has led to debates about the timing and topographic evolution of the central TP (e.g., Wang C et al., 2008; Ding et al., 2014; Spicer et al., 2020a; Spicer et al., 2020b; Fang et al., 2020; Su et al., 2020; Spicer et al., 2021; Xiong et al., 2022; Zhang et al., 2022).
[image: Figure 1]FIGURE 1 | Competing hypotheses for the uplift process of the central Tibetan Plateau during the Cenozoic. The Proto-Tibet, Valley, and two-stage models are modified from Wang C et al. (2008), Ding et al. (2014), and Lu et al. (2018), respectively.
The growth of the modern TP has involved multi-stage collisions throughout the Mesozoic until the present, thus different pieces of the TP must possess distinct crustal thickening and relief generating processes that they have experienced different regional tectonic events (e.g., Spicer et al., 2020a). The Qiangtang Terrane (QT), occupying northern central Tibet, is an ideal place to investigate the topographic evolution of a key part of the TP and evaluate key components of above-mentioned models because it has exceptionally thick terrestrial sediments and abundant thermochronologic records since the Cretaceous (e.g., Zhao et al., 2017; Zhao et al., 2020). Moreover, because crustal thickness is internally coupled with its elevation by isostasy, therefore the internal relationships among crustal shortening/thickening, lithospheric mantle delamination, and surface uplift can be used to reconstruct the topographic evolution of the QT. This paper publishes eighteen new apatite fission track (AFT) and apatite (U-Th)/He (AHe) ages, which are derived from four granite batholiths in the QT, and then reviews a large dataset of thermochronological ages to interpret the spatial-temporal pattern of crustal deformation and erosion across the width of the QT (Figure 2A). In addition, other well-documented geological records, such as paleoelevation and magmatic records, are used to evaluate QT elevation changes through the Cenozoic. By integrating the available geological and thermochronological data of the QT and applying simple one-dimensional isostatic modeling, we aim to address how the QT obtained its high elevation through the Cenozoic, especially after ∼26 Ma.
[image: Figure 2]FIGURE 2 | Geomorphology of the Tibetan Plateau. (A) Generalized location of the Qiangtang Terrane and surrounding areas. (B) Detailed boundary and basin locations in and around the Qiangtang Terrane. (C) Geomorphology lines of three N-S cross-sections that traverse west, middle, and east of the Qiangtang Terrane. Locations of cross-sections are shown in (B). Main geological unit boundaries are also shown. Abbreviation: JSS, Jinsha Suture; LSS, Longmu Co-Shuanghu Suture; BS, Bangong-Nujiang Suture; IYS, Indus-Yarlung Tsangpo Suture.
GEOLOGICAL SETTING
The TP comprises the Lhasa, Qiangtang, Songpan-Ganzi Terranes, the Kunlun Mountains, and the Qaidam Basin and Qilian Mountains (Figure 2B) (Yin and Harrison, 2000). The QT, located north of the central TP (Kapp and DeCelles, 2019), is separated from the Songpan-Ganzi Terrane by the Jinsha Suture to the north and from the Lhasa Terrane by the Bangong-Nujiang Suture to the south (Yin and Harrison, 2000) (Figure 2B). In the central QT, the Late Triassic Longmu Co-Shuanghu Suture subdivides the QT into the North and South QT (Zhao et al., 2014). The Qiangtang Culmination is located in the South QT (Figure 2C) (Kapp et al., 2003b), and exposes a Paleozoic metamorphic and sedimentary basement and Triassic subduction mélange, while the North and South QT are unconformably overlain by Late Triassic to Late Jurassic marine strata. The latter was again intruded by early-middle Cretaceous plutonic units (Kapp et al., 2003b). All these units are unconformably overlain by mostly flat-lying terrestrial Cretaceous to Tertiary volcano-sedimentary units with variable thicknesses in both subterranes (e.g., Sun et al., 2014; Li et al., 2017; Zhao et al., 2017).
The QT surface is currently relatively flat with elevations varying from 4,700 to 5,500 m (Figure 2C) and is bounded to the north and south by positive topographic fronts with more than 500 m relief (Figure 2C). The traces of the main thrust faults are roughly aligned with the east-west trending topographic features in both the South and North QT (Figure 2B). These thrusts cause intense crustal shortening along foreland basins (e.g., Dai et al., 2012; Ma P et al., 2017; Dai et al., 2019; Zhao et al., 2020). The North QT is dominated by northvergent thrusts that control deposition and deformation in the Hoh Xil Basin (Figure 2B) (Li et al., 2017; Dai et al., 2019). Additionally, southvergent faults in the South QT and the Gaize-Seling Co reverse faults in the northern Lhasa Terrane determine the deposition of a string of Cenozoic basins along the Bangong-Nujiang Suture, including the Gaize, Nima, and Lunpola Basins (Figure 2B) (Kapp et al., 2007; Li et al., 2015). During Late Cenozoic times, an E-W tensile stress regime caused generalized extension in the QT and the development of wide NE-SW-striking intracontinental rifting basins (Figure 2B) (e.g., Lu et al., 2018). Structural and Thermochronological data suggest that accelerated exhumation along the Qiangtang Culmination and positive topographic front occurred mostly during the Cretaceous-Paleogene, which may have had a profound impact on building of the modern TP (Dai et al., 2012; Zhao et al., 2017; Zhao et al., 2020).
METHODS
Thermochronology Strategy
We collected 18 granite samples from three steep topographic transects, except the RGL-1 and RGL-2 samples, for integrated apatite fission track (AFT) and apatite (U-Th)/He (AHe) analyses. The granite exposures are late Triassic to Jurassic in age (Geological Publishing House (GPH), 2019). The samples, extending east-west for approximately 400 km, are located in the central portion of the QT (Figure 2B). The easternmost six samples (from G-1 to G-13) range from 4,839 to 5,313 m in elevation, with an average elevation interval of ∼100 m (Supplementary Table S1). The central five samples (from R-1 to R-10) have a wider elevation range (from 4,922 to 5,802 m), thus encompassing a larger average elevation interval of 176 m (Supplementary Table S1). The westernmost five samples have a similar elevation (from 4,894 to 5,720 m) and elevation interval (∼165 m) to those from the central region (Supplementary Table S1).
Apatite grains were concentrated using standard heavy liquid and magnetic separation procedures. The AHe and AFT analyses were conducted using standard procedures described in detail in Li et al. (2016) and Gleadow et al. (2015), and also detailed and illustrated in the supplementary file. The number of single grains analyzed per sample is shown in Supplementary Table S2. Weighted mean ages of AHe are used to discuss the cooling age of individual samples. All obtained mean AHe and AFT ages are plotted in Figure 3A. To evaluate the quality of thermochronological data, we also plotted the individual AHe age of each analyzed grain against the eU value, which could indicate the effect of radiation damage on the AHe age (Figure 3B) (Guenthner and Ketcham, 2013). To avoid the effect of large age ranges, which are generally related to a lower average effective U content and smaller average grain size, we tested all grains with eU × Radius and chose the values >100 for further data processing. Dating of small, low eU apatite is problematic due to potential implanted He (Reiners and Farley, 2001). Average AHe ages were calculated only for samples with grains yielding a relative standard deviation (RSD) < 50%. The calculation method of average age was followed by Zhao et al. (2017). The average AHe ages of all samples are presented in Supplementary Table S2. The approximate cooling rate was determined from the correlation of cooling ages with elevations (Figure 3C).
[image: Figure 3]FIGURE 3 | (A) New AFT pooled ages and average AHe ages on a single sample are plotted. (B) eU value versus (U-Th)/He age on individual apatite is plotted. (C) Plots of apatite (U–Th)/He (AHe) and apatite fission track (AFT) ages against elevation.
AFT analysis results are shown in Supplementary Table S3. To better constrain the thermal history of the samples, the AFT and AHe ages were modeled in combination where possible using the inverse HeFTy approach of Ketcham et al. (2007), using Dpar as a kinetic parameter; AHe data were modeled using the radiation damage accumulation and annealing model (Flowers et al., 2009). We use a temperature of 10 ± 5°C for the mean present-day surface (e.g., Zhao et al., 2020). Where applicable, broad temperature constraints 60–120°C were set around the time range covering the AFT ages allowing more than ±2σ analytical uncertainties to set an initial time-temperature constraint box. C-axis projected track length data were applied. These pre-modeling settings were always applied with large uncertainties so as to give the inversion algorithm sufficient freedom to search for a wide range of possible thermal histories. Inverse thermal history modeling was run until >1,000 acceptable paths or >100 good paths (Supplementary Figures S1, S2). All thermal modeling results are summarized in Figure 4.
[image: Figure 4]FIGURE 4 | A plot displaying the modeled temperature-time paths for all samples that yielded sufficient confined track data for modeling purposes. Modeling was performed using HeFTy (Ketcham et al., 2007). Where available, apatite (U-Th)/He data were incorporated into its respective thermal history model. Individual sample histograms and temperature-time plots are available in Supplementary Figures S1, S2.
We then present thermochronological data of the large-scale age pattern across the QT by focusing on a cross-orogen transect extending from the Hoh Xil Basin to the northern Lhasa Terrane (Supplementary Table S4; Supplementary Figures S3, S5). Sample locations are shown in Supplementary Figure S3. The locations of two N-S striking profiles and one E-W striking profile are shown in Supplementary Figure S3. Ages located <100 km from each profile line are plotted in Figure 5.
[image: Figure 5]FIGURE 5 | New and published low-temperature thermochronologic ages from the Qiangtang Terrane and surrounding regions, superimposed on topographic height in each transect. Locations of each profile are shown in Supplementary Figure S3. (A,B) NS-striking profiles crossover the Qiangtang Terrane and neighboring basins, (C) E-W-striking profiles that traverse over regions including internal and external drainage regions.
One-Dimensional Isostatic Modeling
Crustal elevation is controlled by the thickness of both the crust and underlying lithospheric mantle. The available evidence shows that most high (>2 km) mountain belts are isostatically supported by a largely thickened crust (e.g., Lee et al., 2015). To gain a first-order estimate of QT paleoelevation changes and evaluate summarized geological observations, we modeled the relationships among crustal and lithospheric mantle thickness and paleoelevation according to the equation of isostasy (Gvirtzman et al., 2016).
The lithospheric mantle is denser than the surrounding asthenospheric mantle and thus has a “pull-down” effect on the elevation, depending on its thickness (Lml) and density (ρml) (Cao and Paterson, 2016). Equation 1 shows that the elevation was determined both by crust- and lithospheric mantle-induced elevation, which depends on their thickness and density as well as density in contrast to asthenospheric mantle density ([image: image]) (Eqs. 2, 3) (Gvirtzman et al., 2016). To calculate the absolute elevation, which is mountain height from sea level, we use H0 = 2.4 km, where H0 is a constant that allows using sea level as a reference datum instead of a theoretical free asthenospheric surface (Eq. 4) (Gvirtzman et al., 2016).
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Here, H is the elevation, which indicates the distance from the mean mountain height to the theoretical free asthenosphere surface, and Hc and Hml are the crust- and lithospheric mantle-induced elevations, respectively (Figures 7, 8), while [image: image] is the elevation from sea level. Lc and Lml are crustal and lithospheric thicknesses, respectively. ρc, ρml, and ρa are the characteristic densities of crust, lithospheric mantle, and asthenospheric mantle, respectively (Figure 8). For a first-order approximation, we assume that the crust and mantle have their own uniform densities. We also assume that the isostatic adjustment is instantaneous due to a shorter Maxwell time of the mantle (∼1 kyr) (Ranalli, 1995) compared to the time scale of calculation (>1 Myr).
THERMOCHRONOLOGY RESULTS
Sixteen samples yielded valid weighted AHe ages ranging from 40 Ma to 134 Ma (Figure 3A). The AHe ages of the sample R1, R3, and R7 are older than its corresponding AFT ages (Figure 3A) that may due to the apatite remaining in the partial annealing zone for a long time as a result of slow exhumation (e.g., Galbraith and Laslett, 1993; Brandon, 2002). When we plotted AHe data against the eU value, the central samples (from R-1 to R-10) recorded positive relationships between AHe ages and the eU value (Figure 3B). This most likely reflects radiation damage (Guenthner and Ketcham, 2013), resulting in erroneous cooling ages. After exclusion of these ages, the remaining AHe ages were between 80 and 40 Ma (Figure 3A). The AHe age versus elevation plot of all samples indicates that most AHe ages have cooling rates of ∼0.36–0.41 mm/yr during 70–50 Ma (Figure 3C), while the AFT age versus elevation plot of the central five samples indicates a cooling rate as low as ∼0.07 mm/yr between 130 Ma and 80 Ma (Figure 3C). The red lines in Figure 3C are best least-squares fitting lines of the cooling rates for samples considered in vertical profile according to Glotzbach et al. (2011).
In total, 16 samples yielded valid AFT ages, approximately ranging from 80 Ma to 130 Ma (Figure 3A). The modeling results show that eight samples experienced rapid (∼2.5°C/Ma) cooling during the 60–35 Ma period, which was followed by extremely low cooling rates (<0.5°C/Ma) after ∼35 Ma (Figure 4). Six samples show a rapid cooling rate of ∼4.5°C/Ma at approximately 30–20 Ma (Figure 4). Assuming a paleogeothermal gradient of 39°C/km (Mechie et al., 2004), these eight samples experienced fast exhumation rates of 0.06 mm/yr and then a slow cooling rate of ∼0.01 mm/yr after 35 Ma. The R series samples underwent a rapid exhumation rate of 0.11 mm/yr between 30 and 20 Ma.
Data Combination Results
In constructional orogens such as that of the TP, most exhumation is due to erosion rather than normal faulting or ductile thinning. Thus, to the extent that erosion can be related to contractional deformation, cooling dates can be used to elucidate spatial-temporal patterns of deformation (e.g., Zhao et al., 2020). To recognize the variability in deformation and exhumation, combined low-temperature thermochronological ages from the QT and surrounding basins, including AFT, AHe, zircon fission track (ZFT), and zircon (U-Th)/He (ZHe) ages, were collected and plotted in Figure 5. To constrain exhumation and thus probability of deformation in the QT, we plotted dates and topography of the QT and neighboring basins as a function of distance from the location of significant topographic relief, represented by two N-S striking lines and one E-W striking line (Supplementary Figures S3, S5).
Taking all the thermochronological ages together, there is a broad correlation in the difference between the minimum and maximum ZFT, ZHe, AFT, and AHe ages with distance across the QT (Figure 5). The fact that most ZFT and ZHe dates across the QT are older than ca. 80 Ma precludes Cenozoic exhumation deeper than approximately 6–8 km in most places on the QT, because of that thermal sensitivity ranges of ZFT and ZHe methods span from ∼175 to 250°C to ∼20–200°C, respectively (e.g., Ault et al., 2019). Few younger ZHe ages than ca. 80 Ma are found on the eastern QT, which belongs to an external drainage region (Figure 5C) (Kapp and DeCelles, 2019). AFT ages mainly range between 120 and 40 Ma, while the Qiangtang culmination records >130 Ma cooling ages and the Kunlun Range shows ∼20–13 Ma cooling ages (Figures 5A,B). The youngest range (80–40 Ma) of AHe dates is found within the internal drainage region of the QT (Figure 5). AHe ages younger than 40 Ma are found in the Tanggula Range, the Kunlun Range, and the eastern external drainage region of the QT (Figures 5A,C).
DISCUSSION
Relative Flat Topography Formed Before ∼40 Ma in the QT
The termination of shallow marine deposition and the onset of exhumation of the Qiangtang Culmination suggest that the accumulation of crustal thickening in the QT most likely began during late Early Cretaceous based on the 150–130 Ma ZHe cooling ages (Zhao et al., 2017). Our new AFT data are mainly between 130 and 75 Ma, and the corresponding AHe ages range from 80 to 50 Ma, which indicates continued exhumation and erosion of the QT between 130 and 50 Ma (Figure 3A). Thermochronology modeling results of the AFT data show that the first-stage fast cooling was between 60 and 35 Ma in the QT, which shows a 0.06 mm/yr exhumation rate that is slower than ∼0.36–0.41 mm/yr deduced by the AHe ages vs. elevation diagram (Figures 3C, 4). This cooling event probably continued until ∼40 Ma, as supported by the documented AFT and AHe ages (Figure 5). In other words, the patterns in our summarized AHe and AFT data suggest that the QT almost stopped obvious exhumation- and erosion-induced cooling after ∼40 Ma (Figure 5).
Regionally, large parts of the northern Lhasa and Qiangtang terranes experienced rapid exhumation between ∼70 and 45 Ma, followed by a rapid decline in the exhumation rate (Hetzel et al., 2011; Rohrmann et al., 2012). The peneplain on the north Lhasa Terrane was formed by the establishment of low-relief occurred at low elevation by ∼45 Ma (Haider et al., 2013). Moreover, it is understood that the main topography of the QT was built before ca. 40 Ma (Figure 5), which resulted in less than 1 km of erosion across the QT after ca. 40 Ma (e.g., Rohrmann et al., 2012). Therefore, based on new and published thermochronological ages are older than ∼40 Ma across the QT, we infer that erosion across the QT has been less than 1 km and the QT may have had a relative flat topography since ∼40 Ma.
Younger dates for the apatite systems are found farther to the north in the Kunlun Range, which possesses large relief and is adjacent to the Qaidam Basin (Figures 5A,B). These late Cenozoic dates for the Kunlun Range require rapid and deep erosion of the hanging wall of a thrust fault from depths below the AHe partial retention zone at 20–5 Ma (Wang et al., 2017). AHe ages younger than ∼40 Ma also appear in the eastern QT, which indicates late Cenozoic exhumation within the external drainage region in the QT (Figure 5C) (Kapp and DeCelles, 2019). These minimum AHe dates may not reflect the predominance of contractional deformation of the QT, but instead the cooling of older continental crystalline rocks by river incision-induced erosion (Dai et al., 2013). We also observed a fast cooling event between 30 and 20 Ma by thermomodeling of AFT data (Figure 4) sampled near the Reganpei Co extensional fault (Taylor and Peltzer, 2006). Because these samples are collected from granite not far from a Cenozoic NE-SW striking rift (Supplementary Figure S3) and the timing of this cooling event is consistent with the ∼N-S rifting developing in the TP (e.g., Styron et al., 2013), we attributed this cooling stage to represent faster erosion near the NE-SW rift basin that was induced by E-W extension. However, <40 Ma is not recorded in any AHe age, which may be because erosion depths do not exceed ∼1–2 km.
Evidences of pre∼40 Ma Crustal Shortening and Thickening in the QT
Geophysical results indicate that the current crust beneath the QT is approximately 62–67 km thick (Gao et al., 2013). The earliest stage of crustal thickening in the QT occurred ∼166 Ma (Ma A et al., 2017), and this led to the entire QT being uplifted above sea level by ca. 118 Ma (Kapp et al., 2003a). From then to the Eocene, >50% of N-S crustal shortening has been recorded in the Nima Basin and north Lhasa Terrane (Kapp et al., 2003a; Kapp et al., 2007; Volkmer et al., 2014). In the northern front of the Tanggula Range (North QT), a parallel thrust system developed during 71–41 Ma and absorbed ∼50% of the N-S shortening (Li et al., 2012; Li et al., 2017). In the South QT, crustal shortening and thickening also occurred mainly before ∼40 Ma (Zhao et al., 2020). South of the QT, ∼25 km shortening (∼28%) of Nima Basin strata occurred between 30 and 23 Ma (Kapp et al., 2003a; Kapp et al., 2007), which could raise basin floor by certain degree. In the Hoh Xil Basin, thermochronological data and balanced cross section determined that 24% of upper crustal shortening occurred during the mid-Eocene (Staisch et al., 2016). Less than 10% of upper crust shortening occurred after ∼40 Ma in the interior of the South QT (Zhao et al., 2020). Inside the QT, strata older than ∼28 Ma are gently folded (Xu et al., 2013), and undeformed flat-lying early Miocene strata overlie these strata (Chen et al., 2018), which indicates that little deformation occurred after the Oligocene (Wu et al., 2012). According to these results, we conclude that crustal shortening within the QT mostly occurred before ∼40 Ma due to that the Lhasa Terrane subducted beneath the QT (Kapp et al., 2007; Zhao et al., 2020) during the Cretaceous and the India-Asian collision during early Cenozoic (e.g., Yuan et al., 2013; Jackson et al., 2018; Jian et al., 2018; Jackson et al., 2020; Li et al., 2020; He et al., 2021), and most of the <40 Ma crustal shortening mainly occurred within the Cenozoic basins, which are located in the northern and southern fronts of the north and south QT, respectively.
These structural study results are consistent with palaeomagnetic data and geochemical conclusions. Palaeomagnetic data derived from the Qiangtang and Lhasa Terranes revealed that they two experienced ∼15.3° latitudinal crustal shortening between 64–60 Ma and 54–43 Ma (Tong et al., 2017). However, N-S convergence within the central TP was considerably reduced at approximately 26 Ma, corresponding to a transition from compression to extension within the TP (Meng et al., 2017). The geochemical characteristics of granitic suites derived from the northern QT suggest that parental magmas were generated at depths of 40–50 km in the crust during the Late Cretaceous (Zhang et al., 2015; Lu et al., 2019). Combined with ∼47–34 Ma adakitic porphyry dikes, these results indicate that a large part of the QT had already attained near-maximum crustal thickness by the end of the Eocene (Wang Q et al., 2008; Ou et al., 2017; Wang et al., 2010). These volcanic rocks lie flat and unconformably on top of strongly shortened Mesozoic strata at modern elevations of ∼5,000 m (Law and Allen, 2020), which demonstrates that shortening ceased and that low-relief topographic conditions were achieved in this region by ∼40 Ma.
Terrestrial Basin Deposition Corresponds to Topographic Flattening During the Eocene Within and Neighbor the QT
During crustal thickening by thrusts before ∼40 Ma, the QT probably possessed large relief, providing detritus northward into the nonmarine Hoh Xil Basin and southward into a linear depocenter along the Bangong-Nujiang Suture, i.e., the lowland of the valley model, probably since the Late Cretaceous (e.g., DeCelles et al., 2007; Dai et al., 2013; Staisch et al., 2016; Kapp and DeCelles, 2019). The upper crustal continued exhumation and erosion, and the basin architecture in and around the QT are consistent with a decrease in topographic relief, perhaps reflecting the establishment of a relatively flat topography during the Eocene (Kapp and DeCelles, 2019).
To the north of the QT, terrestrial deposition was initialized at 71.9 Ma in the Hoh Xil Basin at the northern front of the Tanggula Range, and an abrupt sediment accumulation rate increase after 53.9 Ma was likely a response to the India-Asia collision (Jin et al., 2018). The thrust system in the Tanggula Range stopped and migrated into the Hoh Xil Basin at ∼47 Ma, which led to the Hoh Xil Basin becoming a source region for the younger terrestrial sandstones (Li et al., 2017). Within the Hoh Xil Basin, shortening probably occurred no later than ∼34 Ma and largely ceased by ∼27 Ma (Staisch et al., 2016; Dai et al., 2019). In the early Cenozoic, the Hoh Xil Basin and Qaidam Basin evolved as a unified basin (McRivette et al., 2019), but after fault activity stopped in the Tanggula Range and within Hoh Xil Basin, deformation transformed to the Kunlun Range, which led to the separation of the Hoh Xil Basin from the Qaidam Basin by a >2 km relief (Chen et al., 2018).
To the south of the QT, the latest Cretaceous to Eocene basins along the Bangong-Nujiang Suture consist of narrow, topographically partitioned fluvio-lacustrine depocenters, i.e., a valley as in the valley model (Figure 2B) (DeCelles et al., 2007; Kapp et al., 2007; Ding et al., 2014). The Jurassic–Cretaceous rocks are unconformably overlain by up to 4 km of Palaeocene to Eocene fluvial red-bed deposits and ∼500 m Oligocene-Pliocene lacustrine sediments in the Lunpola Basin of the eastern Bangong-Nujiang Suture (Figure 2B) (Wei et al., 2017). By ∼29 Ma, basin deposits of the Lunpola Basin reached the maximum burial depth and began to enter the uplift and denudation stage (Liu et al., 2019; Xiong et al., 2022). This is consistent with the AHe ages being older than ∼40 Ma on both the northern and southern sides of the Lunpola Basin (Figure 5B), which indicates little erosion near the Lunpola Basin and probably a lower relief after the Oligocene. In summary, strong tectonic activity, mainly thrusts, induced large relief and accompanied fast basin deposition in front of these thrusts before ∼40 Ma, coeval with Qiangtang and Lhasa Terranes crust thickening and flattening.
Paleoelevation Rise Before and After the Oligocene in and Around the QT
Paleoelevation of the central TP is a long-lasting and hotly debated topic (e.g., Deng and Ding, 2015; Spicer et al., 2020a; Spicer et al., 2020b; Su et al., 2020; Spicer et al., 2021). The paleoelevation of the QT and surrounding basins, including the Hoh Xi, Nangqian, Gaize, Nima, and Lunpola Basins, was close to sea level during the Cretaceous (e.g., Wu et al., 2012). The main controversy surrounds when the paleolevation of central TP reached its modern elevations after ∼60 Ma (Figure 1).
The “Proto-Tibetan Plateau Expansion” model proposed that the central TP, including the QT, was elevated to current elevations by ∼40 Ma (e.g., Wang C et al., 2008; Wang et al., 2014). >5 km paleoelevation during 51–28 Ma of the North QT was directly determined by isotopic methods, which is similar to the present elevation in the area (Xu et al., 2013). Nonetheless, ∼23 Ma time span of this paleoelevation estimate on the North QT is relative large, hence when the QT rise to >5,000 m has remained unknown until now. Moreover, >2 km thick red-bed strata (Xu et al., 2013) were difficult to deposit on top of the narrow QT highland which was bounded by >3 km significant relief on both north and south sides. In addition, the continental effect on the isotopic composition, which method was used in paleoelevation estimate in Xu et al. (2013), is complex in this inland setting (Spicer et al., 2020a). Thus, this paleoaltimetry need to be reappraised.
To the north of the QT, the Hoh Xil Basin attained its modern elevation by the mid-Eocene (Quade et al., 2011). Oxygen isotope-based estimates of the paleoelevation indicate that the Lunpola basin has been at an elevation of more than 4 km since ∼35 Ma (Rowley and Currie, 2006). However, these paleoaltimetry estimates derived from isotopic methods need be reappraised due to that complex isotopic fractionation effects in continental interiors and complex terrains (e.g., Spicer et al., 2020a). Recently, new estimated paleoelevation of the Bangor Basin, located South of the QT along the Bangong-Nujiang Suture, show the basin floor to have been at ∼1.5 km at ∼47 Ma (Su et al., 2020). This and other paleoaltimetric measurements (e.g., Su et al., 2019) indicate low elevation along the Bangong-Nujiang Suture before the Oligocene, which was also indicated by isotopic and paleoentological constrains in the Gaize Basin (Wei et al., 2016). The fossil finds from basins along the Bangong-Nujiang Suture indicate elevations below 2.5 km until sometime in the Oligocene (Spicer et al., 2020a; Spicer et al., 2020b; Spicer et al., 2021). This is supported by the conclusion that the elevation of the Lunpola Basin was <2.0 km at 50–38 Ma and reached >4 km by ∼29 Ma (Xiong et al., 2022). This is also consistent with the observation that relatively high paleoelevation (4.5–5 km) is obtained by ∼26 Ma in the Nima Basin (DeCelles et al., 2007; Huntington et al., 2015).
Relief between the QT and basins distributed along the Bangong-Nujiang Suture was probably not larger than 1 km since ∼40 Ma due to following reasons. Firstly, almost all AHe ages derived from the QT and surrounding basins and the northern Lhasa Terrane are older than ∼40 Ma, which means less than 1–2 km erosion have occurred after 40 Ma in these regions if we adopt 30°C/km geothermal gradient, due to that thermal sensitivity ranges of AHe method span from ∼40–60°C (Figure 5) (e.g., Ault et al., 2019). Because of significant relief will inevitably lead to rapid denudation and can be recorded by low temperature thermochronological methods, therefore >40 Ma AHe ages could indicate relative low relief existed within and around the QT since then. Secondly, main crustal thickening of the QT and surrounding basins has terminated before 40 Ma according to tectonic and igneous evidences (Figure 6), and there was only ∼500 m thick sediments deposited in these basins along the Bangong-Nujiang Suture since the Early Oligocene (e.g., Wei et al., 2017; Xiong et al., 2022). Hence, relative flat topography probably already formed between the QT and these basins as nowadays since ∼35 Ma (Han et al., 2019; Li et al., 2022; Xue et al., 2022). Otherwise it’s difficult to explain how large relief between the QT and these basins has been reduced after the early Oligocene.
[image: Figure 6]FIGURE 6 | Summarized geological observations of the Qiangtang Terrane related to crustal thickening, elevation changes, magmatic records, and so on. The green dashed line shows the possible paleoelevation evolution path of the Qiangtang Terrane during the Cenozoic.
In summary, during the Eocene, the relief between the QT and the surrounding basins gradually decreased to present-day topography, which was reached in the late Eocene by shedding sediments northward into the Hoh Xil Basin (e.g., Dai et al., 2012) and southward into basins along the Bangong-Nujiang Suture (e.g., Kapp et al., 2007). Later on, the paleoelevation of this low relief region gained >2 km rise in the central TP during the Oligocene (Figure 6) (Jia et al., 2015; Su et al., 2019; Spicer et al., 2020a; Spicer et al., 2020b; Xiong et al., 2022), which did not involve strong crustal thickening hence no intensive erosion. This is consistent with palaeoaltimetric studies suggesting that the Hoh-Xil Basin underwent 1,700–2,600 m of surface uplift during the late Eocene and early Miocene (Polissar et al., 2009; Quade et al., 2011).
Lithospheric Mantle Delaminated and Resulted in Fast Uplift of the QT During ∼36–26 Ma
Evidence from igneous geochemistry and geophysics indicates that the QT may have experienced lithospheric mantle delamination and subsequently hot asthenospheric upwelling during ∼36–26 Ma (e.g., Lu et al., 2018). The ∼30 Ma K-rich mafic rocks and crust-derived trachytes in the central QT were attributed to lithospheric delamination and asthenoshperic upwelling (Ou et al., 2018; Ou et al., 2019). On the South QT, the widely distributed Nading Co volcanic rocks are ∼36–28 Ma and sit flat at relatively high modern elevations (generally ∼5 km) atop a basement of shortened Paleozoic-Mesozoic rocks (Ding et al., 2007). >25 Ma High-Mg alkaline basanite occurs within the Hoh Xil Basin (Yakovlev et al., 2019). This was attributed to underplating of mantle-derived magma and correlated with the sharp uplift of the QT and Hoh Xil Basins compared to the stable Qaidam Basin at ∼25 Ma (Chen et al., 2018). The mantle delamination model is also supported by the thin lithosphere depth of ca. 100 km in the north-central TP (Jiménez-Munt et al., 2008). Thus, the spatial correlation with ultrapotassic and adakitic magmatism supports the hypothesis of convective removal of thickened Qiangtang lithosphere causing major uplift of the QT during 37–26 Ma (Kapp and DeCelles, 2019).
ISOSTATIC MODELING RESULTS AND ITS IMPLICATIONS
Our new thermochronological data indicate that crustal shortening and thickening had already occurred before ∼40 Ma in the QT and relatively flat topography formed in and around the QT. Moreover, the QT probably has experienced fast paleoelevation rise by ∼26 Ma, similar with basins located to the south of the QT. In addition, lithospheric mantle had delaminated beneath the QT before ∼26 Ma. Because topographic growth is clearly controlled by crustal thickening and beneath lithospheric thinning because of isostasy (Cao and Paterson, 2016; Gvirtzman et al., 2016), lithospheric mantle delamination is an important driving force for fast QT uplift during ∼36–26 Ma. Hereafter, we use 1-D isostatic modeling, by which we aim to describe that the crust of the QT has not thickened but largely elevated by ∼26 Ma (e.g., Lu et al., 2018).
Model Constraints
From the above summary, there are three main time-duration constraints for our calculation (Figure 6). The first age range is 120–40 Ma, during which both crust and lithospheric mantle experienced ∼50% shortening (Figure 6). During 40–30 Ma, both crust and lithospheric mantle shortened by another ∼10%. Original crustal and lithospheric mantle thicknesses use global average numbers for sea level at 30 and 75 km, respectively (Figures 7, 8A) (Gvirtzman et al., 2016). This indicates that the Qiangtang crust was close to sea level at ∼120 Ma (Wu et al., 2015). The modern constraint is that the Qiangtang crust reaches >62 km thick and the surface elevation is close to ∼5 km (Figures 7, 8D) (e.g., Zhao et al., 2020).
[image: Figure 7]FIGURE 7 | Plot of best fit 1-D isostatic simulation. The density of the crust decreased from 2.89 g/cm3 to 2.87 g/cm3 due to thermal expansion after lithospheric mantle delamination. The red dashed line shows the possible maximum lithospheric mantle thickness, for more details, see the main text.
[image: Figure 8]FIGURE 8 | Paleoelevation evolution of the Qiangtang Terrane during the Cenozoic based on the results of 1-D isostatic simulation. Here we use a whole lithospheric isostasy model. (A) Original setup parameters made the QT elevation close to sea level at ∼120 Ma. (B) After crustal and lithospheric thickening together, the QT crust was uplifted to 2.35 km at ∼40 Ma. (C) When lithospheric mantle delaminated beneath the QT at ∼26 Ma, the QT crust was uplifted to 4.9 km by gravity isostasy after ∼26 Ma. (D) The QT crust obtained an additional ∼0.4 km elevation by thermal isostatic effects after lithospheric mantle delamination.
We assume plane strain deformation without shortening or stretching parallel to the orogenic belt. The crustal thickness is thickened from 30 to 60 km from 120 Ma to 40 Ma and further thickened to 66 km by another ∼10% shortening during 40–30 Ma, but it is reduced to ∼62 km thick due to continued erosion and probably extensional rifts induced by lower crustal flow (e.g., Ryder et al., 2014). Erosion-induced thinning should be considered because of the exposure of the <40 Ma AHe sample and Late Cenozoic rift in the eastern QT (e.g., Dai et al., 2013).
The lithospheric mantle also thickened during crustal shortening with the same shortening ratio because there was no evidence showing any decoupling between crust and lithospheric mantle. Therefore, lithospheric mantle is also thickened from 75 km to >165 km thick during upper crustal shortening (120–30 Ma). Nonetheless, the lithospheric mantle delaminated during 36–26 Ma beneath the QT according to magmatic records (Figure 6) (e.g., Guo and Wilson, 2019). Therefore, the lithospheric mantle probably has never reached >165 km thickness (e.g., Wu et al., 2021). We changed crustal density from 2.7 to 2.9 g/cm3 and lithospheric mantle density from 3.28 to 3.3 g/cm3 to find the best fit model according to other similar studies (e.g., Cao and Paterson, 2016; Lamb et al., 2020). The asthenospheric mantle density is constant at 3.25 g/cm3 (Gvirtzman et al., 2016; Lamb et al., 2020).
Modeling Results and Limitations
The outputs of our isostatic modeling are the histories of elevation, crustal thickness, and lithospheric thickness from 120 Ma to present, which can be tested by comparison with independent geological observations (Figure 6). The best fit model could explain >2 km of fast crustal uplift at ∼26 Ma and other geological observations (Figures 6, 7). By our modeling results, we determined the following: 1) the crust and lithospheric mantle density should be ∼2.89 g/cm3 and ∼3.3 g/cm3, respectively, which could account for the initial sea level height and QT elevation before ∼26 Ma (Figures 8B,C); 2) the elevation remains at ∼2.3 km when the crustal thickness is already over 65 km (Figure 7); and 3) the lithospheric mantle delamination time determines elevation changes but not the final crustal elevation and topography. Here, we decrease crustal thickness from 66 km at 26 Ma to 61 km at present because QT crust thickness probably decreased as a result of extension, crustal flow, and/or erosional loss in externally drained parts of the orogeny (Figures 8C,D) (e.g., Kapp and DeCelles, 2019). In addition, differences between delamination-induced magmatic records during ∼37–26 Ma and fast uplift at ∼26 Ma are probably due to isostatic rebound being delayed compared to mantle delamination-induced magmatic responses.
However, the best model requires a ∼166 km thick lithosphere, which is at odds with the fact that the maximum lithosphere thickness is generally <130 km (Rychert and Shearer, 2009; Lamb et al., 2020). When the lithospheric mantle reaches a critical thickness, it may start to locally delaminate, preventing it from becoming extremely thick (e.g., Lamb et al., 2020). This may have an effect on the paleaoelevation of the QT. Moreover, when we kept these modeling settings, the predicted current elevation was less than 4.9 km after lithosphere delamination, which conflicts with the >5 km high elevation in the QT (Zhao et al., 2020). One possible solution is thermal isostasy (Hyndman and Currie, 2011). Due to lithospheric mantle delamination, Qiangtang crust became hot, reaching 1,000°C at the Moho (Hacker et al., 2014), which may cause thermal expansion of the overlying crust and further contribute to crustal uplift (Hasterok and Chapman, 2007; Hyndman and Currie, 2011).
Thermal Expansion After Lithospheric Delamination Contributed to QT Crustal Rise
Elevation is related to the thermal regime, as defined by heat flow data, after correction for crustal thickness and density variations (Hasterok and Chapman, 2007). Within the QT, the temperature gradient is constrained by several documented studies. The temperature at a depth of 18 km is ∼700°C, where an α-β quartz transition occurs (Mechie et al., 2004). At the Moho, the temperature is ∼1,000°C, inferred from the ∼7.9–8.0 km/s Pn speed reported by Liang and Song (2006). Xenoliths provide an important additional thermal constraint. Mineral compositions derived from xenoliths within the Cenozoic basalt indicate equilibration temperatures of ∼900–1,000°C at 30–40 km depth prior to 28 Ma and subsequent heating to 1,100–1,200°C by 3 Ma beneath the central QT crust (Hacker et al., 2000; Ding et al., 2007). This is similar to the temperature gradient assumed for the QT (Craig et al., 2012).
If the QT underlain by a uniformly hot asthenosphere is accepted, we expect that thermal expansion will contribute a nearly constant amount to surface elevation (e.g., Hyndman and Currie, 2011). We assume that the ∼60 km depth Moho temperatures before and after lithospheric delamination are ∼550 and 1,000°C, respectively. Using these summary temperatures and a coefficient of thermal expansion of 3.2 × 10−5°C−1 (Hasterok and Chapman, 2007), if the original density of the QT crust is 2.89 g/cm3, the average density change is calculated to be ∼0.02 g/cm3. Therefore, the average crustal density decreased from 2.89 g/cm3 to 2.87 g/cm3; if we retained other parameters, the QT crust would raise another ∼0.4 km height, and the predicted current elevation would be ∼5.3 km (Figures 7, 8D) at 66 km crustal thickness. There may be an elevation effect due to systematic mantle composition differences, but this would be much smaller than that for temperature (e.g., Kaban et al., 2003).
Although our modeling results cannot predict detailed crustal thickness or elevation variation over time, the most preliminary conclusions show that pure isostatic rebound by lithospheric delamination could not account for enough elevation change at ∼26 Ma. Hence, the ∼26 Ma sudden elevation change in and surrounding the QT is interpreted to be primarily due to not only isostatic rebound after lithospheric delamination but also the thermal isostasy effect of nearly constant high temperatures at Moho depths.
Proposed Multiple-Stage Elevation Evolution Model for the QT
Basins along the Bangong-Nujiang Suture, central TP, did not obtain modern elevation at ∼40 Ma (e.g., Su et al., 2019), which is inconsistent with the “Proto-Tibetan Plateau Expansion” model that proposed >4 km elevation of the central TP at ∼40 Ma (Wang C et al., 2008). In the “Valley” model, large relief between the Lunpola Basin and QT until ∼29 Ma was proposed (Su et al., 2019; Xiong et al., 2022), but other studies suggested that low relief topography already existed since at least ∼35 Ma (Han et al., 2019; Li et al., 2022; Xue et al., 2022). Thermochronological data (Figure 5) indicate <1 km of relief between the QT and surrounding basins by ∼40 Ma. In addition, the sedimentary basins of the Bangong-Nujiang Suture, which represent the valley remnants, accumulated up to 2–3 km of Cenozoic sediments, most of which are primarily Eocene (Wei et al., 2017; Xiong et al., 2022). Therefore, significant relief did not exist anymore between the QT and the depocenter along the Bangong-Nujiang Suture since the late Eocene.
Here, we prefer the “Two-Stage” model proposed by Lu et al. (2018). In this model, the QT crust first shortened and thickened before ∼40 Ma, and shortening by thrusts induced large relief and fast erosion, which was recorded by thermochronological data (Figure 5). Relatively flat topography in and around the QT was formed during the termination of this stage, which was indicated by almost all AHe data older than ∼40 Ma within the Qiangtang internal drainage region (Figure 5). Fast erosion results in 1) relatively flat topography within the QT and 2) coeval thick terrestrial basins developed around the QT with a relative high deposition rate. But, the elevation of the QT and surrounding basins were still lower than nowadays until ∼39–38 Ma (e.g., Su et al., 2019; Fang et al., 2020; Xiong et al., 2022), probably finally rise to >4,500 m by ∼29–26 Ma (DeCelles et al., 2007; Huntington et al., 2015; Xiong et al., 2022).
During the second uplift stage, only a small amount of crustal shortening occurred with and around the QT, which was supported by flat-lying terrestrial strata and lava (Zhao et al., 2017; Ou et al., 2019). However, elevation changed sharply to modern elevation during ∼29–26 Ma (e.g., Hoke et al., 2014; Jia et al., 2015) and climate change records in the Oligocene-Early Miocene on the northern Tibetan Plateau (Cheng et al., 2019). The only reasonable cause for this sudden uplift of the QT is lithospheric mantle delamination, which was well recorded by late Cenozoic magmatism within the central Tibetan Plateau (e.g., Guo and Wilson, 2019). Moreover, lithospheric mantle delamination has twofold effects on the QT crust uplift: isostatic rebound and thermal isostasy.
CONCLUSION
Our new AFT and AHe ages show that the QT experienced a slow cooling rate of ∼0.07 mm/yr during ∼130–70 Ma, followed by a fast cooling rate of ∼0.36–0.41 mm/yr during ∼70–50 Ma. There are no cooling event records younger than 40 Ma in our new thermochronological ages. Moreover, low-temperature thermochronological dates along three transects across the QT display narrow trends of minimum AHe cooling ages at ∼40 Ma, indicating low relief and rapidly decreasing erosion rates after ∼40 Ma. This means that relatively flat topography was already formed in and surrounding the QT. Moreover, crustal thickening of the QT finished before ∼40 Ma, and in many places on the QT, erosion did not exceed 1–2 km after ∼40 Ma, although these regions are now 4.7–6 km above sea level.
Summarized geological data indicate that the lithospheric mantle delaminated beneath the QT during ∼37–26 Ma and accompanied asthenospheric mantle had upwelled, which accounted for >2.5 km of the sudden crustal uplift during the Oligocene. By using 1-D simple isotactic modeling, we primarily concluded that 1) the ∼2.3 km elevation of the QT was induced by crustal thickening during ∼120–40 Ma, which was associated with enhanced intermontane basin subsidence and flat topography evolution (stage 1); and 2) around ∼26 Ma, the elevation of the QT and surrounding basins increased from ∼2.3 km to >5 km without obvious crustal thickening involvement but instead was due to lithospheric mantle delamination, which led to not only ∼2 km isostatic rebound crustal uplift but also ∼0.4 km thermal isostatic rising (stage 2).
The timing and dynamics of the Tibetan Plateau surface rise have been proven difficult to reconcile with the independent crustal thickening process, especially where has experienced complex mantle processes, such as lithospheric mantle delamination. Our model certainly has some limitations due to that our explanation was mainly based on current existing data which are still too less to build a more sophisticated plateau evolution model. In the future, more detailed crustal thickening process, lithospheric mantle evolution, crustal density change and precise paleoaltimetry estimate during the Cenozoic across the Tibetan Plateau are needed for cross-validation via isostasy.
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The Yellow River basin covers contrasting tectonics, climate, and vegetation settings. To explore the seasonal chemical weathering differences from the upstream to downstream of the Yellow River basin, we collected weekly river waters from the Datong River draining the Tibetan Plateau in 2017. Our results show remarkably seasonal variations of major ions. A forward model was employed to quantify the contribution of silicate, carbonate, and sulfide oxidation/evaporite and atmospheric input to the cations, which yielded the contributions of 9.21 ± 1.57%, 46.07 ± 1.4%, 21.46 ± 1.03%, and 23.26 ± 1.72%, respectively, indicating a dominated carbonate weathering to the river chemistry. The significant correlation between the carbonate weathering rate and runoff suggests a critical runoff control on chemical weathering in the Datong River catchment. A comprehensive comparison between the upper and middle-lower reaches of the Yellow River basin shows a declined silicate weathering and CO2 consumption rate (ØCO2sil) from the upstream to downstream. In contrast, the physical erosion rate shows an increased trend, with the most prominent increase in the midstream Loess Plateau. A further comparison between the Yellow River draining the Tibetan Plateau and the Loess Plateau shows 4.5 times higher ØCO2sil but 9.5 times lower erosion rate. In conclusion, we propose that the runoff, rather than erosion, plays a central role on chemical weathering in the Yellow River basin, which provides insight for in-depth understanding the surficial weathering and the global carbon cycle.
Keywords: seasonal variations, Yellow River, chemical weathering, CO2 consumption, physical erosion
1 INTRODUCTION
Chemical weathering is thought to be a major process for controlling the evolution of the Earth’s surface and regulating the atmospheric CO2 level over geological time scale (e.g., Gaillardet and Galy, 2008; Liu et al., 2018). The classical “tectonic uplift” hypothesis proposed that mountain uplift enhanced continental denudation and silicate weathering, resulting in rapidly atmospheric CO2 drawdown and thus the Cenozoic cooling (Raymo et al., 1988; Raymo and Ruddiman, 1992). This has stimulated numerous studies to investigate the control mechanism of chemical weathering processes during the past decades (White and Blum, 1995; Gaillardet et al., 1999; Berner, 2001; Millot et al., 2002; Bickle et al., 2003; Dupré et al., 2003; Millot et al., 2003; Oliva et al., 2003; West et al., 2005; Tipper et al., 2006; Moon et al., 2007; West, 2012; Zhang et al., 2013a; Zhang et al., 2013b; Torres et al., 2014; Bickle et al., 2018; Gaillardet et al., 2019; Tipper et al., 2021). However, understanding how this process has varied in the past and what has controlled it (e.g., through changes in climatic or tectonic forcing) remains a major challenge (Willenbring and von Blanckenburg, 2010; Caves et al., 2016; Caves et al., 2019; Si and Rosenthal, 2019; Lenard et al., 2020; Clift and Jonell, 2021; Li et al., 2021).
The Yellow River, the fifth longest river in the world and the second largest in China by both length (5,464 km) and basin area (752,400 km2), is famous for its extremely high sediment load (Milliman and Farnsworth, 2011). The sediment flux transported to the oceans has been previously estimated to be up to 1,100 × 106 t/yr, accompanying a solute flux of ∼21 × 103 t/yr (Milliman and Farnsworth, 2011). This river originates from the Qinghai–Tibet Plateau (QTP), drains through the Loess Plateau (LP) at middle reaches, and finally flows through the downstream floodplain into the ocean. The contrasting climates, vegetations, and geomorphic settings between the tectonically active QTP and the erodible LP provide ideal conditions for in-depth understanding the weathering process under different climate and tectonic backgrounds.
Previous studies have investigated the river water chemistry and weathering processes of the Yellow River. For example, Hu et al. (1982) first reported that the solute chemistry of the Yellow River was affected by evaporites and silicate weathering and carbonate precipitation. Then, Zhang et al. (1995) conducted a detailed research and proposed that chemical weathering is the primary control of river chemistry. In the following decades, various methods, such as trace elemental and isotopic indicators, have been applied to explore the chemical weathering processes and fluxes in the Yellow River basin (e.g., Wu et al., 2005; Fan et al., 2014; Ran et al., 2015; Zhang et al., 2015; Wang et al., 2016; Li et al., 2020; Qu et al., 2020; Chai et al., 2021). Among them, most are one-time spatial sampling during flood seasons. As seasonal chemical compositions of river waters could be quite different (e.g., Zhang et al., 2013a; Ran et al., 2015), previous studies warned that estimates of weathering and CO2 consumption rates could be biased by sampling at rain and/or dry seasons only, or missing details from extreme storm events (Zhang et al., 2015). Moon et al. (2014) also suggested that at least 10 time-series seasonal data with synchronous discharge are necessary to reduce the uncertainties of silicate weathering estimates. Till now, there are only four sets of time-series sampling (three at the Loess Plateau and one at the lower reach) in the Yellow River at the middle-lower reaches (Ran et al., 2015; Zhang et al., 2015). However, such a seasonal study of the weathering process in the upstream of the Yellow River draining the QTP, supplying for 80% of the total TDS flux for the mouth of the Yellow River (Wu et al., 2005), is still lacking, which prevents the accurate estimation of the chemical weathering flux and CO2 consumption rate in the tectonically active QTP.
To better understand the seasonal weathering process and its sensitivity to hydrological change in the upstream Yellow River, we conducted weekly sampling in the Datong River during the whole 2017 at the Qingshizui hydrological station. The Datong River is a major tributary of the upstream Yellow River. It originates from the Qilian Mountains, northeastern of the QTP. The pristine watershed has not been affected by human activities. This study investigated seasonal chemical compositions of river waters, quantified the relative contribution of different sources to the water solutes, and estimated chemical weathering and the CO2 consumption rate of the Datong River. Finally, we compared time-series river water chemistry and weathering processes between the upper and middle-lower reaches of the Yellow River to reveal the weathering differences in the entire Yellow River basin.
2 GEOGRAPHIC AND GEOLOGICAL BACKGROUND
The Datong River basin is located at the upstream of the Yellow River (between 98°30′ to 105°15′E and 36°30′ to 38°25′N), northeastern QTP (Figure 1). The elevation of the Datong basin is high in the northwest and low in the southeast with more than 80% of the basin >3,000 m. The drainage basin is bonded by two NW-SE mountains with the Datong Mountain at the south and the Tuolai Mountain at the north. The Datong River basin is a tectonic denudation mountainous area with hilly glacier accumulation platforms and alluvial plains. The total length of the Datong River is 560 km. The sampling site in this study is located in the upstream of the Datong River at the Qingshizui hydrological station, which covers a catchment area of 8,011 km2 and a river length of 310 km.
[image: Figure 1]FIGURE 1 | Geological map and location of the Datong River basin at the upper reach of the Yellow River. The green cycle is the weekly sampling site of river waters in the Datong River at the Qingshizui hydrological station.
The study area belongs to the typical plateau continental climate and is affected by the Asian summer monsoon and the winter monsoon. The climate is characterized by cold, long winter, and short summer. According to the data of the Qingshizui hydrological station, the precipitation mainly occurs from May to September (summer), accounting for 85%–92% of the annual precipitation. The total annual runoff of the Datong River is 293 mm. The discharge is high from June to September, accounting for >80% of the annual discharge.
The Datong River is dominated by sedimentary rocks, mainly composed of marine and terrestrial clastics, carbonates, and unconsolidated sediments, with minor volcanic and metamorphic rocks. Quartz sandstone, siltstone, calcareous siltstone, and coal seams are exposed in the study area. Limestone and dolomite are distributed in the south bank tributaries, and sandstone, mudstone, and coal seams are distributed in the north bank tributaries.
3 SAMPLES AND ANALYSIS
A total of 48 river water samples were collected weekly in the Datong River at the Qingshizui hydrological station from January to December 2017. Five rainwater samples were collected during the monsoon season in 2016. Water temperature, pH, electrical conductibility (EC), and total dissolved solids (TDS) were measured in situ by HANNA HI98129. Suspended particle matter (SPM) concentration, river water discharge (Q), precipitation (P), and water temperature (T) were monitored daily at the hydrology station.
Water samples were filtered in situ on collection through 0.45 μm Whatman® nylon filters. For cation analysis, 60 mL filtered samples were stored in precleaned polyethylene bottles and acidified to pH < 2 with 6 M distilled HNO3. For anion measurement, 30 mL filtered samples were stored in polyethylene bottles. Each sample bottle cap is wrapped with a sealing film to prevent leakage. All samples were kept chilled at 4°C until analysis.
Major cations (Ca2+, Mg2+, Na+, K+, Sr2+, and SiO2) were analyzed by Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) with the average reproducibility of 1%–2%, and major anions (F−, Cl−, NO3−, and SO42-) were determined by the 940 professional IC with the precision <0.1%. The above measurements were conducted at the Institute of Earth Environment, Chinese Academy of Sciences (IEECAS). DIC concentration was calculated through ionic discharge balance. Five samples (QSZ16-34, QSZ16-47, QSZ16-55, QSZ16-69, and QSZ16-75) were randomly selected and titrated by the Meck alkalinity test suite with the precision of 0.05 mM to examine the validity of the calculated DIC results. Both methods produced consistent results with a relative deviation <5%.
4 RESULTS
4.1 Hydrochemical Parameter Variations
The pH, water temperature, EC, precipitations, discharges, and major ion concentrations of water samples in the Datong River are summed in Table 1. The water temperature varied from 1.8 to 17.1°C, with an average of 8.30 ± 4.28°C (Figure 2). The pH and EC ranged from 7.89 to 8.77 with an average of 8.26 ± 0.21, and from 320 to 390 μS/cm with an average of 363 ± 18 μS/cm, respectively. The maximum discharge of 117 m3/s occurred in June, and the mean daily discharge for the entire year was 73 m3/s. The discharge can be divided into two regimes that correspond to the monsoon climate: low-flow (October to May) and high-flow (June to September).
TABLE 1 | Physico-chemical parameters and major ion concentrations of river water in the Datong River.
[image: Table 1][image: Figure 2]FIGURE 2 | Weekly variations of (A) major cations, (B) major anions and hydrometeorological data in the Datong River monitored at the Qingshizui hydrological station in 2017. (A) Shows the seasonal changes of main cations, water temperature and runoff in the river, and (B) shows the seasonal changes of main anions, conductivity and precipitation in the river. The major ions show clear seasonal variations, with low values in rainy season and high values in dry season. The sky blue bars mark the monsoon season.
The total cationic charge (TZ+ = Na+ + 2Ca2+ + 2Mg2+ + K+) varied from 4,005 to 5,276 μEq, much higher than the world average of ∼1,250 μEq/L (Meybeck, 1979). The total molar cation concentrations follow an order of Ca2+ > Na+ > Mg2+ >K+ in the Datong River catchment. As shown in the ternary diagram (Figure 3), the major cation is Ca2+, with an average of 1,354 μM, contributing to ∼60% of TZ+, and the second is Na+, accounting for ∼30% of TZ+. The total anionic charge (TZ− = HCO3− + Cl−+ 2SO42- + NO3− + F−) varied from 4,028 to 5,500 μEq. The molar anion concentrations follow an order of HCO3− > SO42- > Cl− > NO3− >F−. Among them, HCO3− had an average of 3,249 μM, accounting for 70% of the TZ− in charge equivalent units (Figure 3).
[image: Figure 3]FIGURE 3 | Proportion of (A) major cations (B) major anions in river water of the Datong River basin. The middle reaches data (Longmen) come from Zhang et al. (2015) and the downstream data (Lijin) come from Ran et al. (2015).
4.2 Seasonal Variations of Major Ions in River Waters
All the physico-chemical parameters presented clear seasonal variations in the Datong River catchment (Figure 2). Precipitation mainly occurred from late April to October in 2017. Previous studies in surrounding catchments reported several orders of magnitude changes of seasonal river discharge (Zhang et al., 2013a). However, in this study, river discharge only showed a slight increase (∼3-fold) from dry to flood seasons and did not show a synchronous variation with precipitation, which can be attributed to the damming effect at the upstream of the Qingshizui hydrological station. The water temperature rose from January to the peak in August and then declined to the lowest in December. The major ion concentrations were systematically lower in rainy season and higher in dry season, opposite to the trend of the water temperature. Although major ions displayed similar seasonal variations, minor differences still existed, e.g., the concentrations of K+, Na+, Mg2+, Ca2+, HCO3−, and SO42- slightly increased from January to early April and then rapidly declined with increasing monsoonal rainfall. The concentration of NO3− increased sharply from January to April, but its minimum value appeared in January rather than in August as other ions. Overall, the similarities of the seasonal variations of ions reflect the dilution effect of precipitation in rainy season.
4.3 Seasonal Differences of Major Ions Between the Upper vs. Middle to Lower Reaches of the Yellow River
Spatially, there are two typical characters of river water chemistry between the upper vs. middle to lower reaches of the Yellow River (Figure 4). 1) All major ion concentrations (excluding Ca2+) in the upper reach (Datong River) were lower than the middle (Longmen) to lower reaches (Lijin) of the Yellow River, while the concentrations in the midstream were comparable with the downstream. 2) The Na+, Cl−, and SO42- in the middle to lower reaches were significantly higher than that of the upper reach of the Yellow River, for which the Na+ and Cl− are 8 × and 16 × higher in the middle relative to the upper reaches. These extremely high concentrations suggest an important contribution of evaporite dissolution during weathering in the Loess Plateau. The spatial differences and evaporite contribution can also be observed in Figure 3.
[image: Figure 4]FIGURE 4 | Comparison of the major ion concentration in the upper, middle, and lower reaches of the Yellow River. The major ion concentrations are the average of river waters collected weekly in the upstream (this study), midstream (Longmen), and downstream (Lijin). The midstream and downstream data come from Zhang et al. (2015) and Ran et al. (2015), respectively.
Seasonally, we further selected the weekly data of the Datong River in the upper reach and the Longmen station in the middle reach for comparison to reveal their differences (Figure 5). The major similarities are as follows: 1) The overall seasonal variations pattern is similar, showing lower ion concentrations during the monsoonal period, and higher values during the dry seasons. 2) As pointed out by Zhang et al. (2015) that there was a snow/ice melting imprint during spring seasons (around April) in the middle reach of the Yellow River at the Longmen station, the imprint can also be identified in the upstream Datong River. This is supported by the first peak of the water discharge during March to April in the Longmen station. Importantly, the consistent melting fingerprint indicates that the melting signal can be directly propagated to the middle reaches of the Yellow River, implying the significant contribution of water discharge from the upstream Tibetan Plateau to the downstream in dry season. Obviously, the large ice/glacier reservoir exists in the Tibetan Plateau, rather than in the Loess plateau. In addition, the increasing ion concentrations during the melting period in the Datong River is also helpful to explain the observed pulse-type increase of ion contents in the downstream Longmen station. Here, we think the increased ion concentration in the Datong River most likely reflect the salt-contained dust deposition during frequently spring dust-storm events (Jin et al., 2011).
[image: Figure 5]FIGURE 5 | Comparisons of seasonal variations of (A) Ca2+, (B) Mg2+, (C) Na+, (D) Runoff, (E) HCO3− (F) SO42−, (G) Cl−, and (H) Water temperature between the upstream and midstream of the Yellow River. The time-series data of the upstream (purple) are the Datong River (this study). The weekly data of the midstream (orange) are from Zhang et al. (2015).
There is also a clear difference between the upper and middle reaches (Figure 5). During the flood season (July to September), all the ion concentration in the upstream and midstream was diluted to the lowest, but it is interesting to find that unlike the upstream, the concentration of Na+, Cl−, and SO2-4 in the midstream Longmen began to increase (Figures 5C,F,G), indicating the fast dissolution of evaporite during the rainy season in the Loess Plateau. This reflects their distinct control mechanisms of weathering processes between the upper and middle reaches of the Yellow River.
5 DISCUSSION
5.1 Sources of Dissolved Loads in the Datong River
The dissolved loads of river water are generally affected by natural (e.g., atmospheric inputs and chemical weathering) and anthropogenic activity (Roy et al., 1999; Moon et al., 2007; Moquet et al., 2011). In this study, damming at the upstream of the Datong River may significantly alter the river discharge. However, weekly major ions show clear seasonal variations with dilution effects by monsoonal rainfall, implying that damming has limited impacts on seasonal variations of water chemistry in the Datong River. Due to the sparse population, the input of human activities to river chemistry could be negligible. This is supported by the very low weekly NO3−concentrations (<50 μmol/L), which is comparable with other regions in the QTP that suggested a minor influence from anthropogenic input, e.g., the Jinsha River and Yarlung Tsangpo River (Zhang et al., 2016; Qu et al., 2017).
Globally, river hydrochemistry is commonly affected by carbonate weathering, which mainly supplies Ca2+, Mg2+, and HCO3− to the dissolved load (Gaillardet et al., 2019). The dominance of HCO3− and Ca2+ in the Datong River, together with their higher concentrations than other QTP-originated rivers draining basalt and granite lithology, such as the Min River (960 μM, 1,970 μM) and Jinsha River (931 μM, 2,066 μΜ) (Zhong et al., 2017), indicates that carbonate weathering may have occurred in the watershed. This is consistent with the significant correlation (r2 = 0.95) between (Ca2+ + Mg2+) and HCO3− (Figure 6A).
[image: Figure 6]FIGURE 6 | Plot of Ca2++Mg2+ versus HCO3− and Si4+/Na+ versus Ca2++Na+ of river water in the Datong River. The data suggest potential carbonate and silicate weathering in the Datong River catchment.
Evaporite dissolution has been proposed to play an important role in arid and semi-arid regions (Fan et al., 2014). Halite dissolution could release Na+ and Cl− to river water at 1:1 stoichiometry. However, no evaporite exposed in the watershed (Figure 1) suggests that halite dissolution seems not to be a major factor in controlling the weathering in this region, in particular when considering the very high contents of Na+ and Cl− in the middle to lower reaches of the Yellow River. Si is generally derived from silicate weathering. The good correlation between Ca2+/Na+ and Si/Na+ (r2 = 0.82) (Figure 6B) indicates that silicate weathering is another player in weathering processes in the QTP river basin. The carbonate and silicate weathering in the upstream Datong River catchment is also observed by element ratios, showing the data points between carbonate and silicate endmembers (e.g., Ca/Na vs. Mg/Na, Figure 7).
[image: Figure 7]FIGURE 7 | Elemental ratios of Ca2+/Na+ vs. Mg2+/Na+ and Ca2+/Na+ vs. HCO3−/Na+ of river water in the Datong River. The endmember values are from Gaillardet et al. (1999). The middle reaches data (Longmen) come from Zhang et al. (2015). The downstream data (Lijin) come from Ran et al. (2015).
5.2 Forward Model Calculations
5.2.1 Atmospheric Input
Atmospheric deposition is one of the sources for ions in river (Liu et al., 2016a; Liu et al., 2016b). The purpose of correcting atmospheric input is to quantify the contribution of rainwater to the chemical composition of river water. We collected five rainwater samples (Table 2) in the study area and followed the calibration method of Grosbois et al. (2000):
[image: image]
where [image: image] refers to the corrected concentration derived from rainwater, [image: image] refers to the measured ion/ [image: image] in rain water, and [image: image] is the [image: image] concentration in river water derived from rainwater,
[image: image]
where [image: image] is the weighted mean of the [image: image] concentration in rain samples and [image: image] is a correction factor and calculated as follows:
[image: image]
where P is the annual precipitation (in mm) and E is the annual evapotranspiration (in mm).
TABLE 2 | Concentrations of major ions in rain waters collected from the Datong River catchment in 2016.
[image: Table 2]According to the 2017 hydrological data monitored by the Qingshizui hydrological station, the annual rainfall of the Datong River is 557 mm, and the annual discharge is 293 mm (P-E). The calculated F value is 1.9. The quantified result shows that the contribution of rainwater to the dissolved load of the Datong River is 20.2%–27.5% and increases with the runoff, indicating the non-negligible atmospheric contribution to the river water.
5.2.2 Rock Weathering
Weathering of silicates can contribute Na+, K+, Ca2+ and Mg2+ to the dissolved load. The contribution of silicate weathering to river water cations is as follows:
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where (Ca2+/Na+)sil and (Mg2+/Na+)sil are the molar ratios released to river water from silicates during weathering. The (Ca2+/Na+)sil and (Mg2+/Na+)sil in this study are 0.35 and 0.24, respectively, based on the data from Gaillardet et al. (1999). The calculated results show that contributions of silicate weathering range from 6.1 to 11.9%, with an average of 9.2% in the Datong River catchment. Among them, the silicate contribution in the dry period (January–May and October–December) is 9.74%, higher than the monsoon period (June–September) of 7.45%, which is consistent with the previous studies (Zhang et al., 2015; Yu et al., 2019). The lower contribution in the monsoonal season reflects short water–rock reaction time, which inhibits the weathering of silicate minerals (Jiang et al., 2018).
Carbonate weathering releases Ca2+ and Mg2+ to river, and the calculation for carbonate contribution is as follows:
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The results show that the contributions of carbonate weathering range from 43.8 to 47.6% with an average of 46.1% (Table 3), indicating that carbonate weathering dominated the river chemistry in the Datong River catchment. Different from silicate weathering, the contribution of carbonate dissolution to dissolved loads is higher in the monsoon period than in the dry period. This is due to the fast carbonate dissolution dynamics relative to silicates in the rainy season (Zhang et al., 2013a; Zhang et al., 2013b; Gaillardet et al., 2019).
TABLE 3 | Chemical weathering fluxes and CO2 consumption rates for the Datong River catchment.
[image: Table 3]5.2.3 Evaporite Dissolution and Sulfide Oxidation
Evaporite weathering generally includes halite and gypsum. River water SO42- can be derived from gypsum dissolution or oxidation of sulfides. The weak correlation between SO42- and Cl− (r2 = 0.10) indicates that the dissolution of gypsum in the Datong River basin is not a major source for river SO42-. Figure 7 shows that most river water samples collected in the Datong River basin are far away from the evaporite endmember. Moreover, considering the coal mining in this area, we assumed that SO42- was mainly derived from sulfide oxidation rather than the dissolution of gypsum. Then, the rest of the weathering contribution from evaporite and oxidation of sulfides can be simply estimated as follows:
[image: image]
The contribution of sulfide oxidation and evaporite ranged from 19.5 to 23.7% with an average of 21.5%. In summary, the order of the contribution ratios of different sources to dissolved load in the Datong River is as follows: carbonate dissolution > atmospheric input ≈ sulfide oxidation and evaporite > silicate weathering (Figure 8).
[image: Figure 8]FIGURE 8 | Contribution of different sources to total cations in river water of the Datong River basin. The data show that carbonate weathering dominates the river chemistry.
5.3 Chemical Weathering and CO2 Consumption Rates
5.3.1 Chemical Weathering Rate
The carbonate weathering rate [image: image] and silicate weathering rate [image: image] are calculated based on cation components derived from carbonate and silicate, drainage area, and runoff (Moon et al., 2007; Zhang et al., 2013a; Liu et al., 2018). CWR and SWR can be calculated as follows:
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The calculated results showed that the [image: image] and [image: image] of the Datong River catchment ranged from 0.38 to 1.52 × 105 mol/km2/yr with an average of 1.05 × 105 mol/km2/yr and 2.04 to 7.45 × 105 mol/km2/yr with an average of 4.71 × 105 mol/km2/yr, respectively (Table 4).
TABLE 4 | Chemical weathering and CO2 consumption rates from the upper to lower reaches of the Yellow River.
[image: Table 4]5.3.2 Rates of CO2 Consumption by Chemical Weathering
Assuming the sulfuric acid (H2SO4) generated by sulfide oxidation reacts preferentially with carbonate (Zhang et al., 2013a), the [image: image] consumption rate caused by silicate [image: image] and carbonate weathering [image: image] can be calculated from the flux of total dissolved cations produced by silicate and carbonate weathering, respectively:
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The [image: image] consumption rates from silicate and carbonate weathering ([image: image] and [image: image]) of the Datong River catchment are 0.69 × 105 mol/km2/yr and 4.76 × 105 mol/km2/yr, respectively. If all H2SO4 generated by sulfide oxidation reacts preferentially with silicate, the ØCO2sil are negative.
5.3.3 Controls on Chemical Weathering Rate and [image: image]
Lithology, climate (runoff/precipitation and temperature), and erosion rate are proposed to major factors that control the chemical weathering rate (Singh et al., 2005; Goldsmith et al., 2010; Zhang et al., 2019).
In the Datong River catchment, the [image: image] show significant correlations with [image: image] during both rainy (r2 = 0.94) and dry seasons (r2 = 0.93) (Figure 9B), highlighting a strong control of runoff on carbonate weathering. For the [image: image] of silicate, weak positive correlations are observed between [image: image] and [image: image] in both rainy and dry seasons (Figure 9A). In addition, no obvious correlation is observed between [image: image] and water temperature either during the rainy or dry season for both carbonate and silicate weathering (Figures 9C,D). Although several studies suggested an important temperature control on weathering (Dessert et al., 2005; Dixon et al., 2010), this is not the case in the Datong River catchment, and our results are consistent with other studies proposing that when interpreting the weathering rate in the environment, there is an inseparable relationship between the chemical weathering rate and discharge (Hren et al., 2007; Noh et al., 2009; Maher et al., 2010), but no obvious effect by temperature (Huh, 2003; Riebe et al., 2004; Hagedorn and Cartwright, 2009).
[image: Figure 9]FIGURE 9 | Relationships between the CO2 consumption rate (ØCO2) and discharge and water temperature. Significant correlations are observed between ØCO2car and Q, indicating a critical runoff control on carbonate weathering. No clear correlations are observed between ØCO2 and temperature.
5.4 Weathering Differences From the Upper to Lower Reaches of the Yellow River Basin
The huge Yellow River basin spans contrasting tectonics, climate, vegetation, and lithology settings, which may lead to significant changes in the weathering process from the upstream to the downstream. Fan et al. (2014) reported that the CO2 consumption rate of silicate in the upstream of the Yellow River was 0.14 × 105 mol/km2/yr, lower than 0.69 × 105 mol/km2/yr of the Datong River catchment calculated by precise weekly data. In the midstream to lower reaches of the Yellow River, the estimated [image: image] show significant differences by different studies, ranging from 0.18 to 0.99 × 105 mol/km2/yr, excluding an extremely high value of 5.62 × 105 mol/km2/yr (Fan et al., 2014; Ran et al., 2015; Zhang et al., 2015; Jia et al., 2021). We attributed this to different sampling strategies and calculation methods.
To comprehensively explore the accurate chemical weathering differences in different parts of the entire Yellow River basin, we therefore focus on the time-series sampling data (weekly or monthly) at the upstream (Datong River), midstream (Toudaoguai, Longmen, and Tongguan), and downstream (Lijin) (Figure 10A). An important point is that the [image: image] in each site varies in several orders of magnitudes, indicating that estimating the [image: image] by using one-time sampling at flood or dry seasons would introduce large uncertainties. It is also interesting to find that the overall trend of [image: image] decreases from the upstream to the downstream (Figure 10B). In contrast, the physical erosion rate (PER) increases dramatically from the upstream to the midstream and then declines at the downstream (Figure 10C). The most remarkable increase is between the midstream Toudaoguai and Tongguan, where the Yellow River drains the Chinese Loess Plateau.
[image: Figure 10]FIGURE 10 | Differences in chemical weathering among stations in the Yellow River basin. The ØCO2sil overall decreases from the upstream to the downstream of the Yellow River in (C), whereas the physical erosion rate (PER) shows an increase trend in (D). The Datong data (DT) come from this study, the Longmen data (LM) come from Zhang et al. (2015), the Toudaoguai (TDG), Tongguan (TG), and Lijin (LJ) data come from Ran et al. (2015). Study areas in this study and the compiled data are shown in (A). The monthly average precipitation of the Yellow River basin from 2000 to 2020 is shown in (B).
In order to in-depth compare the weathering differences between the tectonically active Tibetan Plateau and the erodible Loess Plateau (Figure 11), we calculated the ØCO2sil between the Toudaoguai and Tongguan section (TDG-TG) of the Yellow River, where Loess weathering dominates the surficial weathering processes. The results show that ØCO2sil in the Datong River draining the Tibetan Plateau is 4.5 times higher than the Loess Plateau (Figure 11A). However, the PER is 9.5 times lower (Figure 11B). These results suggest that physical erosion is not a major factor controlling the weathering rates in the Yellow River basin. Given that the runoff in the Datong River (293 mm/yr in 2017) is much higher than the TDG-TG (53 mm/yr in 2013), showing a 5.5 times higher values, and very similar with the 4.5 times higher [image: image]. We therefore propose that the runoff exerts a central role in silicate weathering and atmospheric CO2 drawdown in the Yellow River basin.
[image: Figure 11]FIGURE 11 | Differences in (A) weathering and (B) erosion rates between the Tibet Plateau and Loess Plateau. The ØCO2sil (0.69 × 105 mol/km2/yr) calculated by the time-series data of the Datong River (DT) is within the range of spatial data (0.14–0.88 × 105 mol/km2/yr) at upper reaches of the Yellow River. The maximum value of the ØCO2sil in the Tibet Plateau is 0.88 (at Lanzhou from Wu et al., 2005), the minimum value (at Tao River from Wu et al., 2005) is 0.14, and the average value is 0.50; the Loess Plateau data from Tongguan to Toudaoguai (TG-TDG) come from Ran et al. (2015). The physical erosion rate (PER) is estimated by suspended sediment data during 2013 from local hydrological stations.
6 CONCLUSION
A high frequency sampling (weekly) was conducted in the Datong River, through a whole hydrological year in 2017 to explore the chemical weathering processes in the upstream of the Yellow River draining the Tibetan Plateau. Our results show significantly seasonal changes of major ions, with lower concentrations in the monsoon period owing to the dilution effect by precipitation, and higher in the dry season. The largest contribution to the river solute in the Datong River was from carbonate weathering (46.07 ± 1.4%), while contribution from silicate weathering is minor (9.21 ± 1.57%). The ØCO2sil was 0.69 × 105 mol/km2/yr in the upper reaches of the Yellow River at the Datong catchment. Comparing the middle and lower reaches, the silicate weathering and [image: image] show an overall decline trend by using five sets of weekly datasets, whereas the PER shows an increased trend. Finally, a comparison between the Yellow River draining the upstream Tibetan Plateau and the midstream Loess Plateau show 4.5 times higher [image: image] but 9.5 times lower PER. Together with annual runoff data, we propose that the runoff, rather than erosion, plays a central role on chemical weathering in the huge Yellow River basin.
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Lithology

Gravelly sandstone
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KLY-6
KLY-7
PE825
PE1625

PE1680

Deposition age (Ma)
Ke
~32 Ma
~23Ma
~28 Ma
~24 Ma

~23.5Ma

59

33

24

50

50

50

Age range (Ma)

36.3-202.7
29.2-876.6

23.7-314.1

Central age (Ma)

747 £33
50+4.4

68.6 + 9.6

P (2%

0.0
0.0
0.0
0.0
0.0

0.0

P1 (Percent)

458+ 54
21%
367 +27
64.5%
259 + 34
29.6%
369 +39
54+ 12%
258+3
64 + 15%
36.5+2.1
924 +52%

P2 (Percent)

69.1 + 6.4
39%
805+ 7.1
35.3%
806+ 7.2
70.4%
808 + 8.9
46 £ 12%
59+ 12
36 + 15%
102 + 22
7.6+52%

P3 (Percent)

96.8 + 8.5
40%

Ko: Late Cretaceous. N: total number of grains counted. P(y2): x2 probabily that the single-grain ages represent one popuiation. P1, P2 and P3 are peak ages according to the Radial
Plotter. The percentage of grains in & specilic peak it also given. Samples prefimd “PE™ are from Wang ef al. (2019) fom the Taik Basin.
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Sampleno  GPS location  *He (mol)
and elevation
G18-1-1 98.4622°E 3.72E-15
G18-1-2 27.7801'N 232615
G18-1-3 3326m 652615
G18-1-4 532E-15
G18-1-5 1.83E-15
G17-4-1 98.4609°E 293E-15
G17-4-2 278474N  4T3E-15
G17-4-3 2774m  451E-15
G17-4-4 1.19E-15
G17-4-5 8.19E-16
G17-4-6 4.55E-15
G17-5-1 98.4204°E 4.99E-15
G17-5-2 27.8786N  1.66E-15
G17-5-3 2472m 252E-15
G17-5-4 2.50E-15
G17-5-5 9.55E-16
G17-6-1 984109E  1.24E-15
G17-6-2 27.9103N  426E-15
G17-6-3 2152m  1.73E-15
G17-6-4 268E-15
G17-6-5 1.31E-16
G17-6-6 1.03E-15
G17-6-7 211E-16
G17-6-8 1.13E-15
G17-7-1 983625E  B.90E-15
G17-7-2 27.9012°N 4.84E-15
G17-7-3 1,875 m 2.15E-15
G17-7-4 2.79E-16
G17-7-5 258E-15
G17-7-6 208E-15
G17-8-1 983508E  554E-15
G17-8-2 27.8989N  228E-15
G17-8-3 1562m  297E-15
G17-8-4 B42E-16
DUR076 7.51E-14
DUR077 8.85E-14
DUR078 7.32E-14
DUR079 5.69E-14
DUR080 6.98E-14
DUR081 7.76E-14

2594 (mol)

5.99E-13
1.47E-13
3.00E-13

7.65E-13
291E-13

3.97E-13
6.90E-13
5.54E-13
1.60E-13
2.00E-13
5.02E-13

9.10E-13
3.62E-13
4.66E-13
5.00E-13
1.84E-13

4.00E-13
7.29E-13
5.57E-13
8.32E-13
3.96E-13
3.34E-13
4.44E-13
3.81E-13

8.20E-13
9.52E-13
5.55E-13
7.03E-13
6.55E-13
5.73E-13

1.74E-12
6.71E-13
8.63E-13
1.04E-12

3.41E-13
3.71E-13
3.14E-13
2.55E-13
2.96E-13
3.28E-13

*2Th(mol) Raw age

1.82E6-13
4.38E-14
3.26E-13

3.41E-13
1.36E-13

1.60E-12
2.60E-12
1.87E-12
6.36E-13
5.12E-13
210E-12

4.41E-12
1.41E-12
2.08E-12
237E-12
8.08E-13

1.43E-12
2.78E-12
1.85E-12
2.88E-12
1.18E-12
1.16E-12
1.75E6-12
8.37E-13

3.10E-12
3.72E-12
1.81E-12
2.63E-12
1.95€-12
1.89E-12

1.94E-12
9.72E-13
1.07E-12
1.43E-12

6.99E-12
7.70E-12
6.43E-12
4.99E-12
6.08E-12
6.75E-12

(Ma)

45
15
13.4

49
a4

3.0
2.8
36
3.0
20
36

20
1.9
21
18
20

13
24
14
14
15
13
19
15

20
21
1.7
17
18
16

20
20
&4
19

298
32.0
31.6
314
31.9
31.9

Error
(10)

0.1
0.4
03

0.1
01

0.1
0.1
0.1
0.1
0.1
0.1

0.0
0.0
0.0
0.0
0.0

0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.1
0.0

05
06
06
05
06
05

Rs (um)

59.9
55.7
51.4

563.3
485

64.9
83.1
69.6
54.9
54.4
57.7

80.0
733
712
725
61.6

54.7
63.2
563.3
56.6
50.4
45.7
575
55.6

63.1
67.3
53.8
49.8
57.7
51.4

119.2
96.8
101.1
95.8

Fr

0.752
0.739
0.724

0.721
0.696

0.705
0.770
0.727
0.712
0.713
0.726

0.760
0.739
0.731
0.735
0.689

0.652
0.698
0.644
0.664
0.624
0.656
0.725
0.721

0.698
0.716
0.647
0.617
0.672
0.630

0.845
0.808
0.817
0.806

Rs: Raclus of a sphere with the equivalent surface area-to-volume ratio as cylindrical crystals (Meesters and Dunai, 2002).
Ft: a-ejection correction factor (Farley et al, 1996).
Mean age: Weighted means calculated using IsoplotR (Vermeesch, 2018). Evidently older age outiers are highighted in bold and are excluded from calculation of the weighted mean age.

eU: Effective uranium content, feU] = [U] + 0.235 x [Th] (Flowers et al., 2009).

Corrected  Error

age (Ma)

6.0
155
186

6.8
6.3

42
37
4.9
4.2
28
4.9

26
25
28
25
29

20
35
21
23
24
20
27
21

28
29
27
27
27
25

23
24
25
2.4

(10)

0.1
0.5
0.4

0.2
0.2

0.1
0.1
0.1
0.1
a1
0.1

0.0
0.1
0.0
0.0
0.1

0.1
0.1
0.0
0.0
0.0
0.0
0.1
0.1

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.1
0.0

Mean

age (+10)
(Ma)

6.18 + 0.90

4.12 £ 0.83

266 + 023

236 + 043

272 +0.11

240 + 0.16

31.74 + 048

eU (ppm)

38.7
1.4

323

736
36.8

36.3
26.2
31.7
189
19.7
51.9

39.6
19.7
28.9
332
20.0

55.2
67.7
78.0
91.3
66.2
61.6
475
36.7

718
741
79.4
131.9
67.2
93.9

16.1
13.4
13.0
18.6
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River

Time-series comparison

Upper
Middle
Lower

Spatial comparison
Upper

Middle

Lower
Global average

Datong River
Yellow River@Taodaoguai
YellowRiver@Longmen
YelowRiver@Tongguan
YellowRiver@Lijin

Upstream (above Lanzhou)
Yellow River@Lanzhou

Taohe River

YellowRiver@Tangnag

Midstream (Lanzhou to Huayuankou)
Weihe River@Main tributary

Downstream (Huayuankou to iver mouth)
60 largest global rivers

Note. n.a denoles data not available.

Area Runoff CWR SWR  0CO,car  ©CO;sil
10°%km?  mm/yr 10° Mol/km?/yr

801 293 4 105 476 069
368 483  na na 061 038
498 493 066 069 066 099
725 476  na na 058 027
752 369  na na 051 0.18
223 170 na na 304 0.14
232 172 423 204 na 0.88
197 243 079 012  na 0.60
123 225 339 045 na 037
507 765  na na 065 021
135 509 137 037 138 049
22 395 na na na 562
51,008 535 na na 2.80 2.00

References

This study
Ran et al. (2015)
Zhang et al. (2015)
Ran et al. (2015)
Ran et al. (2015)

Fan et al. (2014)
Wu et al. (2005)
Wu et . (2005)
Wu et al. (2005)
Fan et al. (2014)
Jia et al. (2021)
Fan et al. (2014)
Gaillardet et al. (1999)
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Sample
No

QSz16-29
QSZ16-30
QSz16-31
QSZ16-32
QSZ16-33
QSzZ16-34
QSZ16-35
QSZ16-36
QSzZ16-37
QSZ16-38
QSZ16-39
QSZ16-40
QSzZ16-41
QSZ16-42
QSZ16-43
QSZ16-44
QSZ16-45
QSZ16-46
QSZ16-47
QSZ16-48
QSZ16-50
QSZ16-51
QSZ16-52
QSZ16-53
QSZ16-54
QSZ16-56
QSZ16-56
QSZ16-57
QSZ16-58
QSZ16-59
QSZ16-60
QSz16-61
QSZ16-62
QSZ16-63
QSZ16-64
QSZ16-65
QSZ16-66
QSZ16-67
QSZ16-68
QSZ16-69
QSzZ16-70
QSz16-71
QSZ16-72
QSZ16-73
QSZ16-74
QSZ16-75
QSZ16-76
QSZ16-77

Date

20177172
2017/1/6
2017/118
2017/1/20
2017/1/28
2017/2/5
2017/2112
2017/2119
2017/2/26
2017/3/6
2017/3112
2017/3/119
2017/3/29
2017/4/2
2017/4/9
2017/4/16
2017/4/23
2017/4/29
2017/5/7
2017/5/13
2017/5/26
2017/6/1
2017/6/8
2017/6/16
2017/6/24
2017/7/2
2017/7/11
2017/7/21
2017/7/28
2017/8/10
2017/8/20
2017/8/28
2017/9/4
2017/9/111
2017/9117
2017/9/25
2017/10/2
2017/10/9
2017/10/18
2017/10/26
2017/11/3
2017/11/9
20171117
2017/11/25
2017/12/2
2017/12/9
2017/12/16
2017/12/25

"Physical erosion rate.

“Sulfice oxidation and evaporite.

“Silicate weathering rate.
“Carbonate weathering rate.
°CO, consumption rate caused by siicate weathering.
'CO., consumption rate caused by carbonate dissolution.

Q PER" Rain  Silicates  Carbonates  Sul/Evp® SWR® CWR'  ©CO.;  @COsuw

m¥s  kg/km*/day Cations % 10°mol/km?/yr

74.4 1.60 223 15 46.0 20.2 137 494 108 487
4856 629 223 1.3 457 207 87 323 702 318
451 535 29 10.4 457 210 74 293 55.0 290
57.1 2.46 224 1.4 456 209 101 378 80.0 373
68.6 104 25 107 457 210 118 454 9.0 449
79.1 938 224 105 46.0 211 133 529 100 536
69.3 1.9 221 109 4538 212 122 468 9.9 475
68.4 15.5 220 109 458 212 121 464 9.2 471
67.2 21.0 217 108 46.4 211 119 466 %23 472
546 188 219 104 46.1 216 93 375 705 381
706 1.4 215 108 465 211 127 494 985 501
703 7.58 212 109 468 211 129 499 100 507
76.7 16.5 209 1.7 472 203 162 552 123 560
63.4 21.9 206 1.9 475 20.1 129 463 106 469
775 836 208 108 476 208 144 564 110 572
7 5.87 211 109 471 20.9 144 557 m 565
52.7 13.6 213 108 474 208 % 374 739 379
51.0 18.7 21.4 10.1 47.2 213 87 362 64.0 367
723 218 218 100 472 21.0 121 504 875 511
513 498 217 10.2 474 21.0 87 359 636 364
480 414 228 850 472 215 67 321 406 325
101 12.0 233 860 468 213 139 659 855 668
84.2 817 233 8.50 467 215 115 548 704 556
17 5.05 239 7.90 46.8 214 147 745 811 755
m 3.59 239 7.80 47.0 214 137 706 749 716
75.2 1.62 245 6.90 47.4 213 82 469 36.6 476
883 286 2.4 7.60 a73 207 105 548 57.2 555
325 0.70 242 7.50 474 210 38 204 199 207
102 330 26,0 6.90 47.0 201 106 588 488 507
989 1.07 267 6.40 46.4 205 %4 557 365 565
99.4 214 27.1 6.10 467 201 % 551 309 559
108 15.1 262 7.50 468 195 119 615 59.4 623
97.4 263 2.4 7.60 454 207 108 551 549 559
%.3 208 258 7.60 45.1 216 108 561 55.1 569
918 198 2.2 7.10 438 29 o7 529 449 537
649 2.80 253 7.90 445 223 7 387 423 392
63.4 1.37 247 8.70 452 214 84 387 482 392
62.4 067 249 8.00 45.0 221 77 380 384 385
62.2 067 244 850 447 224 82 385 475 391
463 050 245 8.00 44 234 57 287 332 291
60.6 181 236 8.60 449 230 82 390 513 396
540 058 232 920 449 227 79 352 533 357
653 0.70 231 8.80 447 234 % 428 50.8 434
78.1 0.00 226 9.40 45.4 226 120 525 820 532
8238 089 224 280 455 223 133 561 89.2 569
76.6 1.65 231 8.40 45.2 23.3 104 506 64.3 514
856 092 229 8.70 448 237 120 570 77 578
455 0.49 227 210 445 237 66 303 453 308
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Sample

no.

YS16-1
YS$16-2
Y$16-3
YS16-4
YS$16-6

Date

2016/6/20
2016/6/21
2016/6/26
2016/7/25
2016/8/26

Na* K* ca? Mg?* cr NO;~ S0,> HCO,"
pmol/L

272 181 206 58.5 125 21.2 5.50 875

59.2 2756 110 133 144 249 148 30.1

104 29.7 148 208 248 44.4 263 283

263 362 222 267 15.4 344 266 382

596 582 60 19.2 36.9 27.4 890 885
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Sample
no.

QSz16-29
QSZ16-30
QSz16-31
QSZ16-32
QSz16-33
QSZ16-34
QSZ16-35
QSZ16-36
QSz16-37
QSZ16-38
QSZ16-39
QSZ16-40
QSzZ16-41
QSZ16-42
QSZ16-43
QSZ16-44
QSZ16-45
QSZ16-46
QSZ16-47
QSZ16-48
QSZ16-50
QSzZ16-51
QSZ16-52
QSZ16-53
QSZ16-54
QSZ16-55
QSZ16-56
QSZ16-57
QSZ16-58
QSZ16-59
QSZ16-60
Qsz16-61
QSZ16-62
QSZ16-63
QSZ16-64
QSZ16-65
QSZ16-66
QSZ16-67
QSZ16-68
QSZ16-69
QSz16-70
Qsz16-71
QSZ16-72
QsSz16-73
QSZ16-74
QSZ16-75
QSZ16-76
QSZ16-77

Date

2017/1/2
2017/1/6
2017/1/13
2017/1/20
2017/1/28
2017/2/5
2017/2/12
2017/2119
2017/2/26
2017/3/6
2017/3112
2017/3119
2017/3/29
2017/4/2
2017/4/9
2017/4/16
2017/4/23
2017/4/29
2017/5/7
2017/6113
2017/5/26
2017/6/1
2017/60/8
2017/6/16
2017/6/24
2017/7/02
2017/7111
2017/7/21
2017/7/28
2017/8/10
2017/8/20
2017/8/28
2017/9/04
2017/9/11
2017/017
2017/9/25
2017/10/2
2017/10/9
2017/10/18
2017/10/26
2017/11/08
2017/11/09
201741/17
2017/11/25
2017/12/02
2017/12/09
2017/12/16
2017/12/25

T.: water temperature.

T PH EC Ca® Mg  Na' K* si HCO;” SO  C  NOy
(c) us/cm umol/L

240 842 360 1,397 737 551 508 162 3,449 623 156 401

410 943 350 1,396 736 552 496 155 3433 630 158 358
350 845 350 1,871 711 525 470 154 3313 624 156 896
300 812 350 1302 734 547 491 155 3408 633 158 430
430 812 350 1,391 728 539 500 158 3373 634 160 454
340 845 360 1,408 730 534 482 159 3,385 638 160 468
450 829 360 1413 744 549 491 160 3432 645 163 469
380 827 370 1411 755 550 491 162 3442 650 164 481

350 830 370 1,436 766 553 501 163 3,507 653 167 478
460 839 300 1,424 759 546 483 160 3448 659 160 483
430 809 390 1,443 776 557 502 165 35535 657 169 488
460 815 300 1,464 787 562 499 167 3,587 664 171 49.1

360 852 370 1,484 802 582 526 171 3,699 655 170 490
630 805 380 1,504 813 50 527 173 3,764 659 171 474
740 814 300 1478 817 569 503 172 3674 666 177 494
530 845 300 1,468 800 567 515 170 3625 664 175 49.9
700 822 360 1,456 789 562 520 169 3,504 655 174 487
930 844 380 1,451 788 549 492 166 3,550 662 177 486
820 840 370 1435 766 540 489 165 3496 647 173 483
7.70 830 370 1,433 776 545 493 169 3511 651 175 473
930 830 370 1,365 738 510 449 162 3,205 627 184 480
106 838 360 1,351 711 497 459 158 3232 619 171 469
106 870 360 1,338 721 506 444 157 3,225 618 181 470
125 818 360 1,315 697 486 430 155 3,140 604 177 452
126 791 360 1311 698 48 416 155 3,143 601 181 456
120 804 350 1,286 680 467 420 154 3,061 586 180 443
157 805 360 1,288 678 482 422 148 3,108 574 177 443
153 797 330 1,202 690 480 415 153 3115 584 179 414
156.8 8.01 330 1,211 633 443 414 140 2917 537 158 425
160 793 320 1,186 615 425 407 138 2814 538 152 414
174 8.00 330 A 604 415 43.4 137 2,785 524 149 a1

132 8.07 330 1,208 621 439 424 143 2911 529 146 a7
135 7.94 340 1,207 614 436 445 142 2,847 554 141 47.4
123 8.12 340 1,237 629 438 415 145 2,875 583 142 46.2
119 8.33 350 1,228 617 422 40.4 145 2,773 607 1356 45.5
1.5 8.28 350 1,262 642 442 a7 147 2,905 611 137 45.4
21 789 360 1,284 663 457 463 161 3013 608 142 470
1.2 8.47 360 1,278 656 447 459 165 2,944 619 148 49.0
102 807 380 1,207 674 467 459 159 3014 631 151 474

105 8.24 360 1,298 671 462 412 147 2,974 647 149 45.4
8.10 8.45 370 1,344 696 478 428 152 3,112 656 151 46.0
690 823 380 1,362 71 498 446 155 3188 660 155 463
760 877 300 1,357 720 498 435 153 3,165 670 163 47

660 843 390 1,383 745 517 449 161 3284 670 167 486
340 847 380 1,388 756 521 455 176 3319 672 168 453
510 817 380 1,359 721 494 430 154 3,174 670 167 472
180 853 370 1,368 735 500 457 154 3,191 683 167 474
430 849 370 1,368 743 511 435 153 3217 686 167 413
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Sample

Modern river sample
CJB-1

MJZ15

MJZ45

MJZ95

MJZ195

MJZ240

CJB-2

MJZ320

Note: The binomial peak-ftting ages aregivenn 1 Ma + 1 SE. The percentage of grains in a specific peak s also given. N = total number of analyzed grains;

Depositional
Age (Ma)

[
36

4.8

85
92
10

12

108

118

82

82

7

96

113

106

81

Age range
(Ma)

9.49-181
13.52-173.08
8.59-95
6.4-94
5.97-159.97
5.4-138
25.18-198.61
14.2-151.38

12.28-184.83

Py

2417
37.3+6.5%
20823
9.4 + 3%
194+15
753+ 9.8%
189 +2.1
48 + 12%
161+ 1.3
63.7 +81%

247 +27
226+ 54%

39+44
24.7 + 9.8%

39+4.1
52 +12%

26+1.4
80 + 4.8%

39.2+35
25 +12%

Ps

479+29
46.4 £ 6.9%
52 +4.7
34+ 11%

537 +5.8
363 +8.1%

568 +4.7
35.2 + 10%
676 +4.4
75 +12%

Ps

93569
16.3 + 9.5%
93.1+95
57 +11%

81.9+83
20 + 4.8%
97.3+5.1
64.8 + 10%

1117273
77.4 + 54%

“isno data. The depositional

ages of the XB are determined by magnetostratigraphy, and their errors are lower than 0.1 Ma. Sample single-grain ages are statistically decomposed into age components (P1-P4) by
Density Plotter (Vermeesch, 2012). The modeled peak ages (with estimated standard deviations) and proportions of age components are given. Depositional ages of samples from the
Mojiazhuang and Caojiabao sections are correlated to the magnetostratigraphic ages from Zhang et al. (2016) and Yang et al. (2017).
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Sample n

Modern river sample 108

CJB-1 112
MJZ15 82
MJZ45 82
MJZ95 kL
MJZ195 9%
MJZ240 113
CJB-2 105
MJZ320 73

Track density (x109)

Fossil
(Ng) (x10° cm™)

1.63 (2029)
204 (2,198)
1.69 (450)
23(618)
1.6 (529)
1.88 (845)
385 (3,111)
1.18 (1702)
1.53 (664)

Induced
(N) (x10° cm™)

8.8 (10,308)
5.86 (6,301)
16.14 (4,280)
16.32 (4,389)
14.65 (4,844)
11.13 (4,999)
8.8 (7,129)
3.69 (5311)
4.25 (1848)

Dosimeter
(Ng) (x10° cm™)

1.68 (17,656)
1.37 (13,301)
1.45 (13,301)
1.44 (13,301)
1.42 (13,301)
1.43 (13,301)
1.41(13,301)
1.38 (13,301)
1.42 (13,301)

U (ppm)

7.43
6.6
14.93
16.32
14.45
15
9.06
421
4.62

P

Central

(®  age (Ma)

0
0
0
0
0
0
0
0
0

44424
69.4 +33
24114
286+ 16
28124
255+ 14
81.4+28
599+27
834+ 6.6

Average
Dpar
(range)
(um)

2.56 (1.9-3.56)
1.92 (1.22-3.43)
2,54 (1.12-3.46)
1.83 (1.12-3.03)
1,67 (1.03-2.74)
1.73 (092-2.82)
268 (1.83-3.98)
2,54 (1.64-3.5)
223 (1.42-3.19)

Mean
track

length +
SD (um)

13.01 + 1.52
13.58 + 1.62
13.24 + 1.62
14.03 + 1.54
1319 + 1.42
13.56 + 1.18
13.27 +1.24
13.95 + 1.67
13.14 + 1.74

No.
lengths

60
80
72
61
53
54
51
80
46

Note: ps: spontaneous track densities measuredin intemal mineral surfaces; pi and pd: induced and dosimeter track densities on external mica detector; in bracket is the number of tracks
and radiation flux; p(y”): probability of obtaining y° value for single-grain ages degrees of freedom; Dpar is the fission tracks etch pit measurements.
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"TDS (Total dissohed solis) = Ca®* + K* + Mg + Na* + Akalnity + F~ + CI" + NOy™ + SO + SO, in mg/L.
bThe 3 U2%8U) ratios have been published in Li et al. (2018) [NO. 69 to NO. 86 in Table S2 of Li et al. (2018)].
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Lithology

Mudstone

Volcanic rocks

Sandstone
Sandstone &
Marite

Red beds
Red beds
Sitstone and
sandstone
Sandstone
Red beds
Red beds
Red beds
Red beds
Limestone
Shale

Sandstone

Limestone
Limestone

Limestone
Clastic
Volcanic rocks
Volcanic rocks
Volcanic rocks
Volcanic rocks
Volcanic rocks
Volcanic rocks

Limestone

Age (Ma) N(n)
35-41 -267)
38.6:0.5 7(53)
41.5-47.1 -358)
41-53 -(300)
43-53 61 (328)
43.2-56 43 ()
50-69 (739)
53.2-61 {172)
K2 17 (186)
83-111 9(73)
Turonian-Aptian 11 (79)
Baremian- 12 (68)
Berriasian
157.5-160.1  6(59)
157.5-160.1 20 (191)
160.1-163.3 24 (224)
163.3-1655 12 (129)
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163.3-1655 27 (245)
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297 14 (129)
Visean- 11 (104)
Tournaisian
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(N)

83.6

82.1

62.4

606
57.9
52.1
448
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327
56.7
40.6
833
724
66.1

59.8
65.5

68.9
791
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57.6
62.2
59.7
13.6
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84.4/
65

Pole location
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(E)
216

298.2

183.7
190.4
2262
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2026
335

3138
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2329

200.3/
30.2

Aos ()

53
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95
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264

Paleolatitude

29

252

29

29

1.6

236

16.4

254

36.2

33.2

333
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19.1

17.7

19.7
18.2

15.3
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336

325
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12

5.76)

1234567
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@
123457 (6)
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1234567
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Note: Siat and Ston, latitude and longitude of the sampling site; Age (Me, age of the rock units; N(n), number of sites (samples) used to calculate the Fisherian mean lat. and lon., ltitude
and longitude of the pole; Ags, radius of the 95% confidence circle; Paleolatitucie calculated with respect to the reference site at 32.5'N, 95.1°€ lattude/longitude of pole, Ags and
paleolatitude before/after 2-step it correction n this study. Criteria (Q) = data qualty criteria (number of criteria met) modified from Van der Voo (1990) and Meert et al. (2020): 1, welk-

determined rock age; 2, sufficient number of samples (N > 6 and n = 36); 3, evaluation of remanence carriers;

craton or lerane discussed: 6, presance of reversal and 7, no resemblance to palecpole of younger age (by more than a period).

, robust field tests; 5, structural control and tectonic coherence with the
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In-situ 2-Step tilt-corrected Pole position

Site No DD/Dip n/n,

Dg() 19() ® a95 Ds() 1s() ® a95 Ap(N) 9p(E)
SLC section (32.5'N, 95.1°F)
SLC1 206/41 1013 0.8 39.8 235 10.2 3208 69.9 235 10.2 80.1/55 270.8/54.4
sLc2 206/41 1011 352.1 418 18.6 15 307.1 65.4 18.6 1.5 79.1/47.7 316.6/41.9
SLC3 206/41 9/10 5.7 34 273 10 340.4 68.8 273 10 75.2/65.7 253.4/65.1
SLC4 206/41 9/10 356.7 57.3 72 54 266.4 708 72 5.4 84/242 69.6/56.4
SLCS 206/41 8/11 19.4 49.6 66.1 69 292.6 85.7 66.1 6.9 73.3/35.4 187/85.4
SLCé 206/41 10/10 14.7 49.5 22 105 204.9 826 22 10.5 77.3/37.5 190.9/78.4
SLC7 218/43 912 138 55.3 239 10.1 276.8 728 239 10.1 78.1/30.6 165/57.7
SLC8 235/43 1012 358.1 50.4 90.8 48 303.1 532 90.8 4.8 87.9/43 325.7/23
# SLC9 348/49 811 57.1 72.1 7 225 359.3 32.8 7 225 44.4/75.3 134.7/277.7
SLC10 348/49 10/10 9.8 445 94.6 45 354.7 -23 94.6 4.5 79.4/56 219.2/284.6
SLC11 348/49 10/10 16.7 60.8 127 14.1 353.3 145 127 14.1 73.8/64.1 145.2/290.5
SLC12 348/49 911 6.9 64.6 e 1.4 347.7 16.6 fna 1.4 75.1/63.4 113.8/303.2
Mean 1112 6.3 50.1 54.9 6.2 330.2 58.9 59 20.5 84.4/65 200.3/30.2

Note: Site No., paleomagnetic site number; DD/dip, Dip direction/Dip angle the bed: n/ng, number of samples valuable/demagnetized: Do,  (Ds, 19, declination and inclination before
(afte) 2-step tit comection; , precision parameter; ags, racius of the circle of 95% conficence; A, (NJ/é, (£), atitude/longitude of pole before/after 2-step tit correction. Site denoted with #
i& the one faiks the ags criterion and was exchided from further anakeses.
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Experiments Descriptions

CoupExp The fully coupled experiment at a low resolution of T31_g37

Gds_0 km The atmospheric experiment at a high resolution (1.25°x0.9), the topography is the same as that in CoupExp (Figure 1A)
Gds_1 km Same as the experiment Gds_0 km, but the Gangdese Mountains of 1 km are included (Figure 2A)

Gds_2 km Same as the experiment Gds_0 km, but the Gangdese Mountains of 2 km are included (Figure 28)

Gds_3 km Same as the experiment Gds_0 km, but the Gangdese Mountains of 3 km are included (Figure 2C)

Gds_4 km Same as the experiment Gds_0 km, but the Gangdese Mountains of 4 km are included (Figure 2D)
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Fossil taxa

Cedripites
Taxodiaceaepollenites
Ephediipites
Celtispolienites
Caryapolienites
Liquidambarpollenites
Betulaceoipollenites
Umipollenites
Juglanspolenites
Alnipollenites
Ostryoipollenites
Carpinipites
Tiiaepollenites
Proteacidites
Myricipites
Salixpolienites
Aceripolienites
Lonicerapollis
Araliaceoipollenites
Quercoidites
Faguspollenites
Ranunculacidltes
Lycopodiumsporites
Osmundacicites
Lygodiumsporites
Perisporites

Nearest living relatives
(NLR)

Cedrus
Taxodium
Ephedra
Catis

Carya
Liquidambar
Betulaceae
Uimus
Juglandaceae
Anus

Ostrya
Carpinus
Tiiaceae
Proteaceae
Myrica

Salix
Aceraceae
Lonicera
Araliaceae
Quercus
Fagaceae
Ranunculus
Lycopodiaceae
Osmunda
Lygodium
Pleris
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Sample

Lithology
L
Be
Sc
v
Cr
Co
Ni
Cu
Zn
Ga
Ro
Sr
Y
Mo
Cd
in

GJ-62

Gypsum

1.18
0.064
5.5
3563
2.09
10.1
156
1.47
2.08
0.355
259
104
0.03
<0.002
0.035
0.01

GJ-65

Gypsum

0.39
0.063
7.35
148
1
106
17.4
0.966
1.92
0.116
0.739
106
0.026
0.105
0.016
0.012

GJ-67

Gypsum

0.756
0.058
5.15
8.43
121
109
18.1
11
2.06
0.184
165
11
0.02
0.044
0.022
0.007

GJ-69

Gypsum

0.409
0.044
5.01
79
0921
103
17.4
0.923
26
0.12
0.847
95.9
0014
0.021
0.006
0.012

Sample

Lithology
La

Ce

Pr

Nd

sm
Gd
Dy
Er
Yo
L

Pb

Th

u

zr

% Sycorfto
TS0

GJ-62

Gypsum
0118
0.104

002
0076
0016
0018
0005
0002
<0002
<0002
1.02
0025
0059
0841
1.0

0.70997 (+22)

GJ-65

Gypsum

0.168
0.138
0.028
0.066
0.009
0.022
0.013
0.004
0.003
0.002
0.163
0.015
0012
0.674

103

0.709942 (+16)

GJ-67

Gypsum

0.301
0.225
0.056
0.168
0.023
0.032
0.011
0.002
<0.002
<0.002
0.824
0.016
0.035
0.821
10.3

0.710057 (£19)

GJ-69

Gypsum

0.178
0.086
0.032
0.143
0.027
0.025
0.003
0.005
<0.002
0.002
0.333
0.008
0.023
0.469
105

0.710062 (£21)
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Divided Paleo-tectonic
phases based environments
on
B: AM!
o ased on AMS
37-30 Ma An active tectonic
strain

30-19.7Ma  Weaker compared

with the earlier phase

Supported evidence from
volcanic activities around
the tanggula range

1. Znalaxiageyong trachyte is found with
U-Pb ages of 34.06-32.39 Ma in the
Tuotuhe region Ning et al. (2016)

2. A thyodacite lava flow, with the “°Ar/
°Ar age of 33.5 Ma, is interbedded with
the TTH Fm.Staisch et al. (2014)

3. The U-Pb analytical resuits for zircons
from the Saiduopu granite are ~39 or
~40.6+3.1 Ma Roger et al. (2000); Duan
et al. (2005)

4. To the south of Quemocuo, intruded
gabbro along the thrust fault is dated at
44 Ma Li et al. (2006)

5. In the Qiangtang terrane,
Eocene-early Oligocene (50-29 Ma)
volcanic and intrusive rocks are
widespread (Wang et . (2010)

1. At the northern flank of the
Fenghuoshan, N-S oriented granite
porphyry (crystalizing ages of the late-
stage ziroons are approximately 27.6 +
1.4 Ma) intruded into the YXC Fm. and
was covered by the nearly fiat WDL Fm.
Wu et al. (2007)

2. There is nearly flat-lying basalt
covering the Fenghuoshan Group at
Fenghuoshan, and the “°Ar/*°Ar ages for
the upper and lower basalt flows are
dated at 26.46 + 0.23 Ma and 27.33 +
0.1 Ma, respectively Staisch et al. (2014)

Supported evidence from
paleoelevation

1. A paleoelevation estimate of

~4000 m for the Tanggula Range from
the late Eocene to the early Oligocene
Linetal. (2020); then, the paleoelevation
uplifted to ~5000 m by the middle
Oligocene (28 Ma) Xu et al. (2013)

2. For the Tuotuohe Basin floor,
relatively low paleoelevation (<2000 m)
in the late Eocene, whereas the
elevation uplifted to ~2900 m in the
early Oligocene (29 Ma) Miao et al.
(2016); Li et al., under review')

1. Tanggula Range has uplifted to
~4000 m during the late Eocene to early
Oligocene Lin et al. (2020) and there is
only additional average ~1000 m uplit
since early Oligocene

2. The Tuotuohe Basin only uplifted to
2980 + 280 m during the early Miocene
from ~2900 m of the early Oligocene Li
et al. (2020a), Li et al. (under review)'

Supported evidence from
thermochronology

The distributions of the collected apatite
fission track ages of the Tanggula Range
are mainly distributed from 120 to 30 Ma
Zhao et al. (2019)

The thermal histories of the north and south
Fenghuoshan thrust belt constrained by
modeiing of apatite fission track and (U-Thy/
He data presented suggest that rapid
cooling ceased by 31-25 Ma (Staisch et .
2016)
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Sample number

NX14C-01
NX14C-01
NX14C-03
NX14C-04
NX14C-05

Lab no

Beta-533721
Beta-555473
Beta-559276
Beta-557626
Beta-533723

13C/12C (0/00)

Radiocarbon age Calibrated age
(vear B.P. x10) (cal year A.D)
-256 690 30 1,272-1,389
-265 61030 1,209-1,404
-16 970 + 30 1,022-11,59
79 1,570 £ 30 425-565
=215 1,300 + 30 660-774

Probability (20)

95.4
95.4
95.4
95.4
95.4

Material

Organic sediment
Plant remains
Plant remains
Snal

Organic sediment

Note. Allof the samples were pretreated and dated by Beta Analytic Inc. using accelerator mass spectrometry (AMS). The calibrated ages with 20 are from the online OxCal v4.4.2 software
(Ramsey, 2020) and were obtained using the IntCal 20 calibration curve (Reimer et al,, 2020).
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Lithofacies
code

Gm
Gss

Ge
Sh

Sm
St

Sp
Sr

Al
Fm

Description

Massive, matrix-supported pebble-cobble conglomerate, poorly
sorted, disorganized, unstratified

Poorly sorted, thin layer or lenticular, heterogeneous-particle
support, coarse sand to coarse grain

Massive, clast-supported, granule-pebble conglomerate

Fine- to medium-grained sandstone with plane-parallel lamination

Massive medium- to fine-grained sandstone
Medium- to very coarse-grained sandstone with trough cross-
stratification

Medium- to very coarse-grained sandstone with planar cross-
stratification

Fine- to medium-grained sandstone with small, asymmetric 2D and
3D current ripples

Laminated very fine-grained sandstone, siltstone, or mudstone
Massive mudstone to fine-grained sandstone with common gray
motting and gypsum veins

Note: Modified after (Vial, 1984, 1996).
2D, two-dimensional* 3D, three-dimensional

Interpretation

Deposition by cohesive mud-matrix debris flows
Gravity flow deposition

Debris flows

Upper plane bed conditions under unidirectional flows, either strong (>100 civs)
or very shallow

Sandy mudfiows and suspension settiing in lake and overbank deposits
Migration of large 3D ripples (dunes) under moderately powerful (40-100 cmvs)
unidirectional flows in channels

Migration of large 2D ripples under moderately powerful (40-60 cvs)
unidirectional channelzed flows: migration of sandy transverse bars

Migration of small 2D and 3D ripples under weak (20-40 cm/s) unidirectional flows
in shallow channels

Distal fan, floodplain. abandoned channel deposits or suspension-setting
Suspension settiing in lake and overbank deposits
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volcarics +
sediments

TKS Takena Fm. red- Linzhou K2,
beds 83+ 17

JzS  Jingzhushan Fm.  Dingaing K2,
red-beds 8317

R Lavafowandred Linzhou — 715:35
beds

sv Volcanic rocks  Shiquanhe  92.4 +0.9

CLC  Chalicuo Gp, Yare 79607
volcanic rocks

JZSC  Upper Cretaceous  Cuogin K2,
Jingzhushan Fm. 83+ 17
sediments

DZC  Dianzhong Fm.,  Cuodin 1190 +
volcanics 20

299

31.22

299

32.34
31.56

31.13

3112

Pre-Cretaceous paleopoles for the Lhasa Terrane (20.5'N, 91.0°E)

sv Sangri Gp, Sangri ~180 Ma
volcanic rocks County
DCS1  Dibu Co Lake, Cognarea  T1-2,
sediments 2445+
7.5Ma
DCs2  Dibu Co Lake, Coqin area T3, 219 =
sediments 18Ma
Cenozoic paleopoles for the Lhasa Terrane (29.5'N, 91.0°E)
LZzv1  Linzizong Gp, Linzhou 546
volcanic rocks
LZZT  Linzizong, Gp, tuff  Mendui -85
PNT  Pana Fm., tuft Linzhou 415215
Lzzv2  Linzizong Gp, Linzhou 622
volcanic rocks
LZzv3  Linzizong Gp, Linzhou 555
volcanic rocks
LZzv4  Linzizong Gp, Linzhou 473
volcanic rocks
Dykel  Linzizong Gp, Linzhou 53
dykes
LZ7v3  Linzizong Gp, Linzhou 50535
volcanic rocks
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volcanics and
sediments
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309
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Cretaceous-Cenozoic paleopoles for the Tethyan-Himalayan Terrane (29.5°N, 91.0°F)

7Pt Zongpu Fm., Gamba, 50+4
limestone Duela
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marine sediments
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limestone Duela
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Mubala sections 1.65
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sections
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marine deposits 185
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volcanic rocks 55
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volcanic rocks 15
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formations, 15
volcanic rocks

TDS  Thakkhola-Dzong  Dzong 118

Fm., sediments

Cretaceous paleopoles for the Indian shield (29.5°N, 91.0°E)
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Site ID Lithology ~ Strike/Dip  n/n0 Dg () 1g () Ds () Is () 3 95 Ap 9p

0 0 0
Zonggei Formation volcanic rocks

™ZO1 Basaltic andesite  328/40 /5 3344 4 5 30 308.1 53 740 2545
TNZO2 Basaltic andesite ~ 328/40 o9 3345 453 46 206 152.8 42 738 256
™NZ03 Basaltic andesite 328/40 o 3369 495 94 312 768 69 73 230.7
TNZ04+05+06  Basaltic andesite  328/40  12/12 3307 489 57 338 1223 39 76 249.1
TNZO7 Basaltic andesite 328/40 5/6 3431 478 13 271 2406 49 70 238.4
TNZO8 Basaltic andesite  328/40 37 11 486 277 165 9003 41 554 218
™NZ10 Basaltic andesite 328/40 88 3284 389 355.7 286 18557 13 733 2867
TNZ114TNZ12  Basaltic andeste  328/40 99 3048 380 3527 300 3487 28 732 2971
TNZ13 Basaltic andesite 328/40 2/8 3469 32 25 132 700.9 9.4 65.1 266.2
Mean 9(59) 8385:103 44673 50.1 7.3

62+82 270+73 50.1 73
Mean paleopole 720 2526

AB =67 K=592 N=9

Duoni Formation volcanic rocks (from Li et al., 2017)

TLO4 Andesite 326/58 9/9 325 281 3499 15.2 62.4 6.6 64.6 295.8
TLOS Andesite 332/60 8 159 -41.9 192 -15 82.1 6.7 63.8 244.1
TLo7 Andesite 315/57 5/8 124 -21.9 148 -208 194.4 5.5 54.0 3342
TLo8 Andesite 316/67 8(6)/10 3225 36.4 349.8 136 53.6 8.3 63.8 296.4
TL18 Andesite 335/64 99 3295 46.7 174 222 50.2 73 64.5 229
TL24 Basaltic andesite 335/64 8/10 3327 24 356 122 787 6.3 64.6 281.2
Duoni Formation sediments (from Li et al., 2017)

TNDO1 Sitstone 325/16 78 3426 229 348.1 173 422 94 65 300.7
TNDO2 Siltstone 325/16 8/8 353 357 13 274 52.8 fe s 73 267.6
TNDO3 Sandstone 328/16 8/8 3523 268 358.4 19.4 429 86 68.6 276.2
TNDO4 Sandstone 328/16 78 354.7 243 359.9 16.4 69.6 7.3 67.1 2722
TNDO5S Sandstone 328/16 99 349.7 222 354.7 156 68.7 6.3 66.1 285
Mean 20(144) 337.7£80 872x64 27 6.4

0460 22256 352 56
Mean paleopole 703 270.5

A5 =52" K=8399 N=20

Field test results, (1) McFadden's correlation test (McFadden et al., 1990), N = 20, Xi2 = 2.343 (=9.937) after (before) bedding correction. The critical value Xic =5.207 and 7.300 at the 95
and 99% confidence levels, respectively, indicating that the ChRM directions from the Zonggei Formation volcanic rocks are pre-folding; (2) Stepwise unfolding test (Watson and Enkin,
1993), The precision parameter k reached its optimized value of 35.76 at the unfololing level of 81.4 + 17.0%, confirning primary nature of isolated ChRM directions from the combined
results of the Zonggei Fm. volcanic rocks and from the Duoni Fm. volcano-sedimentary rocks; (3) Reversal test (McFadden and Lowes, 1981), angle y = 10.9° between the two averages,
critical value yc = 19.0°; thus, the reversal test result is “C class” leve), indicating a positive reversal test.

Notes: Site ID, site identification; Strike/dlo, right-hand strike azimuth of bedding attitudes and dioping angles of the exposed Lower Cretaceous Zonggei Fm. volcanic rocks and DuoniFim.
volcano-sedimentary rocks measured in the fiekd; n/no, number of specimens that were used to join the Fisher statistical analysis/number of specimens that were demagnetized; numberin
a pair of brackets indicates number of specimens that were fitted by using greater circle method; Ds, Is (Dg, Ig), measured declination and inclination pairs for specimens after (before)
bedding correction; k, estimate of precision parameter; a95, 95% confidence limit of Fisher statistics after bedding correction; Ap, latitude of computed VGP derived from each group-mean
direction; ¢p, longitude of computed VGP derived from each group-mean direction.
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Sampling site Lithology N In situ Tilt-corrected k ass Pole location
Site Slat  Slon Dec Inc () Dec Inc () Plat  Plon Aos

N) (E) 0 0 (N (E) 0
Lower Cretaceous strata of Huang et al. (1992)

A 29.7 98.4 Red beds 4/5 268.6 46.6 702 527 104.5 9 31.2 165.3 103
B 29.7 98.4 Red beds 4/5 2792 421 786 53 731 9 247 1624 104
D 29.7 98.4 Red beds 5/5 250.7 5.6 409 51.7 46.2 11.4 55 1733 128
3 207 98.4 Red beds 5/5 265.4 5.8 38.1 453 198.9 5.4 56.5 1839 55
G 297 98.4 Red beds 5/5 280.6 16.5 14.4 293 322 137 70.7 2319 1.2
| 297 98.4 Red beds 5/5 276.1 237 46 31.6 95.1 79 46.2 1945 66
J 297 98.4 Red beds 5/5 248.2 472 94.1 483 41 121 109 160.7 128
K 207 98.4 Red beds 5/5 250.9 55 86.8 39.5 291 14.1 135 1703 134
Al 29.7 98.6 Red beds 3/5 643 -51.6 759 4.7 22723 26 233 1733 25
B1 207 98.6 Red beds 4/5 76.2 -50.1 727 53.8 138.3 7.8 295 1636 91
ct 29.7 986 Red beds 5/5 706 -33.9 474 61.7 152.7 6.2 50.2 156.1 84
D1 297 98.6 Red beds 5/5 67.9 -29.4 294 60.6 839.6 33 63.5 15639 4.4

Upper Cretaceous strata of Tong et al. (2015)

MK2 29.7 986 Red beds 12/12 61.5 58.7 1197 70 755 3 85 1295 8

MK3 297 98.6 Red beds 1314 226.5 185 224.8 -51.4 252 8.4 51.8 1731 94
MK4 29.7 98.6 Red beds 12112 221.4 15.6 218.2 -51.4 338 8 57.3 174.4 9

MK5S 29.7 98.6 Red beds 113 216 299 214.6 -38.9 436 7.4 58 194.2 6.8
MK6 207 98.6 Red beds 12112 759 5.5 ban 59.2 119.9 38 323 167.5 49
MK7 297 98.6 Red beds 112 87.9 6.6 849 56.1 151.1 39 21 157.3 48
MK8 29.7 98.6 Red beds 8/11 107.4 49.9 56.2 55.5 132.7 5.8 43 165.3 7

MK9 29.7 98.6 Red beds 1112 104.2 523 34.7 67.9 67.9 5.6 60.1 1619 71

MK10 207 98.6 Red beds 112 625 4.6 476 62 66.2 6 50 165.4 82
MK11 27 98.6 Red beds 12114 63.4 182 418 62.2 27 11.8 54.2 1643 16.2
MK12 297 98.6 Red beds 1314 62 23.4 332 56.9 116.5 4.8 61.4 1639 59
MK13 29.7 98.6 Red beds 112 64.3 23.4 45.1 40.3 791 5.2 49.3 187.1 49
MK14 29.7 98.6 Red beds 9/13 18 39.1 405 445 11.9 4.9 54.2 184.2 49
MK15 29.7 98.6 Red beds 912 350.3 41.2 424 59.8 43 85 37.3 1783 83
MK16 297 98.6 Red beds 10112 348.9 37.6 46.5 69.6 49 10.1 49 1398 16
MK17 207 98.6 Red beds 112 255 29.7 62.4 39.5 183 16.1 34.1 1803 149
MK18 29.7 98.6 Red beds 10112 10.1 39.6 706 53.7 104.5 59 31.2 164.2 6.9

Upper Cretaceous strata of Huang et al. (1992)

B 29.7 98.7 Red beds 5/5 45.7 -9.3 34.8 36.2 2327 5 57.2 197.5 4.4
c 29.7 9.7 Red beds 5/5 215 26 39 575 936 8 91 1188 10
D 29.7 98.7 Red beds 5/5 298.9 442 323 57.2 350.2 39 62.1 163.1 49
E 2RF 9.7 Red beds 5/5 938 38.7 49 39.3 433.6 37 45.7 186.3 34
F 297 9.7 Red beds 5/5 337.4 45.2 47.8 63.3 52.4 10.7 49.7 153 16
G 29.7 9.7 Red beds 5/5 5.5 287 43.4 65.1 66.3 95 53.3 167.7 114
H 29.7 9.7 Red beds 5/5 108 36.8 56.6 433 913 8.1 40.1 179.4 79
| 29.7 98.7 Red beds 5/5 151.2 -60.5 242.3 -51 1,233.6 32 37.2 169.5 36
J 27 9.7 Red beds &/5 326.2 49.7 441 45.8 513.4 3.4 51.4 181.1 35
K 29.7 9.7 Red beds 9/10 323.2 52.1 476 46.7 178.3 39 48.5 1788 4

M 29.7 9.7 Red beds 5/5 446 32.1 357.6 65.9 102.3 7.6 50 1659 92

Mean paleomagnetic pole during K1: Plat. = 40.6'N, Plon. = 170.5°, n = 12, K = 12.2, Ags = 13.0° (Huang et al., 1992). Mean paleomagnetic pole during K2: Plat. = 48.9'N, Plon. =
168.1°E,n =28, K = 19.9, Ags = 6.3' (Huang et al., 1992 +; Tong etal., 2015). Mean paleomagnetic pole during K: Plat. = 46.5'N, Plon. = 168.9°E,n =40, K= 16.6, Axs =5.7" (Huang et .,
1992 +; Tong et al., 2015).

N and n are number of samples collected and used for paleomagnetic calcuiation, respectively. Dec. and Inc. are deciination and inclination, respectively; k is the Fisherian precision
parameter for samples (Fisher, 1953); ass and Ags are the radius of cone at 95% confidence level about the mean direction. Siat. and Slon. are latitude and longitude of the sampling site.
Piat. and Plon. are latitude and longitude of the paleomagnetic poles.
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Sample Labno  13C/"°C Radiocarbon age Calibrated age® Probability (1o) > Newcalibratedage®  Material

number (0/00) (vear (cal (cal year A.D)
B.P. = 10) year C.E)
NXC-1 XA22679 279 820 30 1,220 £ 30 1,194-1,196 CE/1.2%  1,175-1273/954%  Dry humus
1,206-1,259
CE/98.8%
NXC-3D XA22680  -26.08 1,870+ 20 656+ 9 650-663 CE/100% 617-676/95.4%  Peatwithinsand
NXC-7 XA22681 2745 1,990 + 25 11231 21-10 BOE/15.1% 81-110/954%  Dry humus

2 BCE-30 CE/56.2%
37-51 CE/20.7%

“The calbrated ages with 1o are from the online OxCal v4.3.2 software.

°The range/possibiity values with 1 are from the oniine CALIB REV7. 1.0 software. The samples were tested at the Xi'an Accelerator Mass Spectrometry Center, with a half-ife of 5,568 a.
“The calbrated ages with 20 are from the online OxCal v4.4.2 software (Ramsey, 2020) and were obtained using the IntCal 20 calibration curve (Reimer et al., 2020). Sample NXC-1 was
collected from the same location as ours (Figure 4).
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