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The interplay between climate and tectonics during the upward and outward growth of the Qilian Shan orogenic wedge, northern Tibetan Plateau
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Mountains grow upward and outward when the accretion of material outpaces its removal. Mountain building is synergistically influenced by geodynamics, internal structures (crustal and lithospheric), and climate. The northward growth of the Qilian Shan, which occupies a transition zone between the ~4500 m high central Tibetan plateau and the adjacent <2000 m high North China craton to the northeast, figures into debates of active orogenic wedge evolution. In this study, we integrate new detrital zircon U-Pb geochronological data with interpretation of seismic profiles and drill core data from the NE Qaidam and Suganhu basins to investigate both the relief building in the Qilian Shan wedge and the source to sink relationship between the Qilian Shan and adjacent basins through time. While intensive crustal shortening within the Qilian Shan during the Paleogene, landward retrogradation of alluvial-fluvial facies in both northeastern and southern Qaidam basin as well as an increasing proportion of Mesozoic to Late Paleozoic and Precambrian detrital zircon ages reveal a basin-scale expansion of drainage area. The connection between the NE Qaidam and the Suganhu basins, as well as the southern Qilian Shan was finally cut off during the Miocene. Combining published regional climate records with provenance data from Cenozoic strata in the Qaidam basin, we infer that increased precipitation under relatively warm and wet climate conditions drove basin-scale transgression during the Paleogene. Since then, the Qaidam basin has been gradually isolated in response to the intensified deformation within the surrounding mountain belts and the regional aridification. We propose the Cenozoic growth of the Qilian Shan could obey critical-taper wedge theory. The climate driven erosion defeated the tectonic thickening in the southern Qilian Shan prior to the Miocene and caused the Qilian Shan wedge to stall. Deformation remained localized in the southern Qilian Shan as wedge taper continued to build. Since the Miocene, decreased erosion of the wedge under arid to semi-arid conditions has allowed deformation to maintain a high enough wedge taper Journal Pre-proof J o u r n a l P r e -p r o o f to allow for northward propagation of the deformation front into the central and northern

Qilian Shan. This study highlights the significant influence of previously unconsidered regional climate in upward and outward growth in the northern Tibetan plateau. The Cenozoic evolution of northern Tibetan plateau cannot be evaluated without an understanding of how climate may have played into the kinematic history.

Introduction

Topographic analyses that are based on low-temperature thermochronology, provenance analysis and numerical modeling studies have shown that global and/or local climate fluctuation can affect the tectonic evolution of mountain ranges [START_REF] Herman | Worldwide acceleration of mountain erosion under a cooling climate[END_REF][START_REF] Masek | Erosion and tectonics at the margins of continental plateaus[END_REF][START_REF] Montgomery | Climate, tectonics, and the Journal Pre-proof J o u r n a l P r e -p r o o f morphology of the Andes[END_REF][START_REF] Whipple | The influence of climate on the tectonic evolution of mountain belts[END_REF]. Temporally and spatially changing erosion rates and patterns associated with climate change can modify the exhumation pattern (and thus the localization of the deformation) and thereby modulate the morphology and structure of mountain ranges [START_REF] Champagnac | Tectonics, climate, and mountain topography[END_REF][START_REF] Grujic | Climatic forcing of erosion, landscape, and tectonics in the Bhutan Himalayas[END_REF][START_REF] Lease | Large along-strike variations in the onset of Subandean exhumation: Implications for Central Andean orogenic growth[END_REF].

The upward and outward growth of mountains can be generally viewed as a process of mass addition that outpaces its removal; thus climate, interior structure (both crustal and lithospheric) and geodynamics modify the orogenic wedge and exert significant controls on the process of mountain building [START_REF] Carrapa | Tracing exhumation and orogenic wedge dynamics in the European Alps with detrital thermochronology[END_REF][START_REF] Decelles | History of the Sevier orogenic wedge in terms of critical taper models, northeast Utah and southwest Wyoming[END_REF][START_REF] Lease | Large along-strike variations in the onset of Subandean exhumation: Implications for Central Andean orogenic growth[END_REF][START_REF] Roe | Feedbacks among climate, erosion, and tectonics in a critical wedge orogen[END_REF][START_REF] Searle | Ductile shearing to brittle thrusting along the Nepal Himalaya: Linking Miocene channel flow and critical wedge tectonics to 25th April 2015 Gorkha earthquake[END_REF][START_REF] Whipple | The influence of climate on the tectonic evolution of mountain belts[END_REF][START_REF] Willett | Orogeny and orography: The effects of erosion on the structure of mountain belts[END_REF]. The growth of most contractional mountain belts can be, at first order, reasonably described using the critical taper orogenic wedge model [START_REF] Dahlen | Critical taper model of fold-and-thrust belts and accretionary wedges[END_REF][START_REF] Dahlen | Mechanics, growth, and erosion of mountain belts. Processes in continental lithospheric deformation[END_REF][START_REF] Davis | Mecha nics of foldandthrust belts and accretionary wedges[END_REF][START_REF] Decelles | History of the Sevier orogenic wedge in terms of critical taper models, northeast Utah and southwest Wyoming[END_REF][START_REF] Elliott | The motion of thrust sheets[END_REF][START_REF] Lallemand | Coulomb theory applied to accretionary and nonaccretionary wedges: Possible causes for tectonic erosion and/or Journal Pre-proof J o u r n a l P r e -p r o o f frontal accretion[END_REF][START_REF] Lease | Large along-strike variations in the onset of Subandean exhumation: Implications for Central Andean orogenic growth[END_REF][START_REF] Roe | Feedbacks among climate, erosion, and tectonics in a critical wedge orogen[END_REF][START_REF] Suppe | Geometry and kinematics of fault-propagation folding[END_REF]. This approach predicts the kinematic evolution of an orogenic belt in response to a change in material distribution. In this view, external (e.g. climate) and internal (e.g. rock durability/internal and basal friction) factors determine whether the mountains either propagate outward (from the rear of the wedge towards the foreland) to reduce the taper, or deform internally (e.g. by out-of-sequence or synchronous thrusting, duplexing) to rebuild taper [START_REF] Carrapa | Tracing exhumation and orogenic wedge dynamics in the European Alps with detrital thermochronology[END_REF][START_REF] Decelles | History of the Sevier orogenic wedge in terms of critical taper models, northeast Utah and southwest Wyoming[END_REF][START_REF] Willett | Orogeny and orography: The effects of erosion on the structure of mountain belts[END_REF]. In order to better understand the potential relationships between tectonics and climate during mountain building, as well as to evaluate the mechanisms driving the outward growth Journal Pre-proof J o u r n a l P r e -p r o o f of an orogenic wedge, it is therefore crucial to determine the timing of the deformation within mountain belts [START_REF] Decelles | History of the Sevier orogenic wedge in terms of critical taper models, northeast Utah and southwest Wyoming[END_REF][START_REF] Horton | Erosional control on the geometry and kinematics of thrust belt development in the central Andes[END_REF][START_REF] Lease | Large along-strike variations in the onset of Subandean exhumation: Implications for Central Andean orogenic growth[END_REF]. However, these space-time datasets are sometimes poorly resolved due to the lack of detailed geologic information over often remote and inaccessible orogenic wedges. Moreover, although specific predictions of how climate, internal structures and geodynamics change in response to tectonic and climatic forcing have been made through analog and numerical models [START_REF] Kohn | PTt data from central Nepal support critical taper and repudiate large-scale channel flow of the Greater Himalayan Sequence[END_REF][START_REF] Malavieille | Impact of erosion, sedimentation, and structural heritage on the structure and kinematics of orogenic wedges: Analog models and case studies[END_REF][START_REF] Malavieille | Formation of ophiolite-bearing tectono-sedimentary mélanges in accretionary wedges by gravity driven submarine Journal Pre-proof J o u r n a l P r e -p r o o f erosion: Insights from analogue models and case studies[END_REF][START_REF] Stockmal | Modeling of large-scale accretionary wedge deformation[END_REF][START_REF] Whipple | The influence of climate on the tectonic evolution of mountain belts[END_REF], more geologic examples are needed to evaluate these predictions.

The upward and outward growth of the Tibetan plateau represents a typical case where addition of crustal material has outpaced its removal (Fig. 1). Numerous studies have shown that mountain building processes in the eastern and southern margins of the Tibetan plateau can be reconciled with the critical taper theory [START_REF] Corfield | Crustal shortening estimates across the north Indian Continental Margin, Ladakh, NW India[END_REF][START_REF] Decelles | Stratigraphy, structure, and tectonic evolution of the Himalayan Journal Pre-proof J o u r n a l P r e -p r o o f fold-thrust belt in western Nepal[END_REF][START_REF] Hubbard | Uplift of the Longmen Shan and Tibetan plateau, and the 2008 Wenchuan (M= 7.9) earthquake[END_REF][START_REF] Hubbard | Structural Setting of the[END_REF][START_REF] Whipple | The influence of climate on the tectonic evolution of mountain belts[END_REF]. These studies further argued that climate has significantly influenced the tectonic and structural evolution of mountain ranges. On the northeastern margin of the Tibetan plateau, although lines of evidence have suggested the northward growth of the Qilian Shan intra-continental wedge (northern Qilian Shan in particular) during the Cenozoic (Fig. 1a), the onset of deformation of ranges in the southern Qilian Shan is ambiguous and the driving mechanisms of the outwardgrowth process in the Qilian Shan are still highly debated [START_REF] Bovet | Evidence of Miocene crustal shortening in the north Qilian Shan from Cenozoic stratigraphy of the western Hexi Corridor, Gansu Province, China[END_REF][START_REF] Burchfiel | Intracrustal detachment within zones of continental deformation[END_REF][START_REF] Craddock | Late Miocene-Pliocene range growth in the interior of the northeastern Tibetan Plateau[END_REF][START_REF] Craddock | Rapid fluvial incision along the Yellow River during headward basin integration[END_REF][START_REF] Craddock | Rates and style of Cenozoic deformation around the Gonghe Basin, northeastern Tibetan Plateau[END_REF][START_REF] Duvall | Low-temperature thermochronometry along the Kunlun and Haiyuan Faults, NE Tibetan Plateau: Evidence for kinematic change during late-stage orogenesis[END_REF][START_REF] Métivier | Northeastward growth of the Tibet plateau deduced from balanced reconstruction of two depositio nal areas: The Qaidam and Hexi Corridor basins, China[END_REF][START_REF] Meyer | Crustal thickening in Gansu-Qinghai, lithospheric mantle subduction, and oblique, strikeslip controlled growth of the Tibet plateau[END_REF][START_REF] Ritts | Oligocene -Miocene Tectonics and Sedimentation along the Altyn Tagh Fault, Northern Tibetan Plateau: Analysis of the Xorkol, Subei, and Aksay Basins[END_REF]Wang et al., 2017b;[START_REF] Yin | Tectonic history of the Altyn Tagh fault system in northern Tibet inferred from Cenozoic sedimentation[END_REF][START_REF] Yuan | Late Quaternary right-lateral slip rates of faults adjacent to the lake Qinghai, northeastern margin of the Tibetan Plateau[END_REF]Zhang et al., 2012a;[START_REF] Zheng | Erosion, fault initiation and topographic growth of the North Qilian Shan (northern Tibetan Plateau)[END_REF][START_REF] Zheng | Progressive northward growth of the northern Qilian Shan-Hexi Corridor (northeastern Tibet) during the Cenozoic[END_REF]Zheng et al., 2013b;Zhuang et al., 2011a;Zhuang et al., 2011b). In particular, while the tectonic and structural evolution of the Qilian Shan system remains to be fully explored and understood, Journal Pre-proof J o u r n a l P r e -p r o o f little is known about the interaction between climate, erosion and deformation pattern in the range.

The driving mechanism of outward growth of mountain belts and the role played by climate during the mountain building process are difficult to assess without detailed constraints on the evolution of the orogenic wedge in the context of local climate evolution.

In this study, we carry out provenance analysis and provide detrital zircon U-Pb geochronological data, well log data, as well as seismic profiles obtained from the Qaidam-Qilian region, to understand the source to sink relationship between Qilian Shan and adjacent basins and further pin down the of deformation of ranges in the southern Qilian Shan (Fig. 1).

The structural evolution compared with evidence of local climate change reveals that the Cenozoic growth of the northeastern margin of the Tibetan plateau obeys critical-taper wedge theory, with the tectonic evolution of Qilian Shan being integrally tied to the climate evolution in this region. This study highlights that the Cenozoic evolution of northern Tibetan plateau cannot be clearly evaluated without understanding of how the climate may have controlled or at least modulated the kinematic history.

Geological Setting

The Qilian Shan

Defining the northeastern boundary of the modern Tibetan plateau, the Qilian Shan (at >4000 meters high on average) occupies a transition zone between the high elevation plateau and the adjacent low-elevation North China Craton to the northeast (Fig. 1) [START_REF] Bovet | Evidence of Miocene crustal shortening in the north Qilian Shan from Cenozoic stratigraphy of the western Hexi Corridor, Gansu Province, China[END_REF]Cheng et al., 2019b;[START_REF] Lease | Cenozoic mountain building on the northeastern Tibetan Plateau[END_REF][START_REF] Yin | Geologic evolution of the Himalayan-Tibetan orogen[END_REF]Zuza et al., 2016). The Qilian Shan is bordered by the Qaidam basin to the south, the Hexi Corridor to the north, and bounded by the lithospheric-scale sinistral strike-slip ATF to the west (Fig. 1). Left-lateral displacement along the ATF has accommodated hundreds of kilometers of the postcollisional convergence between India and Asia, although the estimates of its total offset vary Journal Pre-proof J o u r n a l P r e -p r o o f between ca. 300 km and ca. 500 km [START_REF] Chen | New paleomagnetic constraints on central Asian kinematics: Displacement along the Altyn Tagh fault and rotation of the Qaidam Basin[END_REF]Cheng et al., 2015a;Cheng et al., 2015b;[START_REF] Cowgill | Reconstruction of the Altyn Tagh fault based on U-Pb geochronology: Role of back thrusts, mantle sutures, and heterogeneous crustal strength in forming the Tibetan Plateau[END_REF][START_REF] Ritts | Magnitude of post-Middle Jurassic (Bajocian) displacement on the central Altyn Tagh fault system, northwest China[END_REF][START_REF] Yin | Tectonic history of the Altyn Tagh fault system in northern Tibet inferred from Cenozoic sedimentation[END_REF][START_REF] Yue | Two-stage evolution model for the Altyn Tagh fault, China[END_REF][START_REF] Yue | Initiation and long-term slip history of the Journal Pre-proof J o u r n a l P r e -p r o o f Altyn Tagh Fault[END_REF].

The Qilian Shan consists of a series of subparallel NW-SE striking ranges that grow on folds, thrusts or strike-slip faults accommodating the northward motion of the Tibetan plateau [START_REF] Allen | Partitioning of oblique convergence coupled to the fault locking behavior of fold-and-thrust belts: Evidence from the Qilian Shan, northeastern Tibetan Plateau[END_REF]Cheng et al., 2019b;[START_REF] George | Miocene cooling in the northern Qilian Shan, northeastern margin of the Tibetan Plateau, revealed by apatite fission-track and vitrinite-reflectance analysis[END_REF][START_REF] Meyer | Crustal thickening in Gansu-Qinghai, lithospheric mantle subduction, and oblique, strikeslip controlled growth of the Tibet plateau[END_REF][START_REF] Yin | Tectonic history of the Altyn Tagh fault system in northern Tibet inferred from Cenozoic sedimentation[END_REF][START_REF] Yuan | The growth of northeastern Tibet and its relevance to large-scale continental geodynamics: A review of recent studies[END_REF][START_REF] Zhang | Tectonic geomorphology of the Qilian Shan in the northeastern Tibetan Plateau: Insights into the plateau formation processes[END_REF][START_REF] Zheng | Progressive northward growth of the northern Qilian Shan-Hexi Corridor (northeastern Tibet) during the Cenozoic[END_REF]Zheng et al., 2013a;Zhuang et al., 2011a;Zhuang et al., 2011b;Zuza et al., 2016;Zuza et al., 2018a;[START_REF] Zuza | Tectonic evolution of the Qilian Shan: An early Paleozoic orogen reactivated in the Cenozoic[END_REF] (Fig. 1). According to the known Cenozoic kinematics of the Qilian Shan, the belt could have been divided in two units, namely the Northern Qaidam Thrust Belt to the south and the Qilian Shan Thrust Belt (or Qilian Shan-Nan Shan Thrust Belt) to the north [START_REF] Wu | Pre-Cenozoic geologic history of the central and northern Tibetan Plateau and the role of Wilson cycles in Journal Pre-proof J o u r n a l P r e -p r o o f constructing the Tethyan orogenic system[END_REF]Zuza et al., 2018b). Based on the pre-Cenozoic crustal lithologies, as well as the occurrence of suture zones within the range, the belt has been divided into four terranes, namely the northern Qilian Shan (NQS), the central Qilian Shan (CQS), the southern Qilian Shan (SQS), and the North Qaidam Thrust Belt [START_REF] Bovet | Evidence of Miocene crustal shortening in the north Qilian Shan from Cenozoic stratigraphy of the western Hexi Corridor, Gansu Province, China[END_REF][START_REF] Gehrels | Magmatic history of the northeastern Tibetan Plateau[END_REF][START_REF] Ritts | Oligocene -Miocene Tectonics and Sedimentation along the Altyn Tagh Fault, Northern Tibetan Plateau: Analysis of the Xorkol, Subei, and Aksay Basins[END_REF].

On the southern side of Qilian Shan, provenance studies have been used to infer that the North Qaidam Thrust Belt was exhumed during Eocene to Oligocene time, serving as the source region for the clastic material deposited in both the Hexi Corridor to the north and the Qaidam basin to the south [START_REF] Bovet | Evidence of Miocene crustal shortening in the north Qilian Shan from Cenozoic stratigraphy of the western Hexi Corridor, Gansu Province, China[END_REF]Yin et al., 2008a;Zhuang et al., 2011b). To the north, some low-temperature thermochronology studies and provenance analysis have revealed the northward younging of the time of activation of the successive sub-ranges, suggesting a progressive northward propagation of fold thrust belt in the central and northern Qilian Shan from Miocene to Pliocene [START_REF] Bovet | Evidence of Miocene crustal shortening in the north Qilian Shan from Cenozoic stratigraphy of the western Hexi Corridor, Gansu Province, China[END_REF]Cheng et al., 2019b;[START_REF] George | Miocene cooling in the northern Qilian Shan, northeastern margin of the Tibetan Plateau, revealed by apatite fission-track and vitrinite-reflectance analysis[END_REF]Wang et al., 2016a;[START_REF] Yu | Mid-Miocene uplift of the northern Qilian Shan as a result of the northward growth of the northern Tibetan Plateau[END_REF][START_REF] Zhang | Tectonic geomorphology of the Qilian Shan in the northeastern Tibetan Plateau: Insights into the plateau formation processes[END_REF][START_REF] Zheng | Erosion, fault initiation and topographic growth of the North Qilian Shan (northern Tibetan Plateau)[END_REF][START_REF] Zheng | Progressive northward growth of the northern Qilian Shan-Hexi Corridor (northeastern Tibet) during the Cenozoic[END_REF]. In addition, some studies also advocate for an early Cenozoic onset of deformation in Journal Pre-proof J o u r n a l P r e -p r o o f the North Qaidam Thrust Belt and NQS [START_REF] He | Cenozoic exhumation in the Qilian Shan, northeastern Tibetan Plateau: Evidence from detrital fission track thermochronology in the Jiuquan Basin[END_REF][START_REF] He | Cenozoic deformation history of the Qilian Shan (northeastern Tibetan Plateau) Journal Pre-proof J o u r n a l P r e -p r o o f constrained by detrital apatite fission-track thermochronology in the northeastern Qaidam Basin[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonics of the northern edge of the Tibetan plateau: fission-track constraints[END_REF][START_REF] Li | Cenozoic cooling history of the North Qilian Shan, northern Tibetan Plateau, and the initiation of the Haiyuan fault: Constraints from apatite-and zircon-fission track thermochronology[END_REF]. However the mountain building processes in the SQS is not well-constrained.

A detailed discussion on the Cenozoic deformation in the Qilian Shan region is given in section 5.4.1.

The Qaidam and Suganhu basins

Situated on the northern edge of the Tibetan Plateau, the triangle-shaped Qaidam basin is surrounded by the ATF to the northwest, the Qilian Shan to the northeast, and the Eastern Kunlun Shan to the south (Fig. 1). Surveys for petroleum exploration indicate that the Qaidam basin contains as thick as ~14 km Cenozoic sediments in some places (Cheng et al., 2016a;[START_REF] Cheng | A New Sediment Accumulation Model of Cenozoic Depositional Ages From the Qaidam Basin, Tibetan Plateau[END_REF]Cheng et al., 2016b;[START_REF] Meng | Cenozoic tectonic development of the Qaidam Bas in in the northeastern Tibetan Plateau[END_REF][START_REF] Xia | Cenozoic Qaidam basin, China: A stronger tectonic inversed, extensional rifted basin[END_REF]Yin et al., 2008a;Yin et al., 2008b;[START_REF] Yin | Cenozoic tectonic evolution of Qaidam basin and its surrounding regions (part 2): Wedge tectonics in southern Qaidam basin and the Eastern Kunlun Range[END_REF]. The Cenozoic deposits within the basin are subdivided into eight lithostratigraphic units (Fig. 2). From the oldest to the youngest these units are (followed by the symbol for each unit): ( 1 Formation (Q 1 q). The symbols E 1+2 l, E 3 1 xg, E 3 2 xg, N 1 sg, N 2 1 xy, N 2 2 sy, N 2 3 s, and Q 1 q are the codes for each unit. The exact depositional ages of the above-mentioned formations are still controversial [START_REF] Chang | Magnetostratigraphy of Cenozoic deposits in the western Qaidam Basin and its implication for the surface uplift of the northeastern margin of the Tibetan Plateau[END_REF][START_REF] Cheng | A New Sediment Accumulation Model of Cenozoic Depositional Ages From the Qaidam Basin, Tibetan Plateau[END_REF][START_REF] Fang | High-resolution magnetostratigraphy of the Neogene Huaitoutala section in the eastern Qaidam Basin on the NE Tibetan Plateau, Qinghai Province, China and its implication on tectonic uplift of the NE Tibetan Plateau[END_REF][START_REF] Ji | High-resolution magnetostratigraphic study of the Paleogene-Neogene strata in the Northern Qaidam Basin: Implications for the growth of the Northeastern Tibetan Plateau[END_REF][START_REF] Ke | Magnetostratigraphy and Anisotropy of Magnetic Susceptibility of the Lulehe Formation in the Northeastern Qaidam Basin[END_REF][START_REF] Lu | Magnetostratigraphy of the Dahonggou section, northern Qaidam Basin and its bearing on Cenozoic tectonic evolution of the Qilian Shan and Altyn Tagh Fault[END_REF]Wang et al., 2017b;[START_REF] Yin | Cenozoic tectonic evolution of Qaidam basin and its surrounding regions (part 2): Wedge tectonics in southern Qaidam basin and the Eastern Kunlun Range[END_REF]Zhuang et al., 2011b), with the two different age models shown in Figure 2. Outcrop and subsurface data (including seismic and drill cores data) reveal that the Cenozoic deposits are predominately composed of alluvial, fluvial, and lacustrine deposits (Cheng et al., 2016a;[START_REF] Cheng | A New Sediment Accumulation Model of Cenozoic Depositional Ages From the Qaidam Basin, Tibetan Plateau[END_REF]Cheng et al., 2019a;Cheng et al., 2016b;[START_REF] Meng | Cenozoic tectonic development of the Qaidam Bas in in the northeastern Tibetan Plateau[END_REF][START_REF] Wang | Eastward migration of the Qaidam basin and its implications for Cenozoic evolution of the Altyn Tagh fault and associated river systems[END_REF]Wu et al., 2012a;Wu et al., 2012b;[START_REF] Xia | Cenozoic Qaidam basin, China: A stronger tectonic inversed, extensional rifted basin[END_REF][START_REF] Zhang | Sediment and reservoir characteristics with reservoir evaluation of the Lulehe Formation in Qie 16 block of Kunbei oilfield in Qaidam Basin[END_REF]Zhuang et al., 2011b).
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Forming the largest depression within the Qilian Shan, the Suganhu basin is bordered by the Southern Qilian Shan to the north and the North Qaidam Thrust Belt to the south (Fig. 1b).

As demonstrated by seismic profiles, drill cores, and sequence stratigraphy studies, the Suganhu basin is filled with ~800 m thick Jurassic and >1000 m thick Cenozoic continental terrestrial sediments (Fig. 2), recording the growth of the Qilian Shan. Using correlation with the strata in the Qaidam basin, the Cenozoic sequence in the Suganhu basin, mainly composed of alluvial and fluvial deposits, are subdivided into eight lithostratigraphic units [START_REF] Meng | Cenozoic tectonic development of the Qaidam Bas in in the northeastern Tibetan Plateau[END_REF]) (Fig. 2).

Methods

In this study, we provide detrital zircon U-Pb geochronological data, and well log data that were obtained from the Qaidam-Qilian region to describe the source to sink relationship between the Qilian Shan and adjacent basins. Seismic profiles from the Qaidam and Suganhu 

U-Pb detrital zircon geochronology

We collected a total of 14 sandstone samples from drill cores. Samples P-E 1+2 , SS3-E 3 1 , 

SS3-E 3 2 , SS3-N 2 1 -b, SS3-N 2 1 -t, SS3-N 2 2 ,

Subsurface data

We integrated high-quality seismic profiles with drill core data from both the Qaidam and the Suganhu basins to describe the tectonic history of this region. The 2D seismic profiles AA′ (Fig. 4a-4b) and BB′ (Fig. 4c-4d) are situated in the Suganhu basin, while the 3D seismic profiles CC' (Fig. 5f and5h) and DD' (Fig. 5g and5i) are located in the NE Qaidam basin.

The 3D seismic profile EE' (Fig. 6e-6h) was obtained from the SW Qaidam basin. By using the 3D seismic data, two-way travel time seismic slices from the NE Qaidam basin (Fig. 5e)

and SW Qaidam (Fig. 6d) were generated to show the fault geometry. Seismic data were provided by the Qinghai Oilfield, PetroChina and were interpreted using the SMT Kingdom software. We also used drill core data provided by the Qinghai Oilfield, PetroChina and a compilation of published stratigraphic data to document the sedimentary characteristics of the Paleogene strata within the Qaidam basin (Figs. 5a-5d, 6a-6c and A1).

Results

Detrital zircon morphology, origin and U-Pb geochronology

The detrital zircons from all the samples are dominated by oscillatory zoning in CL images (Fig. A2), indicative of predominant magmatic origins [START_REF] Corfu | Atlas of zircon textures[END_REF][START_REF] Hoskin | Metamorphic zircon formation by solidstate recrystallization of protolith igneous zircon[END_REF]. Over 80% of those grains are large (80-200 μm) with euhedral to abraded shapes. 1358 out of 1407 detrital zircons display high Th/U ratios from 0.10 to 3.94, confirming a largely magmatic origin [START_REF] Corfu | Atlas of zircon textures[END_REF][START_REF] Hoskin | Metamorphic zircon formation by solidstate recrystallization of protolith igneous zircon[END_REF]. The statistical U-Pb geochronology data for each of the samples are listed in Table 1. this observation with the information on deformation obtained from the seismic profiles shown in the following section, we will discuss the evolution of the Qaidam basin and the tectonic-climate interactions in the Qilian Shan region.

Stratigraphy and sedimentary characteristics of the

NE Qaidam basin

The lower part of the successions (in Well 1 to Well 5) is defined as the Lulehe Fm., while the upper part corresponds to the Xiaganchaigou Fm. (Fig. 5a). The Lulehe Fm. is mainly composed of brownish-red coarse-grained conglomerate intercalated with sandstone and claystone (Fig. A1a-A1b). The deposits are structureless, and the boulder-to cobblesized clasts are angular to sub-angular and poorly sorted with mud matrix, probably indicative of debris flows within a proximal alluvial fan depositional environment [START_REF] Sun | Reservoir Characteristics of the Lulehe Formation in the Pingtai Area of the northern Qaidam basin[END_REF][START_REF] Zou | Sedimentary system evolution of Tertiary reservoirs in northern Qaidam Basin, China[END_REF]. Different from the Lulehe Fm., the observed Lower Xiaganchaigou Fm. succession is mainly composed of greyish thickly bedded coarse-to medium-grained pebbly sandstone interbedded with brownish thickly bedded siltstone and granule-pebble conglomerate (Figs. 5a, A1c-A1h). Graded bedding, planar (or trough) cross-bedding, flat to low-angle cross-stratified sandstone, and erosional broad to shallow scours are well developed (Fig. A1c-A1h), probably indicative of a braided river system (Fig. A1c-A1h) [START_REF] Sun | Reservoir Characteristics of the Lulehe Formation in the Pingtai Area of the northern Qaidam basin[END_REF][START_REF] Zou | Sedimentary system evolution of Tertiary reservoirs in northern Qaidam Basin, China[END_REF].

Based on the facies interpretation dataset provided by the Qinghai Oilfield, PetroChina [START_REF] Zou | Sedimentary system evolution of Tertiary reservoirs in northern Qaidam Basin, China[END_REF], the Lulehe, Lower Xiaganchaigou and Shangganchaigou formations exhibit a distinct basin-ward shift of lithofacies associations, from proximal alluvial fan Journal Pre-proof J o u r n a l P r e -p r o o f facies to distal lacustrine facies in plan view (Fig. 5b-5d). Vertically, from the deposition of the Lulehe Fm. to Shangganchaigou Fm., the coarse deposits (alluvial fan and braided river deposits) retrograded northwards (Fig. 5b-5d). The alluvial fan facies of the Lulehe Fm.

gradually evolved upwards to braided river facies in the Lower Xiaganchaigou and Shangganchaigou formations. This retrogradation of alluvial-fluvial facies relative to the North Qaidam Thrust Belt could either result from decreased tectonic deformation in the North Qaidam Thrust Belt and SQS or due to the northward expansion of the basin drainage area (Fig. 5a-5d).

SW Qaidam basin

In Well 6 to Well 9 in the Qaidam basin, the lower part of the successions is defined as the Lulehe Fm., while the upper part corresponds to the Lower Xiaganchaigou Fm. (Fig. 6a).

In this region, the lower part of the Lulehe Fm. is mainly composed of thickly bedded brownish calcareous siltstone and silty shale interbedded with brownish red thinly bedded fine-grained sandstone and conglomerate, while the upper part of the Lulehe Fm. mainly consists of thickly bedded carbonate-rich silty shale interbedded with thinly bedded finegrained sandstone. Planar cross-bedded siltstone, thinly bedded to laminated shale, enrichment of organic matter, as well as the bioturbation are suggestive of a low-energy delta plain to delta front depositional environment (Zhang et al., 2013) (Figs. 6a, A1i). The lower part of the Lower Xiaganchaigou Fm. is mainly composed of greyish sandstone and siltstone intercalated with interbedded thinly bedded claystone and pebble-cobble conglomerate (Fig. A1j-A1l), while the middle and upper parts of the Lower Xiaganchaigou Fm. are dominated by greyish thickly bedded calcareous shale intercalated with thinly bedded siltstone (Figs. 6a, A1m-A1n). In addition, the middle and upper parts of Lower Xiaganchaigou Fm. in this region are marked by high natural gamma ray values, indicative of a high shale content [START_REF] Mu | The features of tertiary sequence stratigraphy and their controlling factors in the Hong-Shi area of Qaidam basin[END_REF]. The well-sorted sand, planar-bedded to rippled sandstone, laminated siltstone, Journal Pre-proof J o u r n a l P r e -p r o o f abundance organic matter and presence of bioturbation in the lower part of Lower Xiaganchaigou Fm. suggest a low-energy delta front setting [START_REF] Mu | The features of tertiary sequence stratigraphy and their controlling factors in the Hong-Shi area of Qaidam basin[END_REF]. Varved calcareous shale, thinly bedded limestone and marl as well as the soft-sediment deformation in the middle and upper parts of Lower Xiaganchaigou Fm. suggest a marginal lacustrine environment.

According to the facies dataset interpreted by the Qinghai Oilfield, PetroChina (Fig. 6b-6c) [START_REF] Zhang | Sediment and reservoir characteristics with reservoir evaluation of the Lulehe Formation in Qie 16 block of Kunbei oilfield in Qaidam Basin[END_REF], the Lulehe and Lower Xiaganchaigou formations exhibit distinct basin-ward shift of lithofacies association, from delta plain facies to lacustrine facies in plan view. Chronologically, during the period covered by those two formations, the deltaic front deposits retrograded southwestwards relative to the Eastern Kunlun Shan (Fig. 6b-6c). In particular, previous existing deltaic facies in Lulehe Fm. evolved upwards to and lacustrine facies in the Lower Xiaganchaigou Fm. We infer that this retrogradation of deltaic deposits, was related to the expansion lacustrine facies in the SW Qaidam basin during that period of time (Fig. 6b-6c).

Seismic data

Seismic profiles AA' and BB' ( 

Sediment provenance

To better constrain the provenance area of the samples, we compiled zircon U-Pb ages available from basement rocks of the two potential source regions, namely the SQS and the North Qaidam Thrust Belt (Cheng et al., 2016b;[START_REF] Cheng | Tectonomagmatic rejuvenation of the Qaidam craton, northern Tibet[END_REF]Yin et al., 2008a) (Fig. 3a-3c). The zircon (including both zircons from individual plutonic and inherited zircons) U- To understand the similarities/dissimilarities between the zircon U-Pb distribution of individual samples and the zircon U-Pb pattern of the basement of the SQS and North

Qaidam Thrust Belt, we adapted the multidimensional scaling (MDS) map. This map that was developed to create a spatial visualization to determine the misfit between age distributions using the Kolmogorov-Smirnov (KS) test as the dissimilarity measure

Journal Pre-proof J o u r n a l P r e -p r o o f [START_REF] Vermeesch | Multi-sample comparison of detrital age distributions[END_REF]. As shown in Figure 3r and 3s, two groups of similarly sourced samples can be identified: (1 and S3-Q 1 ). We infer that increased deformation (Cheng et al., 2016b;[START_REF] Jolivet | Mesozoic and Cenozoic tectonics of the northern edge of the Tibetan plateau: fission-track constraints[END_REF]Yin et al., 2008a) and regional aridification [START_REF] Dettman | Uplift-driven climate change at 12 Ma: a long δ18O record from the NE margin of the Tibetan plateau[END_REF][START_REF] Li | Early-middle Miocene topographic growth of the northern Tibetan Plateau: Stable isotope and sedimentation evidence from the southwestern Qaidam basin[END_REF]Zhuang et al., 2011a) strongly modified the drainage system in this region, finally preventing some of the sediment derived from the North Qaidam Thrust Belt from reaching the sampling site (central Suganhu basin). Therefore, the post-Xiayoushashan Fm. deposits are likely derived from local sources and the recycling of deformed Lulehe to Shangganchaigou formation deposits or even Permian to Cretaceous sedimentary rocks.

) Samples P-E 1+2 , SS3-E 3 1 , SS3-E 3 2 , SS3-N 1 , SS3-N 2 1 -b, SS3-N 2 1 -t, SS3- N 2 2 , SS3-N 2 3 and SS3-Q 1 ,

Paleoclimate in the Qaidam basin and Qilian Shan during the Cenozoic

Despite few sporadically distributed early to middle Eocene dust deposits that have been reported in the Xining and Xorkol basins [START_REF] Li | Global cooling and enhanced Eocene Asian mid-latitude interior aridity[END_REF][START_REF] Licht | Resilience of the Asian atmospheric circulation shown by Paleogene dust provenance[END_REF][START_REF] Lu | Formation and evolution of Gobi Desert in central and eastern Asia☆[END_REF], the paleoclimate in the NE Tibetan plateau by that time has not yet been clearly established.
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Recent studies reported fossil records of Paleoschizothorax, an extinct genus of freshwater fish living in warm water environments, and Podocarpium podocarpum, with thermophilous and moisture-loving habit, have been found in the lacustrine deposits of the Shangganchaigou Fm. in the Qaidam basin, indicating both wetter and warmer conditions compared to modern climate [START_REF] Yan | Podocarpium from the Oligocene of NW Qaidam Basin, China and its implications[END_REF][START_REF] Yang | New schizothoracine from Oligocene of Qaidam Basin, northern Tibetan Plateau, China, and its significance[END_REF]. Despite fluctuations, a general decrease in the average lacustrine carbonate δ 18 O values from the Lower Xiaganchaigou Fm. to the Shangganchaigou Fm. has been reported throughout the Qaidam basin (Fig. 8a-8g) [START_REF] Li | Early-middle Miocene topographic growth of the northern Tibetan Plateau: Stable isotope and sedimentation evidence from the southwestern Qaidam basin[END_REF][START_REF] Li | Carbon and oxygen isotopic constraints on paleoclimate and paleoelevation of the southwestern Qaidam basin, northern Tibetan Plateau[END_REF][START_REF] Mao | Petrography and Carbon-Oxygen Isotope Characteristics of the Cenozoic Lacustrine Carbonate Rocks in Qaidam Basin[END_REF][START_REF] Rieser | Monitoring Cenozoic climate evolution of northeastern Tibet: stable isotope constraints from the western Qaidam Basin, China[END_REF]. The δ 18 O value of the lacustrine limestone and marl are controlled by multiple factors, including the isotopic signature of surface water and groundwater flowing into the lake, evaporation from the lake, the temperature of carbonate precipitation. Thus, local paleo-hydrological changes and regional climate changes could affect the lacustrine carbonate δ 18 O values [START_REF] Li | Early-middle Miocene topographic growth of the northern Tibetan Plateau: Stable isotope and sedimentation evidence from the southwestern Qaidam basin[END_REF]. Given that lithofacies, seismic profiles, and detrital zircon geochronology datasets support a basin-scale expansion of the Qaidam basin lacustrine deposits and drainage area during the deposition of the Lower Xiaganchaigou Fm. to the Shangganchaigou Fm., we suggest that the basin-scale negative δ 18 O shift of marls/limestones at that time reflects a decrease in evaporation of lake water , probably related to regional climate change toward wetter conditions.

The occurrence of Oligocene to early Miocene aeolian strata in western China has been used to argue for aridification of Central Asia. Although lacking aeolian records, some advocate the initial late Eocene to Oligocene aridification in the northeastern Tibetan plateau based on the disappearance of the Paleogene playa lake systems, as well as shifts in lithofacies and pollen records in the Xining basin [START_REF] Bosboom | Aridification in Continental Asia after the Middle Eocene Climatic Optimum (Meco)[END_REF][START_REF] Dupont-Nivet | Tibetan plateau aridification linked to global cooling at the Eocene-Oligocene transition[END_REF]. In the northern Junggar basin, the earliest aeolian deposition was dated at ~24 Ma [START_REF] Sun | Late Oligocene-Miocene mid-latitude aridification and wind patterns in the Asian interior[END_REF]. In the southwestern Tarim basin, isolated dunes were dated between 26.7

Ma and 22.6 Ma [START_REF] Zheng | Asia dust production ramped up since latest Oligocene driven by Tibetan Plateau uplift[END_REF][START_REF] Zheng | Late oligocene-early miocene birth of the Taklimakan Desert[END_REF]. [START_REF] Wang | Cenozoic paleo-environmental evolution of the Pamir-Tien Shan convergence zone[END_REF] proposed that regional

Journal Pre-proof J o u r n a l P r e -p r o o f aridification started around 23 Ma based on the intermittent aeolian accumulation in the Pamir-Tian Shan convergence zone. In the Lanzhou basin (NE Tibetan plateau), the onset time of aeolian accumulation has been dated at ca. 26 Ma [START_REF] Zhang | Cenozoic record of aeolian sediment accumulation and aridification from Lanzhou, China, Journal Pre-proof J o u r n a l P r e -p r o o f driven by Tibetan Plateau uplift and global climate[END_REF]. Further to the east, some 25-22 Ma aeolian successions have also been reported in the western part of the Chinese Loess Plateau [START_REF] Guo | Onset of Asian desertification by 22 Myr ago inferred from loess deposits in China[END_REF][START_REF] Qiang | New eolian red clay sequence on the western Chinese Loess Plateau linked to onset of Asian desertification about 25 Ma ago[END_REF]). The regional cooling and aridification record is also found in the hydrocarbon basins (e.g. Bohai basin) in eastern China (Liu et al., 2011b). Based on both regional evidence and global cooling at this time [START_REF] Zachos | Trends, Rhythms, and Aberrations in Global Climate 65 Ma to Present[END_REF], we suggest that the aridification of the Qaidam basin and Qilian Shan possibly began in the Oligoene to early Miocene.

The subsequent sustained aridification in the Qilian Shan during the middle Miocene could be inferred from sedimentary records in the surrounding basins and ranges. These records include the positive shift in the δ 18 O values from the fluvial and lacustrine carbonates in the Linxia basin [START_REF] Dettman | Uplift-driven climate change at 12 Ma: a long δ18O record from the NE margin of the Tibetan plateau[END_REF], in the southern side of the Qilian Shan (Zhuang et al., 2011a), and in the Qaidam basin [START_REF] Li | Early-middle Miocene topographic growth of the northern Tibetan Plateau: Stable isotope and sedimentation evidence from the southwestern Qaidam basin[END_REF] since the middle Miocene. Meanwhile, the appearance of aeolian deposits in the Lanzhou basin [START_REF] Zhang | Cenozoic record of aeolian sediment accumulation and aridification from Lanzhou, China, Journal Pre-proof J o u r n a l P r e -p r o o f driven by Tibetan Plateau uplift and global climate[END_REF] and the Taklimakan desert [START_REF] Heermance | Erg deposition and development of the ancestral Taklimakan Desert (western China) between 12.2 and 7.0[END_REF] to the west also support the reginal aridification in the western China since the middle Miocene. [START_REF] Bush | Growth of the Qaidam Basin during Cenozoic exhumation in the northern Tibetan Plateau: Inferences from depositional patterns and multiproxy detrital provenance signatures[END_REF]Cheng et al., 2016a;Cheng et al., 2016b;Wang et al., 2017b;[START_REF] Zhou | Cenozoic uplift of the Qimantage Mountains, northeastern Tibet: Contraints from provenance analysis of Cenozoic sediments in Qaidam Basin[END_REF], which reveals that potential source areas became much more diverse gradually from the Lulehe Fm., to Xiaganchaigou Fm. and to Shangganchaigou Fm. (Fig. 7). This increasing diversity of material sources may also reflect the expansion of the Qaidam basin drainage area during that period of time.

The Cenozoic evolution of the

Therefore, we propose that the Qaidam basin underwent basin-scale transgression during the Paleogene as drainage areas surrounding the basin expanded outward.

Offsets along the various thrust faults that root into the North Qaidam Thrust Belt and the SQS, as well as tapering growth strata within the hanging walls of those faults, indicate contractional deformation in the North Qaidam Thrust Belt and SQS regions during the deposition of Lulehe to Shangganchaigou formations. These observations are consistent with previously published subsurface and outcrop constraints [START_REF] Bush | Growth of the Qaidam Basin during Cenozoic exhumation in the northern Tibetan Plateau: Inferences from depositional patterns and multiproxy detrital provenance signatures[END_REF]Cheng et al., 2016b;Yin et al., 2008a;Zhuang et al., 2011b). Under stable climate conditions, crustal shortening in orogenic belts usually triggers a basin-ward regression of facies, resulting basin-ward migration of shoreline environments [START_REF] Glass | The peterson limestoneearly cretaceous lacustrine carbonate deposition in western wyoming and southeastern idaho[END_REF]. Given the fact that the coarse deposits in the NE Qaidam basin progressively retrograded northward toward the range between the deposition of the Lulehe Fm. and that of the Shangganchaigou Fm., we infer that the climate played a significant role that overcame the topographic effects of Our provenance analysis indicates a decrease in the diversity of detrital material sources feeding the NE Qaidam and Suganhu basins since the onset of deposition of the Xiayoushashan Fm. This suggests that the drainage systems previously linking the Qaidam basin to the hinterlands of the growing surrounding mountain belts were cut off (Cheng et al., 2016a;Cheng et al., 2016b;[START_REF] Mcrivette | Cenozoic basin evolution of the central Tibetan plateau as constrained by U-Pb detrital zircon geochronology, sandstone petrology, and fission-track thermochronology[END_REF]. Despite the depositional age of the Cenozoic strata within the basin remaining controversial, both age models argue for a Miocene basal age for the Xiayoushashan Fm. [START_REF] Ji | High-resolution magnetostratigraphic study of the Paleogene-Neogene strata in the Northern Qaidam Basin: Implications for the growth of the Northeastern Tibetan Plateau[END_REF]Wang et al., 2017b), roughly coeval with the rapid exhumation episode revealed by low-temperature thermochronology in the surrounding mountain belts [START_REF] Duvall | Low-temperature thermochronometry along the Kunlun and Haiyuan Faults, NE Tibetan Plateau: Evidence for kinematic change during late-stage orogenesis[END_REF][START_REF] George | Miocene cooling in the northern Qilian Shan, northeastern margin of the Tibetan Plateau, revealed by apatite fission-track and vitrinite-reflectance analysis[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonics of the northern edge of the Tibetan plateau: fission-track constraints[END_REF]Qi et al., 2016a;[START_REF] Wang | Eastward migration of the Qaidam basin and its implications for Cenozoic evolution of the Altyn Tagh fault and associated river systems[END_REF]Wang et al., 2017b;[START_REF] Yu | Mid-Miocene uplift of the northern Qilian Shan as a result of the northward growth of the northern Tibetan Plateau[END_REF]. We thus infer that continued deformation along the margins of the basin and in the surrounding mountain belts result in the ultimate isolation of the Qaidam basin since the Miocene. On the other hand, observed regional aridification at that time [START_REF] Dettman | Uplift-driven climate change at 12 Ma: a long δ18O record from the NE margin of the Tibetan plateau[END_REF][START_REF] Li | Early-middle Miocene topographic growth of the northern Tibetan Plateau: Stable isotope and sedimentation evidence from the southwestern Qaidam basin[END_REF][START_REF] Zhang | Cenozoic record of aeolian sediment accumulation and aridification from Lanzhou, China, Journal Pre-proof J o u r n a l P r e -p r o o f driven by Tibetan Plateau uplift and global climate[END_REF]Zhuang et al., 2011a) may also have contribute to the Miocene aridification and isolation of the Qaidam basin (Fig. 8i-8j). Given that India-Asia collision initiated during the early Cenozoic [START_REF] Dupont-Nivet | Palaeolatitude and age of the Indo-Asia collision: palaeomagnetic constraints[END_REF][START_REF] Hu | Direct stratigraphic dating of India-Asia collision onset at the Selandian (middle Paleocene, 59±1 Ma)[END_REF][START_REF] Najman | Timing of India-Asia collision: Geological, biostratigraphic, and palaeomagnetic constraints[END_REF], it is possible that stress derived from the collision zone was transmitted rapidly at ca. 60-50 Ma to the northern and northeastern edge of the modern Tibetan plateau, or even to the Tian Shan range [START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan: Reactivated tectonic structures and active deformation[END_REF]. However, it is also notable that most early Cenozoic deformation was distributed in the Northern Qaidam Thrust Belt and the SQS, rather than in the central or northern Qilian Shan regions [START_REF] Bush | Growth of the Qaidam Basin during Cenozoic exhumation in the northern Tibetan Plateau: Inferences from depositional patterns and multiproxy detrital provenance signatures[END_REF]Cheng et al., 2016c;[START_REF] He | Cenozoic exhumation in the Qilian Shan, northeastern Tibetan Plateau: Evidence from detrital fission track thermochronology in the Jiuquan Basin[END_REF][START_REF] He | Cenozoic deformation history of the Qilian Shan (northeastern Tibetan Plateau) Journal Pre-proof J o u r n a l P r e -p r o o f constrained by detrital apatite fission-track thermochronology in the northeastern Qaidam Basin[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonics of the northern edge of the Tibetan plateau: fission-track constraints[END_REF]Qi et al., 2016a;Yin et al., 2008a;Zhuang et al., 2011b). For instance, fault offset and growth structures shown on seismic profiles imply that the deformation in the North Qaidam Thrust
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Belt initiated during the deposition of the Lulehe Fm. (Figs. 4-5) (Cheng et al., 2019a;Yin et al., 2008a). This is also supported by the initiation of basin subsidence along the southern flank of the Qilian Shan during the deposition of the Lulehe Fm. During that period, the Lulehe Fm. was characterized by thick basal conglomerates in the NE Qaidam and Suganhu basins (Fig. 2) (Cheng et al., 2019a;Yin et al., 2008a;Zhuang et al., 2011b). Seismic profiles in the Suganhu basin (Fig. 4) and provenance analysis shown in this study (Figs. 3 and5)

reveal that the deformation in the SQS also initiated during the deposition of the Lulehe Fm.

Despite uncertainty in the basal age of the Lulehe Fm. (ca. 50 Ma or ca. 30 Ma) [START_REF] Ji | High-resolution magnetostratigraphic study of the Paleogene-Neogene strata in the Northern Qaidam Basin: Implications for the growth of the Northeastern Tibetan Plateau[END_REF]Wang et al., 2017b), the onset of deformation of the North Qaidam Thrust Belt and SQS occurred sometime during the Eocene-Oligocene period. This phase of contractional deformation has been broadly detected in many other parts of the northern Tibetan plateau, including the Eastern Kunlun Shan (Cheng et al., 2016a;[START_REF] Liu | AFT dating constrains the Cenozoic uplift of the Qimen Tagh Mountains, Northeast Tibetan Journal Pre-proof J o u r n a l P r e -p r o o f Plateau, comparison with LA-ICPMS Zircon U-Pb ages[END_REF]Wang et al., 2017a), Altyn Tagh Shan (Cheng et al., 2015a;Cheng et al., 2016b;[START_REF] Yin | Tectonic history of the Altyn Tagh fault system in northern Tibet inferred from Cenozoic sedimentation[END_REF], Qaidam basin

Journal Pre-proof J o u r n a l P r e -p r o o f (Cheng et al., 2019a;Yin et al., 2008b), western Qinling [START_REF] Duvall | Direct dating of Eocene reverse faulting in northeastern Tibet using Ar-dating of fault clays and lowtemperature thermochronometry[END_REF], Lanzhou basin (Wang et al., 2017c), Pamir salient [START_REF] Cao | Cenozoic thermo-tectonic evolution of the northeastern Pamir revealed by zircon and apatite fission-track thermochronology[END_REF]Fenghuo Shan (Staisch et al., 2014).

It is still ambiguous that whether the NQS has significantly experienced an early Cenozoic deformation [START_REF] He | Cenozoic deformation history of the Qilian Shan (northeastern Tibetan Plateau) Journal Pre-proof J o u r n a l P r e -p r o o f constrained by detrital apatite fission-track thermochronology in the northeastern Qaidam Basin[END_REF]Pang et al., 2019a;[START_REF] Yu | Mid-Miocene uplift of the northern Qilian Shan as a result of the northward growth of the northern Tibetan Plateau[END_REF]. Some studies suggest an early Cenozoic deformation in the NQS [START_REF] He | Cenozoic exhumation in the Qilian Shan, northeastern Tibetan Plateau: Evidence from detrital fission track thermochronology in the Jiuquan Basin[END_REF][START_REF] He | Cenozoic deformation history of the Qilian Shan (northeastern Tibetan Plateau) Journal Pre-proof J o u r n a l P r e -p r o o f constrained by detrital apatite fission-track thermochronology in the northeastern Qaidam Basin[END_REF] and a recent study show some early Cenozoic AFT ages in the northernmost Qilian Shan (Pang et al., 2019b); however, we should note that some sedimentology and low-temperature thermochronology data fit multiple interpretations and the source area of those studied Cenozoic strata are still ambiguous. For instance, a 50-30 Ma onset of deformation in the NQS might be established based on bedrocks apatite fission track analysis carried out by [START_REF] Jolivet | Mesozoic and Cenozoic tectonics of the northern edge of the Tibetan plateau: fission-track constraints[END_REF]. However, we note that the analyzed NQS sample (Sample AT147) has a complex modelled inverse time-temperature (T-t) path with a large uncertainty, and recent apatite fission track data for bedrock samples in the NQS also show a stage of quasiistothermal quiescence from the late Cretaceous to the early Cenozoic [START_REF] Pan | Cretaceous and Cenozoic cooling history of the eastern Qilian Shan, north-eastern margin of the Tibetan Plateau: evidence from apatite fission-track analysis[END_REF].

Miocene rapid cooling of the NQS is much clearer compared with the inferred 50-30 Ma initial rapid cooling. We therefore propose that the early Cenozoic deformation might be mostly limited to the SQS, and further effort on the early Cenozoic deformation history in the NQS is still needed.

Rapid exhumation across the entire Qilian Shan in the Miocene has been documented by several lines of investigation, mainly including bedrock and detrital mineral low-temperature thermochronology studies, provenance analysis, as well as seismic profile interpretation [START_REF] Bovet | Evidence of Miocene crustal shortening in the north Qilian Shan from Cenozoic stratigraphy of the western Hexi Corridor, Gansu Province, China[END_REF]Cheng et al., 2016a;Cheng et al., 2019b;Cheng et al., 2016c;[START_REF] He | Cenozoic exhumation in the Qilian Shan, northeastern Tibetan Plateau: Evidence from detrital fission track thermochronology in the Jiuquan Basin[END_REF][START_REF] He | Cenozoic deformation history of the Qilian Shan (northeastern Tibetan Plateau) Journal Pre-proof J o u r n a l P r e -p r o o f constrained by detrital apatite fission-track thermochronology in the northeastern Qaidam Basin[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonics of the northern edge of the Tibetan plateau: fission-track constraints[END_REF][START_REF] Li | Cenozoic cooling history of the North Qilian Shan, northern Tibetan Plateau, and the initiation of the Haiyuan fault: Constraints from apatite-and zircon-fission track thermochronology[END_REF]Qi et al., 2016b;Wang et al., 2016a;Wang et al., 2016b;Yin et al., 2008a;Yin et al., 2008b;[START_REF] Yu | Mid-Miocene uplift of the northern Qilian Shan as a result of the northward growth of the northern Tibetan Plateau[END_REF][START_REF] Zheng | Erosion, fault initiation and topographic growth of the North Qilian Shan (northern Tibetan Plateau)[END_REF][START_REF] Zheng | Progressive northward growth of the northern Qilian Shan-Hexi Corridor (northeastern Tibet) during the Cenozoic[END_REF]Zhuang et al., 2011b). Some relate Miocene deformation in the northern Journal Pre-proof J o u r n a l P r e -p r o o f

Tibetan plateau to variation in the kinematic evolution of the ATF, while others associate it with the removal of lithospheric mantle beneath north-central Tibet [START_REF] Molnar | Mantle dynamics, uplift of the Tibetan Plateau, and the Indian monsoon[END_REF]Wang et al., 2016b;[START_REF] Zheng | Progressive northward growth of the northern Qilian Shan-Hexi Corridor (northeastern Tibet) during the Cenozoic[END_REF]. Although the mechanism that drove widespread Miocene deformation in the northern Tibetan plateau is still debated, recent studies have argued for a northward propagation of deformation in the Qilian Shan, especially in the NQS [START_REF] Yu | Mid-Miocene uplift of the northern Qilian Shan as a result of the northward growth of the northern Tibetan Plateau[END_REF][START_REF] Zheng | Progressive northward growth of the northern Qilian Shan-Hexi Corridor (northeastern Tibet) during the Cenozoic[END_REF].

Given the remote and inaccessible CQS, reliable bedrock apatite fission track data for the CQS basement are scarce. However, based on an integrated sedimentology, stratigraphy and compositional data from Cenozoic strata in the Jiuquan basin and subranges in the NQS, in the eastern part of Tuolai Shan also show a rapid cooling event that began at ca. 17-15 Ma [START_REF] Yu | Mid-Miocene uplift of the northern Qilian Shan as a result of the northward growth of the northern Tibetan Plateau[END_REF]. Despite that [START_REF] Yu | Mid-Miocene uplift of the northern Qilian Shan as a result of the northward growth of the northern Tibetan Plateau[END_REF] interpret this rapid cooling as the initial phase of in the hanging wall of the Haiyuan fault, both studies [START_REF] Yu | Mid-Miocene uplift of the northern Qilian Shan as a result of the northward growth of the northern Tibetan Plateau[END_REF][START_REF] Zheng | Progressive northward growth of the northern Qilian Shan-Hexi Corridor (northeastern Tibet) during the Cenozoic[END_REF] Journal Pre-proof J o u r n a l P r e -p r o o f revealed the middle Miocene initial exhumation of the Tuolai Shan. Further northwards, bedrock and detrital apatite fission track and (U-Th)/He thermochronology data from the northern Qilian Shan and the northern front of the northern Qilian Shan revealed that rapid exhumation of the northern Qilian Shan occurred ca. 10 Ma, representing the initial faulting along the northern Qilian fault [START_REF] Zheng | Erosion, fault initiation and topographic growth of the North Qilian Shan (northern Tibetan Plateau)[END_REF][START_REF] Zheng | Progressive northward growth of the northern Qilian Shan-Hexi Corridor (northeastern Tibet) during the Cenozoic[END_REF]. This late Miocene rapid exhumation is also evidenced by the detrital apatite fission track thermochronology studies in the Jiuquan basin [START_REF] He | Cenozoic exhumation in the Qilian Shan, northeastern Tibetan Plateau: Evidence from detrital fission track thermochronology in the Jiuquan Basin[END_REF]. Based on the growth strata shown on the seismic profiles in the Jiuquan basin and the magnetostratigraphic constraints on the depositional age of the Cenozoic strata, previous studies have proposed that the onset of thrusting along the Hanxia-Dahuanggou Fault along the northern front of the range dated to ca. 9-8 Ma (Chen et al., 2006a;[START_REF] Fang | High-resolution magnetostratigraphy of the Neogene Huaitoutala section in the eastern Qaidam Basin on the NE Tibetan Plateau, Qinghai Province, China and its implication on tectonic uplift of the NE Tibetan Plateau[END_REF]. We thus propose that the faults in the hinterland of northern Qilian Shan initiated during the middle Miocene while those faults along the northern margin of the northern Qilian Shan initiated during the late Miocene. We note that strike-slip faulting prevailed along the faults (e.g. Haiyuan fault) in the Qilian Shan region since the middle to late Miocene. This whole phase of 15-10 Ma strike-slip faulting with the Qilian Shan could be attributed to the accelerated strike-slip movement along the ATF since the middle Miocene (Cheng et al., 2015a), and contributes to accommodating crustal deformation within the Qilian Shan (Cheng et al., 2015b;Zuza and Yin, 2016). It would build or reduce taper locally based on the geometry of the strike-slip fault (dominantly transpressional or transtensional).

Combining the total structural relief of the range with the rates of rock uplift and denudation, [START_REF] Palumbo | Deciphering the rate of mountain growth during topographic presteady state: An example from the NE margin of the Tibetan Plateau[END_REF] argued for an 3.7 ± 0.9 Ma onset of deformation of the Yumu Shan (YMS). Integrated magnetostratigraphic and the sedimentologic studies, Liu et al.

(2011a) suggested that the initial deformation of the Yumu Shan was not later than ~5.9 Ma.

Based on the bedrock apatite fission track thermochronology analysis, [START_REF] Wang | Using slope-area and apatite fission track analysis to decipher the rock uplift pattern of the Yumu Shan: New insights into the growth of the NE Tibetan Plateau[END_REF] Journal Pre-proof J o u r n a l P r e -p r o o f proposed a 4 Ma initial uplift of the Yumu Shan. Moreover, combining magnetostratigraphy and sedimentology evidence, such as the presence of unconformities/conglomerates and growth strata, in two low topographic ramp anticlines, namely the Laojunmiao anticline (LJM)

and the Wenshu Shan (WSS), western Jiuquan basin( Fig. 8), several studies infer a 4.5-3.6

Ma onset time of deformation in both regions (Chen et al., 2006b;[START_REF] Fang | High-resolution magnetostratigraphy of the Neogene Huaitoutala section in the eastern Qaidam Basin on the NE Tibetan Plateau, Qinghai Province, China and its implication on tectonic uplift of the NE Tibetan Plateau[END_REF][START_REF] Song | A Cretaceous-Eocene depositional age for the Fenghuoshan Group, Hoh Xil Basin: Implications for the tectonic evolution of the northern Tibet Plateau[END_REF][START_REF] Zhao | Late Cenozoic magnetic polarity stratigraphy in the Jiudong Basin, northern Qilian Mountain[END_REF][START_REF] Zheng | Progressive northward growth of the northern Qilian Shan-Hexi Corridor (northeastern Tibet) during the Cenozoic[END_REF]. According to a 0.26 ± 0.06 mm/yr fault slip rate and ca. 1 km offset estimate, [START_REF] Liu | Characteristics of active tectonics and the deformation patter n of the Jiuxi basin at the western Qilian Shan[END_REF] argued that the Heishan Fault (HSF) initiated at ca. 3.8 Ma. A recent magnetostratigraphy and sedimentology study of borehole samples in the Jiuquan basin also revealed an abrupt change in sediment accumulation rate at 3 Ma, indicative of synchronous initial uplift of the Yumu Shan [START_REF] Hu | Sedimentary evolution of the foreland basin in the NE Tibetan Plateau and the growth of the Qilian Shan since 7 Ma[END_REF]. We therefore conclude that the structures in the southern Jiuquan basin might have initiated during the Pliocene (Fig. 9).

Further to the north, combining the heights of the Heili Shan (HLS) and the vertical component of the slip rate, Zheng et al. (2013c) proposed that the Heili Shan began uplift at 2 Ma (between 4 Ma and 1 Ma). [START_REF] Hu | Sedimentary evolution of the foreland basin in the NE Tibetan Plateau and the growth of the Qilian Shan since 7 Ma[END_REF] also attributed the ~1.8 Ma abrupt increase in sediment accumulation rates in the Jiuquan basin to the synchronous exhumation of the Heili Shan to the north. On the other hand, a much younger age of 0.6-0.2 Ma for the initial uplift of the Heili Shan has also been proposed [START_REF] Hetzel | Implications of the fault scaling law for the growth of topography: Mountain ranges in the broken foreland of north-east Tibet[END_REF]. All these evidences are indicative of a Pleistocene-Quaternary initial uplift of the Heili Shan, northern Jiuquan basin.

The above discussed deformation timing along the faults in the Qilian Shan and Jiuquan basin, especially those faults in the NQS and Jiuquan basin, suggest that deformation progressively propagated northward, forming a series of NW-SE striking mountain ranges.

However, we also note the possibility of an early Cenozoic deformation in the NQS and pre-

Miocene deformation in the central or southern Qilian Shan [START_REF] He | Cenozoic exhumation in the Qilian Shan, northeastern Tibetan Plateau: Evidence from detrital fission track thermochronology in the Jiuquan Basin[END_REF][START_REF] He | Cenozoic deformation history of the Qilian Shan (northeastern Tibetan Plateau) Journal Pre-proof J o u r n a l P r e -p r o o f constrained by detrital apatite fission-track thermochronology in the northeastern Qaidam Basin[END_REF], During Eocene-Oligocene time, increasing rainfall in this region overpowered the contemporaneous contractional tectonics within the surrounding mountain belts. The resultant increase in sediment flux filled the basin, which limited the relative relief between basin and mountain ranges and led to a basin-scale transgression (Fig. 8) (Cheng et al., 2016a). The erosion of material from the growing Qilian Shan orogenic wedge, accelerated by the strong precipitation, would have reduced the wedge taper. The Qilian Shan wedge was thus under a subcritical condition. We propose that the internal deformation (out of sequence thrusting or duplexing) within the SQS was insufficient to build the Qilian Shan wedge to a critical taper angle compared with the intense erosion, and this resulted in stalling of the Qilian Shan wedge (Fig. 9d and9i). This inference is supported by the observation that the Eocene to Oligocene faulting along the thrusts were mostly restricted to the North Qaidam Thrust Belt and SQS, and did not extend outward to the central or northern Qilian Shan at this time (Figs.

Journal

8a, 9a, 9c) [START_REF] Duvall | Low-temperature thermochronometry along the Kunlun and Haiyuan Faults, NE Tibetan Plateau: Evidence for kinematic change during late-stage orogenesis[END_REF][START_REF] Yin | Tectonic history of the Altyn Tagh fault system in northern Tibet inferred from Cenozoic sedimentation[END_REF][START_REF] Yuan | The growth of northeastern Tibet and its relevance to large-scale continental geodynamics: A review of recent studies[END_REF].

Journal Pre-proof J o u r n a l P r e -p r o o f

As discussed in the section 5.2, the widespread aeolian accumulation throughout western China supports the inference of regional climate aridification, including the Qilian Shan from Oligocene to early Miocene time. Inasmuch as erosion is largely driven by precipitation [START_REF] Lease | Large along-strike variations in the onset of Subandean exhumation: Implications for Central Andean orogenic growth[END_REF], aridification in the Qilian Shan region since the late Oligocene to early Miocene led to a decrease in rainfall and a slowing of the erosion rate, contributing to rebuilding the critical taper via continuous internal deformation or by blocking the activity of the frontal thrusts via piling up sediment on top of them [START_REF] Lallemand | Coulomb theory applied to accretionary and nonaccretionary wedges: Possible causes for tectonic erosion and/or Journal Pre-proof J o u r n a l P r e -p r o o f frontal accretion[END_REF]. We propose that the continuous internal tectonic deformation in the Qilian Shan, which brought basement material to the surface, gradually caught up with the erosional pace (Fig. 9e and9j). The subcritical Qilian Shan wedge may have become supercritical, with the taper value ultimately exceeding critical taper. Forward thrust propagation (e.g., initiation of the CQS, F1) would have broaden the wedge to reduce the overall wedge taper (Fig. 9f and9k).

Since the middle Miocene, the sustained regional aridification would have resulted in a lower erosion rate of basement rocks in the Qilian Shan, maintaining the supercritical state of the wedge. This sustained supercritical state, led to continued outward growth of the Qilian Shan wedge, with its deformation front propagating progressively northwards to the fault systems in the NQS (F2 and F3, middle to late Miocene), followed by the southern Jiuquan basin (F4, Pliocene) and then to faults in the northern Jiuquan basin (F5, Pleistocene to Quaternary), progressively (Fig. 9g-9h and 9l-9m).

The inferred taper geometry is presented in Fig. 9c. Considering a 4-5 km average elevation in the SQS, the 15-20 km deep basement décollement beneath the SQS and the >200 km distance between the SQS and the northern margin of the Jiuquan basin, we infer a gentle surface slope (α=1-2) and basal décollement (β=5-8). Our inferred dip for the basal décollement is lower than the value (~15) estimated by [START_REF] Allen | Partitioning of oblique convergence coupled to the fault locking behavior of fold-and-thrust belts: Evidence from the Qilian Shan, northeastern Tibetan Plateau[END_REF]. This difference Journal Pre-proof J o u r n a l P r e -p r o o f could be partly attributed to the fact that the Jiuquan basin that contains thick sedimentary rocks is taken into account in our wedge model, while [START_REF] Allen | Partitioning of oblique convergence coupled to the fault locking behavior of fold-and-thrust belts: Evidence from the Qilian Shan, northeastern Tibetan Plateau[END_REF] concentrated on the Qilian Shan region. The dip of the basal décollement beneath the sedimentary rocks is smaller than beneath the basement rocks (DeCelles and Mitra, 1995), thus the average dip in our wedge model is smaller. We also note that the modern Qilian Shan is acting as a nascent plateau [START_REF] Liu-Zeng | Quantifying landscape differences across the Tibetan plateau: Implications for topographic relief evolution[END_REF], with subdued relief and internal drainage, and the surface slope in the NQS is steeper than that of in the SQS [START_REF] Allen | Partitioning of oblique convergence coupled to the fault locking behavior of fold-and-thrust belts: Evidence from the Qilian Shan, northeastern Tibetan Plateau[END_REF]. However, the average elevation of the Qilian Shan decreases northward gradually, from over 4.5 km in the hinterland of the SQS to less than 3 km at the northern front of the NQS and to less than 2 km along the northern margin of the Jiuquan basin to the north.

The wide width of the active Qilian Shan and distribution of active faulting (or recently active faulting) throughout the Qilian Shan probably require a weak basal detachment (with low friction). The exploitation of the early Paleozoic suture zones by Cenozoic thrust faults suggests that these south-dipping suture zones are important for the Cenozoic Qilian Shan (Zuza et al., 2018a;Zuza et al., 2018b), probably acting as weak detachment horizons that enabled deformation to quickly propagate ~2000 km north of the India-Asia collisional front.

Previous studies have argued that the basement rocks become much weaker as contractional deformation progressed [START_REF] Decelles | History of the Sevier orogenic wedge in terms of critical taper models, northeast Utah and southwest Wyoming[END_REF]. If the Qilian Shan contained a weak detachment zone during the early Cenozoic, then the basal detachment would become even weaker (lower friction) as deformation progressed. Thus, the progressive contractional deformation would also progressively decrease the θ c (the angel of taper when wedge reaches a critical state) of the Qilian Shan wedge. A counter argument to the above-described scenario is that the Qilian Shan wedge was subcritical, and the taper θ was larger than θ c during the early Cenozoic. As thick-skinned deformation progressed, the basal detachment would Our inferred scenario shows an ~30 to 50 Ma growth cycle (depending on the basal age of the Lulehe Fm.) for the Qilian Shan orogenic wedge, which is larger than the periodicity of the Sevier orogenic wedge (10-20 Ma) (DeCelles and Mitra, 1995), central Andean orogenic wedge (10-20 Ma) [START_REF] Lease | Large along-strike variations in the onset of Subandean exhumation: Implications for Central Andean orogenic growth[END_REF], European Alps (20-30 Ma) [START_REF] Carrapa | Tracing exhumation and orogenic wedge dynamics in the European Alps with detrital thermochronology[END_REF], and

Pyrenees orogeny (20-30 Ma) [START_REF] Jolivet | Thermochronology constraints for the propagation sequence of the south Pyrenean basement thrust system (France-Spain)[END_REF]. The Qilian Shan orogenic wedge is a thick-skinned structure and involves complex deformation of polyphase deformed rocks.
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Therefore, the kinematic evolution of the fault systems (e.g. deep structures) in the Qilian Shan orogenic wedge might be different from that the Andes or North American Cordillera orogenic belts. However, the upper parts of these tapered wedges might be similar. We infer that diverse internal (e.g. rock durability) and external (e.g. climate condition) factors in those orogenic wedges lead to the different periodicity of the orogenic wedge.

If correct, our work highlights that climate shifts in central Asia could have strongly affected the growth of the mountain ranges in the northern Tibetan plateau. The Cenozoic evolution of the northern Tibetan plateau cannot be evaluated without understanding of how the climate has influenced the kinematic history of this region. Further effort that provides independent constraints on the Cenozoic climate history of the Qilian Shan and surrounding regions is necessary to fully evaluate the influence of climate on outward growth of the plateau.

Conclusions

In this study, we integrate new detrital zircon geochronological data with seismic profiles and drill core data from NE Qaidam and Suganhu basins to investigate mountain building of the Qilian Shan as well as the source to sink relationship between Qilian Shan and adjacent basins. Our analyses lead us to conclude the following:

1. The SQS served as a significant source for the sediments in both NE Qaidam basin and the Suganhu basin during the deposition of Lulehe to Shangganchaigou Fm. The link between the NE Qaidam basin and the Suganhu basin, as well as the SQS, was cut off in the Miocene. previous detrital zircon geochronology study [START_REF] Bush | Growth of the Qaidam Basin during Cenozoic exhumation in the northern Tibetan Plateau: Inferences from depositional patterns and multiproxy detrital provenance signatures[END_REF]Cheng et al., 2016a;Cheng et al., 2016b;Wang et al., 2017b). NEQB and SGHB are abbreviations of northeastern statistic for detrital zircon U-Pb datasets [START_REF] Vermeesch | Multi-sample comparison of detrital age distributions[END_REF], showing the distinct signature of the northern Qaidam terrane and southern Qilian Shan source regions. Axes are in dimensionless "K-S units" (0 < KS < 1), showing distance between samples. Solid lines and 

  basins are also provided to pin down the onset of deformation of sub-ranges in the southern Qilian Shan. Combined with the evidence for local climate change and ages of the onset of deformation of sub-ranges in the entire Qilian Shan, we propose a new scenario, interpreting the behavior of the Qilian Shan wedge evolution in terms of a long-term trends wedge taper in response to climate change.

  drill core in the Suganhu basin (Figs. 1-2). Zircon U-Pb ages cumulative probability distribution for each sample is shown in Fig. 3. Representative CL images and U-Pb concordia diagrams for zircon grains of each sample are shown in Fig. A2 and Fig. A3 in

  r n a l P r e -p r o o f Based on analysis of 9 drill cores and additional well-log data provided by the Qinghai Oilfield, PetroChina, two well correlations trending approximately parallel to the Qilian Shan and Eastern Kunlun, respectively, were established (Figs. 5a and 6a). Images of typical facies represented in drill core samples are shown in Fig. A1 in Appendix A. The purpose of this stratigraphic description is to present the facies shifts across the basin interior. Combining

Fig. 4 )

 4 are situated in the central part of the Suganhu basin, running from the northern front of the North Qaidam Thrust Belt to the southern flank of the SQS (Fig.1b). Based on the truncation of prominent reflectors, three major boundary faults, namely Fs1, Fs2 and Fs3, can be identified. Fs1 and Fs3 dip south and root into the North Qaidam Thrust Belt, while Fs2 dips to the north in profile AA' and to the south in profile BB' (Fig.4). Although strata on each side of Fs1 and Fs3 consist of the same Cenozoic units, the thickness of each unit is quite different showing obvious stratigraphic separation. The thickness of the Lulehe, Lower Xiaganchaigou, Upper Xiaganchaigou and Shangganchaigou formations taper towards the Fs1 and Fs3, forming growth structures on both side of the faults (Fig.4). In the northern part of the Suganhu basin, the thickness of the Journal Pre-proof J o u r n a l P r e -p r o o f Lulehe, Lower Xiaganchaigou, Upper Xiaganchaigou and Shangganchaigou formations within the hanging wall of Fs2 decreases towards the faults (Fig. 4b and 4d). Based on growth strata, thrust faults in the Northern Qaidam Thrust Belt and SQS initiated during the deposition of the Lulehe Fm. and was active during the deposition of the Lower Xiaganchaigou, Upper Xiaganchaigou and Shangganchaigou formations. Seismic profiles CC' and DD' (Fig. 5e) are located about 60 km southeast of Lenghu (Fig. 1) and run from the southern flank of the North Qaidam Thrust Belt to the central NE Qaidam basin. The tectonic pattern in this region is characterized by two reverse faults (namely the Tuonan-Pingdong fault and Sainan fault) and the cover-sequence only consists of Cenozoic strata (Fig. 5). Both faults dip north, rooting into the North Qaidam Thrust Belt. Like in profiles AA' and BB', the thickness of the Lulehe and Lower Xiaganchaigou formations varies across the faults and the faults show obvious stratigraphic separation. In particular, growth strata developed in the hanging wall of the Tuonan-Pingdong fault and Sainan fault tapers towards the faults (Fig. 5h-5i). We thus propose that the Tuonan-Pingdong and Sainan faults initiated during the deposition of the Lulehe Fm. and continued to be active during the deposition of the Lower Xiaganchaigou Fm, indicating crustal shortening within the North Qaidam Thrust Belt. Seismic profile EE' (Fig. 6; See location on Fig. 3) is situated in the SW Qaidam basin, running from the northern flank of the Eastern Kunlun Shan to the Altyn Tagh Shan. Several basement-involved faults offset the Lulehe Fm. and the Lower Xiaganchaigou Fm. strata. Cheng et al. (2014) attributed these offsets to post-Miocene left-lateral strike-slip motion of the basement-involved faults, based on isopach map analysis and 3D seismic profile interpretation. These post-sedimentation tectonics should thus not be taken into account to describe the Paleogene evolution of the SW Qaidam basin. Our newly acquired 3D seismic profile shows successive westward onlap of the Lulehe and Lower Xiaganchaigou formations J o u r n a l P r e -p r o o f (Fig. 6e-6h), suggesting a progressive expansion of the Qaidam basin to the west from the deposition of the Lulehe Fm. to the Lower Xiaganchaigou Fm. 5 Discussion

  all displaying a zircon assemblage mainly consisting of early Paleozoic and Permian-Triassic ages together with a few Precambrian ages, (2) Samples S3-E 1+2 , S3-E 3 1 , S3-E 3 2 , S3-N 1 , S3-N 2 1 and S3-Q 1 , which are dominated by a significant amount of Neoproterozoic and Archean-Mesoproterozoic ages with additional early Paleozoic and Late Paleozoic-Mesozoic populations. Given that all the samples in Group 2 were collected from the Suganhu basin, the similarity in detrital zircon age distribution between Group 2 samples and the basement of the SQS indicates that the SQS served as the dominant source region for the Suganhu basin. However, all samples in Group 1 were collected from the NE Qaidam basin. Their detrital zircon age distributions are comparable to that of the basement of the North Qaidam Thrust Belt, designating this range as the main sediment source area.In particular, in the NE Qaidam basin, the Lulehe Fm. sample (P-E 1+2 ) yield a major age peak at ca. 425 Ma with a minor age peak at ca. 806 Ma (Fig.3q), whereas the overlying Lower Xiaganchaigou Fm. sample (SS3-E3 1 ) and Upper Xiaganchaigou Fm. sample (SS3-E 3 2 ) contain zircons of ca. 2525-2504 Ma, 2149-1597 Ma, 1151-630 Ma, 436-405 Ma and 243-229 Ma (Fig. 3o-3p). The new Mesozoic age peak, absent in the Lulehe Fm. sample, is associated with an increase in the proportion of Archean-Paleoproterozoic ages (from ~14% to ~19%). Given the limited Archean-Paleoproterozoic zircon U-Pb ages reported from the North Qaidam Thrust Belt basement (Fig. 3a, 3c), we propose that the SQS that contains a large reservoir of Archean-Paleoproterozoic zircon U-Pb ages likely became an additional source for the NE Qaidam basin during the deposition of the Lower Xiaganchaigou to the Upper Xiaganchaigou formations. This emergence of an increase in the proportion of Permo-Triassic and Archean-Paleoproterozoic ages could also result from changes in the local drainage organization or from the ultimate exposure of buried Permo-Triassic and Archean-Journal Pre-proof J o u r n a l P r e -p r o o fPaleoproterozoic plutons(Zhang et al., 2012b;[START_REF] Zhang | First geomorphological and sedimentological evidence for the combined tectonic and climate control on Quaternary Yarlung river diversion in the eastern Himalaya[END_REF]. In addition, Permian, Triassic and Cretaceous sedimentary rocks also show a similar zircon-age population(Zuza et al., 2018b), indicating potential pre-Cenozoic sediment recycling. However, our preferred interpretation is further supported by well log observations in the NE Qaidam basin (Fig.5b-5d) that shows upward lithofacies association transition (from alluvial deposits in the Lulehe Fm. to braided river deposits in the Lower Xiaganchaigou Fm.) and northward retrogradation of alluvial-fluvial deposits at that time. We therefore suggest that the North Qaidam ThrustBelt was the sole source of clastic material for the NE Qaidam basin during the deposition of the Lulehe Fm., while both the North Qaidam Thrust Belt and the SQS contributed during the deposition of the Lower Xiaganchaigou to Upper Xiaganchaigou Fms.Although zircon U-Pb age distribution of the samples collected from the Xiayoushashan to the Qigequan formations (SS3-Paleozoic zircons (with ca. 26%-ca. 61% of total, peaks ranging from ca.435 Ma to ca. 419 Ma) and Late Paleozoic to Mesozoic zircons (with ca. 21%-57% of total, peaks ranging from ca. 262 Ma to ca. 244 Ma), Archean-Paleoproterozoic zircons become scarce (ca. 3%-14% of total) (Fig.3j-3n). Given that seismic profiles, low-temperature thermochronology as well as sedimentologic studies show that crustal shortening in the North Qaidam Thrust Belt intensified since the deposition of the Xiayoushashan Fm.[START_REF] Bush | Growth of the Qaidam Basin during Cenozoic exhumation in the northern Tibetan Plateau: Inferences from depositional patterns and multiproxy detrital provenance signatures[END_REF] Cheng et al., 2016b;[START_REF] Jolivet | Mesozoic and Cenozoic tectonics of the northern edge of the Tibetan plateau: fission-track constraints[END_REF] Yin et al., 2008a; Zhuang et al., 2011b), we suggest that increased growth of the North Qaidam Thrust Belt may have cut off the link between the Archean-Paleoproterozoic source rocks in SQS and the depositional area in the NE Qaidam basin. In addition, a decrease in precipitation usually causes a decrease in climatically driven erosion rate[START_REF] Zheng | Erosion, fault initiation and topographic growth of the North Qilian Shan (northern Tibetan Plateau)[END_REF], resulting in less materials input to a depositional basin. Thus, the regional intensification of the aridity at that time(Dettman et al., Journal Pre-proof J o u r n a l P r e -p r o o f 2003;[START_REF] Li | Early-middle Miocene topographic growth of the northern Tibetan Plateau: Stable isotope and sedimentation evidence from the southwestern Qaidam basin[END_REF] Zhuang et al., 2011a) would also lead to the increased unbalance of materials between the source and sink.All the samples from the Suganhu basin contain abundant Archean-Paleoproterozoic zircons U-Pb ages, indicative of material sourcing from the basement plutonic rocks and/or pre-Cenozoic sedimentary rocks in the SQS. From the Lulehe Fm. upwards to the Shangganchaigou Fm. (S3-E 1+2 , S3-E 3 1 , S3-E 3 2 , and S3-N 1 ), the zircon age populations gradually become more diverse (Fig. 3f-3i). Especially, the number of Late Paleozoic to Mesozoic zircons that are rare in the Lulehe to Upper Xiaganchaigou formations (samples S3-E 1+2 , S3-E 3 1 , and S3-E 3 2 ) largely increases in the Shangganchaigou Fm. (sample S3-N 1 ). Given that the Late Paleozoic to Mesozoic zircons are the fingerprint of the North Qaidam Thrust Belt source, we propose that the source region of the Suganhu basin gradually expanded until both the North Qaidam Thrust Belt and the SQS contributed material during the deposition of the Shangganchaigou Fm. However, the Late Paleozoic to Mesozoic zircons became scarce in the Xiayoushashan to Qigequan Fm. samples (Fig. 3e-3d) (samples S3-N 2 1

  Qaidam basin: from expansion to isolation 5.3.1 Paleogene to early Neogene expansion of the Qaidam basin (Lulehe Fm. to Shangganchaigou Fm.) Our stratigraphic (Fig. 5) and detrital zircon geochronological record (Fig. 3) imply a northward retrogradation of the coarse deposits in the NE Qaidam basin, indicative of a northward expansion of the basin drainage area. To the south, drill cores and seismic profiles also show a southwestward retrogradation of the deltaic facies and a widening of lacustrine deposition in the SW Qaidam basin, consistent with previous provenance analysis (Cheng et Journal Pre-proof J o u r n a l P r e -p r o o f al., 2016a). In addition, the compilation of all the detrital zircon U-Pb geochronology data available on the Cenozoic strata in the Qaidam basin display an increasing proportion of Mesozoic to Late Paleozoic and Precambrian ages

  simultaneous contractional tectonics in the NE Qaidam basin, North Qaidam Thrust Belt and SQS and drove the northward expansion of the NE Qaidam basin drainage area. As discussed in section 5.2, Qaidam basin and the Qilian Shan were in a less evaporative environment during the deposition of Lulehe Fm. to Shangganchaigou Fm., probably related to regional climate change toward wetter conditions. During this wetter climate period, Journal Pre-proof J o u r n a l P r e -p r o o f increasing precipitation in the Qaidam basin and surrounding mountain belts would have contributed to the retrogradation of the shoreline. We thus deduce that wetter climate drove the expansion of both the Qaidam basin lake area and sedimentary source areas during the Paleogene (Fig. 8h-8i). 5.3.2 Isolation of the Qaidam basin (Xiaganchaigou Fm. to the present)

  Shan wedge dynamics: implication for the climate -tectonic interplay in the northern Tibetan plateau 5.4.1 Cenozoic deformation in the Qilian Shan and Jiuquan basinAs recent studies suggested[START_REF] He | Cenozoic exhumation in the Qilian Shan, northeastern Tibetan Plateau: Evidence from detrital fission track thermochronology in the Jiuquan Basin[END_REF][START_REF] He | Cenozoic deformation history of the Qilian Shan (northeastern Tibetan Plateau) Journal Pre-proof J o u r n a l P r e -p r o o f constrained by detrital apatite fission-track thermochronology in the northeastern Qaidam Basin[END_REF], a growing number of studies show several cooling patterns that suggest pulses of exhumation, which can be tied to Journal Pre-proof J o u r n a l P r e -p r o o f the deformation in the Qilian Shan. Despite a complex growth history, two significant observations persist: (1) the Qilian Shan experienced early Cenozoic deformation and (2) widespread Miocene deformation occurred across the Qilian Shan.

  [START_REF] Bovet | Evidence of Miocene crustal shortening in the north Qilian Shan from Cenozoic stratigraphy of the western Hexi Corridor, Gansu Province, China[END_REF] proposed that crustal shortening and surface uplift began in the SQS prior to the Miocene, while shortening propagated into the CQS, NQS and Jiuquan basin during the middle Miocene (~13 Ma) and Pliocene-Pleistocene (~5-3.5 Ma), respectively. A follow-up study byZhuang et al. (2011b) also argued for a post-early Miocene initial exhumation of the CQS. Based again on sedimentology, magnetostratigraphy and low-temperature thermochronological evidence from the Cenozoic strata along the ATF, Yin et al. (2002) argue for a pre-33 Ma exhumation of the Nanshan thrust belt, which corresponds to the CQS. Despite uncertainties, the abovementioned evidence might indicate an Oligocene to middle Miocene exhumation of the CQS. Within the northern Qilian Shan, based on the apatite fission track data obtained from the bedrocks in the hanging wall of the Changma Fault and a complication of previous work, Zheng et al. (2017) suggested that the uplift of the Tuolai Shan (subrange in the northern Qilian Shan) initiated around 17-14 Ma. Apatite fission-track data from an elevation transect

  Pre-proof J o u r n a l P r e -p r o o f which could be interpreted as few cross-cutting and/or out-of sequence deformation in the Qilian Shan. 5.4.2 A new scenario for the Qilian Shan wedge evolution If the hypothesis of a Oligocene to middle Miocene initiation of the deformation in the CQS is correct, the Qilian Shan would generally present a stepwise northward expansion, from early Cenozoic (Eocene to Oligocene) initial deformation in the Northern Qaidam Thrust Belt and SQS, to Oligocene to middle Miocene initial deformation in the CQS, middle to late Miocene initial deformation in the NQS, Pliocene initial faulting along the faults in the southern Jiuquan basin, and finally Pleistocene-Quaternary initial movement along the faults in the northern Jiuquan basin. In the following section, we propose a new qualitative interpretation of the behavior of the Qilian Shan wedge evolution in terms of long-term trends in overall wedge taper (Fig. 9).

  become weaker and the θ c of the Qilian Shan wedge taper would have progressively Journal Pre-proof J o u r n a l P r e -p r o o f decreased. At some point during the Oligocene to early Miocene, the taper value ultimately exceeded critical taper θ c and the Qilian Shan wedge thereby became critical/supercritical. To decrease the taper θ, the Qilian Shan wedge propagated progressively northward, resulting in the Oligocene to middle Miocene initial deformation in the CQS, the middle to late Miocene initial deformation in the NQS and the Pliocene to Quaternary initial deformation in the Jiuquan basin. This model requires a relatively high initial taper for the Qilian Shan wedge and a basal detachment with low friction. Without detailed crustal shortening restoration, it is difficult to estimate the initial taper of the wedge. In addition, other important parameters, such as pore fluid pressure, and rock strength within the Qilian Shan wedge, are not quantifiable. These uncertainties highlight the need for further effort to determine the kinematic evolution of the south and central Qilian Shan. The structural evolution of the Qilian Shan compared with evidence of local climate change reveals that the Cenozoic growth of the northeastern margin of the Tibetan plateau obeys critical-taper wedge theory, with the tectonic evolution of Qilian Shan being integrally tied to the climate evolution in this region. It suggests that northward thrust propagation within the Qilian Shan might have promoted the northeastward migration of the tip of the ATF. As long as continuous shortening applies to the Qilian Shan, regional Miocene aridification would maintain a taper sufficient for northward propagation of the Qilian Shan orogenic wedge and the tip of the ATF.

2.

  Increased precipitation may have drive n basin-scale transgression processes in the Qaidam basin during the Paleogene. Since then, the Qaidam basin was gradually isolated in response to regional aridification and intensified deformation within the surrounding mountain belts. Journal Pre-proof J o u r n a l P r e -p r o o f 3. Cenozoic growth of the Qilian Shan obeys critical-taper wedge theory. During the Paleogene, wet climate conditions enabled erosion to overpower the tectonic thickening in the SQS orogenic wedge and caused the wedge to stall. Since the Miocene, continuous deformation in the SQS under more arid climate conditions and lower erosion rates enabled deformation to build wedge taper to a supercritical state that caused the wedge to propagate northward. 4. Our observations that the Qilian Shan growth history obeys critical taper theory highlights that climate may have played a significant role in mountain building in the northern Tibetan plateau and should be evaluated in the context of the o utward growth of the Tibetan plateau.
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 3 Figure 3. (a) Sketched geological map of the Qaidam basin, Suganhu basin and surrounding

  Qaidam basin and Suganhu basin, showing the location of detrital zircon geochronology in this study. (b) and (c) show the relative probability plot of granitoid pluton ages (compilation of bedrock pluton ages) in the northern Qaidam terrane and southern Qilian Shan, respectively. The U-Pb age dataset is from Cheng et al. (2017). (c)-(i) Zircon U-Pb age cumulative probability distribution for each sample. The ages, in Ma, are indicated on the horizontal axis. Green arrows show that the distribution of the ages becomes more diverse, from the Lulehe Fm. sample to the Shangganchaigou Fm. sample. Red wavy lines show that the Archean-Paleoproterozoic zircons become scarce since the deposition of Xiayoushashan Fm. (r) Cumulative probability density plots for Cenozoic samples from NE Qaidam basin and Suganhu basin. (s) Multidimensional scaling map uses the Kolmogorov-Smirnov (KS)
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J o u r n a l P r e -p r o o f dashed lines connect samples with their "closest" and "second closest" neighbors, respectively. Note that zircon age distributions from samples P-E 1+2 , SS3-E 3 1 , SS3-E 3 2 , SS3-

, SS3-N 2 3 and SS3-Q 1 are statistically similar with those of granitoid plutons from the northern Qaidam terrane, whereas zircon age distributions from samples S3-E 1+2 , S3-E 3 1 , S3-E 3 2 , S3-N 1 , S3-N 2 1 and S3-Q 1 , are statistically similar with those of granitoid plutons from the southern Qilian Shan. Upper Xiaganchaigou Fm., N 1 sg: Shangganchaigou Fm., N 2 1 xy: Xiayoushashan Fm., N 2 2 sy: Shangyoushashan Fm., N 2 3 s: Shizigou Fm., Q 1 q: Qigequan Fm.
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Schematic diagram illustrating the geometry of a Coulomb wedge under the influence of a push from behind (black arrows). Wedge taper (θ) equals the sum of surface slope (α) plus the angel of basal décollement (β). θ c refers to the angel of taper when wedge reaches a critical state. If θ > θ c , the wedge will tend to lengthen itself by frontal imbrication, thus reducing θ to a critical value. If θ > θ c , the rear of the wedge should shorten and thicken to increase θ [START_REF] Dahlen | Mechanics, growth, and erosion of mountain belts. Processes in continental lithospheric deformation[END_REF][START_REF] Davis | Mecha nics of foldandthrust belts and accretionary wedges[END_REF][START_REF] Decelles | History of the Sevier orogenic wedge in terms of critical taper models, northeast Utah and southwest Wyoming[END_REF]. (c) Schematic cross-section across the western part of the Qilian Shan, showing our Qilian Shan wedge taper model. Given the 4-5 km elevation in the southern and central Qilian Shan and the over 200 km distance from the southern Qilian Shan to the northern Jiuquan basin, we infer a gentle surface slope (α=1-2) and basal décollement (β=5-8). The inferred dip of the basal décollement is lower than the value (~15) estimated by [START_REF] Allen | Partitioning of oblique convergence coupled to the fault locking behavior of fold-and-thrust belts: Evidence from the Qilian Shan, northeastern Tibetan Plateau[END_REF]. This difference can be partly attributed to the fact that we take the Jiuquan basin that contains thick sedimentary rocks into account in our wedge model. The Qilian Shan is acting as a nascent plateau, with subdued relief and internal drainage [START_REF] Allen | Partitioning of oblique convergence coupled to the fault locking behavior of fold-and-thrust belts: Evidence from the Qilian Shan, northeastern Tibetan Plateau[END_REF][START_REF] Liu-Zeng | Quantifying landscape differences across the Tibetan plateau: Implications for topographic relief evolution[END_REF], However, the average elevation of the Qilian Shan decreases northwards gradually, Journal Pre-proof J o u r n a l P r e -p r o o f from over 4.5 km at the hinterland to less than 3 km at its northern front. The depth of basal detachment thrust is ca. 15-20 km, and the dip angle of all the faults near the surface is cat ca. 20-40 degree [START_REF] Allen | Partitioning of oblique convergence coupled to the fault locking behavior of fold-and-thrust belts: Evidence from the Qilian Shan, northeastern Tibetan Plateau[END_REF][START_REF] Zheng | Erosion, fault initiation and topographic growth of the North Qilian Shan (northern Tibetan Plateau)[END_REF]Zuza et al., 2016). (d) to (h) show the behavior of the wedge in terms of the critical taper theory, while (i) to (m) display the corresponding northward growth of the Qilian Shan from the deposition of Lulehe Fm. to the present.