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Introduction

The Asian continent underwent significant intra-continental deformation in the late Cenozoic as a result of convergence between the Indian and Asian continents, including the modern Tian Shan (Fig. 1). Although this understanding is widely accepted, there is still a debate over the intra-continental Tian Shan orogen's deep architecture (e.g. [START_REF] Makeyeva | Shear-wave splitting and small scale convection in the continental upper mantle[END_REF][START_REF] Zhao | Lithospheric structure and dynamic processes of the Tianshan orogenic belt and the Junggar basin[END_REF][START_REF] Lei | Teleseismic P-wave tomography and the upper mantle structure of the central Tien Shan orogenic belt[END_REF][START_REF] Zhang | Distinct orogenic processes in the south-and northcentral Tien Shan from receiver functions[END_REF]Table S1 in the supplementary material). As the largest intra-continental orogenic belt on Earth, the modern Tian Shan is a doubly vergent thrust J o u r n a l P r e -p r o o f belt formed by the rejuvenation of the Paleozoic collisional orogenic belt triggered by the ongoing India-Eurasia collision [START_REF] Molnar | Cenozoic tectonics of Asia. Effects of a continental collision[END_REF][START_REF] Windley | Paleozoic accretion and Cenozoic deformation of the Chinese Tien Shan Range, central Asia[END_REF][START_REF] Hendrix | Sedimentary record and climatic implications of recurrent deformation in the J o u r n a l P r e -p r o o f Tian Shan. Evidence from Mesozoic strata of the north Tarim, south Junggar, and Turpan basins, northwest China[END_REF][START_REF] Yin | Late Cenozoic tectonic evolution of the southern Chinese Tian Shan[END_REF][START_REF] Dumitru | Paleozoic and Mesozoic tectonic evolution of central Asia. From continental assembly to intracontinental deformation[END_REF]. The understanding of the deep lithospheric architecture of the orogeny, based on geophysical investigations (Table S1), can be summarized in terms of three models (Fig. 2): (1) The unidirectional underthrusting of the Tarim lithosphere beneath the Tian Shan [START_REF] Zhao | Lithospheric structure and dynamic processes of the Tianshan orogenic belt and the Junggar basin[END_REF][START_REF] Steffen | A three-dimensional Moho depth model for the Tien Shan from EGM2008 gravity data[END_REF][START_REF] Gilligan | Shear velocity model for the Kyrgyz Tien Shan from joint inversion of receiver function and surface wave data[END_REF]; [START_REF] Bazhenov | Permian paleomagnetism of the Tien Shan fold belt, Central Asia: post-collisional rotations and deformation[END_REF] the bidirectional underthrusting of the Tarim and Junggar lithospheres (Li et al., 2016a;[START_REF] Lü | Crustal and upper mantle structure of the Tien Shan orogenic belt from full-wave ambient noise tomography[END_REF]; and (3) mantle upwelling caused by small-scale mantle convection in the upper mantle or the delamination of the thickened lithosphere [START_REF] Roecker | Three-Dimensional elastic wave velocity structure of the western and central Tian Shan[END_REF][START_REF] Lei | Teleseismic P-wave tomography and the upper mantle structure of the central Tien Shan orogenic belt[END_REF][START_REF] Li | Tomographic image of the crust and upper mantle beneath the western Tien Shan from the MANAS broadband deployment. possible evidence for lithospheric delamination[END_REF]. The topographic uplift of the modern Tian Shan induced flexural subsidence in the Northern Tarim and the Southern Junggar blocks, forming a typical intra-continental orogenic belt-foreland basin system [START_REF] Lu | Rejuvenation of the Kuqa foreland basin, northern flank of the Tarim basin, northwest China[END_REF][START_REF] Jia | Tectonic Characteristics and Petroleum, Tarim Basin, China[END_REF]Wang et al., 2001a;[START_REF] Qi | The interpretation models and discussion on the contractive structure deformation of Kuqa Depression, Tarim Basin[END_REF].

The sedimentary infill of the Northern Tarim foreland basin (NTFB) and the Southern Junggar foreland basin (SJFB) can be utilized as sources of insights into crustal shortening and topographic growth of the Tian Shan [START_REF] Wang | Tectono-stratigraphic history of the Southern Junggar Basin. seismic profiling evidences[END_REF][START_REF] Li | Tectonostratigraphic history of the southern Tianshan, China. seismic profiling evidence[END_REF]2020;2022a). The three models of the Tian Shan lithospheric architecture make distinctive predictions for the migration and tectonic subsidence of the foreland basin systems according to the foreland basin-mountain building theories [START_REF] Johnson | Preliminary results from a plan form kinematic model of Orogen evolution, surface processes and the development of Clastic Foreland Basin Stratigraphy[END_REF][START_REF] Naylor | Pro-vs. Retro-foreland basins[END_REF]) (Fig. 2).

Although geophysical exploration provides a possible current lithospheric architecture of the Tian Shan, the orogen's inferred geodynamic evolution from the modern lithospheric architecture can be tested using multiple disciplines. The middle and eastern segments of the Tian Shan lack exposures of late Cenozoic synorogenic magmatic rocks [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF].The Tian Shan also lacks petrological and geochemical evidence reflecting subduction polarity of the Cenozoic J o u r n a l P r e -p r o o f Tarim and Junggar lithospheres and the orogeny's geodynamic pattern, such as records of the residual oceanic fore-arc basins, because the orogen did not undergo a transition from oceaniccontinental subduction to continental collision during the Meso-Cenozoic period [START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan. reactivated tectonic structures and active deformation[END_REF][START_REF] Jepson | Low-temperature thermochronology of the Chatkal-Kurama terrane (Uzbekistan-Tajikistan). Insights into the Meso-Cenozoic thermal history of the western Tian Shan[END_REF][START_REF] Morin | Planation surfaces of the Tian Shan Range (Central Asia). Insight on several 100 million years of topographic evolution[END_REF]. Furthermore, Cenozoic sedimentary infill composition, provenance, and deformation styles of the shortening structure in the NTFB and SJFB are very similar [START_REF] Lu | Rejuvenation of the Kuqa foreland basin, northern flank of the Tarim basin, northwest China[END_REF][START_REF] Li | Mesozoic-Cenozoic clastic composition in Kuqa depression, northwest China. Implication for provenance types and tectonic attributes[END_REF][START_REF] Bian | Sedimentary and palaeoenvironmental evolution of the Junggar Basin, Xinjiang, Northwest China[END_REF].

In the last 40 years, geologists have extensively studied the sedimentary sequences and subsidence history in foreland basins (e.g., Lyon-Caen and [START_REF] Lyon-Caen | Gravity anomalies flexure of the Indian plate and the structure support and evolution of the Himalaya and Ganga Basin[END_REF][START_REF] Homewood | Dynamics of the Molasse Basin of western Switzerland[END_REF][START_REF] Johnson | Preliminary results from a plan form kinematic model of Orogen evolution, surface processes and the development of Clastic Foreland Basin Stratigraphy[END_REF][START_REF] Simoes | Investigating the kinematics of mountain building in Taiwan from the spatiotemporal evolution of the foreland basin and western foothills[END_REF], and they have discovered that in orogenic belt-foreland basin systems, pro-foreland basins over underthrust lithosphere and retro-foreland basins over overriding plates contrast markedly in terms of their stratigraphic architecture, migration and subsidence histories [START_REF] Johnson | Preliminary results from a plan form kinematic model of Orogen evolution, surface processes and the development of Clastic Foreland Basin Stratigraphy[END_REF][START_REF] Naylor | Pro-vs. Retro-foreland basins[END_REF]. Pro-foreland basins are characterized by: (1) Stratigraphic onlap onto the cratonic margin at a rate (VO-P) equal to the sum of the plate convergence rate (VC) and the propagation rate of thrust wedge (VP-P); [START_REF] Bazhenov | Permian paleomagnetism of the Tien Shan fold belt, Central Asia: post-collisional rotations and deformation[END_REF] accelerating tectonic subsidence driven primarily by the translation of the basin fills towards the mountain belt (Fig. 3). In contrast, retro-foreland basins are characterized by: (1) relatively little stratigraphic onlap driven only by the growth of the retro-wedge (VO-R = VP-R); (2) A constant tectonic subsidence rate during the growth of the thrust wedge, with zero tectonic subsidence during the steady-state phase (Fig. 3). Hence, we can test the lithosphere's subduction polarity and convergence rate by interpreting the basin fill architecture and subsidence (e.g., Lyon-Caen and [START_REF] Lyon-Caen | Gravity anomalies flexure of the Indian plate and the structure support and evolution of the Himalaya and Ganga Basin[END_REF][START_REF] Simoes | Investigating the kinematics of mountain building in Taiwan from the spatiotemporal evolution of the foreland basin and western foothills[END_REF][START_REF] Sinclair | Foreland basin subsidence driven by topographic growth versus plate subduction[END_REF]. According to Tian Shan's unidirectional underthrusting model, the foreland basin on one side of the range should be characteristic of a pro-foreland basin, while the J o u r n a l P r e -p r o o f foreland basin on the counterpart should conform to the characteristics of a retro-foreland basin.

The bidirectional underthrusting model, however, predicts that the foreland basins on both sides of the range could be characteristic of the plate setting of a pro-foreland basin. Finally, the mantle upwelling model predicts that the subsidence process of the foreland basins on both sides was decoupled from the topographic evolution of the Tian Shan (Fig. 2), and a positive dynamic topography should be recognized in the range. However, the subsidence process and sedimentary successions in the NTFB and SJFB, as typical foreland basins, are coupled with the growth history of the Tian Shan [START_REF] Lu | Rejuvenation of the Kuqa foreland basin, northern flank of the Tarim basin, northwest China[END_REF][START_REF] Wang | Tectono-stratigraphic history of the Southern Junggar Basin. seismic profiling evidences[END_REF], and there is regional isostasy compensation beneath the Tian Shan according to the flexural and rheological modeling (Jiang, 2014). Therefore, the mantle upwelling model is not supported by the evolution of the NTFB and SJFB.

The NTFB and SJFB are the important petroliferous basins in western China, so numerous high-quality seismic profiles have been acquired for hydrocarbon exploration in these two basins (e.g., [START_REF] Jia | Tectonic Characteristics and Petroleum, Tarim Basin, China[END_REF][START_REF] Wang | Multiple-phase tectonic superposition and reworking in the Junggar Basin of northwestern China-Implications for deepseated petroleum exploration[END_REF], providing scientific insights into the migration and subsidence histories of the basins. Understanding of the geodynamic context of the foreland basins in terms of it being a retro-or pro-foreland basin also aids prediction of source rock maturation, and potentially reservoir architecture [START_REF] Bourrouilh | The North Pyrenean Aquitaine Basin, France-evolution and hydrocarbons[END_REF][START_REF] Naylor | Pro-vs. Retro-foreland basins[END_REF]; Allen and Allen, 2013). Magnetostratigraphic studies (e.g., [START_REF] Sun | Timing of the Tianshan Mountains uplift constrained by magnetostratigraphic analysis of molasse deposits[END_REF][START_REF] Huang | Magnetostratigraphic and rock magnetic constraints on the history of Cenozoic uplift of the Chinese Tian Shan[END_REF][START_REF] Charreau | Magnetostratigraphy of the Yaha section, Tarim Basin (China). 11 Ma J o u r n a l P r e -p r o o f acceleration in erosion and uplift of the Tian Shan Mountains[END_REF]2009;[START_REF] Lu | Late Cenozoic structural and stratigraphic evolution of the northern Chinese Tian Shan foreland[END_REF][START_REF] Zhang | Cenozoic tectonic deformation and uplift of the south Tian Shan. implications from magnetostratigraphy and balanced crosssection restoration of the Kuqa depression[END_REF] provide reliable chronological constraints on the foreland strata in these basins. [START_REF] Li | Tectonostratigraphic history of the southern Tianshan, China. seismic profiling evidence[END_REF] constrained the relative migration rate of the forebulge of the NTFB relative to its basement by analyzing a ∼353-km-long seismic profile (BB' in Fig. 1) across the basin.

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

In this contribution, we use the stratigraphic geometries from a ∼141-km-long seismic profile (AA' in Fig. 1) crossing the SJFB to obtain the northward migration rate of the basin to its basement and decipher its stratal architecture. The relative migration process of the foreland basins on either side of the Tian Shan was constrained by combining the migration rates of the NTFB and SJFB. Using back stripping based on the sedimentary sequences imaged by the two seismic profiles, we further obtain the tectonic subsidence profiles across the two foreland basins in the late Cenozoic times. Finally, we use a numerical elastic model to simulate and constrain the controls on these subsidence profiles. The propagation rates of the southern and northern Tian Shan wedges, as well as the evolution of their topographic loads in the late Cenozoic are revealed by our modelling. The comparison between the NTFB and SJFB migration and subsidence characters reveals their plate settings, and suggests a possible switch of subduction polarity of the Tarim and Junggar lithospheres beneath the Tian Shan's middle segment in the late Cenozoic.

Geological backgrounds

The ancestral Tian Shan orogen formed during the Paleozoic through the accretion of several island arcs and collision of continental blocks [START_REF] Burtman | Structural geology of the Variscan Tian Shan[END_REF][START_REF] Windley | Paleozoic accretion and Cenozoic deformation of the Chinese Tien Shan Range, central Asia[END_REF][START_REF] Xiao | Paleozoic multiple accretionary and collisional tectonics of the Chinese Tianshan orogenic collage[END_REF], with large-scale dextral strike-slip occurring in the late Carboniferous-Permian [START_REF] Bazhenov | Permian paleomagnetism of the Tien Shan fold belt, Central Asia: post-collisional rotations and deformation[END_REF] [START_REF] Lu | Rejuvenation of the Kuqa foreland basin, northern flank of the Tarim basin, northwest China[END_REF][START_REF] Jia | Tectonic Characteristics and Petroleum, Tarim Basin, China[END_REF]Wang et al., 2001a;[START_REF] Qi | The interpretation models and discussion on the contractive structure deformation of Kuqa Depression, Tarim Basin[END_REF]Li et al., 2016b). The NTFB in Tian Shan's south piedmont has a maximum thickness of ~7 km of Cenozoic foreland strata, while the SJFB has a maximum thickness of ~5 km (Fig. 1) [START_REF] Li | Hydrocarbon accumulations in the Tarim Basin, China[END_REF][START_REF] Wang | Tectono-stratigraphic history of the Southern Junggar Basin. seismic profiling evidences[END_REF][START_REF] Li | Tectonostratigraphic history of the southern Tianshan, China. seismic profiling evidence[END_REF]2022b).

The Cenozoic sedimentary sequences in the NTFB include the Kumugeliemu, Suweiyi, Jidike, Kangcun, Kuqa, and Xiyu Formations in ascending order from older to younger [START_REF] Zhang | Phanerozoic Stratigraphy in Covered Area of Tarim Basin[END_REF]. Li 

Data

The basic data for reconstructing the migration and subsidence history in the SJFB and NTFB were derived from a ~141 km-long and 4-s-deep N-S trending seismic profile AA′ across the SJFB and a ~353 km-long and 6-s-deep seismic profile BB′ across the NTFB extending from the center of the Tarim basin to the Kuqa city (Figs. 1 and5). The dominant frequency of the seismic data is 28 Hz, and theoretical vertical seismic resolution or one-quarter wavelength for the 28 Hz wavelet is ~18 ms (<45 m) in travel time. These profiles are parallel to the direction of J o u r n a l P r e -p r o o f the convergence between the Tarim and Junggar blocks indicated by GPS measurements [START_REF] Wang | Present-day crustal deformation of continental China derived from GPS and its tectonic implications[END_REF][START_REF] Wu | Slip partitioning and crustal deformation patterns in the Tianshan orogenic belt derived from GPS measurements and their tectonic implications[END_REF]. Based on well logging data near this profile, we converted the two seismic time profiles into depth profiles. Considering the bending nature of the seismic profile BB′, we projected it onto a straight-line transverse to the NTFB axis so that it could be used in our 2-D elastic plate subsidence model (Figs. 1 and5).

The stratigraphic thicknesses used in back stripping calculations are derived from the converted depth profiles of seismic profiles AA′ and BB′ (Fig. 5b-d). The decompaction parameters used in the calculation are derived from Sclater and Christie (1980) (Table 1); while the lithology, density, and top and bottom depths of each layer are obtained from profiles and well logging data. We ignored eustatic sea-level changes because the epicontinental sea only reached the western margins of the Tarim and Junggar basins in the Paleogene, and eventually became isolated from the basins in the late Eocene [START_REF] Bosboom | Late Eocene sea retreat from the Tarim Basin (west China) and concomitant Asian paleoenvironmental change[END_REF][START_REF] Li | Oligocene syndepositional lacustrine dolomite. A study from the Southern Junggar Basin, NW China[END_REF]. The paleobathymetry is estimated using sedimentary environment analyses of each stratigraphic unit (e.g., [START_REF] Guo | New progress in the study of marine transgressional events and marine strata of the Meso-Cenozoic in the Tarim Basin[END_REF][START_REF] Li | Mesozoic-Cenozoic clastic composition in Kuqa depression, northwest China. Implication for provenance types and tectonic attributes[END_REF][START_REF] Shao | Lithofacies paleogeography of the Paleogene in Tarim basin[END_REF][START_REF] Bian | Sedimentary and palaeoenvironmental evolution of the Junggar Basin, Xinjiang, Northwest China[END_REF][START_REF] Yang | Source to sink relations between the Tian Shan and Junggar Basin (northwest China) from Late Palaeozoic to Quaternary. Evidence from detrital U-Pb zircon geochronology[END_REF], and incorporates broad error bars.

The main parameters of the elastic plate model, for modelling the evolution of subsidence in the NTFB and SJFB and the growth of the Tian Shan, include the density, width, surface slope angle α, basal decollement dip angle β of the southern and northern Tian Shan thrust wedges, as well as the effective elastic thickness Te, Poisson's ratio ν, Young's modulus E of the Tarim and Junggar lithospheres, and density of the asthenosphere mantle ρm (Fig. 6). The α and the presentday width of the thrust wedges are obtained from an 80 km wide swath topographic profile across the middle segment of the Tian Shan (Fig. 1c), where the α of the northern Tian Shan wedge is ~2.4° and that of the southern Tian Shan is ~1.5°. In our model, the parameters, ν J o u r n a l P r e -p r o o f (0.25), E (5 × 10 10 Pa), ρm (3300 kg m -3 ), and gravity acceleration g (9.81 m s -2 ) were set to standard values [START_REF] Aitken | Did the growth of Tibetan topography control the locus and evolution of Tien Shan mountain building?[END_REF]. Since the southern and northern Tian Shan thrust wedges are mainly composed of Proterozoic-Paleozoic magmatic or metamorphic rocks [START_REF] Xiao | Paleozoic multiple accretionary and collisional tectonics of the Chinese Tianshan orogenic collage[END_REF], the average density of the thrust wedges in our model is set to the standard value for ancient thrust wedge density (2800 kg/m 3 ) [START_REF] Saura | Modelling the flexural evolution of the Amiran and Mesopotamian foreland basins of NW Zagros (Iran-Iraq)[END_REF].

The wide-angle seismic reflection/refraction profiling across the Tian Shan from Karamay to Kuqa reveals the complex decoupling architecture of the lower and middle crust and lithospheric mantle of the Tarim and Junggar blocks beneath the junctions of the two basins and the Tian Shan, which alters the crustal thickness of the Tarim and Junggar blocks [START_REF] Zhao | Lithospheric structure and dynamic processes of the Tianshan orogenic belt and the Junggar basin[END_REF].

Therefore, although the shear wave velocity model of the crust and upper mantle of the Tian Shan shows the dip angle of the Moho surface beneath the basin-mountain junctions [START_REF] Lü | Crustal and upper mantle structure of the Tien Shan orogenic belt from full-wave ambient noise tomography[END_REF], the dip angle of the Moho cannot constrain the β of the southern and northern Tian Shan wedges. We determined the values of β of the thrust wedges in our model according to the geometry of the wedge coupled with the present-day tectonic subsidence profiles across the basins in modelling results.

Methods

Quantifying the migration of the Southern Junggar foreland basin

We tracked all the seismic reflectors in profile AA′ and identified northward onlap points of the foreland sequence in the SJFB based on the northern termination sites of the reflectors. The termination of a seismic reflector to the foreland (stratal onlaps in the foreland basin) represents the distal end of deposition at that time. Generally, the thinnest sedimentary sequences or no sediments occur in the forebulge of a foreland basin system, and thicken to the foredeep (DeCelles & Giles, 1996). Accordingly, the envelope line of the distribution area of J o u r n a l P r e -p r o o f forelandward reflector terminations denotes the boundary between the foredeep and the forebulge [START_REF] Li | Tectonostratigraphic history of the southern Tianshan, China. seismic profiling evidence[END_REF][START_REF] Wang | Present-day crustal deformation of continental China derived from GPS and its tectonic implications[END_REF]. Thus, the migration of the boundary relative to the underlying plate can reflect that of a foreland basin (Fig. 6). [START_REF] Wang | Tectono-stratigraphic history of the Southern Junggar Basin. seismic profiling evidences[END_REF] divided the sedimentary sequences in the SJFB into four tectonostratigraphic units according to the unconformities between them. The upper-most unit is the Miocene-Quaternary foreland basin unit which is associated with the late Cenozoic uplift of the Tian Shan. We tracked all the seismic reflectors and determined the positions of their terminations in the Miocene-Quaternary foreland basin unit imaged by profile AA′. The envelope line of the terminations of reflectors in this foreland unit represents the trace of the southward migration of the forebulge of the SJFB.

Recent magnetostratigraphic studies of the Cenozoic strata in the northern Tian Shan provide a chronostratigraphic framework (Fig. 4). The detailed ages of the Cenozoic strata were correlated with profile AA′ and extrapolated across the SJFB through a crossing seismic profile [START_REF] Wang | Tectono-stratigraphic history of the Southern Junggar Basin. seismic profiling evidences[END_REF]. The ages of the seismic reflectors in the foreland basin were interpolated by an assumption that the sedimentation rate between any two reflectors is constant. According to the ages of seismic reflectors and distances between reflectors' terminations and the northern Tian Shan wedge, the linear-regression of the onlap points on the envelope line yields a migration rate of the forebulge in the SJFB relative to its basement.

Modelling subsidence evolution of the NTFB and SJFB

Back stripping

To model subsidence in the NTFB and SJFB, we applied a 2-D elastic rheology plate model. Most flexural basins' observed basement subsidence profiles can be roughly predicted by the 2-D elastic plate model in first-order (e.g., [START_REF] Yang | Cenozoic deformation of the Tarim plate and the implications for mountain building in the Tibetan plateau and the Tian Shan[END_REF][START_REF] Saura | Modelling the flexural evolution of the Amiran and Mesopotamian foreland basins of NW Zagros (Iran-Iraq)[END_REF]. The J o u r n a l P r e -p r o o f observed tectonic subsidence profiles across the basins from back stripping are the constraints for modelling the evolution of subsidence of the NTFB and SJFB.

We divided the Cenozoic strata in the foredeep of the NTFB into three units using the continuous seismic reflectors that correspond to the bottoms of the Kangcun (~13.4 Ma) and Kuqa Formations (~5.3 Ma) in profile BB' (Fig. 5). Back stripping these units, we obtained the observed tectonic subsidence profiles across the NTFB at ~13 Ma, ~5 Ma, and the present. The Cenozoic strata in the SJFB are divided into four units using the continuous reflectors that correspond to the bottoms of the Taxihe (~20.1 Ma), Dushanzi (~16.0 Ma) and Xiyu Formations (~4.7 Ma) in profile AA' (Fig. 5). Back stripping these units yielded observed tectonic subsidence profiles across the SJFB at ~20 Ma, ~16 Ma, ~5 Ma, and the present. The procedure of back stripping includes decompaction, paleobathymetric correction, and flexural isostatic stripping for calculating the tectonic subsidence (Allen and Allen, 2013). This methodology requires some basic information including the lithology, top and bottom depths, age, decompaction parameters (Table 1) and the paleo-water depth of each stratigraphic unit.

According to [START_REF] Li | Evolution of the Cenozoic Tarim Basin by flexural subsidence and sediment ponding. Insights from quantitative basin modelling[END_REF], the sediment drape created by the Tarim Basin's base level rise since the Oligocene was not related to the tectonic load of the Tian Shan. Hence, we separated the sediment drape from the tectonic subsidence before the flexural back stripping. The calculation by [START_REF] Li | Evolution of the Cenozoic Tarim Basin by flexural subsidence and sediment ponding. Insights from quantitative basin modelling[END_REF] was used to determine the thickness of the sediment drape in this procedure.

Numerical model

The tectonic load of the thrust wedge is imposed onto a semi-infinite elastic plate floating on the asthenosphere in the model. We employ the finite difference solution for the flexure equation based on a Python script called 'Gflex' [START_REF] Wickert | Open-source modular solutions for flexural isostasy. gflex v1.0[END_REF]. Given that the critical angle of thrust J o u r n a l P r e -p r o o f wedges tends to remain stable over millions of years [START_REF] Davis | Mechanics of fold and thrust belts and accretionary wedges[END_REF], and no research has documented changes in the critical angle of the Tian Shan, we reduced the tectonic loads of the northern and southern Tian Shan thrust wedges to a triangular wedge imposed on the end of the plate with a fixed critical wedge angle (α+β in Fig. 6).

Main parameters in the elastic plate model contain the Te, E, ν, ρc, ρm, g of the Tarim and Junggar blocks, and the wedge angle (α, β), density (ρo) and width (W) of the thrust wedges of the Tian Shan. For the modern NTFB and SJFB (0 Ma), the Te and β are only two unknown variables in our modelling while the other parameters are known. The optimal values for these two parameters are determined by minimizing the misfit between the observed and modelled subsidence profiles across the Tarim Basin. There are certain trade-offs between the Te and β.

We apply the downhill simplex algorithm [START_REF] Wright | Direct Search Methods. Once Scorned, Now Respectable[END_REF] to determine the best combination of these two variables, and utilize Python's scipy fmin function to implement the downhill simplex algorithm. We model the best combination of the Te of the modern Tarim and Junggar blocks and the β of the modern thrust wedges using the trial-error method carrying out through a Python program based on the 'Gflex' and the 'fmin.' For the historic NTFB and SJFB (~20 Ma, ~13-16 Ma, ~5 Ma), the historic Te and W are treated as variables in our modelling. We model the best combination of the historic Te of the Tarim and Junggar blocks and the historic W of the thrust wedges also using the trial-error method as described above.

The optimal values of W in the modelling results at ~20 Ma, ~13-16 Ma, ~5 Ma, and the present-day indicate the variations in the W of the southern and northern Tian Shan thrust wedges. Based on the variations in the W (P in Fig. 6), we calculated the propagation rates of the southern and northern Tian Shan wedges (VP in Fig. 3) in the direction perpendicular to the trend of the range.

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

We also took into account how the modelling outcomes could be affected by the horizontal convergence distance between the mountain wedge and the foreland basin basement (C in Fig. 6). Taking the SJFB as an example, we use the first end-member model with a minimum (zero) horizontal convergence distance (C = 0), which represents a retro-foreland basin system, to model the observed subsidence profiles at 0 Ma, ~4.7 Ma, ~16.0 Ma, and ~20.1 Ma. In this case, the distance between the tectonic subsidence profiles from profile AA' at each time point and the backstop of the northern Tian Shan wedge, the horizontal axis zero point, is the same. In other words, the observed basin subsidence profiles at ~4.7 Ma, ~16.0 Ma, and ~20.1 Ma are at the theoretical minimum distance from the thrust wedge. Based on the flexural isostasy, the required tectonic load to cause the same amount of subsidence is proportional to the distance between the load and the subsidence point (Turcotte and Schubert, 2002). The closer the distance, the lesser the tectonic load required to induce the same amount of subsidence. Therefore, the predicted tectonic loads of the northern Tian Shan wedges at ~4.7 Ma, ~16.0 Ma, and ~20.1 Ma in this end-member model are at the theoretical minimum, representing the minimum of their width (W) and the maximum of the propagation distance of the wedge (P) (Figs. 3 and6).

For the second end-member model, we model the observed subsidence profiles at 0 Ma, ~4.7 Ma, ~16.0 Ma, and ~20.1 Ma by using the maximum horizontal convergence distance that is equal to the migration distance of the foreland basin (C = O in Fig. 6), which represents a proforeland basin-thrust wedge system in a steady state [START_REF] Naylor | Pro-vs. Retro-foreland basins[END_REF]. In this case, the observed tectonic subsidence profiles at ~4.7 Ma, ~16.0 Ma, and ~20.1 Ma were restored to a pre-convergence position at a distance of the C from the top of the modern thrust wedge top.

Based on the elastic flexure, the predicted tectonic loads of the northern Tian Shan wedges at ~4.7 Ma, ~16.0 Ma, and ~20.1 Ma in this end-member model are at the theoretical maximum J o u r n a l P r e -p r o o f because we used the maximum horizontal convergence distance, reflecting the maximum of their width (W) and the minimum propagation distance of the wedge (P). Hence, the maximum and minimum values of the propagation distance of the southern and northern Tian Shan wedges (P), as well as the range of their propagation rate VP, were determined by our modelling using two end members.

The results derived from the two end-member models constrain the ranges of the P and C in the NTFB and SJFB systems. Combining the stratigraphic age framework, we calculate the ranges of the propagation (VP) and convergence (VC) rates of the southern and northern Tian Shan thrust wedges.

Analyzing migration rate of the foreland basins

The profile AA′ depicts the structures and strata thickness variations in the SJFB (Fig. 7).

The fault-related folds of the northern Tian Shan fold-thrust belt form the southern part of the profile, with the foredeep to the north. There is a thrust in the fold-thrust belt that occurs within a Jurassic coal bed and has two arrays of growth anticlines in its hanging wall (Fig. 7 We tracked 64 reflectors in the foreland sedimentary layer, which were named R1 through R64 in an ascending order (Figs. 7 andS1; Table S2 in the Supplementary material). Reflectors R1 to R64 extend or terminate northwards within the seismic profile. There are 17, 11, 21, and 15 reflectors in the Shawan, Taxihe, Dushanzi and Xiyu Formations, respectively. Reflectors R1-R30 in the Shawan, Taxihe Formations, and the lower part of the Dushanzi Formation are J o u r n a l P r e -p r o o f well imaged and may thus be tracked credibly (Fig. 7). These reflectors are characterized by sequential northward onlaps. We determined the positions of their northward terminations that reflect the northward migration of onlapping points in these formations (Table S2). From R1 to R29, the termination points expand northwards for ~93 km. The profile does not image R31-R64 in the upper Dushanzi Formation and the Xiyu Formation completely, therefore their seismic nature and terminations cannot be determined. As a result, the migration of the onlap sites in the Dushanzi and Xiyu Formations was not calculated.

Although terminations of seismic reflectors go back and forth with time (Figs. 7 andS1), they migrate to the foreland overall. As described in section 4.1, the envelope of the distribution area of forelandward reflector terminations indicates the migration of the foreland basin (Fig. 6).

To quantify the migration of the SJFB, we plotted the ages of strata represented by reflectors versus the distances between reflector terminations and the northern Tian Shan wedge (the boundary between the fold-thrust belt and the foredeep in Fig. 7). According to the ages of seismic reflectors and their termination positions, the linear-regression analysis suggests that the northward onlaps in the foreland sequence of the SJFB migrated at a rate of 44.6 ± 3.1 mm/yr along 85°E from ~23 Ma to ~22 Ma (R1-R9), and migrated at a rate of 3.1 ± 0.2 mm/yr from ~22 to ~16 Ma (R9-29) (see details of onlap rate uncertainty calculation in the Supporting Information S1) (Fig. 8). The migration rate of the onlap points from ~23 to ~22 Ma even outpaces the convergence rate (~40 mm/yr) between the Indian and Eurasian plates during the same period based on paleomagnetic records [START_REF] Guillot | Reconstructing the total shortening history of the NW Himalaya[END_REF][START_REF] Copley | India-Asia collision and the Cenozoic slowdown of the Indian plate. Implications for the forces driving plate motions[END_REF]. Hence, the onlaps from ~23 to ~22 Ma (R1-R9) may reflect the initial filling process of the foreland basin rather than the forebulge's migration within the basin driven by the convergence between the Junggar block and the northern Tian Shan. The migration rate of the northward onlaps in The forebulge of the NTFB migrated southward at a rate of 1.6 ± 0.1 mm/yr between ~26 and ~12 Ma, and at a rate of 14.6 ± 0.1 mm/yr after ~12 Ma.

Modelling results

The Northern Tarim foreland basin

By back stripping the foreland strata in the profile BB′, we obtained the tectonic subsidence profiles across the NTFB at ~13.4 Ma, ~5.3 Ma, and the present day (Fig. 5). We used the first end-member model without horizontal convergence (C = 0) to model the observed subsidence profiles, and the results reflect the maximum value of the P of the southern Tian Shan wedge (Fig. 9a-c).

The width of the southern Tian Shan thrust wedge is a known value when modelling the observed a tectonic subsidence profile at 0 Ma, whereas its β is a variable. The swath topographic profile indicates that the width of the thrust wedge is ~92 km (Fig. 1). The modelling results demonstrate that the best fit between the observed and predicted subsidence profile is achieved with the optimal value of the Te of ~61 km and the β of the southern Tian Shan thrust wedge of ~7.8°. Using the second end-member model with a theoretical maximum value of the horizontal convergence between the thrust wedge and basin basement, the minimum value of propagation (P) of the southern Tian Shan thrust wedge are predicted by modelling the observed subsidence profiles across the NTFB (Fig. 10a-c).

The same results were obtained in this modelling because the modelling parameters at 0 Ma were the same as those of the first end-member model with no horizontal convergence. The modelling also revealed that the optimal value of Te was ~90 km at ~13.4 Ma and has decreased to 61 km.

The Southern Junggar foreland basin

We obtained the tectonic subsidence profiles across the SJFB at ~20.1 Ma, ~16.0 Ma, ~4.7 Ma, and the present day by back stripping the foreland strata in the profile AA′ (Fig. 5). We used J o u r n a l P r e -p r o o f the first end-member model with no horizontal convergence to model the observed subsidence profiles, and the outcomes reflected the maximum value of propagation of the northern Tian Shan wedge (P) (Fig. 9d-g).

When modelling the observed tectonic subsidence profile at 0 Ma, the width of the northern Tian Shan wedge is a known value, while its β is variable. According to the swath topographic profile, the thrust wedge is ~71 km wide (Fig. 1). The modelling results show that a Te of 35 km and β of 7.0° for the northern Tian Shan wedge are optimal for achieving the best fit between the observed and predicted subsidence profile. Using the second end-member model with a theoretical maximum value of the horizontal convergence between the thrust wedge and basin basement, the minimum value of propagation (P) of the northern Tian Shan wedge is predicted by modelling the observed subsidence profiles across the SJFB, (Fig. 10d-g).

The modelling conditions at present were identical to those of the first end-member model with no horizontal convergence, yielding the same results.

The value of the convergence distance (C) was set at ~19 km, ~7 km, and ~3 km when modelling the observed subsidence profiles at ~20.1 Ma, ~16.0 Ma, and ~4.7 Ma, respectively, J o u r n a l P r e -p r o o f according to the migration distance of the SJFB obtained by analyzing seismic profiles (Li et al., 2022). The observed subsidence profiles at ~20.1 Ma, ~16.0 Ma and ~4.7 Ma were moved northward by ~19 km, ~7 km and ~3 km, respectively, to restore them to their pre-convergence positions. According to the modelling, the northern Tian Shan wedge's predicted width increased from ~49 km to ~58 km during 20.1-16.0 Ma with an average propagation rate of ~2.2 mm/yr, from ~58 km to ~66 km during 16.0-4.7 Ma with an average rate of ~0.7 mm/yr, and from ~66 km to ~71 km from ~4.7 Ma to the present with an average rate of ~1.1 mm/yr. The modelling also showed that the Te was at its ideal value of ~42 km at ~20.1 Ma and then reduced to the present-day ~35 km.

The convergence rate

The range of the horizontal convergence rates between the Tarim block and the Tian Shan are constrained according to the propagation rates of the southern Tian Shan thrust wedge (derived from the modelling results) and the range of the onlap rates of the foreland sequence within the NTFB (Fig. 11 and Table 2). The modelling results show a range of the propagation rates of 0-2.2 mm/yr for the southern Tian Shan thrust wedge during 13.4-12.0 Ma, with a maximum value exceeding the observed onlap rate of foreland sequences (~1.6 mm/yr) during the same time period. This yields a horizontal convergence rate range of 0-1.6 mm/yr. From ~12.0 Ma to ~5.3 Ma, the range of predicted propagation rates of the wedge was 0-2.2 mm/yr, and the onlap rate of the foreland sequence strata was ~14.6 mm/yr [START_REF] Li | Tectonostratigraphic history of the southern Tianshan, China. seismic profiling evidence[END_REF], resulting in a horizontal convergence rate range of 12.4-14.6 mm/yr. From ~5.3 Ma to ~1.7 Ma, the range of predicted propagation rates of the wedge was 0-4.38 mm/yr, the onlap rate was ~14.6 mm/yr, leading to a horizontal convergence rate range of 10.2-14.6 mm/yr.

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

Based on the predicted propagation rates of the northern Tian Shan wedge and the onlap rates of the foreland sequences in the SJFB, we calculated the range of the horizontal convergence rates between the Junggar block and the northern Tian Shan (Fig. 11). From ~20.1 Ma to ~16.0 Ma, the range of horizontal convergence rates was 0.5-0.9 mm/yr according to the onlap rate of Shan is close to zero during this period.

Tectonic subsidence rate

We obtained the changes in the tectonic subsidence rates in the NTFB and SJFB since the Neogene, corrected for sediment loading by back stripping for the seven wells in these two basins. Wells 4, 5, 6, and 7 are located in the NTFB, with Well 4 being in the center of the foredeep and Well 7 being in the proximal foredeep (Figs. 1 and4).

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

The tectonic subsidence curves from these four wells show the maximum tectonic subsidence in the NTFB at ~3.5 km, and the convex-upward patterns of accelerating subsidence rates from ~26 Ma to the present (Table 3; Fig. 12), in accordance with the tectonic subsidence trend in typical pro-foreland basins (DeCelles and Giles, 1996; Naylor and Sinclair, 2008; Sinclair and Naylor, 2012). Wells 8, 9, and 10 are located in the SJFB, with Well 10 being in the distal foredeep and Well 8 being in the proximal foredeep. The subsidence curves from these three wells show that the maximum tectonic subsidence in the basin is ~1.2 km, with a tectonic subsidence rate faster than that of the NTFB from ~20 Ma to ~16 Ma. The subsidence rate rapidly decreased from ~12 Ma to ~5 Ma and was lower than that of the NTFB. Since ~5 Ma, the tectonic subsidence of these three wells has accelerated again, but the subsidence rate was still lower than that of the NTFB. These tectonic subsidence curves show a tectonic subsidence trend non-conforming to the characters of pro-or retro-foreland basins (Table 3; Fig. 12).

Discussion

The forelandward migration rates and subsidence history of the NTFB and SJFB are derived from the seismic profiles across these basins. Based on the migration rates and observed subsidence profiles, we used an elastic numerical model to describe the evolution of tectonic subsidence in the foreland basins combined with the formation of the southern and northern Tian Shan wedges. The modelling results reveal the evolution of the tectonic load and propagation rates of the southern and northern Tian Shan.

Deep lithospheric architecture beneath the Tian Shan unveiled by its bilateral foreland basins

The relationship between the foreland sequences onlap rates in the NTFB and SJFB and the propagation rates of the southern and northern Tian Shan thrust wedges show the plate setting J o u r n a l P r e -p r o o f characteristics of these two basins since ~20 Ma according to the foreland basin-thrust wedge theories [START_REF] Johnson | Preliminary results from a plan form kinematic model of Orogen evolution, surface processes and the development of Clastic Foreland Basin Stratigraphy[END_REF][START_REF] Sinclair | Asymmetric growth of the Pyrenees revealed through measurement and modeling of orogenic fluxes[END_REF][START_REF] Naylor | Pro-vs. Retro-foreland basins[END_REF]. The data suggests a two-stage evolution of the deep lithospheric architecture of the middle segment of the Tian Shan (Fig. 13).

From the early to middle Miocene, the Tian Shan region experienced the first stage of lithospheric evolution. On the northern side of the Tian Shan, the onlap rate of the foreland sequence in the SJFB depicted by profile AA′, ~3.1 mm/yr (VO-J in Fig. 13a) during ~20-16 Ma, was larger than the predicted propagation rate of the northern Tian Shan wedge, 2.2-2.6 mm/yr (VP-J in Fig. 13a) (Fig. 11 and Table 2). This is consistent with the characteristic of a proforeland basin where stratal onlaps onto the basin basement toward the foreland have a rate higher than the propagation rate of the coupled thrust wedge (Fig. 3 NTFB at a low rate of, ~1.6 mm/yr (VO-T in Fig. 13a), should be dominantly induced by the southward propagation of the southern Tian Shan wedge (VP-T in Fig. 13a) in this period. This reflects that the NTFB is characteristic of the plate setting of a retro-foreland basin. In addition, the tectonic subsidence rate of the SJFB during this stage is faster than that of the NTFB (Fig. 12), confirming the prediction that pro-foreland basins have rapid and accelerating subsidence, whereas retro-foreland basins have slowing subsidence [START_REF] Sinclair | Foreland basin subsidence driven by topographic growth versus plate subduction[END_REF]. Therefore, the observation that the NTFB on southern side of the Tian Shan was characteristic of a retroforeland basin, while the SJFB on the counterpart conformed to the characteristics of a proforeland basin, is consistent with the predictions of the Tian Shan's unidirectional underthrusting model (Fig. 13a). This implies that the Tarim Block beneath the retro-foreland basin likely acted as an overriding plate in this stage, while the Junggar Block beneath the pro-foreland basin as an underthrusting plate, according to the foreland basin-thrust wedge theories [START_REF] Sinclair | Asymmetric growth of the Pyrenees revealed through measurement and modeling of orogenic fluxes[END_REF] Naylor and Sinclair, 2008; Sinclair and Naylor, 2012).

The ongoing India-Eurasia collision revitalized the Paleozoic Tian Shan orogen [START_REF] Tapponnier | Propagating extrusion tectonics in Asia. new insights from simple experiments with plasticine[END_REF][START_REF] Dayem | Far-field lithospheric deformation in Tibet during continental collision[END_REF], meaning that the Tarim block (northward moving) was the 'active block' and the Junggar block was the 'passive block' during their convergence.

Lithosphere indentation and mantle subduction are two main drivers that can create and sustain intraplate orogenesis [START_REF] Ellis | Forces driving continental collision. reconciling indentation and mantle subduction tectonics[END_REF]Sun et al., 2022a). Given that the plate settings of the NTFB and SJFB reveal the Junggar block as the underthrusting lithosphere and the Tarim block as the overriding lithosphere during this period, we hypothesize that the Tarim block recessed into the Tian Shan, acting as an 'indenter' to generate Tian Shan uplift (Fig. 13a). This is analogous to the late Cenozoic intra-continental orogeny of the Qilian Shan on the northern margin of the Tibetan Plateau, which was driven by lithospheric indentation-mode convergence between the During 16-12 Ma, the predicted propagation rate of the northern Tian Shan wedge from the modelling results decreased to 0.7-0.8 mm/yr but exceeded the migration rate (0.4 ± 0.1 mm/yr) of the conglomerate-sandstone transition in the basin-fill of the SJFB imaged by seismic profiling, which is considered to be close to the forelandward onlap rate of the basins (e.g., [START_REF] Dingle | Subsidence control on river morphology and grain size in the Ganga Plain[END_REF]Li et al., 2022). This implies that the foreland onlap rate of the SJFB during 16-12 Ma could not have been higher than the propagation rate of the northern Tian Shan. When combined with the observation that the tectonic subsidence rate in the SJFB slowed down significantly between 16-12 Ma (Fig. 12), the SJFB may have become characteristic of a retroforeland basin during this period, rather than those of a pro-foreland basin [START_REF] Naylor | Pro-vs. Retro-foreland basins[END_REF]. This suggests that the underthrusting of the Junggar block may have stalled. The stratigraphic onlap rate (~1.6 mm/yr) in the NTFB during 16-12 Ma, is likewise smaller than the maximum predicted propagation rate of the southern Tian Shan wedge, of ~2.2 mm/yr. Consequently, the NTFB is still characteristic of the plate setting of a retro-foreland basin between ~16 Ma and ~12 Ma.

From the late Miocene until the present, the Tian Shan region experienced the second stage of lithospheric evolution. During this time, the stratigraphic onlap rate in the NTFB (VO-T in Fig. 13b) of ~14.6 mm/yr substantially exceeded the predicted propagation rate of the southern Tian Shan wedge of ~2.2 mm/yr from ~12 Ma to ~5 Ma, and the rate of ~4.4 mm/yr from ~5 Ma to J o u r n a l P r e -p r o o f the present (Fig. 11; Table 2). Additionally, the tectonic subsidence of the Tarim Basin accelerated significantly during this period, exceeding the subsidence rate of the SJFB (Fig. 12; Table 3). Our findings suggest that the Tarim Basin evolved into the plate setting of a proforeland basin, aligning with the typical features associated with pro-foreland basins (Fig. 3). This implies that the Tarim Block formed the underthrusting lithosphere beneath the Tian Shan (Fig. 13b). The foreland onlap rate of the SJFB (VO-J in Fig. 13b) during this period, as revealed by the conglomerate-sandstone transition migration rate (Li et al., 2022), was still smaller than the predicted propagation rate of the northern Tian Shan wedge (VP-J in Fig. 13b), which ranged from 0.4-1.9 mm/yr. Also, the tectonic subsidence rate in the SJFB decreased compared to before ~16 Ma (Table 3), which is consistent with the tectonic subsidence trend in retro-foreland basins. Therefore, the SJFB was characteristic of the plate configuration of a retro-foreland basin during this period, suggesting that the Junggar block evolved into the overriding lithosphere beneath the Tian Shan.

The change like the foreland basins on both sides of the Tian Shan after the middle Miocene indicates a shift in the convergence pattern of the Tarim Block towards the Tian Shan, from lithospheric indentation to lithospheric subduction (Fig. 13). The current unidirectional underthrusting mountain-building model of the Tian Shan unveiled by the evolution of its bilateral foreland basins is consistent with the deep architecture model in which the Tarim block's lithosphere was subducted to mantle depths beneath the southern Tian Shan (Fig. 2), as revealed by ambient noise tomography (Sun et al., 2022b). It is also in agreement with the results of the wide-angle seismic reflection/refraction profiling from Karamay to Kuqa, which show that the Moho of the Tarim block dips down to the north beneath the southern Tian Shan, while there J o u r n a l P r e -p r o o f is a continuous and flat Moho beneath the junction of the northern Tian Shan and Junggar Basin [START_REF] Zhao | Lithospheric structure and dynamic processes of the Tianshan orogenic belt and the Junggar basin[END_REF][START_REF] Gilligan | Shear velocity model for the Kyrgyz Tien Shan from joint inversion of receiver function and surface wave data[END_REF].

The migration and subsidence history of the NTFB and SJFB indicate that the Tarim block indented northward into the Tian Shan during the early to middle Miocene, triggering its uplift.

From the late Miocene to the present, the convergence pattern between the Tarim and Junggar blocks changed from lithospheric indentation to subduction, with the Tarim block presently subducting beneath the Tian Shan (Fig. 13b).

The tectonic regime of the Tibetan Plateau during this period may have influenced the transformation of the deep architecture of the Tian Shan in the middle to late Miocene [START_REF] Dayem | Far-field lithospheric deformation in Tibet during continental collision[END_REF][START_REF] Huangfu | India-Tarim lithospheric mantle collision beneath western Tibet controls the Cenozoic building of Tian Shan[END_REF]). The finite element numerical simulation reveals that the direct contact and collision between the Indian and Tarim lithospheric mantles beneath western Tibet occurred, ~30 Ma after the India-Eurasia initial collision, dominating the late Cenozoic mountain building of the Tian Shan [START_REF] Huangfu | India-Tarim lithospheric mantle collision beneath western Tibet controls the Cenozoic building of Tian Shan[END_REF]. The direct collision facilitated the compression stress transmission over a large distance from the India plate to the Tian Shan [START_REF] Calignano | Strain localization at the margins of strong lithospheric domains. insights from analog models[END_REF][START_REF] Huangfu | India-Tarim lithospheric mantle collision beneath western Tibet controls the Cenozoic building of Tian Shan[END_REF] to cause rapid uplift of the mountain range since the middle Miocene (e.g., [START_REF] Yu | Cenozoic uplift, exhumation and deformation in the north Kuqa depression, China as constrained by (U-Th)/He thermochronometry[END_REF][START_REF] Wang | Cenozoic exhumation of the Tianshan as constrained by regional low-temperature thermochronology[END_REF]. Therefore, the increase in stress transmitted from the Tarim block to the Tian Shan could be the main driver for the change of the convergence patterns from lithosphere indentation to subduction. The restriction of the southward underthrusting of the Junggar block after the middle Miocene might be a result of the re-locking of the décollement structures between the Junggar block and the northern Tian Shan wedge, due to the increased topographic load of the latter [START_REF] Burov | Surface processes and tectonics . forcing of continental subduction and deep processes[END_REF]. Furthermore, due to the encounter with deep high-density layers, the increasing resistance of the underthrusting Junggar lithospheric mantle may also limit subsequent underthrusting [START_REF] Capitanio | India-Asia convergence driven by the subduction of the Greater Indian continent[END_REF]. In One hypothesis suggests that the increasing elevation of the Tibetan plateau during the Miocene caused radially oriented compressive strain in the surrounding area, potentially influencing the transformation of the deep architecture of the Tian Shan [START_REF] Molnar | Slowing of India's convergence with Eurasia since 20 Ma and its implications for Tibetan mantle dynamics[END_REF].

Moreover, understanding the geodynamic context of the foreland basins in terms of it being a retro-or pro-foreland basin aids hydrocarbon prospectivity in the basins [START_REF] Bourrouilh | The North Pyrenean Aquitaine Basin, France-evolution and hydrocarbons[END_REF][START_REF] Naylor | Pro-vs. Retro-foreland basins[END_REF]; Allen and Allen, 2013). For example, the rapid subsidence of the NTFB during the deposition of the Kuqa Formation resulted in the under-compaction, rapid hydrocarbon generation and significant increase in the residual pressure within the source rock formations in the Bozi-Dabei natural gas field within the basin [START_REF] Yang | Formation mechanism of the Bozi-Dabei trillion cubic natural gas field Kuqa foreland thrust belt[END_REF]Wang et al., 2022). This pressure difference between the source and reservoir provided the dynamic for the migration of ultra-high-pressure natural gas into the reservoirs. The pro-foreland basin nature of the NTFB, influenced by its plate setting, determined the rapid and accelerating subsidence trend in the basin [START_REF] Yang | Formation mechanism of the Bozi-Dabei trillion cubic natural gas field Kuqa foreland thrust belt[END_REF].

Implications of modelling on topographic growth

Our modelling of the subsidence process in the NTFB and SJFB predicts that the average elevations of the southern Tian Shan were no less than ~58% and ~77% of their present height at ~13.4 Ma and ~5.3 Ma, respectively; and the northern Tian Shan's average elevations were at least ~56%, ~75%, and ~87% of their present height at ~20.1 Ma, ~16.0 Ma, and ~4.7 Ma, J o u r n a l P r e -p r o o f respectively (Figs. 8 and9). Considering that the Mesozoic Tian Shan was dominated by lowrelief and small hills localized along discrete tectonic structures (Morin et Hence, the topographic uplift before the middle Miocene could have contributed to the modern mountain building of the middle segment of the Tian Shan. Our modelling also predicts that the propagation rates of the northern Tian Shan wedge decreased by ~60% from ~16 Ma to ~5 Ma compared with ~20-16 Ma (Fig. 11; Table 2). Considering that the pro-wedge of Alpine-type orogenic belt has a faster extension rate than the retro-wedge in the growth stage [START_REF] Ellis | Forces driving continental collision. reconciling indentation and mantle subduction tectonics[END_REF][START_REF] Vogt | The role of lateral strength contrasts in orogenesis. a 2d numerical study[END_REF], this could also suggest that northern Tian Shan has transformed from a prowedge to a retro-wedge after the middle Miocene.

The predicted average propagation rate of the southern and northern Tian Shan wedge from ~5 Ma to the present is roughly double that of the period between ~12 and ~5 Ma, reflecting the accelerated the uplift of the Tian Shan since ~5 Ma. This is in agreement with the continuous acceleration of slip rates on thrust faults of the fold-thrust belts and sedimentation rates in the foreland basins on both sides of the Tian Shan since the Quaternary (e.g., [START_REF] Sun | Timing of the Tianshan Mountains uplift constrained by magnetostratigraphic analysis of molasse deposits[END_REF][START_REF] Huang | Magnetostratigraphic and rock magnetic constraints on the history of Cenozoic uplift of the Chinese Tian Shan[END_REF][START_REF] Charreau | Neogene uplift of the Tian Shan Mountains observed in the magnetic record of the Jingou River section (northwest China)[END_REF]Lu et al., 2019;[START_REF] Li | Cenozoic shortening and propagation in the Eastern Kuqa fold-and-thrust belt, South Tian Shan, NW China[END_REF]. The predicted acceleration of the topographic growth is also consistent with the imbalance between an influx of material J o u r n a l P r e -p r o o f (crustal thickening) and erosional efflux in the modern Tian Shan, the former outpaced the latter by a factor of ~10 [START_REF] Charreau | Unsteady topography in the eastern Tianshan due to imbalance between denudation and crustal thickening[END_REF].

The southern Tian Shan thrust wedge has been propagating at an average pace of ~2.2 mm/yr since ~5 Ma, which is about twice as fast as the northern Tian Shan wedge (Table 2). This difference in propagation rates between the southern and northern Tian Shan wedges agrees with the characteristics of the propagated pattern of pro-and retro-wedges [START_REF] Ellis | Forces driving continental collision. reconciling indentation and mantle subduction tectonics[END_REF][START_REF] Vogt | The role of lateral strength contrasts in orogenesis. a 2d numerical study[END_REF]. GPS observations [START_REF] Zubovich | GPS velocity field for the Tien Shan and surrounding regions[END_REF]; Shen and Wang, 2020) and balanced section studies (Hubert-Ferrari et al., 2007) reflect that the frontal fold-and-thrust belt on the southern piedmont of the southern Tian Shan (the current pro-wedge) absorbs most of the crustal shortening in the wedge, suggesting that the range growth of the southern Tian Shan appears to have been essentially sustained by frontal accretion of material from the crust of the Tarim block.

On the contrary, the northern Tian Shan's range growth, as the retro-wedge, could primarily be supported by the uplift of the hinterland (Sun et al., 2022a). The distribution of the cooling ages obtained in the same swath profile across the middle segment of the Tian Shan supports this difference in the range growth pattern between the southern and northern Tian Shan thrust wedges (Fig. 14), because samples with late Cenozoic cooling ages in the southern Tian Shan were mainly obtained from the frontal edge of the thrust wedge, whereas those from the northern Tian Shan were mainly taken from the hinterland region (Fig. 14). This reflects that the majority of exhumation events in the southern Tian Shan region occurred at the frontal area of the wedge as a typical pro-wedge, while those of the northern Tian Shan main occurred in its hinterland due to its retro-wedge-style [START_REF] Sinclair | Asymmetric growth of the Pyrenees revealed through measurement and modeling of orogenic fluxes[END_REF]. Considering that δO 18 isotopes and palynology in the Tian Shan show a stable arid climate with stable low erosion since the Oligocene [START_REF] Sun | Late Cenozoic magnetochronology and paleoenvironmental changes in the northern foreland basin of the Tian Shan Mountains[END_REF][START_REF] Macaulay | The sedimentary record of the Issyk Kul basin, Kyrgyzstan: Climatic and tectonic inferences[END_REF]Jepson et al., 2021), the distribution of exhumation events reveals J o u r n a l P r e -p r o o f that the frontal area of the southern Tian Shan wedge exhibits more active crustal shortening and uplift in comparison to its hinterland, whereas the reverse pattern is observed in the northern Tian Shan. In addition, the distribution of the cooling ages shows a southward migration of the strongest exhumation area in the southern Tian Shan towards the frontal of the wedge at ~12 Ma (Fig. 14), which may be related to enhanced lateral propagation of the southern Tian Shan thrust wedge as a result of transformation from a retro-wedge to a pro-wedge (Sun et al., 2022).

Implications on crustal shortening rates

The timing and velocity of crustal shortening absorbed by the Tian Shan can aid in understanding how deformation propagated from the southern Asian margin to remote intracontinental regions [START_REF] Tapponnier | Propagating extrusion tectonics in Asia. new insights from simple experiments with plasticine[END_REF][START_REF] Tapponnier | Oblique stepwise rise and growth of the Tibet Plateau[END_REF][START_REF] Neil | Geodynamics of the Tarim basin and the Tianshan in central Asia[END_REF][START_REF] Dayem | Far-field lithospheric deformation in Tibet during continental collision[END_REF], and paleomagnetism reveals a broad range of the crustal shortening between Tarim and Junggar lithospheres at 400±600 km [START_REF] Chen | New Cretaceous paleomagnetic poles from the Tarim Basin, Northwestern China[END_REF]. Based on the stratigraphic onlap rates in the NTFB and SJFB obtained from seismic profiles and the propagation rates of the southern and northern Tian Shan thrust wedges obtained from modelling results, we calculated the horizontal convergence rates between the Tarim and Junggar blocks since ~20 Ma, which represents the crustal shortening rates absorbed by the middle segment of the Tian Shan.

The crustal shortening rate absorbed by the Tian Shan was less than 2 mm/yr between 20-12 Ma (Fig. 11; Table 2) according to our calculations, which is only ~4% of the total convergence rate between the Indian and Eurasian continents during the same period (~50 mm/yr) as reconstructed by paleomagnetic data [START_REF] Guillot | Reconstructing the total shortening history of the NW Himalaya[END_REF][START_REF] Copley | India-Asia collision and the Cenozoic slowdown of the Indian plate. Implications for the forces driving plate motions[END_REF]. The oldest sedimentary sequence of the foreland succession in the NTFB was, deposited at ~26 Ma based on magnetostratigraphic constraints [START_REF] Charreau | Magnetostratigraphy of the Yaha section, Tarim Basin (China). 11 Ma J o u r n a l P r e -p r o o f acceleration in erosion and uplift of the Tian Shan Mountains[END_REF]2009;[START_REF] Huang | Magnetostratigraphic and rock magnetic constraints on the history of Cenozoic uplift of the Chinese Tian Shan[END_REF], indicating that uplift of the modern Tian Shan was initiated no later than ~26 Ma [START_REF] Li | Tectonostratigraphic history of the southern Tianshan, China. seismic profiling evidence[END_REF]. Hence J o u r n a l P r e -p r o o f the deformation caused by the India-Asia collision has already propagated to the Tian Shan by the Oligocene. However, the majority of the crustal shortening during this period was absorbed by the compressional and strike-slip structures in and around the Tibetan Plateau [START_REF] Tapponnier | Oblique stepwise rise and growth of the Tibet Plateau[END_REF], leaving less than 4% of the total strain to be absorbed by the Tian Shan. The crustal shortening rate of the Tian Shan increased to 10-14 mm/yr at ~12 Ma according to our calculations, accounting for around 25-35% of the total convergence rate between the Indian and Eurasian continents during the same period (~40 mm/yr) [START_REF] Guillot | Reconstructing the total shortening history of the NW Himalaya[END_REF][START_REF] Copley | India-Asia collision and the Cenozoic slowdown of the Indian plate. Implications for the forces driving plate motions[END_REF]. Low-temperature thermochronological results from the Qilian Shan in the northeastern margin of the Tibetan Plateau shows a similar fast tectonic uplift during the late Miocene (e.g., [START_REF] Zheng | Erosion, fault initiation and topographic growth of the North Qilian Shan (northern Tibetan Plateau)[END_REF]. These demonstrate that the intra-continental deformation brought on by the India-Eurasia collision led to compressive strain which was radially orientated in the region surrounding Tibet after the late Miocene [START_REF] Molnar | Slowing of India's convergence with Eurasia since 20 Ma and its implications for Tibetan mantle dynamics[END_REF], and this region developed into one of the most active tectonic zones. This kind of strain distribution mechanism tends to transfer compressive stress to the areas in the northern Tibetan Plateau, (such as the Tian Shan), and might also be related to the direct collision between the Indian lithospheric mantle and the Tarim block [START_REF] Huangfu | India-Tarim lithospheric mantle collision beneath western Tibet controls the Cenozoic building of Tian Shan[END_REF], which resulted in strain concentration in the Tian Shan. The range consequently absorbed a greater percentage of crustal shortening. Furthermore, given the continuous Cenozoic sedimentary sequences observed in the foreland basin systems on either side of the Qilian Shan orogen [START_REF] Zuza | Testing models of Tibetan Plateau formation with Cenozoic shortening estimates across the Qilian Shan-Nan Shan thrust belt[END_REF], it is likely that our research methods can be effectively employed to investigate the rates of crustal shortening and the lithospheric architecture of the Qilian Shan in future studies.

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

The optimal Te and β values in numerical modelling results

Te is a key parameter in modelling lithospheric flexural deflection. In our model, the optimal Te values were determined by minimizing the misfits between the observed and predicted subsidence profiles. The optimal value of Te for the lithosphere of the modern Tarim and Junggar blocks obtained in our modelling is consistent with the predictions derived from gravity anomalies and geothermal data. The Te value for the Tarim block is 53 km, which is quite near to the median value of 66 ± 7 km as determined by the lithospheric thermo-rheological structure [START_REF] Liu | Lithospheric thermo-rheological structure and Cenozoic thermal regime in the Tarim basin, northwest China[END_REF]. The predicted Te value of 35 km for the Junggar block is slightly lower than that (40-50 km) obtained from the flexural and rheological modelling based on Bouguer gravity anomaly data (Jiang, 2014). Considering that our profile is located in the western segment of the Junggar Basin, this difference does not contradict Jiang's (2014) prediction of a decreasing trend of the Te value of the Junggar block from the basin center to the west.

In the case of no horizontal convergence, the predicted optimal values of Te for the Tarim and Junggar blocks both increased over the late Cenozoic. Many factors that affect lithospheric rheology (e.g., geothermal condition, lithospheric composition, and mechanical weakening) may be expressed through the Te (Burov and Diament, 1995) [START_REF] Hu | Heat flow in the continental area of China. a new dataset[END_REF][START_REF] Liu | New heat flow determination in northern Tarim Craton, northwest China[END_REF], the cooling process there may have been the primary factor contributing to the increase in the Te value. Moreover, the optimal value of Te for the Tarim and Junggar blocks at ~20 Ma, ~13 Ma, and ~5 Ma is even higher than the modern Te value in cases with maximum convergence distance, C. The decrease in Te is contrary to the cooling process in the Tarim and Junggar Basin [START_REF] Qiu | Tectono-thermal evolution of the Junggar Basin, NW China. constraints from Ro and apatite fission track modelling[END_REF]Liu et al., 2006). These two predictions indicate that a larger convergence distance value leads to a larger predicted optimal value of Te. Consequently, the main factor potentially responsible for the abnormally high Te value is our possible overestimation of the convergence distance, C, since ~20 Ma in the second end-member model. The value of C is equal to the cumulative stratigraphic onlap distances, but this overlooks the onlap distance driven by the growth of the thrust wedges. Thus, the adopted values were probably too high, resulting in abnormally high values of Te from ~26 Ma to ~5 Ma. Nonetheless, if convergence is completely overlooked, the Te values for the ancient Tarim and Junggar lithospheres may be underestimated.

The modelling based on the modern tectonic subsidence profile predicts a β value of ~7.8° for the southern Tian Shan wedge, and it, together with the α value of 1.5° from the topographic swath profile, constitute the wedge angle of 9.3°. The predicted β value of 7.0° and the observed α value of 2.4° constitute the wedge angle of 9.4° for the northern Tian Shan wedge. A deep seismic-reflection profile located ~600 km west of profile BB′ (~76°E) reflects that the dip angle of the basal décollement fault beneath the junction of the southwestern Tian Shan and Tarim block is ~8.0° [START_REF] Gao | Fine crustal structure beneath the junction of the southwestern Tian Shan and Tarim Basin, NW China[END_REF], close to the predicted β value of the southern Tian Shan thrust wedge at ~83°E derived from our modelling.

According to our modelling, the wedge angles of the southern and northern thrust wedges of the Tian Shan are approximately equal, 9.3° and 9.4°, respectively. This is different from the J o u r n a l P r e -p r o o f geometry of doubly vergent orogens predicted by the sandbox and numerical simulations, which has a significantly greater wedge angle for the retro-wedge than the pro-wedge [START_REF] Vogt | The role of lateral strength contrasts in orogenesis. a 2d numerical study[END_REF]Sun et al., 2022), such as the Alpine orogen in Europe [START_REF] Sinclair | Asymmetric growth of the Pyrenees revealed through measurement and modeling of orogenic fluxes[END_REF][START_REF] Schlunegger | Climate vs. tectonics. The competing roles of Late Oligocene warming and Alpine orogenesis in constructing alluvial megafan sequences in the North Alpine foreland basin[END_REF]. This implies that both southern and northern Tian Shan could have undergone evolution stages of retro-wedge and pro-wedge, resulting in the similarity in their wedge angles. Specifically, when the Tarim block converged with the Tian Shan through lithosphere indentation before the middle Miocene, the southern Tian Shan was characterized by a retro-wedge, which tended to form a larger wedge angle, while the northern Tian Shan was characterized by a pro-wedge, that tended to form a smaller wedge angle. After the middle Miocene, the lithosphere subduction pattern replaced the convergence one, resulting in the formation of southern Tian Shan as a pro-wedge and the northern Tian Shan as a retro-wedge (Fig. 13). Consequently, the northern Tian Shan tended to form a relatively larger wedge angle, eventually leading to the current situation in which the wedge angles of the southern and northern Tian Shan are almost equal. It provides further validation for the transformation of the deep architecture of the Tian Shan revealed by the migration and subsidence histories of the coupled foreland basins.

Conclusions

The forelandward migration rates and subsidence history of the NTFB and SJFB are derived from the seismic profiles across these basins. The linear fitting of the upper envelope of the reflector terminations in profile AA′ displays that the forebulge of the SJFB migrated northward at ~3.1 mm/yr during the period of around 22-16 Ma. Based on the migration rates and observed subsidence profiles, we used an elastic numerical model to describe the evolution of tectonic subsidence in the foreland basins, combined with the formation of the southern and northern The modelling of the subsidence histories of the NTFB and SJFB also indicates that both the southern and northern Tian Shan had begun to uplift before the middle Miocene, with the orogen's height reached half of its present elevation before the late Miocene. The propagation rate of the northern Tian Shan has decreased since ~16 Ma, which may be related to the change of the subduction polarity of the Junggar block beneath the northern Tian Shan wedge. The propagation rates of the southern and northern Tian Shan have accelerated since the late Miocene. Besides, although the uplift of the modern Tian Shan was initiated at around 26 Ma, crustal shortening rate absorbed by the range was less than ~2 mm/yr between ~20 and ~12 Ma according to our calculations, which is only ~4% of the total convergence rate between the Indian and Eurasian continents during the same period. After the middle Miocene, it increased to ~10-14 mm/yr, accounting for ~25-35% of the total convergence rate, documenting that the Tian Shan has become one of the most active areas of intra-continental deformation in Asia since then.

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

Our research has revealed the subduction polarity of the Tarim and Junggar blocks beneath the middle segment of the Tian Shan. While the lateral variation of a lithospheric architecture along the range has not been fully constrained, our research provides valuable insights and information for understanding the lithospheric architecture of analogous complex intracontinental orogens. Moreover, understanding the plate setting characteristics of the two foreland basins could provide significant implications for hydrocarbon prospectivity. The pro-foreland basin records accelerated subsidence over a relatively short interval of orogenesis. In contrast, the retro-foreland basin records the full history of the basin with initial uniform subsidence during the growth of the mountain range. The average tectonics subsidence rates of the seven wells are listed in Table 3. ◼ The northern Tarim foreland basin was a retro-foreland basin, while SJFB was a pro-foreland basin before the middle Miocene, but they converted later.
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J o u r n a l P r e -p r o o f

◼ The Tarim block was an overriding plate before the middle Miocene, while the Junggar block was an underthrusting plate, but they switched roles after the middle Miocene.
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  ; Laurent-Charvet et al., 2003; Wang et al., 2007; He et al., 2021a). In the Mesozoic, the Tian Shan was reactivated in response to a series of Cimmerian collisions (e.g., the collisions of Qiangtang, Lhasa, and Karakorum blocks with Eurasia) occurring along the southern Eurasia margin (e.g., Jolivet et al., 2010; Jepson et al., 2018; Morin et al., 2019). In the late Cenozoic, the Tian Shan rejuvenated as an intra-continental orogen with high topography, caused by the far-field effect of the ongoing India-Eurasia collision (Molnar and Tapponnier, J o u r n a l P r e -p r o o f 1975; Yin et al., 1998; Dumitru et al., 2001; De Grave et al., 2007). The Tian Shan uplifts significantly in the late Cenozoic attested by low-temperature thermochronology (e.g., Hendrix et al., 1992; Dumitru et al., 2001; Sobel et al., 2006; Yu et al., 2014; Chang et al., 2017a; Wang et al., 2023). The shortening structures within the folding and thrusting belts on the north and south piedmonts of the Tian Shan's middle segment (Fig. 1) reflect the late Cenozoic horizontal convergence between the Tarim and Junggar blocks, and that the Tian Shan underwent doubly vergent thrusting over the Tarim and Junggar lithospheres (e.g., Lu et al., 1994; Deng et al., 1999; Hubert-Ferrari et al., 2007; Lu et al., 2010; Wang et al., 2011; Li et al., 2012). Geophysical surveys indicate that the Tarim lithosphere dips to the north beneath the middle segment of the Tian Shan (e.g., Zhao et al., 2003; Lü et al., 2019) and even subducts to mantle depths (Sun et al., 2022b), and they attest that the underthrusting of the Tarim lithosphere produced the uplift of the range. GPS measurements and seismicity also indicate present-day growth of this orogen and an NNW-trending convergence between the Tarim and Junggar blocks (Fig. 1) (Zubovich et al., 2010; Shen and Wang, 2020). The contrast between the Quaternary shortening rate and the denudation rate in the eastern segment of the Tian Shan shows that crustal thickening outpaced denudation and sediment outflux by a factor of ~10, indicating that the range remains in a transient state of topographic growth (Charreau et al., 2023). Numerous intermontane basins were created by a post-orogenic phase of transtensive deformation during the Permian to Late Triassic (Jolivet et al., 2010). These basins are still partially preserved from Late Triassic to present, which caused a relatively low elevation in the center of the modern Tian Shan (Fig. 1) (Charreau et al., 2017). The upliftment of modern Tian Shan above the Paleozoic and Mesozoic strata caused flexural subsidence of the NTFB and SJFB (Fig. 1; Yang and Liu, 2002) and formed the J o u r n a l P r e -p r o o f Cenozoic foreland basin system

  et al. (2019) correlated the seismic reflectors in our profile across the basin with the magnetostratigraphic studies in the southern flank of the Tian Shan (Huang et al., 2006; Charreau et al., 2009; Zhang et al., 2014) and dated the bottom of the Jidike, Kangcun, Kuqa, and Xiyu Formations as ~26.3 Ma, ~13.4 Ma, ~5.3 Ma, and ~1.7 Ma, respectively (Fig. 4). Cenozoic strata in the SJFB comprise the Ziniquanzi, Anjihaihe, Shawan, Taxihe, Dushanzi, and Xiyu Formations in an ascending order (BGMRX, 1993). The bottoms of the Shawan, Taxihe, Dushanzi, and Xiyu Formations in our seismic profile across the basin were dated at ~23.6 Ma, ~20.1 Ma, ~16 Ma, and ~4.7 Ma, respectively, by correlating the seismic reflectors with the magnetostratigraphic results in the northern Tian Shan (Fig. 4) (Charreau et al., 2005; Charreau et al., 2009; Lu et al., 2010; Wang et al., 2013).

  ; Wang et al., 2013). The foredeep sedimentary layers comprise late Paleozoic-Cenozoic strata. The Shanwan, Taxihe, Dushanzi and Xiyu Formations in the upper part of the profile constitute the Miocene-Quaternary foreland sedimentary layer, which is associated with the growth of the Tian Shan (Fig. 7; Wang et al., 2013).

  J o u r n a l P r e -p r o o f foreland sequences from ~22 to ~16 Ma should reflect the northward migration rate VO (Fig. 3) of the SJFB relative to the wedge top of the northern Tian Shan (Wang et al., 2013; Li et al., 2022). Li et al. (2019) applied the method described above to identify the onlap points in the Cenozoic foreland basin unit imaged by profile BB′ across the NTFB and calculated the migration rates of the foreland basin (Vo in Fig. 3) based on magnetostratigraphic constraints.

  The optimal width of the southern Tian Shan thrust wedge has increased from ~53 km to ~71 km from ~13.4 Ma to ~5.3 Ma with an average propagation rate of ~2.2 mm/yr, and increased J o u r n a l P r e -p r o o f from ~71 km to ~92 km since ~5.3 Ma with an average propagation rate of ~4.4 mm/yr, based on modelling results of the observed subsidence profile at ~13.4 Ma and ~5.3 Ma. The modelling results also reveal that the optimal value of the Te of the Tarim block has gradually increased from ~58 km to ~61 km from ~13.4 Ma to the present.

  When modelling the observed subsidence profiles at ~13.4 Ma and ~5.3 Ma, the horizontal convergence distance (C in the model) between the Tarim block and the southern Tian Shan wedge, was set at ~137 km and ~54 km, respectively, for the profiles at ~13.4 Ma and ~5.3 Ma according to the migration distance of the NTFB (O), as determined by seismic profiles analysis (Li et al., 2019). To restore the observed subsidence profiles at ~13.4 Ma and ~5.3 Ma to their pre-convergence positions, they were moved southward by ~137 km and ~54 km, respectively. According to the modelling, the predicted width of the southern Tian Shan wedge has remained constant at ~92 km since ~13.4 Ma, indicating a theoretical minimum propagation rate of zero.

  The modelling results of the observed subsidence profiles at ~20.1 Ma, ~16.0 Ma, and ~4.7Ma indicate that the width of the northern Tian Shan wedge has increased from ~42 km to ~53 km during 20.1-16.0 Ma with an average propagation rate of ~2.6 mm/yr, from ~53 km to ~62 km during 16.0-4.7 Ma with an average rate of ~0.8 mm/yr, and from ~62 km to ~71 km since ~4.7 Ma with a rate of ~1.9 mm/yr. The modelling results also show that from ~20.1 Ma to the present, the optimal value of the Te of the Junggar block has gradually increased from ~33 km to ~35 km.

~3. 1

 1 mm/yr and the range of predicted propagation rate of the northern Tian Shan of 2.2-2.6 mm/yr. From ~16.0 Ma to ~4.7 Ma, the range of the predicted propagation rates was 0.7-0.8 mm/yr, but the onlap rates of the foreland sequence in the SJFB are unknown during this period because the Dushanzi and Xiyu Formations are not entirely imaged in the profile AA′. Another seismic profile located ~40 km west of profile AA' shows that the conglomerate-sandstone transition in the basin-fill of the SJFB migrated northward at a rate of 0.4 ± 0.1 mm/yr from ~23 Ma to ~6 Ma along the longitude of 84°E. The forelandward migration rate of the conglomeratesandstone transition in foreland basins is thought to be similar to the forelandward onlap rate of the basins (e.g., Burbank et al., 1988; Schlunegger & Norton, 2015; Dingle et al., 2016). The migration rate (0.4 ± 0.1 mm/yr) of the conglomerate-sandstone transition in the SJFB is lower than the predicted propagation rate (0.7-0.8 mm/yr) of the northern Tian Shan wedge from ~16.0 Ma to ~4.7 Ma. Considering that the lateral variation within 40 km has little effect on migration rate magnitude, the horizontal convergence rate between the Junggar block and the northern Tian

  )[START_REF] Johnson | Preliminary results from a plan form kinematic model of Orogen evolution, surface processes and the development of Clastic Foreland Basin Stratigraphy[END_REF][START_REF] Naylor | Pro-vs. Retro-foreland basins[END_REF]. Hence, the SJFB is characteristic of the plate setting of a proforeland basin. On the southern side of the Tian Shan, the time equivalent onlap rate of the foreland sequence in the NTFB is ~1.6 mm/yr (VO-T in Fig.13a), which is only approximately half that of the SJFB. Low-temperature thermochronological studies and balanced section analyses reveal that the southern Tian Shan thrust wedge experienced at least one phase of rapid uplift, exhumation and shortening event during[START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]-16 Ma (Hubert-Ferrari et al., 2007; Yu et al., 2014; Chang et al., 2017a). This indicates that the southern Tian Shan wedge began to propagate during this stage[START_REF] Dumitru | Paleozoic and Mesozoic tectonic evolution of central Asia. From continental assembly to intracontinental deformation[END_REF] Du et al., 2007). Its propagation rate (VP-T in Fig.13a) could be on the same order of magnitude as that of the northern Tian Shan wedge (2.2-2.6 mm/yr), as indicated by the estimate of balanced sections in the southern Tian Shan fold-thrust belt[START_REF] Li | Cenozoic shortening and propagation in the Eastern Kuqa fold-and-thrust belt, South Tian Shan, NW China[END_REF], and the sandbox modelling(Sun et al., 2022a) and numerical modelling(Naylor and Sinclair, 2007) of doubly vergent orogeny. Therefore, the stratigraphic onlap in the J o u r n a l P r e -p r o o f

  J o u r n a l P r e -p r o o fQaidam block and the North China craton[START_REF] Zuza | Testing models of Tibetan Plateau formation with Cenozoic shortening estimates across the Qilian Shan-Nan Shan thrust belt[END_REF] Sun et al., 2022a). The passive underthrusting of the Junggar block beneath the Tian Shan during this stage could also be the reactivation of the Paleozoic southward subduction structures of the Junggar block beneath the northern Tian Shan, which was inherited from the late Paleozoic collision of blocks in the region[START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF][START_REF] Xiao | Paleozoic multiple accretionary and collisional tectonics of the Chinese Tianshan orogenic collage[END_REF].

  J o u r n a l P r e -p r o o f addition, during the Miocene epoch, the delamination and break-off of the Indian and Asian lithospheres resulted in the outward growth of the Tibetan Plateau (Kapp & DeCelles, 2019), which involved rapid surface uplift within northern Tibet, the Qilian and Kunlun Mountains (e.g., Molnar and Stock, 2009; Ding et al., 2022), as well as the mid-crustal channel flow and ductile extrusion of the Greater Himalaya (e.g., Mukherjee and Koyi, 2010; Mukherjee, 2013).

  al., 2019; He et al., 2021b), our modelling results suggest that average elevations of both the southern and northern Tian Shan had started to rise before the Miocene and reached half of their current average elevation by the middle Miocene. This is in agreement with the continuous cooling and exhumation in the region from the Eocene to Quaternary (e.g., Dumitru et al., 2001; Yu et al., 2014; Chang et al., 2021), which is indicated by the available apatite fission track and zircon and apatite (U-Th)/He ages varying from ~50 Ma to ~3 Ma in the region (Fig. 14) assuming a constant value of geothermal gradient in the Tian Shan during the Cenozoic (Wang et al., 2023).

  . It is unclear why these lithosphere's Te values are rising, but the results are in line with the cooling process occurring in the Tarim and Junggar Basins. The paleogeothermal gradients in the Tarim Basin decreased slowly from ~2.7 to ~2.2 °C/100 m during the Paleogene to ~2.1 °C/100 m at present (Wang et al., 1995; Liu et al., 2006; Chang et al., 2017b), and the average heat flow of the Junggar Basin decreased from ~50 mW m -2 to ~42 mW m -2 from the Cretaceous to the present (Qiu et al., 2005). The Te values are sensitive to fluctuation in the heat flow when the average heat flow is between ~40 mW m -2 and ~70 mW m -2 (Hyndman et al., 2009; He et al., 2017). Considering an average heat flow of J o u r n a l P r e -p r o o f ~44mW m -2 in the modern Tarim Basin

  J o u r n a l P r e -p r o o f Tian Shan wedges. The comparison between the migration and subsidence characters of NTFB and SJFB reveals their plate settings, which could test the three models of lithospheric architecture of the Tian Shan. Our analytical results and modelling show that the NTFB is characteristic of the plate setting of a retro-foreland basin, while the SJFB resembled a proforeland basin during the early-middle Miocene, which reveals the coeval uplift of the Junggar lithosphere and the indentation of the Tarim lithosphere beneath the Tian Shan. The plate setting of the NTFB and SJFB converted during the late Miocene to the present, implying a change in the subduction polarity of the Tarim and Junggar lithospheres. The convergence pattern between the Tarim lithosphere and the Tian Shan changed from lithospheric indentation to subduction, implying a change in the subduction polarity of the Tarim and Junggar lithospheres.
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Table 1 Table 1

 11 Lithological and decompaction parameters used in back stripping[START_REF] Sclater | Continental stretching. an explanation of the postmid-Cretaceous subsidence of the central North Sea basin[END_REF].

	Lithology	Compaction	Initial porosity	Sediment grain
		decay length D*	ϕ 0	density ρ S (g cm -3 )
		(10 5 /cm -1 )		
	Sandstone	0.27	0.49	2.65
	Shale	0.51	0.63	0.72
	Shaly sand	0.39	0.56	2.68
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Table 3

 3 

Table 3

 3 The tectonic subsidence rates of Wells 4, 5, 6 & 7 in the NTFB and Wells 8, 9 & 10 in the SJFB from back stripping. Well positions are shown in Figs. 1b and 4.

	Northern Tarim foreland basin			
			Tectonic subsidence rate (mm/yr)	
	Time (Ma)				
		Well 4	Well 5	Well 6	Well 7
	0-5.3	37.5	104.9	180.0	302.5
	5.3-13.4	8.9	27.5	51.6	108.1
	13.4-26.3	4.8	9.0	11.0	40.8
	Southern Junggar foreland basin			
	Time (Ma)	Well 8	Tectonic subsidence rate (mm/yr) Well 9	Well 10
	0-4.7	81.5	64.7		28.5
	4.7-16.0	17.8	11.0		2.3
	16.0-20.1	80	28.8		21.0
	20.1-23.6	93.1	43.4		20.1
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