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Abstract

In Central Asia, numerous fragments of planation surfaces are visible within the present day
topography. However, their precise timing of formations is still poorly constrained and it is
not clear if they are remnants of a single extensive planation surface or if they represent
different planation episodes. By reconstructing the landscape evolution of the Tian Shan
region and by analyzing the relations between the planation surfaces preserved within the
eastern Tarim Basin and the sedimentary record, we demonstrate that the numerous erosional
surfaces preserved within the Tian Shan Range represent different episodes of surfaces
genesis. These erosion events span from the late Paleozoic to the Early Cenozoic. The
widespread preservation of large fragments of these surfaces within the Tian Shan Range
implies that this region did not undergo strong relief building during most of its Mesozoic
evolution but was dominated by plains associated to small hills along episodically active

discrete tectonic structures. Finally, the preservation of these surfaces within the active Tian



Shan Range implies a long-term, strong non-equilibrium state of the topography during its
Cenozoic evolution. This was probably promoted by the arid to semi-arid climate prevailing

since the Late Paleogene onset of relief building.

Keywords: Tian Shan; Geomorphology; Central Asia; Topographic evolution; Planation

surfaces

1. Introduction

Planation surfaces are of major importance for reconstructing the morphological evolution of
a region, as well as its tectonic and climatic history. Indeed, the development, preservation or
destruction of these surfaces are strongly linked to geodynamic cycles and climate changes
(Peulevast and Sales, 2006; Calvet et al., 2015). In turn, regional to continental-scale flat
lands can have a major influence on climate by preventing orographic effects or on
sedimentary systems by limiting the sediment flux exported to the nearby basins. In Central
Asia, planation surfaces or paleosurfaces (Widdowson, 1997) are ubiquitous within the
topography, including the active ranges such as in Mongolia (De Grave et al., 2007; Jolivet et
al., 2007), Siberia (De Grave and Van den haute, 2002; Jolivet et al., 2013), Tian Shan
(Burbank et al., 1999; Cunningham et al., 2003; Sobel et al., 2006a; De Grave et al., 2007;
Jolivet et al., 2010) or Tibet (Clark et al., 2006). They correspond to nearly flat surfaces
truncating heterogeneous crystalline or sedimentary substratum of widely varying age. Dating
the formation of these erosive features is a challenge. Their relative chronology is usually
inferred from (1) their geometric relation with dated rocks (volcanic, plutonic or sedimentary
rocks; e.g. Bessin et al., 2015), and (2) low-temperature thermochronology data constraining
the timing and amplitude of major exhumation/burial events and thus providing information
about the maximum or minimum age of erosional landscapes (e.g. Jolivet et al., 2007; Japsen

et al., 2014). Planation surfaces can also be preserved within sedimentary basins as large



unconformities (e.g Coltorti et al., 2007). The latest can subsequently be exhumed by
stripping of the less resistant overlying sedimentary covers (e.g. Burbank et al., 1999; Sobel et

al., 2006a).

In the Tian Shan area (Fig. 1), planation surfaces are widely observed and their estimated
timing of genesis range from the Early Jurassic (Jolivet et al., 2010; De Grave et al., 2011) up
to the Late Cretaceous — Paleogene (Cunningham et al., 2003). This very wide timing of
formation throughout the region raises questions about the meaning of these surfaces in terms
of continental-scale geodynamics, surface genesis and preservation. /A fundamental question
is thus to determine whether the planation surfaces visible within the Tian Shan region are

remnants of a unique widespread surface or if they represent different planation episodes.

To address this question, we mapped the planation surfaces preserved within the Tian Shan
Range and compiled both low-temperature thermochronology and stratigraphic data available
for this region to constrain their age of formation. We also used seismic profiles from the
eastern Tarim Basin (Fig. 1) to describe and investigate the morphological signature and
geometrical relations of the buried planation surfaces preserved as unconformities within the
basin. By crossing those observations in the range and the basins, we were thus able to clarify
the timing of the erosional surfaces preserved within the Tian Shan area, and its implications

in term of regional topographic and tectonic evolution.

2. Geological settings

The Tian Shan is an intracontinental range about 2000 km long, 200 to 400 km wide and up to
7400 m-high, with a landscape displaying both high mountain peaks and relatively low relief
areas that often correspond to erosion-planated surfaces (Burbank et al., 1999; De Grave et
al., 2007; Jolivet et al., 2010). The geological history of this mountain belt was first marked

by multiple Paleozoic orogenies (e.g. Windley et al., 1990; Allen et al., 1993; Gao et al.,
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1998; Gao et al., 2009; Charvet et al., 2011; Xiao et al.,, 2013; Alexeiev et al., 2015)
subsequently followed by a complex Mesozoic evolution characterized by short-lived, low
magnitude compressive to strike-slip deformations localized along major structures (Hendrix
et al., 1992, 2000; Dumitru et al., 2001; Jolivet et al., 2013; Yang et al., 2015; Morin et al.,
2018). Finally, a major reactivation of the Tian Shan Range occurred during the Cenozoic in
response to the India-Asia collision (e.g. Tapponnier et al., 1979; Windley et al., 1990;
Avouac et al., 1993a). Based on low-temperature thermochronology data (e.g. Dumitru et al.,
2001; Jolivet et al., 2010; Glorie and De Grave, 2016), sediment provenance, growth strata,
and sediment accommodation and accumulation rates in the northern Tarim Basin (e.g.
Métivier and Gaudemer, 1997; Heermance et al., 2007, 2018), this reactivation seems to

initiate by Oligocene to early Miocene.

Resulting from this long geodynamic history, the geology of the internal part of the Tian Shan
Range now displays a Proterozoic-Paleozoic metamorphic and igneous basement associated
to a Paleozoic-Mesozoic volcano-sedimentary and deposits and sedimentary cover (AGMCA,
2008). It also comprises Cenozoic deposits that are generally confined to a few compressive
intra-mountainous basins (Fig. 1). On the other hand, the outer parts of the mountain belt
present different deformation styles strongly varying from compressive structures involving
the Proterozoic basement and Paleo-Cenozoic cover to fold-and-thrust belts of Paleozoic,
Mesozoic and Cenozoic sediments (Carroll et al., 2001; Turner et al., 2010; Liu et al., 2016).
Numerous planation surfaces are visible throughout the Tian Shan (e.g., Burbank et al., 1999;
Cunningham et al., 2003; Jolivet et al., 2010; Gillepsie et al., 2017). In Kyrgyzstan, Burbank
et al. (1999) described a tilted planation surface overlaid by late Oligo-Miocene sediments
that they consider to have been formed after the early Mesozoic. In Chinese Tian Shan,
Cunningham et al. (2003) described a tilted planation surface within the Karlik Tagh and

Barkol Tagh ranges that they infer to be a remnant of a Late Cretaceous-Early Cenozoic



peneplain without direct age constrains. However, recent low-temperature thermochronology
ages obtained on this same surface rather suggest the formation of an initial surface during the
Jurassic which were subsequently reworked and tilted during its Meso-Cenozoic evolution

(Gillepsie et al., 2017).

Located to the south of the Tian Shan Range, the Tarim Basin corresponds to a large ~1500
km-long and ~700 km-wide active sedimentary basin with an average surface elevation of
~1200 m (Fig. 1). At present, the Tarim is an endorheic compressive basin completely
surrounded by mountain ranges. Its stratigraphy is characterized by a Proterozoic basement
composed by igneous rocks, overlain by a thick (up to 16 km), more or less continuous series
of Neoproterozoic (Sinian) to Quaternary sediments (Li et al., 1996; Chen and Shi, 2003; Jin
et al., 2003; Wei et al., 2013; Zhang et al., 2013; Liu et al., 2016). In this sedimentary series,
seismic profiles and well data document large unconformities, which show that large-scale
erosion surfaces developed in this basin at different stages of its evolution (Chen and Shi.,

2003; Lin et al., 2012; Lin et al., 2015; He et al., 2016; Liu et al., 2016).

3. Methods

3. 1. Planation surfaces in the range

In order to identify, locate and characterize the planation surfaces in the study area, we first
mapped them in the range. For this, we analyzed satellite images (Landsat, Spot and
DigitalGlobe images available through the database Google Earth and DEM data (SRTM3,
SRTM1 with a resolution from 90 to 30 m), especially through, shading and slope maps to
identify areas of low relief (Fig. 2). We also used topographic and swath profiles that
represent a 2D vision on maximal, minimal and average altitudes of the topography within a
given rectangular area. Finally, field observations and geological maps (1. 200 000/1:
500 000) helped us to distinguish between low-relief areas due to erosional surfaces exposing
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truncation of heterogeneous crystalline or sedimentary substratum from those sealed by

younger sediment deposits (Fig. 2).

To better understand the timing of formation and the preservation through time of the
planation surfaces identified in the range, we also reconstructed the landscape evolution of the
studied region by compiling geological observations, cooling histories inferred from low-
temperature thermochronology data, and stratigraphic records available in the literature. Low-
temperature thermochronology data indeed constrain the timing and amplitude of major
exhumation/burial events and thus provide information on relief development (Fig. 3) (e.g.,
Jolivet, 2017). Exhumation is defined as the upward displacement of a rock relative to the
Earth surface and results in cooling of this rock as it moves to shallower depths (England and
Molnar, 1990; Reiners and Brandon, 2006). Exhumation is generally the result of denudation
processes such as tectonic and/or erosion leading to the superficial removal of rock and soil
(Reiners and Brandon, 2006). Both exhumation and denudation are related to the rock and
surface uplifts, which contribute to the topography building of mountain ranges when erosion
is slower than rock uplift (England and Molnar, 1990). Therefore, tectonic activity can induce
rapid exhumation of basement rocks, generally leading to relief development and thus, to a
fast cooling period (Fig. 3). When tectonic activity decreases, the newly formed unbalanced
topography then undergoes erosion leading to a lowering of the previously established relief
(Fig. 3). In contrast, a period of slow cooling rates is more generally linked to low denudation
(e.g. Jolivet et al., 2007; De Grave et al., 2011; Glorie and De Grave, 2016). Ultimately, a
period of thermal stability must correspond to a phase where no exhumation or burial is
identified within the method’s resolution. This lack of vertical movements can thus be
associated with a period of largely flat topography (Fig. 3). Finally, tectonic reactivation can

occur leading to renewed exhumation and to reworking of the flattened relief (Fig. 3).



3. 2. Planation surfaces in the basin

Sedimentary basins can also record the topographic and tectonic evolution of a region. Indeed,
they can preserve erosional surfaces as angular unconformities within their stratigraphic
record providing information on the genesis and duration of these topographies. Therefore, in
addition to the planation surfaces mapped in the Tian Shan Range, we investigated the
morphological signature of the various erosional surfaces buried in the Tarim Basin and their

geometrical relations with the sedimentary deposits.

In order to identify, localize and characterize the angular-unconformities (i.e. the erosion
surfaces) in this basin, we first gathered the studies that were previously published about its
sedimentary filling. Indeed, numerous data and interpretations were already available such as
(1) regional and local geological maps (e.g., Turner et al., 2010), (2) stratigraphical columns
and geological cross-sections from outcrop analyses and seismic profiles (e.g., Desheng et al.,
1996; Yin et al., 1998; Allen et al., 1999; Burchfield et al., 1999; Jin et al., 2008; Turner et al.,
2010; Wang et al., 2013; Liu et al., 2016), and (3) isopach and isobath maps (e.g., Li et al.,

1996; Yang et al., 2002; Chen et al., 2003).

In addition to the previously-published works, we then used seismic profiles and well data
from the eastern Tarim Basin provided by the Sinopec Group of the China Petrochemical
Corporation (Fig. 1). First, we identified the faults based on offsets of the seismic reflectors.
Then, we picked several horizons along the cross-lines and in-lines through the whole seismic
grid. The selected horizons were the base of the Sinian (i.e. the basement-sedimentary cover
boundary in the Tarim Basin) and of the Triassic, Jurassic, and Cenozoic deposits.
Intermediate reflectors were also used when they presented significant geometrical

characteristics, such as unconformities with underlying toplaps and overlying onlaps. The



ages of these horizons were mainly constrained by published and unpublished

biostratigraphical datings on core samplings collected in boreholes existing in the area.

In a basin adjacent to a mountain belt, a period of tectonic activity with relief building in the
range can be registered either by a contemporaneous ongoing sedimentation due to a high
subsidence and sediment flux, or an angular unconformity if the uplifting and eroding area
reaches the basin (Fig. 3). In contrast, a period of tectonic quiescence and flattening of the
topography in the range will rather correspond to a condensed sedimentation or a hiatus and
unconformity in the basin due to a limited subsidence and sediment supply (Fig. 3). In that
case, no exhumation or burial will be identified within the thermochronology method
resolution. Finally, a tectonic reactivation can occur leading to a new ongoing sedimentation
or to the exhumation and reworking of the previous unconformities (e.g. erosive surfaces)
buried below the sediments depending on the contemporaneous vertical movement in the

basin.

4. Geological evolution, stratigraphy and geomorphology of the Tian Shan Range

4. 1. Kyrgyz Tian Shan

4. 1. 1. The Song-Kul region

The Song-Kul region is located at the junction between the Northern and Middle Kyrgyz Tian
Shan (Figs. 1 and 4). The Northern Tian Shan (NTS) terrane consists predominantly of a
Precambrian continental crust largely intruded by early Paleozoic granitoids and by early
Permian post-collisional granite plutons (Konopelko et al., 2008; Glorie et al., 2010). In this
region, the Middle Tian Shan (MTS) terrane consists mainly of a Precambrian microcontinent
including Neoproterozoic volcanic rocks, overlain by Devonian to Carboniferous passive

margin sediments (Alexeiev et al., 2016; Kroner et al., 2017). Permian collisional and post-



collisional magmatic rocks were also emplaced within the MTS (Konopelko et al., 2007; De

Grave et al., 2011; 2013).

In the Song-Kul region, numerous flat-surfaces cross-cutting Paleozoic rocks are visible
within the present-day topography (Figs. 2C, 4). They are generally horizontal, sometimes
incised by rivers. To the east the Song-Kul Lake, a Permian granite (293Ma U/Pb age; De
Grave et al., 2011) is cross-cut by an erosional surface locally mantled by Neogene to
Quaternary sediments (Figs. 4, 5) (Tursungaziev and Petrov, 2008). This constrains the
development of this surface between the Permian and the Neogene. Slightly to the west, the
Ming-Kush Basin displays Jurassic, Paleogene and Neogene series (De Pelsmaeker et al.,
2018) that can be considered as a lateral equivalent of the sediments preserved in the Song-
Kul Basin. The Jurassic series are 100m to 680 m thick and rest unconformably on the
Paleozoic basement (Kuzichkina, 1972; De Pelsmaeker et al., 2018). The Jurassic deposits are
unconformably overlaid by ca 150 m of Paleocene to early Oligocene fine-grained sediments
presenting numerous dm- “to m-thick caliche beds indicating very low Paleogene
sedimentation rates within this area (De Pelsmaeker et al., 2018). Finally, the Paleogene series
are unconformably covered by hundreds of meters thick Oligo-Miocene conglomerates

(Lasovskiy-and Mozolev, 1961; De Pelsmaeker et al., 2018).

Low-temperature thermochronology recorded a Middle Triassic - Early Jurassic cooling event
affecting the Song-Kul basement (De Grave et al., 2011) interpreted as relief building. This
exhumation episode has been followed by a Middle Jurassic — Paleogene period of slow
cooling (Fig. 5) (De Grave et al., 2011) that should correspond to a general flattening of the
topography of the area. In the Ming-Kush Basin, the hiatus in sedimentation between the
Jurassic and the Paleogene is coeval with this period of slow cooling identified by low-
temperature thermochronology data. This also suggests that the region was characterized by

low relief associated to slow erosion during its Jurassic to Paleogene evolution. The Oligo-
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Miocene conglomerates unconformably lying on the previous deposits (Lasovskiy and
Mozolev, 1961; De Pelsmaeker et al., 2018) could then indicate a renewing of the topography

within this area, associated to the onset of tectonic deformation in the range.

4. 1. 2. The Naryn region

The Naryn region includes both MTS and South Tian Shan (STS) terranes and is.located to
the south of the Nikolaev Line, corresponding to a combination of late Paleozoic thrusts and
strike-slip faults (Fig. 4). To the south of this fault zone, three intra-mountain basins stand
from the north to the south: the Naryn, Atbashi and Aksai basins (Figs. 1 and 4). The
basement of the Naryn area is similar to that of the southern Song-Kul region. In the Atbashi
Range, this basement consists of Middle to Late Ordovician volcanic rocks intruded by
Silurian to Carboniferous magmatism (Glorie et al., 2011; Alexeiev et al., 2016). Permian
collisional and post-collisional magmatism also occurred within this area (Konopelko et al.,
2007; De Grave et al., 2011; 2013). Inthe Kokshaal Range, the STS terrane rather consists of
Silurian to early Permian marine sediments and igneous rocks (Konopelko et al., 2007; Glorie

et al., 2011; Jourdon et al., 2017).

Planation surfaces are ubiquitous within the Naryn region and the Kokshaal Range to the
south (Fig. 4) (Burbank et al., 1999). They cross-cut Paleozoic rocks and are generally tilted
by the Cenozoic deformation (Fig. 6) as well as locally strongly reworked by river incision.
Along the southern margin of the Naryn Basin, a tilted planation surface is also mantled by
Oligocene-Miocene sediments (Figs. 5, 6) (Burbank et al., 1999) constraining the age of its
formation between the Carboniferous and the Oligocene (Karpovitch et al., 1964). In the
Kokshaal Range, the erosional surface cross-cuts early Permian granitoids (Glorie et al.,
2011) and is locally mantled by Neogene sediments (Karpovitch et al., 1964). In the Naryn

Basin, patchy Jurassic coal-bearing continental sediments unconformably overly folded
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Paleozoic rocks (Fig. 5) (VNIGNI and Beicip Franlab, 1992). A Middle Jurassic to Eocene
hiatus in sedimentation corresponding to a weathered layer was also identified within the
basin (VNIGNI and Beicip Franlab, 1992; Burbank et al., 1999). Above, up to 4-6 km thick
Oligocene to Quaternary strata consist of alluvial to lacustrine deposits unconformably
overlying the Jurassic to Paleozoic rocks (VNIGNI and Beicip Franlab, 1992; Burbank et al.,

1999; Macaulay et al., 2014).

In the Atbashi Range, low temperature thermochronology data recorded a strong Early to
Middle Jurassic cooling event followed by a protracted Late Jurassic-Paleogene period of
slow cooling (Fig. 5) (Glorie et al., 2011). The hiatus identified in the Naryn Basin is coeval
with this protracted period of slow cooling indicating that this region was characterized by
low relief from the Middle Jurassic to the Eocene. To the south of the Aksai Basin, in the
Kokshaal Range (Fig. 4), low temperature thermochronology data identified an Early
Cretaceous enhanced cooling period followed by a Late Cretaceous to present-day phase of
continuous slow cooling (Glorie et al., 2011). Finally, localized Paleogene and Neogene
cooling periods have also been identified from low temperature thermochronology data in the

Atbashi Range (Glorie et al., 2011) indicating tectonic reactivation and relief-build up.

4. 1. 3. The Issyk-Kul region

The Issyk-Kul Basin is an intra-mountain depression bordered by the Zhetizhol Range to the
north-west, the Trans-1li and Kungey ranges to the north, and by the Terskey Range to the
south (Fig. 4). In this region, the basement belongs to the NTS terrane and consists
predominantly of Precambrian continental fragments intruded by early Paleozoic granitoids
and by early Permian post-collisional plutons (Konopelko et al., 2008; Glorie et al., 2011,

Alexeiev et al., 2016).
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Numerous planation surfaces are exposed to the north of the Issyk-Kul Basin, within the
Zhetizhol, Trans-1li and Kungey ranges (Fig. 4). They cross-cut Paleozoic rocks and are
generally horizontal or slightly tilted by the Cenozoic deformation (Fig. 4) (Jenchuraeva et al.,
2001; Tursungaziev and Petrov, 2008). These surfaces are locally mantled by Neogene to
Quaternary sediments (Jenchuraeva et al., 2001; Tursungaziev and Petrov, 2008) constraining
their evolution to pre-Neogene time. In the Issyk-Kul Basin, patchy Jurassic sediments
unconformably overly the strongly deformed Paleozoic basement (VNIGNI and Beicip
Franlab, 1992; Macaulay et al., 2014; De Pelsmaeker et al., 2018). They consist of shale and
of fine to coarse-grained sandstones containing caliche paleosols and numerous oxidized
layers (De Pelsmaeker et al., 2018). These meters- to hundred meters-thick deposits are
unconformably overlain by thin (up to 100 m) Paleocene to Oligocene sediments composed of
m-thick calcrete layers (Cobbold et al., 1994; De Pelsmaeker et al., 2018). Those are followed
by up to 2 km-thick Oligocene-Miocene coarse-grained deposits (Macaulay et al., 2014).
Finally, an erosional unconformity is visible at the base of Pliocene sediments corresponding
to up to 3 km-thick of mainly alluvial and lacustrine deposits (VNIGNI and Beicip Franlab,

1992; Macaulay et al., 2014).

In the Zhetizhol and Kungey ranges, low-temperature thermochronology data identified a
Jurassic episode of rapid cooling followed by a Late Jurassic/Cretaceous — Oligocene period
of slow denudation (Fig. 5) (De Grave et al., 2013; Glorie et al., 2016). This suggests that
strong relief building occurred during the Lower — Middle Jurassic but that this relief was
thereafter flattened by Early Cretaceous times. In the Trans-1li Range, low-temperature
thermochronology data only identified a Late Cretaceous-Paleogene cooling phase (Fig. 5)
(De Grave et al., 2013). Finally, late Paleogene to Neogene cooling within major fault zones
around the Issyk-Kul Basin have been recorded within all these ranges indicating that

localized relief building occurred during the Cenozoic, in relation with the tectonic
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reactivation of the Tian Shan Range (Fig. 5) (De Grave et al., 2013; Glorie et al., 2016). In the
Issyk-Kul Basin, the occurrence of both Jurassic and Paleocene-Oligocene paleosols with a
long lasting hiatus in sedimentation inbetween also suggests that this area was characterized
by low reliefs during its Jurassic to Paleogene evolution. Then, during the Oligo-Miocene, a
renewed subsidence was recorded within the basin and sedimentation was characterized by
coarse-grained deposits indicating that renewed relief build-up occurred in the area. This is in
agreement with the low temperature thermochronology data discussed above (De Grave et al.,
2013; Macaulay et al., 2014; Glorie and De Grave, 2016). The erosional unconformity at the

base of the Pliocene deposits also supports that renewed relief build-up in the region.

4. 2. South Kazakhstan and Chinese Tian Shan regions

4. 2. 1. The Yili-Balkhash region

The Yili-Balkhash basement belongs to the NTS terrane and consists of Precambrian
microcontinental blocks, Cambrian to early Silurian island arcs and Paleozoic magmatic arcs
and accretionary complexes (Windley et al., 2007; Willhem et al., 2012; De Pelsmaeker et al.,
2015). In this region, numerous large-scale, well-preserved low-relief surfaces are visible in
the Aktau Range (Figs. 4, 7). These surfaces cross-cut Paleozoic rocks and some are locally
mantled by Neogene sediments (Bekzhanov 1997). To the west, in the Yili-Balkhash Basin,
Triassic-Jurassic sediments unconformably overly the Paleozoic basement (Fig. 4) (VNIGNI
and Beicip Franlab, 1992). These deposits are themselves unconformably overlaid by patchy
Upper Cretaceous sediments consisting of an alternation of gravels, sandstones and clays
(VNIGNI and Beicip Franlab, 1992). Paleogene deposits then rest unconformably on the
Upper Cretaceous sediments (Lucas et al., 2000) and consist mainly of fluvio-lacustrine
deposits reflecting rather low-energy depositional environments (Lucas et al., 1997; Kober et

al., 2013).
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In the Aktau Range, low temperature thermochronology data identified a late Mesozoic rapid
cooling followed by a Late Cretaceous — Paleogene period of slow cooling (De Pelsmaeker et
al., 2015). A late Cenozoic reactivation of the range has then been identified from low-
temperature thermochronology data (De Pelsmaeker et al., 2015) and is also marked within
the Yili-Balkhash Basin by coarser-grained sedimentation since the Middle Miocene (Kober

et al., 2013; Lucas et al., 1997, 2000).

4. 2. 2. The Yili region

In the Yili region, the Yili and Zahosu basins are intra-mountain depressions bordered by the
Borohoro Range to the north and by the Narat Range to the south (Fig. 4). The Yili basement
belongs to the Kazakhstan-Yili block and consists of Proterozoic metasedimentary rocks and
gneisses, Ordovician-Silurian volcanic arcs and Devonian-Carboniferous volcanics and

marine sediments (Jun et al., 1998; Alexeiev et al., 2015).

Numerous erosional surfaces are visible within all the mountain ranges surrounding the Yili
and Zahosu basins (Fig. 4). To the north, in the Borohoro Range, these surfaces are either sub-
horizontal or tilted by the Cenozoic deformation (Fig. 8A). They cross-cut Paleozoic rocks
and are locally mantled by Paleogene to Neogene sediments (AGMCA, 2008; Jolivet et al.,
2018). Further south, in the Awuela Range (Fig. 8B), an erosional surface is also visible but
has the particularity to be locally overlaid by Upper Cretaceous sediments (Fig. 8C; XBGMR,
1973). This indicates that this surface was established prior to the Late Cretaceous in this area.
Erosional surfaces are also visible within the Yishenjilike Range separating the Yili and
Zahosu basins (Fig. 4). These surfaces cross-cut Permian rocks and are locally mantled by
Middle Jurassic sediments (AGMCA, 2008) limiting their establishment to pre-Middle

Jurassic times.
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The sedimentary filling of the Yili and Zahosu basins is characterized by Permian to
Quaternary deposits. In the Zahosu Basin, the Permian series consist of marine sediments
followed by the emplacement of Upper Permian volcanics and volcanoclastics deposits (Li et
al., 2015). These series are unconformably overlaid by Early — Middle Jurassic sediments
corresponding to alluvial to lacustrine deposits containing extensive coal beds (Li €t al., 2014;
Li et al., 2015). The stratigraphic evolution of both the Yili and Zahosu basins is then
characterized by a Late Jurassic to Early Cretaceous hiatus in sedimentation (Fig. 5) (VNIGNI
and Beicip Franlab, 1992; Li et al., 2015) marked by a ~40 m-thick weathered layer overlain
by Upper Cretaceous sediments (VNIGNI and Beicip Franlab, 1992). The first hiatus between
the Permian and Jurassic in the sedimentation of the Zahosu Basin indicates that no sediment
was deposited or that the area was under erosion during its Triassic evolution. Then, the Late
Jurassic to Early Cretaceous hiatus in the sedimentation of the both basins also suggests that
no sediment was deposited in the Yili area or that this area was under erosion (VNIGNI and

Beicip Franlab, 1992).

4. 2. 3. The Bayanbulak and South Tian Shan regions

The Bayanbulak Basin is an intra-mountain depression located between the Narat Range to
the north, the South Tian Shan Range to the south, and the Erbin Shan Range to the east (Fig.
4). Its basement belongs to the STS terrane and consists mainly of Silurian-Devonian volcanic
rocks and volcano-sedimentary deposits (Alexeiev et al., 2015), Devonian—Carboniferous
ophiolitic mélanges, magmatic, metamorphic and sedimentary rocks (Charvet et al., 2011;

Alexeiev et al., 2015).

The Bayanbulak and South Tian Shan regions display numerous large-scale erosional surfaces
(Figs. 4, 9). These surfaces cross-cut Paleozoic rocks and presents various morphologies.

Some are horizontal and well-preserved (Fig. 9A) while others are tilted by the Cenozoic
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deformation and extensively degraded by rivers (Fig. 9B). In the Bayanbulak region, they are

locally covered by Oligocene sediments (Fig.5) (AGMCA, 2008).

In the Narat Range, low temperature thermochronology data indicate continuous Permian-
Early Jurassic sustained cooling followed by a Middle Jurassic to Late Cretaceous period of
slow cooling (Fig. 5) (Dumitru et al., 2001; Jolivet et al., 2010). In the Erbin Shan Range,
similar data identified Permian — Middle Jurassic sustained cooling followed by Late Jurassic
— Paleogene slow cooling (Dumitru et al., 2001; Jolivet et al., 2010). The lack of Cretaceous
sediments in the Bayanbulak Basin, together with the slow cooling identified by the low-
temperature thermochronology data, indicate that this region was characterized by low relief
during its Middle Jurassic to Paleogene evolution. However, localized Late Cretaceous-
Paleogene cooling along the Narat fault has been identified indicating that discrete late
Mesozoic - early Cenozoic relief building occurred in this area along the major tectonic

structures that are still currently active (Jolivet et al., 2010).

4. 2. 4. The Bogda Shan region

The Bogda Shan basement belongs to the NTS terrane and consists of Middle - Late
Carboniferous volcanic, pyroclastic, granitic and carbonate rocks (Allen et al., 1993). In the
topography of this range, large-scale erosional surfaces cross-cutting Paleozoic rocks are
exposed, but they are partly reworked by glaciers and river incisions (Figs. 4, 10). In both the
Junggar and Turfan basins that form the north and south piedmonts of the Bogda Shan Range,
Middle — Upper Jurassic fine-grained alluvial to lacustrine deposits are unconformably
overlaid by Upper Jurassic - Lower Cretaceous coarse-grained alluvial sediments (Hendrix et
al., 1992; Shao et al., 1999; Shao et al., 2003; Bian et al., 2010; Yang et al., 2015). Lower
Cretaceous fine-grained alluvial to lacustrine sediments were subsequently deposited within

both basins (Hendrix et al., 1992; Shao et al., 1999), before being unconformably overlaid by
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Upper Cretaceous alluvial fan deposits (Hendrix et al., 1992; Shao et al., 1999). Along the
southern margin of the Junggar Basin, the Paleogene sediments then contain thick calcrete

layers (Heilbronn et al., 2015).

In the northern part of the Bogda Shan Range, low temperature thermochronology data
identified a strong cooling event in the latest Jurassic time followed by a Late Cretaceous —
Paleogene period of slow cooling (Fig. 5) (Tang et al., 2015). In the Junggar and Turfan
basins, the Late Jurassic unconformity and the overlying Upper Jurassic - Lower Cretaceous
coarse-grained sediments also indicate that some relief building occurred within the Bogda
Shan region during the Late Jurassic — Early Cretaceous transition. Then, the Cretaceous
unconformity and the overlying Upper Cretaceous alluvial fan deposits suggest that this
region underwent a second phase of relief building during its Late Cretaceous evolution.
Following this second phase of relief building, the Paleogene calcrete layers along the
southern margin of the Junggar Basin suggest very low subsidence rates and the absence of
strong contemporaneous vertical tectonic movements (Heilbronn et al., 2015; Jolivet et al.,
2018). Finally, Oligocene reactivation of the Bogda Shan has been identified by low

temperature thermochronology data (Fig. 5) (Tang et al., 2015).

5. Buried planation surfaces of the Eastern Tarim Basin

From Late Precambrian to Quaternary, the Tarim Basin underwent multiple phases of tectonic
deformation. Evidences of these deformations are preserved within its stratigraphic record as
erosional surfaces. We analyzed seismic profiles from the eastern Tarim Basin to investigate

the genesis of these surfaces and duration of these planation periods (Fig. 11).

In the Eastern Tarim, the oldest surface (S4) is thus an intra-Devonian angular unconformity
that truncates the underlying units to the south and which is itself truncated by Late Devonian

- Early Carboniferous unconformity (S3) in the center of the basin (Fig. 10A. 1). This
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geometry reveals an uplift of the southern Tarim during the Devonian, the northern part of the
basin still being subsident. In contrast, the Late Devonian — Early Carboniferous erosion
surface (S3) reflects an uplift of the central and northern part of the basin. In the same time,

the formerly uplifting southern Tarim became slightly subsident.

Within the Mesozoic series, a Late Triassic — Early Jurassic surface (S2) represents a major
angular unconformity between folded and truncated Paleozoic to Triassic units and the flat-
lying, Jurassic reflectors (Figs. 11A.1, B.1, B.2), which onlap onto.these units in the western

part of the basin

A Late Jurassic — Early Cretaceous surface (S1) corresponds to a slight angular unconformity
to the south passing to a conformable surface to the north (Figs. 11A.1; B.2). To the south,
this unconformity truncates the previous erosive surfaces S4, S3 and S2 (Figs. 11A.1, B.2).
This indicates that during the Late Jurassic — Early Cretaceous transition, the south-eastern
part of the Tarim Basin remained above the relative base level. In this part of the basin, it can
also be noticed that this surface displays two distinct morphological compartments separated
by a south-dipping Cretaceous reverse fault (Figs. 11A; A.2). In the footwall of the fault, the
surface appears almost flat whereas in its hanging wall it shows = 170 to 350 m (100 — 250
msTWT) deep paleovalleys, filled by Cretaceous sediments. The occurrence of this thrust and
the ‘induced incision of the erosion surface (S1r) indicate a Cretaceous compressive tectonic
activity in the north Tibet — south Tarim region. In contrast, to the north, the thickness of the
Jurassic deposits comprised between this surface S1 and the previous one S2 increases
northward (Fig. 11). This indicates that during the Jurassic, the northern part of the basin was
slightly subsiding with reflectors onlapping the surface S2. This is consistent with the
moderate Late Jurassic — Early Cretaceous vertical movements described in the Tian Shan
Range and the occurrence of an eroding relief in that area (e.g. Glorie et al., 2011; De Grave

et al., 2013; Tang et al., 2015).
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Finally a Late Cretaceous — Paleocene surface (S0) corresponds to a localized slight angular
unconformity marked by toplap terminations of the Mesozoic sediments and by onlap of the
Cenozoic sediments above (Fig. 11B.1). This erosive surface indicates an uplift of the
northern Tarim Basin during the Late Cretaceous-Paleogene transition before being
subsequently covered by the Cenozoic sediment infill. However, the presence of several
meters-thick Late Cretaceous-Paleogene calcareous paleosols in the Yaha<region (northern
Tarim Basin) indicates very low subsidence rates and therefore that only limited uplift

occurred at that time (Jolivet et al., 2018).

In the western Tarim Basin, several Paleozoic unconformities have been described (e.g., Lin
et al., 2012; He et al., 2016; Liu et al., 2016). However, in this region, except for the Jurassic
sediments exposed along the West Kunlun — Pamir Range (Lee 1985a, b; Sobel et al., 1999;
Yang et al., 2017), Upper Cretaceous to Cenozoic strata unconformably overly Paleozoic
rocks (e.g., Wei et al., 2013) indicating that this area was under erosion for most of the

Mesozoic period.

6. Ages and long-term evolution of the planation surfaces

The flat erosional surfaces exposed in the Tian Shan region are generally inferred to have
developed during a Late Cretaceous — Early Paleogene period of tectonic quiescence
(Cunningham et al., 2003; De Grave et al., 2007; De Pelsmaeker et al., 2015). However, some
studies proposed that they were already established by Jurassic time (Jolivet et al., 2010;
Glorie and De Grave, 2016; Gillepsie et al., 2017). By compiling available low-temperature
thermochronology and stratigraphic data we demonstrate that the planation surfaces visible in
the Tian Shan Range and within the Tarim Basin have a more complex genesis than

previously thought (Fig. 12).
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In the Tarim Basin, the two late Paleozoic erosional surfaces (S4 and S3) developed along the
northern and southern margins where the basin underwent strong uplift and erosion (Lin et al.,
2012; Liu et al., 2016). However, these erosional surfaces cannot be the one preserved under
the form of horizontal erosional surfaces in the Tian Shan Range. Indeed, these latter surfaces
cross-cut Permian granitoids which indicates that they were established later. Moreover,
throughout the Tian Shan region, continuous Permian — Triassic cooling has been identified
by low-temperature thermochronology data followed by a period of Late Triassic — Early
Jurassic period of enhanced cooling (Dumitru et al., 2001; Jolivet etal., 2010; De Grave et al.,
2011, 2013). This Late Triassic — Early Jurassic period of tectonic activity and erosion is
supported by the presence of an angular unconformity at the base of the Jurassic series within
the Naryn and Issyk-Kul basins (Fig. 5) and in the eastern Tarim Basin where it results in a
major erosional event partially rejuvenating the Paleozoic surfaces (Fig. 11. A.1). In addition,
in the Zahosu depression and Bayanbulak Basin, a Triassic hiatus is observed in the
sedimentation (Li et al., 2015) contemporaneous to a continuous slow cooling identified
within the Narat Range (Dumitru et al., 2001; Jolivet et al., 2010). This suggests that the
region also underwent erosion during this period leading to the establishment of a planation
surface. In both basins, coal-bearing Lower — Middle Jurassic sediments seal this erosional
surface (Li et al., 2015). Finally, this Permian — Early Jurassic erosional surface is visible
within the Yishenjilike Range (Yili region, see Fig. 4 for location; Fig. 12) where it is mantled

by Middle Jurassic sediments (AGMCA, 2008).

Following the Late Triassic — Early Jurassic tectonic activity, the Jurassic marks the onset of a
progressive lowering of the Tian Shan relief indicated by the genesis of a regional scale
erosional surface. This flattening of the topography is also well characterized by
sedimentological studies which identified a transition from Upper Triassic — Lower Jurassic

coarse-grained sediments associated with braided fluvial environments to Middle Jurassic
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organic-rich meandering-fluvial and lacustrine deposits in both the Junggar and Tarim basins
(Hendrix et al., 1992; Eberth et al., 2001; Yang et al., 2015; De Pelsmaeker et al., 2018;
Morin et al., 2018). The widespread occurrence of Middle Jurassic coal layers associated to
fine - grained sediments throughout the Tian Shan region confirms that most of the relief was

already flattened by Middle Jurassic time under rather humid conditions.

During the Middle Jurassic - Cretaceous period, most of the Tian Shan area then appears to be
dominated by relatively low exhumation rates while most of the intra-mountain basins were
dominated by sedimentary hiatuses (see Fig. 5 and references therein). However, localized
Late Jurassic — Early Cretaceous low-temperature thermochronology ages are reported from
the western Tian Shan (De Grave et al., 2007; Glorie et al., 2011; De Grave et al., 2013) and
from the Bogda Shan regions (Fig. 5) (Tang et al., 2015). They indicate that tectonic activity
and exhumation still occurred throughout the Late Jurassic- Early Cretaceous transition.
These data are in agreement with provenance analyses which demonstrate that recycling of
Mesozoic sediments took place along the Northern Tian Shan foothills during the Late
Jurassic - Early Cretaceous (Yang et al.,, 2013), and by angular unconformities locally

associated with incised paleo-valleys in the Altai piedmont (Eberth et al., 2001).

Finally, this exhumation is inferred in the Tarim Basin as well (surface S1), where renewed
subsidence activated to the north-east, along the southern Tian Shan piedmont (Figs. 11A.1;
B.2). This indicate that localized reactivation of the relief occurred in the Tian Shan area with

erosion that could have locally reworked the previously established flat surfaces.

This period was marked by a change in climate, recorded all over the Tian Shan area by the
disappearance of the humid conditions marked by coal layers and the extensive formation of
calcareous paleosols, indicative of semi-arid conditions (Hendrix et al., 1992; Eberth et al.,

2001; Vincent et al., 2001; De Pelsmaeker et al., 2018; Jolivet et al., 2018b; Morin et al.,
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2018). In the southern Junggar Basin, this aridity is marked by the development of large
aeolian dunes (Jolivet et al., 2017). This change to semi-arid conditions could have had a
major impact on the preservation of the flat surfaces by reducing the efficiency of erosion
processes, especially that of river incision and chemical alteration. Eventually, in the Tarim
Basin, incision of the Late Jurassic-Early Cretaceous erosional surface (S1r) driven by activity
on discrete tectonic structures, has led to the establishment of small hills (150-400 m above
the surface) and to the development of local drainage systems (Fig. 11A.2). Late Jurassic-
Early Cretaceous incised valleys filled with alluvial fans were also described in the Junggar
Basin (Eberth et al., 2001) implying that some relief already existed prior to the Cenozoic

orogeny in both regions.

By Late Cretaceous, renewed sedimentation occurred within the intra-mountain basins of the
Tian Shan, locally burying the previously established planation surfaces (e.g. Yili region; Fig.
8C). In both the Tarim and Junggar basins, Upper Cretaceous coarse-grained alluvial
sediments unconformably overlay Lower Cretaceous fine-grained alluvial to lacustrine
deposits (Hendrix et al.; 1992). Similarly, to the north of the Tian Shan region, renewed Late
Cretaceous subsidence occurred in the Chu-Sarysu Basin (VNIGNI and Beicip Franlab,
1992). We attribute this renewed subsidence associated with coarse-grained deposits to
renewed deformation in the Tian Shan Range. This exhumation event has only been identified
by low-temperature thermochronology in the Aktau Range in Kazakhstan (De Pelsmaeker et
al., 2015) and has probably established the planation surfaces visible within this area (Fig.

12).

Late Cretaceous - Early Paleogene exhumation has then been identified by low temperature
thermochronology along major faults within the Tian Shan region (Fig. 5 and references
therein). It is also expressed within the Tarim stratigraphic record by the emplacement of

angular unconformities (Fig. 11B.1). This implies that localized relief building occurred
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within the Tian Shan Range, possibly locally reworking pre-Cenozoic planation surfaces
(Jolivet et al., 2018). However, Paleogene sediments present numerous paleosols layers
(Lucas et al., 1997; Heilbronn et al., 2015; De Pelsmaeker et al., 2018; Jolivet et al., 2018b)
indicating that the range was still mostly dominated by flat reliefs. We therefore propose that

most of the planation surfaces were still active during this period (Fig. 12).

Finally, a late Paleogene-Neogene exhumation localized along major tectonic structures has
been identified throughout the Tian Shan by low temperature thermochronology (Fig. 5 and
references therein). By Oligocene-Miocene, renewed subsidence occurred within the intra-
mountain basins, associated to the deposition of coarse-grained alluvial sediments (e.g.,
VNIGNI and Beicip Franlab, 1992; Kober et al., 2013; Lucas et al., 1997, 2000; Macaulay et
al., 2014; De Pelsmaeker et al., 2018). These Oligo-Miocene deposits locally seal the
planation surfaces in the Tian Shan region while the renewed late Cenozoic tectonic activity
led to the exhumation and tilting of others (Fig. 12) (e.g., Burbank et al., 1999; Sobel et al.,

2006a).

7. Implication for the balance between tectonic uplift and erosion

The long-term preservation of Paleozoic to Mesozoic topographic relics within the active Tian
Shan Range implies very limited mean denudation rates leading to a pronounced state of non-
equilibrium between tectonic uplift and erosion during the Cenozoic evolution of the range.
Tectonic uplift of the range initiated during the late Oligocene and largely increased around
10 Ma (Sobel et al., 2006b; Charreau et al., 2006), leading to localized exhumation along
major faults (Dumitru et al., 2001). Despite significant tectonic activity (10 + 3mm/yr
shortening in the northern Tian Shan region), its average denudation rate is comparable to that
of flat Middle Europe (a few = 100 m/Ma) (Guerit et al., 2016). These limited denudation

rates and the probable associated disequilibrium between tectonic uplift and erosion could
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have been promoted by the arid to semi-arid climate prevailing since the Late Jurassic
(Hendrix et al., 1992). Such disequilibrium driven by the semi-arid climate has already been

suggested for the Cenozoic period (Guerit et al., 2016; Charreau et al., 2017).

However, despite this prolonged state of disequilibrium it appears that most of the preserved
planation surfaces visible within the Tian Shan region are now generally dissected by river
incision and should ultimately be destroyed during the Cenozoic orogeny. This observation,
together with the long-term preservation of Paleozoic to Mesozoic topographic relics within
the Tian Shan Range, implies that the region did not undergo strong tectonic reactivation for
most of its Mesozoic evolution. During this period, the Tian Shan topography might have
been in a relative state of equilibrium, dominated by plains and small hills rising along

discrete tectonic structures.

8. Conclusion

By synthesizing low-temperature thermochronology and stratigraphic data on the Tian Shan
region as well as describing the planation surfaces preserved within the eastern Tarim Basin
we demonstrate that different generation of surfaces are preserved within this region.
Following several late Paleozoic planation periods visible within the Tarim Basin, a large-
scale planation surface formed during the Mesozoic evolution of the range and was locally
reworked during short-lived periods of tectonic activity. The widespread preservation of large
fragments of these pre-orogenic surfaces within the Tian Shan Range implies that this region
did not undergo strong relief building during most of its Mesozoic evolution but was
dominated by flat-reliefs and small hills localized along discrete tectonic structures. Finally,
the preservation of these surfaces within the present-day active Tian Shan Range also implies

a long-term, strong non-equilibrium state of the topography during its Cenozoic evolution.
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This was probably promoted by the arid to semi-arid climate prevailing in the area during this

whole period.
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Figure captions

Fig. 1: General topographic and structural map of the Tian Shan region showing the main
dataset used in this study; Bay. B: Bayanbulak Basin; M-K: Ming-Kush Basin; S-K: Song-

Kul; NTSF: North Tian Shan Fault; NL: Nikolaev Line; TFF: Talas Fergana Fault.
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Fig. 2: Example of data used in this study to identify, localize and characterize the planation
surfaces visible in the Tian Shan Range. A. SRTM-derived DEM of the Song-Kul region; B.
Simplified geological maps of the Song-Kul region. C. SRTM-derived slope map showing the
steep relief (blue) and highlighting the low-relief areas (yellow) within the Song-Kul region.
D. Field picture illustrating the morphology of a planation surface visible within-this region.
E. Topographic cross-sections across the Song-Kul region showing the main planation

surfaces visible within this area.

Fig. 3: Schematic Temperature/Time evolution in both ranges and basins illustrating the

general implication of such path in term of relief and stratigraphy.

Fig. 4: General topographic and structural map of the Tian Shan showing the main planation
surfaces visible within this area and interpreted swath profiles (tectonic structures inferred
from Charvet et al., 2011; Jourdon et al., 2017). ; Bay. B: Bayanbulak Basin; M-K: Ming-

Kush Basin; S-K: Song-Kul; N.L: Nikolaev Line; TFF: Talas Fergana Fault.

Fig. 5: Synthetic chart of the Tian Shan region compiling available stratigraphic and low-

thermochronology data (based on bibliographic synthesis, references on the figure).

Fig. 6: Field pictures presenting of the tilted planation surfaces visible within the Naryn

region.

Fig. 7: Slope map of the Aktau Range highlighting the presence of perched low-relief

surfaces within this region.

Fig. 8. Field pictures presenting the different morphologies of the planation surfaces visible

within the Yili region topography.
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Fig. 9: Slope map and satellite image of Bayanbulak region illustrating the different

morphologies of the planation surfaces visible in this area.

Fig. 10: 3D digital elevation model of the Bogda Shan Range showing the high range lying

about 1000 to 1500 m above the Mesozoic planation surface (see Fig. 2 for location).

Fig.11: Structure and regional unconformities in the eastern Tarim Basin. A and B. North-
south interpreted seismic profiles through the eastern Tarim Basin (see Fig. 1 for location). A.
1, A. 2, B. 1 and B. 2. Details of the interpreted seismic profiles showing the different
erosional surfaces in the eastern Tarim Basin and their geometrical relationships. Red arrows
represent reflector terminations (onlap, toplap). The A: 2. seismic profile detail shows the two

distinct morphologies of the erosional surface separated by a Mesozoic reverse fault.

Fig. 12: Ages of the planation surfaces in regard to climate and geodynamic events. Relative
chronology inferred from a synthetize of available data on the Tian Shan region and from

geomorphological observations. Climate inferred from Hendrix et al. (1992).
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HIGHLIGHTS

- Different generation of surfaces are preserved within the Tian Shan Range

- These erosion events span from the late Paleozoic to the Early Cenozoic

- This region did not undergo strong relief building during most of the Mesozoic

- The Tian Shan topography was in a strong non-equilibrium state during the Cenozoic
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