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The Tianshan range, an example of an immature orogenic wedge? Evidence from active deformation and denudation rates within the intermontane basins
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The modern Tianshan mountain range resulted from the reactivation of a Paleozoic orogenic belt in response to the India/Asia collision and today the range exhibits high topography, tectonically active forelands, and intermontane basins. The distribution of crustal shortening across the range is likely controlled by inherited Paleozoic structures.. Based on quantitative morphotectonic observations and age constraints derived from cosmogenic 10 Be dating, single-grain post-infrared infrared stimulated luminescence (p-IR IRSL) dating and modeling of fault scarp degradation, we have quantified the deformation in the Nalati and *Manuscript Click here to view linked References Bayanbulak intermontane basins in the central Eastern Tianshan. Our results indicate that at least 1.4mm/yr of horizontal crustal shortening is accommodated within these two basins.

This shortening represents a significant portion (>15 %) of the 8.5±0.5 mm/yr total shortening rate across the entire range at this longitude. Accordingly, the Eastern Central Tianshan is thickening at a mean rate of ~1.4 mm/yr, a rate that is significantly higher than the average denudation rate of 0.14 mm/yr derived from our cosmogenic analysis. This discrepancy suggests that the Tianshan range has not yet reached a steady topography and remains in a transient state of topographic growth, most likely due to the arid climate, which limits the denudation rates.

INTRODUCTION

Intracontinental orogenic belts typically form single or double vergent prisms that grow from a combination of frontal accretion and underplating (e.g. [START_REF] Willett | Uplift, shortenning, and steady state topography in active mountain belts[END_REF]. In the presence of denudation, a topographic steady-state can be reached in which denudation balances crustal thickening (J. Avouac and Burov, 1996;[START_REF] Dahlen | Mechanics, growth, and erosion of mountain belts[END_REF][START_REF] Willett | Uplift, shortenning, and steady state topography in active mountain belts[END_REF]. This could result from either crustal shortening of the internal part of the range or underplating due to an accumulation of material which is then thrust under the wedge. The resulting balanced topography generally has a simple asymmetric triangular shape, with steeper slopes on the windward side of the range [START_REF] Willett | Uplift, shortenning, and steady state topography in active mountain belts[END_REF].

Here, we investigate the Eastern Tianshan in central Asia (Fig. 1), whose topography differs from these classical profiles (Fig. A) even though it is one of the largest and most active intracontinental orogenic belts in the world. The range is composed of a series of elevated ranges (> 4000 m) separated by very large E-W striking intermontane basins such as the Yili, Bayanbulak, Nalati, Turpan and Yanqi basins (Fig. 1). How this particular topography is growing, and especially whether or not it has reached a steady state, are questions that remain unresolved.

Present-day shortening rates, derived from GPS measurements across the entire range, reach 20 mm/yr in the western Tianshan and decrease progressively eastward, to a value of 8.5±0.5 mm/yr at the longitude of this study and to even lower rates further east (e.g. [START_REF] Reigber | New space geodetic constraints on the distribution of deformation in the Central Asia[END_REF][START_REF] Yang | The deformation pattern and fault rate in the Tianshan Mountains inferred from GPS observations[END_REF]. Because of the presence of inherited Paleozoic structures, this shortening is not focused on the boundaries but is instead distributed across the entire range, and significant evidence for active deformation is observed within the central part of the range [START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan: Reactivated tectonic structures and active deformation[END_REF][START_REF] Poupinet | Intracontinental subduction and palaeozoic inheritance of the lithosphere suggested by a teleseismic experiment across the Chinese Tien Shan[END_REF][START_REF] Thompson | Late Quaternary slip rates across the central Tien Shan , Kyrgyzstan[END_REF][START_REF] Wu | The Late Quaternary activity of the Nalati Fault and its implication for the crustal deformation in the interior of the Tianshan mountains[END_REF]. In the eastern part of the range, the amount and rate of internal deformation remains poorly constrained [START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan: Reactivated tectonic structures and active deformation[END_REF][START_REF] Wu | The Late Quaternary activity of the Nalati Fault and its implication for the crustal deformation in the interior of the Tianshan mountains[END_REF]. Recent denudation rates on both sides of the range are relatively low (0.2-0.4 mm/yr) [START_REF] Guerit | Denudation intensity and control in the Chinese Tian Shan : new constraints from mass balance on catchment-alluvial fan systems[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan: Reactivated tectonic structures and active deformation[END_REF][START_REF] Puchol | Limited impact of Quaternary glaciations on denudation rates in central Asia[END_REF]. Over the long term, because Cenozoic denudation is very limited, even low temperature thermochronometers are of limited use in documenting the recent exhumation history of the range, except for within the most active zones [START_REF] Dumitru | Uplift, exhumation, and deformation in the Chinese Tian Shan[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan: Reactivated tectonic structures and active deformation[END_REF]. To better understand how the Tianshan is growing and to determine whether this range has reached steady-state topography, more quantitative constraints on the distribution of deformation across the range and its evolution through time, as well as estimates of the associated denudation, are required, especially in the inner regions.

This study focuses on the Central Eastern Tianshan and investigates recent tectonics in the Bayanbulak and surrounding Nalati and Yili intermontane basins (Fig. 1). Evidence for active tectonics in this region has been reported but is poorly quantified. Here, we use different techniques to quantify deformation and denudation rates. We demonstrate that crustal thickening outpaces denudation and conclude that, despite its long geological history and high topography, the Tianshan range is still in an early stage of topographic growth due to the extremely low erosion rates in the region.

GEOLOGICAL SETTING AND EVIDENCE FOR ACTIVE DEFORMATION IN THE INTERMONTANE BASINS

After a long Paleozoic geological history, the numerous intermontane basins were created by a post-orogenic phase of transtensive deformation during the Permian to Late Triassic [START_REF] Charvet | Paleozoic structural and geodynamic evolution of eastern Tianshan (NW China): welding of the Tarim and Junggar plates[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan: Reactivated tectonic structures and active deformation[END_REF]. These basins are still partially preserved, though the range was strongly rejuvenated and shortened in the Late Cenozoic in response to the India/Asia collision (e.g. [START_REF] Tapponnier | Active faulting and cenozoic tectonics of the Tien Shan, Mongolia, and Baykal regions[END_REF], which continues today.

The Bayanbulak, Nalati and Yili basins are large intermontane troughs, situated~1500 to ~2400 m.a.s.l. (Fig. 1B) and surrounded by high elevation ranges with peaks at > 4000 m composed mainly of Paleozoic meta-sedimentary and igneous basement (Fig. 1C).

The Bayanbulak basin is located between the South Tianshan range to the south and the Narat range to the north. The northern edge of the basin exhibits clear evidence for recent deformation along several northward-dipping E-W trending parallel stepped faults and associated ~10 km long topographic scarps (Figs. 1C, 2, 3 and 4). These faults deform numerous alluvial fan surfaces that were abandoned by southward flowing rivers that drain the Narat range (Figs. 2 and3).

Located to the north, the Nalati basin is a relatively small basin trapped within the northern piedmont of the Narat Range and bound to the north by the >2000 m high Nalati range. At least two parallel reverse faults, trending roughly E-W and dipping to the south, can also be mapped within this basin (Fig. 5). The first lies at the base of the main reliefs of the Narat Range and affects Quaternary glacial deposits. The second of these faults clearly offsets the most recent alluvial sediments of the Nalati Basin (Fig. 5).

The Yili basin lies at a lower elevation north of the Nalati range and is limited to the north by the Borohoro range. The basin is relatively narrow in the east but rapidly widens toward the west in Kazakhstan. High E-W striking topographic steps can be observed along its southern border (Fig. 5D). The nearby E-W flowing Yili river located at the center of the basin might also have left E-W striking terrace risers, and thus the tectonic origin of the topographic steps might be questioned. However, the presence of reverse and convex slopes is suggestive of a tectonic origin.

SHORTENING ESTIMATES

Method

To quantify the amount of shortening across these active thrust faults, we determined the vertical throw by measuring the vertical offset of the morphological markers. A Trimble DGPS topographic device was used to acquire high resolution topographic measurements of the markers. The elevation was then corrected from the regional slope estimated at each study site, and the offset was measured directly on the corrected profiles. We considered a conservative uncertainty of 15 % on the total vertical throw to account for morphological roughness and horizontal advection of the regional slopes. The vertical throw was then converted into a horizontal component of slip using the fault dip angle. Because of poor outcrop conditions and the lack of subsurface geophysical data, we also assumed a fault dip angle of 35±10° based on outcropping faults measured in the east of the Bayanbulak basin by [START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan: Reactivated tectonic structures and active deformation[END_REF] and [START_REF] Wu | The Late Quaternary activity of the Nalati Fault and its implication for the crustal deformation in the interior of the Tianshan mountains[END_REF]. We assume that all of the faults studied are pure thrust faults as they strike approximately perpendicular to the azimuth of geodetic shortening across the range (Fig. 1) and because the strike-slip component appears to be mostly second order, at least in the basins studied [START_REF] Wu | The Late Quaternary activity of the Nalati Fault and its implication for the crustal deformation in the interior of the Tianshan mountains[END_REF].

Study sites and results

In the Bayanbulak basin, five sites were analyzed, numbered 1 to 5 from south to north. Site BBK1 is located roughly ~20 km south of Bayanbulak city, where the Kaidu River entrenches a large E-W trending anticline, abandoning two levels of fluvial terraces (Fig. 2).

The anticline is bordered to the south by a north-verging thrust (F1) that has deformed the abandoned terraces. To the northwest, site BBK2 lies at the base of the Narat Range, where a second E-W trending fault (F2) offsets a large alluvial fan that was later overlain by a younger fan at the base of the fault (Fig. 2). Two sites (BBK3 and BBK4) located roughly 25 km east of BBK2 were also studied at the base of the Narat range (Figs. 1c and3). Here, three E-W fault scarps (F3, F4 and F5) are intersected by southward flowing rivers (Fig. 3). At site BBK3, three other fault scarps (F3, F4 and F5) offset four terrace levels (T1 to T4, Figs. 3 A, B andC). Site BBK4 is located ~4 km further east along the strike of fault F3 where two terraces are affected by this fault (Figs. 3D andE). Finally, site BBK5 is located in the eastern part of the basin within a large north-south oriented valley that was entrenched within the Narat range by a tributary of the Kaidu river, which flows toward the center of the Bayanbulak basin (Figs. 1 and4). Here, one major east-west striking thrust fault (F6) offsets the alluvial deposits of the tributary. We also studied a sixth site (site N) in the Nalati basin on the northern side of the Narat range (Figs. 1 and5). Here, large recent alluvial fans trapped within the basin have been offset by a major 25 km long E-W striking fault (Fig. 6). In the Yili basin, despite strong evidence for active tectonics, the recent deposition of thick loess (e.g. [START_REF] Yi | A luminescence dating study of loess deposits from the Yili River basin in western China[END_REF][START_REF] Song | A combined luminescence and radiocarbon dating study of the Ili loess, Central Asia[END_REF][START_REF] Long | Dry early Holocene revealed by sand dune accumulation chronology in Bayanbulak Basin (Xinjiang, NW China)[END_REF] has likely changed the original geometry of the morphological markers. We were therefore unable to identify any sites where an accurate estimation of the topographic uplift would be possible.

The measured vertical throw, derived fault slip, and horizontal shortenings, together with their uncertainties, are listed in Table 1 for each of the study sites and faulted terraces.

Note that at site BBK3 (Fig. 3), we focused our analyses on terraces T2, T3 and T4 because the offset of terrace T1 was too small to be quantified precisely. We also summed the offsets of faults F4 and F5 at this site as the surface traces of these faults are very close together, suggesting that the two faults probably merge at depth. Moreover, as the terrace level cannot be traced south of F3, the uplift measured across this particular fault should be considered a minimum value. Finally, the offset of terrace T4 is only visible across fault F5 and has not been preserved elsewhere. Note also that at site BBK4, the small pressure ridges affecting terraces T1 and T2 on the left bank of the gully (Fig. 3E) are not continuous along strike and can be considered a second order feature. As such, we neglected these small ridges and quantified the terrace uplift by considering their large-scale geometries. In the Bayanbulak basin, vertical offsets preserved by offset geomorphic markers are typically of a few meters to a few tens of meters. In the Nalati basin, the fault scarps can be much higher, reaching ~45 m.

DATING OF MORPHOLOGICAL MARKERS

Cosmogenic depth profile inversion

Principle and theory

The abandonment ages of most of the alluvial surfaces were inferred from the depth distribution of cosmogenic isotope concentrations (e.g. [START_REF] Gosse | Terrestrial in situ cosmogenic nuclides : theory and application[END_REF]. In the general formula of [START_REF] Lal | Cosmic ray labeling of erosion surfaces: in situ nuclide production rates and erosion models[END_REF] used todescribe the change in 10 Be concentration (C) as a function of depth (Z), the concentration of 10 Be also depends on the time since initial exposure of the surface (in this case, the abandonment of the terrace surfaces) and on the erosion rate of the surface of the terrace. During the Late Quaternary, the region experienced strong aridification, which led to widespread deposition of loess over the pre-existing alluvial deposits [START_REF] Long | Dry early Holocene revealed by sand dune accumulation chronology in Bayanbulak Basin (Xinjiang, NW China)[END_REF][START_REF] Song | A combined luminescence and radiocarbon dating study of the Ili loess, Central Asia[END_REF][START_REF] Yi | A luminescence dating study of loess deposits from the Yili River basin in western China[END_REF]. Thus, erosion of the terraces was probably very limited. Alternatively, the loess layer may have shielded the underlying alluvial sediments. To account for potential deposition of loess and/or soil after abandonment of the terraces, we modified the general equation of [START_REF] Lal | Cosmic ray labeling of erosion surfaces: in situ nuclide production rates and erosion models[END_REF] as follows:
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where B is a "negative" denudation rate [START_REF] Braucher | Application of in situproduced cosmogenic 10Be and 26Al to the study of lateritic soil development in tropical forest: theory and examples from Cameroon and Gabon[END_REF] that represents the accumulation rate or burial rate since terrace abandonment; t represents the time since initial exposure of the surface (in this case, the abandonment of the terrace surface); C 0 is the average cosmogenic inheritance (in atoms/g);  is the decay constant of 10 Be, equal to ln(2)/T 1/2 where T 1/2 is the half-life (1.387 Ma) [START_REF] Chmeleff | Determination of the 10Be half-life by multicollector ICP-MS and liquid scintillation counting[END_REF][START_REF] Korschinek | A new value for the 10Be half-life by Heavy-Ion Elastic Recoil detection and liquid scintillation counting[END_REF]; n, m 1 , and m 2 refer to the neutrons, fast muons and slow muons, respectively; is the attenuation length of neutrons, slow muons or fast muons (~160, ~1500, ~4320 g/cm²) [START_REF] Braucher | Production of cosmogenic radionuclides at great depth : A multi element approach[END_REF]; P i is the local production rate (at g -1 yr -1 ) for the different particles;

and  is the soil density (g/cm 3 ). This formula does not apply to the sediments deposited during this sedimentation phase. To compute the concentration in these later deposits, it is necessary to assume that the exposure time of each sample is dependent on its depth (t =z/B). The equation then becomes [START_REF] Guralnik | Constraining the evolution of river terraces with integrated OSL and cosmogenic nuclide data[END_REF]:
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We assume that the few tens of centimeters of loess covering the terraces (Fig. 2) accumulated at a constant rate after terrace abandonment. This assumption is consistent with OSL dating of thick loess sections in the Yili basins (e.g. [START_REF] Song | A combined luminescence and radiocarbon dating study of the Ili loess, Central Asia[END_REF][START_REF] Long | Dry early Holocene revealed by sand dune accumulation chronology in Bayanbulak Basin (Xinjiang, NW China)[END_REF][START_REF] Yi | A luminescence dating study of loess deposits from the Yili River basin in western China[END_REF]. Additionally, we calculated end-member age estimates by assuming 1) instantaneous deposition of the entire loess layer immediately after terrace abandonment (maximum age), and 2) very recent deposition of the entire loess layer, meaning that this did not affect the cosmogenic depth profile in the underlying alluvium (minimum age; attenuation in the loess is ignored in such a case).

To derive the exposure ages from the depth profiles, we followed a Monte Carlo inversion procedure that tests thousands of parameter combinations to find the best fitting solution by minimizing the difference between the model and the data (e.g. [START_REF] Braucher | Determination of both exposure time and denudation rate from an in situ-produced 10Be depth profile: A mathematical proof of uniqueness. Model sensitivity and applications to natural cases[END_REF][START_REF] Saint-Carlier | Major temporal variations in shortening rate absorbed along a large active fold of the southeastern Tianshan piedmont (China)[END_REF].

The local 10 Be production rates for neutrons, fast muons and slow muons were scaled for local latitude and altitude according to [START_REF] Stone | Air pressure and cosmogenic isotope production[END_REF], and the local atmospheric pressures were extracted from the ERA40 dataset [START_REF] Uppala | The ERA-40 re-analysis[END_REF]. In this study, we used the SLHL (see level high latitude) production rate of 3.9±0.1 at g -1 yr -1 (compiled by [START_REF] Balco | Regional beryllium-10 production rate calibration for late-glacial northeastern North America[END_REF] and revised by [START_REF] Braucher | Production of cosmogenic radionuclides at great depth : A multi element approach[END_REF] to include the slow and fast muon contributions). The slow (0.01 at g -1 yr -1 ) and fast (0.034 at g -1 yr -1 ) muonic production rates were derived from [START_REF] Braucher | Production of cosmogenic radionuclides at great depth : A multi element approach[END_REF]. Because the study region is located at high elevation, snow cover could have an impact on the cosmogenic production rate. However, the area is in fact very arid and snow cover is limited to an average of ~12 cm during 139 days per year [START_REF] Yang | Impact of climate change on the surface water of Kaidu River Basin[END_REF]. Moreover, because snow has a very low density (~0.1 g cm -3 ), its impact on production rate evaluations can be neglected. Alluvium density was estimated by analyzing photographs of the different outcrops in order to determine the relative proportions of cobbles (Ø>1-2 cm) and sand to fine gravels. The bulk density was then calculated by attributing densities of 2.7±0.1 g/cm 3 to the cobbles and 1.9±0.1 g/cm 3 to the sand to fine gravels [START_REF] Hancock | Dating fluvial terraces with 10Be and 26Al profiles: application to the Wind River, Wyoming[END_REF].

Sampling

Sampling for cosmogenic depth profile analyses (Fig. 6 andA) was restricted to the Bayanbulak basin where the loess cover is thinnest. In the Nalati and Yili basins the loess layers are much thicker and the timing of their deposition might be highly variable (e.g. [START_REF] Song | A combined luminescence and radiocarbon dating study of the Ili loess, Central Asia[END_REF][START_REF] Long | Dry early Holocene revealed by sand dune accumulation chronology in Bayanbulak Basin (Xinjiang, NW China)[END_REF][START_REF] Yi | A luminescence dating study of loess deposits from the Yili River basin in western China[END_REF], meaning that the shielding effect cannot be properly corrected for. In the Bayanbulak basin, the sampling sites were carefully selected and the outcrops refreshed to avoid any recent re-exposure (Fig. B). At all sites selected for dating, samples were collected from the surface and from different depths in order to measure the 10 Be concentrations in the quartz. We preferentially sampled sand at depth for the cosmogenic dating, however pebbles and cobbles were collected at points near to the surface because the grain size was too coarse and the proportion of sand too low for collection of adequate quantities of sand (Figs. 6 andA in the online depository). At site BBK4, we sampled the highest alluvial surface (T2), which corresponds to a fan deposit. The deposit is composed of mixed sediment, ranging from sand to cobble in grain size, and is quite homogenous across the full thickness that was excavated. The entire site is covered by grassland, in which low vegetation grows on a 15 cm thick soil. Sampling was performed along the most recently eroded part on the modern riser of an incising river (Fig. B) down to ~9.5 m below the surface (Fig. B). In addition, four sand samples were taken at between 35 and 200 cm depth and three amalgamated cobbles samples were collected within the 15 cm of soil (Fig. B). At site BBK3, we sampled two alluvial surfaces at different locations: one at T2 and one at T3 (Fig. 2). Site BBK3-T2 was sampled on the active riser of the river, and we extracted 4 sand samples at between 45 and 400 cm depth and 2 amalgamated cobble samples that were mixed in the 25 cm of loess deposit (Fig. B). As the BBK3-T3 surface is located far from the river, we dug a hole and collected 5 sand samples at between 30 and 170 cm depth.

Both of the BBK3 terraces sampled are composed of mixed sediments ranging from sand to boulder in size. Site BBK1, located in the south, presents two terrace levels that cut through an antecedent anticline. The highest terrace (T2) at site BBK1 was covered by 30 cm of overbank deposit and 45 cm of loess at the top. We took five samples (between 80 and 280 cm depth) of the sandy fraction within the alluvial material of the terrace (composed of sand to cobble sediment), two samples from the silty part of the terrace and one from the loess part (Fig. B). To collect these samples, we dug a 280 cm deep trench in the terrace riser. The details of the sample treatment and analyses are provided in the online repository.

Results of the cosmogenic depth profile inversions

The results of the cosmogenic analyses are reported in Table A in the online repository. The cosmogenic depth profiles studied all show a classic exponential decrease in 10 Be concentration. The inversions of these profiles (Fig. 6), assuming continuous sedimentation, constrain the mean exposure time of the terraces to 64±6 ka, 22±2 ka, 91±11/9 ka and 88±7/6ka for the sites BBK4, BBK3-T2, BBK3-T3 and BBK1-T2, respectively (Fig. 6). The hypothesized end-member ages, which assume either instantaneous deposition of loess after terrace abandonment or only recent deposition, bracket these ages to within less than 20 % error (Fig. 6).

Single-grain p-IR IRSL dating of loess deposits

To better constrain the age of the loess deposit shielding the cosmogenic dated surfaces in the Bayanbulak basin, we also carried out single-grain post-infrared infrared stimulated luminescence (p-IR IRSL) dating of K-feldspar grains (e.g. [START_REF] Thiel | Luminescence dating of the Stratzing loess pro fi le ( Austria ) e Testing the potential of an elevated temperature post-IR IRSL protocol[END_REF]. We collected one sample at site BBK1 (Fig. 1) where terrace T2 is covered by a 70 cm thick layer of loess. The sample was taken immediately above the alluvial deposits at the base of the loess layer (~70 cm below the surface). The silty/loess material was sampled in a metallic pipe and rapidly shielded using black tape. The detail of the ample treatment and measurement are given in the Online repository.

The fading-corrected age of the sample constrains the abandonment age of BBK1-T2 to 38.7±4.9 ka (Table B and Fig. C). This sample was collected from within the silt/loess cover that caps the terrace deposit and therefore provides a minimum estimate for the timing of terrace abandonment. The IRSL age of ~38 ka is significantly younger than the age derived from the cosmogenic depth profile (Fig. 6). This discrepancy might reveal a complex history of sedimentation/erosion in the time since abandonment of the terrace. Several scenarios are possible, including a hiatus in loess deposition between terrace abandonment at ~88ka to ~38 ka characterized by either non-deposition of loess and/or erosion of the river. These uncertainties therefore make it difficult to constrain the true abandonment age of this particular terrace between ~88ka to ~38 ka. At BBK1 and BBK2, the thickness of loess is relatively low and the associated uncertainties are consequently lower. At these two sites, the hypothetical maximum and minimum abandonment ages (calculated by assuming either instantaneous deposition of the entire loess layer immediately after terrace abandonment, or very recent deposition of the loess, respectively) are similar (Fig. 6).

Diffusion across fault-scarps

Methods

We also constrained the ages of some of the terraces that were not sampled for cosmogenic analysis or IRSL dating, by quantifying the fault scarp degradation. The topographic shape of a scarp affecting a terrace surface reflects the interplay between faulting and degradation by erosion. The scarp topography therefore a function of the fault activity and dip, the age of the terrace, and surface processes [START_REF] Arrowsmith | Morphologic dating of scarps formed by repeated slip events along the San Andreas Fault, Carrizo Plain, California[END_REF][START_REF] Avouac | Active tectonics in southern Xinjiang, China: analysis of terrace riser and normal fault scarp degradation along the Hotan-Qira fault system[END_REF][START_REF] Nash | Morphological analysis of degraded normal fault scarps[END_REF]. In the absence of gullying or shallow landslide processes, downhill mass transfer across the scarps is generally assumed to occur through diffusion-like processes (i.e. the transfer is assumed to be proportional to the local topographic slope). If the diffusion coefficient that controls the mass transfer efficiency is known, then the scarp profile can be inverted in order to determine/decipher the terrace age. However, unlike terrace risers, the profile of an active tectonic scarp maintains steeper slopes around the piercing point of the fault and by consequence maintains a more triangular (and therefore less gaussian) shape of the slope transverse profile (e.g. [START_REF] Avouac | Active tectonics in southern Xinjiang, China: analysis of terrace riser and normal fault scarp degradation along the Hotan-Qira fault system[END_REF].

In order to unravel the scarp age from diffusional profiles, we built a numerical model based on incremental fault activity with surface rupturing, associated with an interseismic period during which the diffusion erosional processes degrade the refreshed scarp. We assumed that after each rupture, the overhanging part of the scarp collapses vertically onto the the footwall surface. We also assumed that any new ruptures would break the surface at the piercing point of the previous rupture. During interseismic periods, the diffusion equation is solved iteratively through a finite difference scheme. Thus, in our model, the evolution of a given reverse fault scarp depends on five parameters, including 1) the coseismic slip increment, 2) the fault dip, 3) the initial uniform slope of the terrace surface, 4) the time of its abandonment, and 5) the diffusion coefficient. The initial slope of the faulted surface can be estimated from the far field profile elevation across the fault. Based on paleoseismic evidence from active faults further west in Kyrgyztan [START_REF] Thompson | Late Quaternary slip rates across the central Tien Shan , Kyrgyzstan[END_REF], we considered series of 0.5 to 2.5m slips that were generated on a single fault plane dipping at 35+/-5°. Though the total deformation rate is greater in this region, the range of slip values considered is large enough to correspond to the eastern part as well. Thus, if either the time of abandonment or the diffusion coefficient is independently known, the other can be determined by adjusting the model to the elevation data using a least square procedure. In both cases, the confidence intervals for the diffusion coefficient or the terrace age were defined by considering a mean square deviation (between the measured elevations and the modeled elevations) within 5 cm of the minimum misfit (see Fig. 4 of [START_REF] Avouac | Analysis of scarp profiles: Evaluation of errors in morphologic dating[END_REF]).

Calibration of the diffusion

The analysed profiles were carefully selected from field observations and satellite image analyses in order to avoid non-diffusive processes across the tectonic scarps, for example shallow landslides with partial scarp collapse, stream incision and gullying, loess deposition, or alluvial fan deposition from a lateral stream along the scarp footwall.

In order to calibrate the diffusion coefficients, we selected five fault scarps where the ages of the affected alluvial terrace had already been determined from the cosmogenic depth profile inversion (see example in These included sites BBK3 and BBK4, where two faults and their associated scarps were analyzed. The calibration results are given in Table 1 and are plotted against the ages of the terraces in Figure 7B. The coefficients range from 8 +6.6 / -3.3 m 2 /ka to 13 +7.8 / -7.3 m 2 /ka with a weighted average value of 10.3±1.4 m 2 /ka, and do not display any obvious change between the old and young terraces. However, these consistent values are higher than other estimates in the northern Tianshan [START_REF] Avouac | Analysis of scarp profiles: Evaluation of errors in morphologic dating[END_REF][START_REF] Wei | Evaluating fluvial terrace riser degradation using LiDAR-derived topography: An example from the northern Tian Shan, China[END_REF], a difference that might be related to variations in the local climate (for example, a colder climate in our study area).

In all cases, the whole height of the scarp was considered, including any pressure ridges present at the tops of the scarps (Fig. 7A and Fig. D). The absence of significant variations in diffusion with time or scarp elevation, as well as the low discrepancy, at least within the confidence intervals, between values calculated for the two sites, suggests that, in this particular region, the diffusion processes are relatively steady and are spatially uniform.

Even though the analysis above is based on only five profiles, and thus more scarps would need to be included to obtain a higher statistical relevance, we consider these preliminary results to be sufficiently robust to be used for dating other fault scarps.

Dating fault-scarps and sensitivity of the age inversion

The elevation profiles were inverted to date the scarps in the western part of the Bayanbulak basin (BBK2), in the central part of the basin at site BBK3 across fault F5 (terrace T4) and at BBK4 across fault F3 (terrace T1), in the eastern part of the basin (BBK5), and finally in the Nalati basin (site Narat1). The results of the profile inversion are presented in Figure 7 and the ages derived from this analysis are given in Table 1.

As the morphological dating was based on a series of model assumptions and parameters, we tested the sensitivity of the model by modifying several of these assumptions: multiple instead of single points, the presence of a pressure ridge at the top of the scarp, and non-linear diffusion processes when slopes approach the stability angle of repose (Fig. E). In all of the cases tested, these complexities did not significantly affect our scarp age estimates andin each case, ages were overestimated by no more than 20% (see online depository). The derived slip rates must therefore be considered as minimum values. For the Nalati scarp, the ~1.4 Ma age is much older than in the Bayanbulak basin. On such a time scale, we cannot xclude any changes in diffusion efficiency, or loess deposition, that could have significantly biased our age estimates. However, even if true age would be two or three times younger than the present estimate, the shortening rate would still be limited to a relatively subdued value of ~0.1 mm/yr, a value too low to have a significant impact on the shortening budget across the inner Tianshan.

DENUDATION RATES FROM COSMOGENIC ANALYSES

The average denudation rate of an entire drainage basin can be estimated by measuring the mean cosmogenic nuclide concentration in a river sand at the basin outlet and estimating the average basin-wide rates of 10 Be production (at/g/yr) by neutrons, slow muons and fast muons [START_REF] Brown | Denudation rates determined from the accumulation of in situ produced 10Be in the Luquillo experimental forest, Puerto-Rico[END_REF].

The mean cosmogenic concentration was initially derived from the inherited concentrations derived from the depth profile inversion. These values may represent the average concentrations of cosmogenic nuclides shed by the rivers at the time of terrace fill accumulation. However, the sediments deposited at site BBK1 were transported by the larger Kaidu river, which meanders through the Bayanbulak basin within a large flood plain where complex sedimentrecycling likely occurred. These concerns are also consistent with the higher inherited concentration measured in the BBK1-T2 depth profile (Fig. 6), which suggests a significant contribution of highly concentrated and enriched in 10 Be flood plain sediments. As it is difficult to correct for such contamination, we limited our analyses to sites BBK3 and BBK4, where any contamination was likely negligible due to the greater transport distance from the hills. To complement the denudation rates derived from the inherited concentrations, we also collected 3 samples of present-day sand from rivers draining the internal ranges of the Tianshan (Fig. 1C and Fig. F). These samples were treated and measured in the same way as for the depth profile samples, and the results are reported in Table A.

In all cases, denudation rates were estimated using present-day cosmogenic production rates. Because the terraces studied are relatively young (Fig. 6) we can assume that the drainage basins have not changed significantly since the accumulation of the terrace fill.

However, for site BBK4, the profile was collected in a small gully that cuts the fault scarps and therefore the drainage basin at the time of terrace abandonment is undefined. The present watershed of the closest river is relatively small (11.7 km²) and it is possible that the sediments analyzed actually have originated from an alluvial fan shed from a larger catchment area located to the east, three times bigger than the present one (Fig. D). We therefore considered both of these possibilities in our calculation, though this has little impact on the absolute value of the production rate (Table 2).

The basin-scale average cosmogenic production rates were computed in ArcGIS, using an in-house plug-in which averages the local production rates of each point in the study basin. The local production rates were also calculated using a sea level high-latitude (SLHL) 10 Be production rate of 3.9 ±0.1 (compiled by [START_REF] Balco | Regional beryllium-10 production rate calibration for late-glacial northeastern North America[END_REF] and revised by Braucher et al. (2011) to include the slow and fast muons contribution), scaled according to [START_REF] Stone | Air pressure and cosmogenic isotope production[END_REF] for the local latitude and altitude derived from SRTM at 90 m resolution. We also included a correction factor for shielding by the surrounding topography in our calculations (see Table 1). The latter was computed for each individual pixel of the D.E.M. using the ArcGIS(R) tools developed by [START_REF] Codilean | Calculation of the cosmogenic nuclide production topographic shielding scaling factor for large areas using DEMs[END_REF], which use a relief shadow modeling technique to identify the area of obstructed radiation.

Finally, in order to estimate the uncertainties in the denudation rates, we propagated errors in the cosmogenic production rates and the measured concentrations by assigning an uncertainty of 9 % to the spallogenic production parameters [START_REF] Balco | Regional beryllium-10 production rate calibration for late-glacial northeastern North America[END_REF] and a conservative value of 50 % for both types of muons. The results are reported in Table 2 along with the cosmogenic production rates and correcting topographic factors. In the central Tianshan, our denudation rate estimates range from 0.08 to 0.27 mm/yr (Table 2) with an average of 0.14±0.1mm/yr. The two paleo-denudation rates at 22 ka (BBK3) and 64 ka (BBK4) are similar to the present-day rates, suggesting no changes in denudation during the late Pleistocene.

DISCUSSION

Shortening rates and the distribution of deformation

Using our estimates of the amount of shortening and the terrace abandonment ages, we calculated the shortening rates at each study site (Table1). Over the last ~100 kyr, the total crustal shortening across the Narat range between the Bayanbulak and the Nalati basins reaches 1.36±0.70mm/yr, suggesting that the shortening accommodated across this internal range represents a significant fraction (possibly at least ~15 %) of the total ~8.5 mm/yr crustal shortening across the entire Tianshan. While our crustal shortening rates should be treated with some degree of caution because of the large uncertainties in the fault dip angles, they would nevertheless remain significant (>0.5mm/yr) even if the angles of the faults were steeper (60°). Moreover, it is likely that active deformation exists on the southern side of the Yili basin as well (Fig. 5), though the detection of potentially active faults from field observations or satellite images remains difficult here due to the high and rugged topography in this part of the range. The 700 km long Bolokenu-Aqikekuduk (Bo-A) and Kashi river fault zones present additional evidence for Late Quaternary deformation and also experienced strong earthquake activity in the recent past (M=7.4 in 1944 and M=8 in 1812) [START_REF] Fang | Relocation of the 2012 M s6.6 Xinjiang Xinyuan earthquake sequence[END_REF][START_REF] Shen | Characteristics of the Late Quaternary right-lateral strikeslip movement of Bolokenu-Aqikekuduk fault in northern Tianshan Mountains, NW China[END_REF]. These observations support our conclusion that a significant fraction of the active deformation is accommodated within the central part of the Eastern Tianshan.

In the Western Tianshan, GPS velocity measurements [START_REF] Yang | The deformation pattern and fault rate in the Tianshan Mountains inferred from GPS observations[END_REF] indicate that 55 % of the present-day crustal shortening across the range (~20 mm/yr) is distributed along the North and South piedmonts and that 45 % is distributed within the central part of the range (9 mm/yr, [START_REF] Thompson | Late Quaternary slip rates across the central Tien Shan , Kyrgyzstan[END_REF]. In the easternmost Tianshan, the distribution of deformation across the range remains unknown but evidence for crustal shortening is also found within the central part where ~1 mm/yr of shortening is accommodated in the Turfan and Yanqi basins [START_REF] Shen | Characteristics of the Late Quaternary right-lateral strikeslip movement of Bolokenu-Aqikekuduk fault in northern Tianshan Mountains, NW China[END_REF]Huang et al., 2014). Therefore, our the results of our study, together with previous findings, suggest that 15 to 45 % of the total shortening across the range is accommodated by the inner structures.

Growth of the Tianshan range: crustal thickening vs. denudation rates

Along the transect studied, the eastern Tianshan is around ~270 km wide and the average thickness of the crust on either side of the range is estimated to be ~50 km [START_REF] Cotton | Crustal and upper-mantle structure under the Tien Shan from surface-wave dispersion[END_REF][START_REF] Poupinet | Intracontinental subduction and palaeozoic inheritance of the lithosphere suggested by a teleseismic experiment across the Chinese Tien Shan[END_REF]. In assuming a simple 2D conservation mass across the wide range, and also assuming that the width of the range is constant or increases at a negligible rate, a total shortening rate between the Tarim and the Junggar basins of 8.5±0.5 mm/yr [START_REF] Yang | The deformation pattern and fault rate in the Tianshan Mountains inferred from GPS observations[END_REF] would lead to an average crustal thickening rate of about 1.6 mm/yr. It is interesting to compare this value with the rate of erosion at the scale of the entire range. Along the northern and southern Tianshan piedmonts, the average denudation rates derived from cosmogenic analyses in foreland sediments or mass balance in alluvial fans ranged from 0.1 to 0.6 mm/yr during the Late Pleistocene [START_REF] Charreau | Paleo-erosion rates in Central Asia since 9Ma: A transient increase at the onset of Quaternary glaciations? Earth Planet[END_REF][START_REF] Guerit | Denudation intensity and control in the Chinese Tian Shan : new constraints from mass balance on catchment-alluvial fan systems[END_REF][START_REF] Puchol | Limited impact of Quaternary glaciations on denudation rates in central Asia[END_REF]. Therefore, at the scale of the whole range the crustal thickening significantly outpaces the denudation. In the central part of the range, based on the ~1.4 mm/yr of shortening accommodated across the Narat range and assuming pure shear deformation distributed over a width of ~50 km (from the center of the Bayanbulak basin to the center of the Nalati basin) and uniformly down to the moho (~50km), we obtain a broadly similar crustal thickening rate of ~1.4 mm/yr across this particular range. This value is ten times greater than the average denudation rate of 0.14 mm/yr that we found in the central part.

Therefore, the crustal thickening rate in the Eastern Tianshan is significantly greater than the average denudation rates, at both the regional scale and at the scale of the central part of the range. This disequilibrium is likely due to the arid climate in the region, which possibly limits the denudation [START_REF] Guerit | Denudation intensity and control in the Chinese Tian Shan : new constraints from mass balance on catchment-alluvial fan systems[END_REF]. The topography of the range has therefore not yet reached steady-state topography: in addition to probable lateral growth by outward propagation of deformation along the southern and northern piedmonts, the range continues to grow mostly by activating internal deformation. Given the difference between the average thickening rates and the average denudation rates, the net growth rate of crustal thickness would therefore be ~1.25 mm/yr, and the mean surface of central Tian Shan would gain 0.2 mm per year or 200 m per Myr.

The calculated thickening rate across the whole transect of eastern Tianshan range is similar to that calculated across the internal Narat range. This might suggest homogeneous shortening and thickening at the scale of the range. However, to confirm this hypothesis, a complete description of the fault activity across the range, and more importantly a good understanding of the thickening process in the middle and lower crust, by overthrusting, underplating, or viscous flow, would be required Nevertheless, we note that at the surface, deformation of the inner range seems to preferentially occur along inherited Paleozoic structures and crustal weakness zones that were reactivated during the Cenozoic Indo-Asian orogeny [START_REF] Dumitru | Uplift, exhumation, and deformation in the Chinese Tian Shan[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan: Reactivated tectonic structures and active deformation[END_REF][START_REF] Poupinet | Intracontinental subduction and palaeozoic inheritance of the lithosphere suggested by a teleseismic experiment across the Chinese Tien Shan[END_REF]. These structures probably focused the deformation along a number of separated active zones, resulting in the presence of large undeformed areas inbetween these zones [START_REF] Dumitru | Uplift, exhumation, and deformation in the Chinese Tian Shan[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan: Reactivated tectonic structures and active deformation[END_REF]. In the case of such strong structural inheritance, the long term crustal shortening of the range could lead to the closure of all intermontane basins in the Tianshan, gradually leading to a state of dynamic equilibrium and steady-state topography. As suggested by a mean surface uplift rate of 200m/Myr, the time needed to reach this equilibrium might be very long due to the very low denudation in this arid region (J.-P. Avouac and Burov, 1996). However, since the Tianshan range is already relatively high and large, it might never reach the final doublevergent wedge shaped morphology, but may instead evolve toward an orogenic plateau due to the thermomechanical strength limit of thickened crust (e.g. [START_REF] Vanderhaeghe | Evolution of orogenic wedges and continental plateaux: insights from crustal thermalmechanical models overlying subducting mantle lithosphere[END_REF].

CONCLUSION

Our results indicate that in the central eastern part of the Tianshan range the crustal thickening outpaces denudation. This is also likely true at the scale of the whole Tianshan.

More systematic estimates of the denudation rates across the range, as well as estimates of the slip rates on several unstudied thrusts, are now required to more precisely estimate the balance between thickening rate and denudation. Moreover, our thickening rates remain first order estimates based on simple 2D conservation mass and simple shear across the range. More accurate calculations in the future should consider sediment recycling and erosion within the piedmont as well as enlargement rate of the range. Nevertheless, the Tianshan appears to represent a reference case of a range experiencing distributed deformation induced by inherited crustal heterogeneities and non-steady-state topographic growth, possibly because of low denudation in this arid region. Note that all of the fine sediments (silt, loess, soil) were considered to have a bulk density of 1.6±0.2 g/cm 3 and that their real thicknesses were converted to a theoretical thickness corresponding to the densities of the respective terraces. The inset diagrams show the misfit plots for both the age and inheritance values. Tables Table 1: Age, uplift and shortening rates for each of the deformed surfaces dated in the study.

Figure captions:

Table 2: Denudation rate data, including the basin average cosmogenic production rates and topographic factors, the inherited concentrations of 10 Be derived from the cosmogenic depth profiles, and the calculated denudation rates. 

  Fig. 7A and all results in Fig. D in the online depository).

Figure 1 :

 1 Figure 1: A: structural map of the eastern Tianshan (GPS velocities relative to stable Eurasia from Yang et al., 2008). B: interpretative cross section. C: Geological map of the Bayanbulak basin. In Figure 1c, the labels 1, 2, 3, 4 and N refer to the study site and to Figures 2A, 2B, 3A, 3B, 4 and 6 in the main text, respectively. D: Interpretative cross section of the Bayanbulak basin. E: Topographic slope attitudes across the eastern Tianshan. Elevation data were extracted from the 1 arc second SRTM dataset, along a N10°E 10 km stacked profile crossing the Bayanbulak and eastern termination of the Yili basin.

Figure 2 :

 2 Figure 2: satellite images of sites BBK1 (A) and BBK2 (B) and DGPS elevation profile on both sites projected onto a line perpendicular to the fault scarps (C). In BBK1 the elevations are given relative to the Kaidu river. The star and the colored lines indicate the location of the cosmogenic depth measurement and the topographic profiles, respectively.

Figure 3 :

 3 Figure 3: A: Satellite image of site BBK3 (Fig.1C for location). B: DGPS elevations relative to the river that formed the alluvial surfaces at site BBK3 (projected onto a line perpendicular to the fault scarps). C: Field photograph of the western river bank at site BBK3 showing the different terrace levels. D: Satellite image of site BBK4 (see Fig.1C for location). E: B: DGPS relative elevations to the river of the alluvial surfaces in site BBK4 (projected onto a line perpendicular to the fault scarps). The stars and the colored lines indicate the location of the cosmogenic depth measurement and the topographic profiles, respectively.

Figure 4 :

 4 Figure 4: Satellite image of the tributary valley located in the eastern part of the Bayanbulak basin, where alluvial deposits are offset by fault F6. The enlargement shows the site studied (BBK5) and the location of the DGPS profile (not corrected from the regional slope) shown in the inset diagram above. The red line indicates the locations of the topographic profiles.

Figure 5 :

 5 Figure 5: A: Topographic map of the Nalati and Yili basins (see box 6 in Fig 1C). The black arrows indicate active tectonic scarps associated with south dipping reverse active faults. The white line shows the location of a 4 km long stacked topographic profile. B: Panorama and DGPS profile of a cumulated fault scar within the Nalati basin that has been uplifted by 60 m (see location in figure DA). C: 4 km long stacked topographic profile across the Nalati and Yili basin. D: Panorama of the southern border of the Nalati basin and Narat Range, displaying active fault scarps.

Figure 6 :

 6 Figure 6: 10 Be cosmogenic concentrations as a function of depth for each of the four sites analyzed.

Figure 7 :

 7 Figure 7: Diffusion analyses of the fault scarps. A: Calibration of the diffusion coefficient across fault F3 at site BBK3. The diagram shows the changes in elevation measured across the studied fault scarps using DGPS (black crosses). The blue dashed line shows the best fit model determined using the least squares procedure. The inset diagram to the right provides the misfit variations (calculated difference between the modeled topographic profiles and the observed elevations) against the diffusion coefficient k. The inset diagram to the right compares the observed slope (filled circles) to the best-fit modeled slope (in blue) across the scarps. B: Diffusion coefficient k against the ages of the uplifted terraces. C to G: Topographic profile inversions used to date the scarps.
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 8 Figure 8: Geological cross sections and balance between crustal thickening and denudation
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	Offset terrasse/DGPS profile	Cosmogenic or IRSL age	Uplift		Diffusion age Uplift rate Slip Horizontal shortening	Slip rate	Horizontal shortening rate
		(ka)	(m)	(m 2 /ka)	(ka)	(mm/yr)	(m)	(m)	(mm/yr)	(mm/yr)
	BBK1 Fault 1								
	T2 T2(IRSL)	88±6/7 39±5	9.5±1	n.a n.a		0.11±0.02 17±5 0.24±0.05	14±5 14±5	0.19±0.06 0.42±0.14	0.15±0.06 0.35±0.15
								mean:	0.31±0.1	0.25±0.1
	BBK2 Fault 2								
	Profile west		11±2		158±30/80	0.07±0.04 19±6	16±6	0.12±0.07	0.1±0.06
	Profile east		7±1		84±30/50	0.08±0.05 12±4	10±4	0.15±0.1	0.12±0.09
								mean:	0.13±0.08	0.11±0.07
	BBK3 Fault 3 (south)							
	T2	22±2	3±0	8±3.3/6.6		0.14±0.02 5±2	4±2	0.24±0.07	0.19±0.08
	T3	91±9/11	17±3 12±3.6/7.5		0.19±0.04 30±9	24±10	0.33±0.1	0.27±0.11
								mean:	0.28±0.09	0.23±0.1
	BBK3 Fault 4 (center) & Fault 5 (north)						
	T2	22±2	6±1	13±7.3/7.8		0.27±0.05 10±3	9±3	0.48±0.14	0.39±0.16
	T3	91±9/11	18±3 12±3.8/4.9		0.2±0.04 31±9	26±10	0.34±0.11	0.28±0.12
								mean:	0.41±0.13	0.34±0.14
	BBK3 Fault 5								
	T4		25±4		103±54/61*** 0.25±0.14 44±11	36±14	0.42±0.25*	0.35±0.23*
	BBK4 Fault 3								
	T1		3.5±1		13±7/6	0.27±0.15 6±2	5±2	0.47±0.29	0.38±0.26
	T2	64±6	11±2 9±2.2/4.2		0.17±0.03 19±6	16±6	0.3±0.09	0.25±0.1
								mean:	0.38±0.19	0.31±0.18
							mean of fault 3**: 0.33±0.14	0.27±0.14
	BBK5 Fault 6								
			9±1		54±17/19	0.17±0.06 16±5	13±5	0.29±0.13	0.24±0.13
	Nalati basin								
	Profile Narat1E		45±7		1393±249/268 0.03±0.01 78±23	64±26	0.06±0.02	0.05±0.02
								Total:	1.66±0.72	1.36±0.71
	*not included in the total							
	**includes sites BBK3 and BBK4						
	***inverted using local calibration of K from terraces BBK3-T2 and BBK3-T3			
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					Production rates		
	Watershed	Average Altitude (m)	Topographic factor	Neutrons (at g -1 y -1 )	Slow muons Fast muons (at g -1 y -1 ) (at g -1 y -1 )	Denudation rate (mm/yr)
		Paleo-denudation from inherited concentration in terraces		
	BBK4 bv1 (64 ka)	3071	0.998	37.94	0.03	0.06	0.12±0.01
	BBK4 bv2 (64 ka)	3166	0.995	39.99	0.03	0.06	0.13±0.01
	BBK3-T2 (22ka)	3155	0.996	39.73	0.03	0.06	0.13±0.01
			Present denudation from river bed samples		
	Yili	2694	0.995	31.07	0.03	0.06	0.27±0.03
	BBK	3155	0.996	39.73	0.03	0.06	0.08±0.00
	BBKS	3404	0.992	45.71	0.04	0.07	0.12±0.01
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