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Abstract 21 

Kinematic constraints on the Cenozoic deformation along the northwestern edge of the 22 

Tibetan Plateau remain limited. Combining surface geological data and seismic profiles, we 23 

document the structural geometry and kinematics of the large-scale east-west striking 24 

Hotan anticline, along the foothills of the Western Kunlun Range. Four new balanced cross-25 

sections are constructed, and the temporal evolution of deformation is deciphered from the 26 

exceptionally well-imaged growth strata at the front of the fold. This anticline results from a 27 

broad fault-bend fold, subsequently deformed by a footwall duplex. The total shortening 28 

across the whole structure is relatively constant along strike, from ~40 to ~35 km. However, 29 

the shortening accommodated by the duplex varies laterally from ~50-40 % to 0 % of the 30 

total shortening. Two distinct successive patterns of growth strata are recognised and are 31 

interpreted to be representative of deformation on the ramp anticline, followed by 32 

deformation on the duplex. The onset of deformation initiated by ~16 Ma. Deformation of 33 

the underlying duplex began at ~12 Ma to the west and subsequently propagated eastward. 34 

From these results, we determine a shortening rate of ~5 mm/yr from ~16 to ~8-9 Ma 35 

across the Hotan thrust system, followed by a significant decrease in shortening rate, 36 

possibly down to <0.5 mm/yr. We explore the significance of this deceleration of 37 

deformation at the scale of the Western Kunlun foothills and at a broader regional scale as it 38 

may point to a regional kinematic re-organisation by the late Miocene.   39 

1. Introduction 40 

The Cenozoic Indo-Asian collision resulted in the formation of the modern Tibetan Plateau 41 

[e.g., Allègre et al., 1984; Kapp and DeCelles, 2019]. This geologic and topographic feature is 42 



exceptional in that it has for long been used as a natural case example to better understand 43 

the mechanics of the continental lithosphere, with two main end-member models of 44 

continental deformation [e.g., England and Houseman, 1989; Tapponnier et al., 2001]. 45 

Whether deformation has been localized or distributed, the contribution of major structures 46 

or structural ensembles to deformation, as well as the timing and kinematics of deformation 47 

at the continental scale, are key observations to move forward in our understanding of how 48 

the continental lithosphere deforms. Numerous studies have focused on major strike-slip 49 

faults surrounding the Tibetan Plateau, such as the Altyn-Tagh [e.g., Mériaux et al., 2004; P Z 50 

Zhang et al., 2007] or the Karakoram [e.g., Phillips and Searle, 2007; Valli et al., 2008] faults, 51 

or on the mountain range bordering the eastern part of the Plateau, such as the Long Men 52 

Shan [e.g., Hubbard and Shaw, 2009; Royden et al., 1997]. Comparatively, the compressive 53 

structures along the northwestern margin of the Plateau have been much less investigated. 54 

Here, we aim at further documenting the deformation of this margin corresponding to the 55 

Western Kunlun Range (Figure 1), in order to move forward in our knowledge of the 56 

kinematics of deformation of this part of the collision zone. 57 

The Western Kunlun Range (hereafter WKR) propagated northwards since the late 58 

Oligocene in response to the Indo-Asian collision that reactivated Paleozoic and Mesozoic 59 

compressive structures [e.g., Cao et al., 2015; G Li et al., 2019; Matte et al., 1996]. Balanced 60 

cross-sections indicate that a large part of the total shortening across this range was 61 

accommodated by thin-skinned tectonics within its foothills, with structures propagating 62 

into the southwestern Tarim Basin [Laborde et al., 2019 and references therein] (Figures 1.C 63 

and 1.D). Despite a growing number of studies documenting the deep structure of this outer 64 

part of the WKR from seismic profiles [e.g., Cheng et al., 2017; X-D Jiang et al., 2013; Li et 65 



al., 2021; Lu et al., 2016; T Sun et al., 2019; C Wang et al., 2016; S Wang et al., 2021], 66 

quantitative constraints are still missing to document the long-term temporal evolution of 67 

deformation in this region. 68 

Syn-tectonic sedimentary layers - commonly called growth strata - are key to interpret and 69 

quantify the long-term kinematics of fold-thrust structures [e.g., Ford et al., 1997; 70 

Medwedeff, 1989; Poblet et al., 2004; Riba, 1976; Suppe et al., 1992]. However, the study of 71 

growth strata remains often challenging, as it largely depends on the degree of preservation 72 

and exposure of these layers [e.g., Vergés et al., 2002], and on the possibility of dating 73 

them. Numerous studies, for example within the foothills of the Pamir or of the southern 74 

Tian Shan ranges [e.g., Charreau et al., 2006; Charreau et al., 2020; Charreau et al., 2009; J 75 

Chen et al., 2002; Heermance et al., 2007; Heermance et al., 2008; Huang et al., 2010; 76 

Huang et al., 2006; Hubert-Ferrari et al., 2007; C Li et al., 2019; J Sun et al., 2009; Thompson 77 

et al., 2015; Thompson Jobe et al., 2018; T Zhang et al., 2014], have successfully exploited 78 

such syn-tectonic record to quantify the kinematics of folding and thrusting. This is not 79 

much the case for the foothills of the WKR as structures remain most often buried beneath 80 

the sedimentation level of the Tarim foreland, so that growth layers are in most cases not 81 

exposed. The existence of a large seismic dataset within the Tarim Basin provides, however, 82 

opportunities to explore this buried record of the kinematics of deformation in this region. 83 

Here, we investigate the Hotan anticline, which appears as a prominent structure along the 84 

WKR foothills (Figure 1.C). It has been previously interpreted as a simple fault-bend fold 85 

[Cheng et al., 2017; X-D Jiang et al., 2013], but new available seismic data show a more 86 

complex structure, characterized by lateral structural variations related to a blind duplex, 87 

and a rich but yet-to-be-explored set of growth strata at its front. To further analyse the 88 



complex geometry and kinematics of the Hotan anticline, together with its lateral variations, 89 

four balanced cross-sections are presented and the kinematic evolution is deciphered from 90 

the seismic profiles where the growth strata are exceptionally well-imaged. By combining 91 

our estimate of shortening and timing of deformation, we find that deformation initiated 92 

sometime by ~16 Ma and significantly slowed down by ~8-9 Ma. Finally, we discuss our 93 

findings and their possible inferences at a regional scale. 94 

2. Geological context 95 

2.1. General setting 96 

The WKR forms a ~700 km-long curved orogenic wedge that separates the Pamir Mountains 97 

to the west and the Tibetan Plateau to the south from the Tarim Basin to the northeast 98 

(Figures 1.A.B). Here, we focus on the east-west-striking segment of the range extending 99 

between the cities of Yecheng and Hotan (Figure 1.C). This segment is bounded by the 100 

Karakax dextral fault to the south and faces the underthrusting Tarim foreland basin to the 101 

north. This part of the belt has a length of ~350 km and a width of ~140 km, with altitudes 102 

up to ~6400 m in the hinterland, ~4000-5000 m higher than the average elevation of the 103 

adjacent Tarim Basin. It also has the specificity of having a present-day deformation front 104 

deported far north into this basin, ~200 km away from the topographic mountain front [e.g., 105 

Guilbaud et al., 2017; Laborde et al., 2019; Lu et al., 2016; Wittlinger et al., 2004; Xu et al., 106 

2020] (Figure 1.D). 107 

2.2. Tectonic and structural framework 108 



The present-day orogenic wedge of the WKR results from the crustal thickening associated 109 

with the underthrusting of the Tarim Basin beneath the northwestern part of the Tibetan 110 

Plateau [Avouac and Peltzer, 1993; X-D Jiang et al., 2013; Laborde et al., 2019; Lyon-Caen 111 

and Molnar, 1984; Matte et al., 1996; Wittlinger et al., 2004]. This wedge is interpreted to 112 

rise over a basal detachment that shallows up northwards, from a middle crustal 113 

detachment below the inner range, upward into two main detachment levels within the 114 

sedimentary layers of the Tarim Basin below the foothills and the foreland of the range [e.g., 115 

Cowgill et al., 2003; Laborde et al., 2019; Matte et al., 1996; Wittlinger et al., 2004]: a 116 

relatively deep one within the middle to upper Cambrian series and a shallow one at the 117 

base of the Cenozoic deposits (Figures 1.D and 2).  118 

The inner part of the WKR results from the imbrication and exhumation of a crystalline 119 

basement and Paleozoic meta-sediments, whereas the foothills involve folded Paleozoic, 120 

Mesozoic, and Cenozoic sediments (Figure 2). Five major anticlines are recognised in this 121 

outer part of the range, from west to east: the Yecheng-Pishan, Kekeya, Fusha, Pusikai and 122 

Hotan anticlines (Figure 1.C). They mainly correspond to blind imbricated thrusts and duplex 123 

structures [e.g., Guilbaud et al., 2017; Laborde et al., 2019; Li et al., 2021; T Sun et al., 2019; 124 

C Wang et al., 2016; S Wang et al., 2021], as well as to one large blind ramp anticline known 125 

as the Hotan anticline [Cheng et al., 2017; X-D Jiang et al., 2013]. These structures develop 126 

where the shortening is transferred upward from the lower detachment in the middle to 127 

upper Cambrian series to the shallowest one at the base of the Cenozoic Tarim strata. 128 

Several authors suggested that the slip accommodated by these structures is transferred 129 

forward towards the foreland on this upper detachment. Such deformation could then be 130 

accommodated by the emergent Mazar Tagh thrust, ~200 km further north from the 131 



topographic front of the WKR (Figure 1.D) [e.g., H Chen et al., 2022; Guilbaud et al., 2017; 132 

Laborde et al., 2019; Lu et al., 2016; Wittlinger et al., 2004; Xu et al., 2020]. 133 

The orogenic wedge of the WKR was formed by the reactivation of structures inherited from 134 

a previous complex geodynamic evolution [e.g., Cao et al., 2015; G Li et al., 2019; Sobel and 135 

Dumitru, 1997; E Wang et al., 2003]. Different studies date this reactivation between the 136 

end of the Oligocene and the Lower Miocene: ~20 Ma as deduced from the onset of 137 

exhumation of the inner basement rocks constrained by low-temperature 138 

thermochronology [e.g., Cheng et al., 2017; G Li et al., 2019; Sobel and Dumitru, 1997; E 139 

Wang et al., 2003], ~22-15 Ma from the initiation of the upward coarsening sedimentation 140 

sequence dated by magnetostratigraphy [Blayney et al., 2019; Zheng et al., 2015],~23-15 Ma 141 

from seismic stratigraphy and fossil record [Cheng et al., 2017; X-D Jiang and Li, 2014], and 142 

~16 Ma from increasing sedimentation rates in the foreland [Métivier and Gaudemer, 1997]. 143 

Based on a crustal budget approach, Laborde et al. [2019] estimate a total crustal Cenozoic 144 

shortening of 78 ± 23 km across the WKR, with ~40% of the deformation absorbed across 145 

the foothills. Using an age of 22 Ma for the onset of reactivation, this implies an average 146 

long-term shortening rate of ~3.5 mm/yr across the whole range and of ~1.5 mm/yr for the 147 

foothills. Other estimates of shortening rates over shorter time periods, from growth strata 148 

and local dated geomorphic markers along the Yecheng-Pishan anticline (Figure 1.C), 149 

suggest a slip rate of 2-2.5 mm/yr, since ~5-7 Ma [Guilbaud et al., 2017]. 150 



 151 

Figure 1: Structural and tectonic setting of the study area. A. Regional tectonic map of the 152 

Indo-Asia collision zone after [Tapponnier and Molnar, 1977]. Frame locates Figure 1.B. B. 153 

Simplified tectonic map of the western portion of the Tarim Basin and surrounding ranges. 154 

Elevation data are from NASA Shuttle Radar Topography Mission (3arc-second resolution) 155 

[Jarvis et al., 2008] and the structural framework is modified from [Laborde et al., 2019]. 156 

Dashed frames locate Figure 1.C (large green frame) and Figure 3 (smaller frame). C. 157 

Tectonic map of the study area showing the main faults and the different tectonic domains 158 



that compose the Western Kunlun Range, modified from [Guilbaud et al., 2017]. Green 159 

arrows and values at their end report the Cenozoic shortening estimated along published 160 

cross-sections (dashed green lines), from 1[Laborde et al., 2019]; 2 [Cheng et al., 2017]; 3[X-D 161 

Jiang et al., 2013]; 4[T Sun et al., 2019]. These sections represent the deformation across the 162 

foothills (i.e. north of the Tiklik thrust). A crustal-scale shortening estimate taken from 163 

[Laborde et al., 2019] is also reported in dark green. The blue dot indicates the shortening 164 

rate estimated on the Yecheng-Pishan anticline over the last ~5-7 Myr, from 5[Guilbaud et 165 

al., 2017]. The yellow star indicates the location of the Kekeya sedimentary section dated by 166 

magnetostratigraphy [Blayney et al., 2019; Zheng et al., 2015]. Satellite images are from 167 

https://www.bing.com/maps/. Dashed frame locates Figure 3. a: anticline. D. Simplified 168 

geological section across the Western Kunlun Range and southwestern Tarim Basin showing 169 

the different morpho-structural ensembles that compose the mountain belt and its foreland 170 

basin (see location AA' on Figure 1.C). The subsurface data used to construct the section are 171 

from [X-D Jiang et al., 2013] and [Laborde et al., 2019]. KF: Karakax fault; TKT: Tam Karaul 172 

thrust; TT: Tiklik thrust; WKFR: Western Kunlun Frontal blind Ramp; MT: Mazar Tagh thrust.  173 

2.3. Stratigraphy 174 

The general stratigraphic framework of the WKR and southwestern Tarim Basin is 175 

summarized in the lithostratigraphic chart of Figure 2 [for further details, see Laborde et al., 176 

2019 and references therein]. 177 

2.3.1. Inner range  178 



The inner range is composed of an Archean to Proterozoic basement corresponding to 179 

igneous and metamorphic rocks overlain by Proterozoic to lower Paleozoic meta-sediments 180 

(Figure 2). The metamorphism that has affected this basement and its cover is related to an 181 

early Paleozoic orogenic event [e.g., Matte et al., 1996]. According to outcrop observations 182 

and well data, this metamorphosed sedimentary cover is only found in the inner range and 183 

the proximal part of the foothills [e.g., Laborde et al., 2019].  184 

2.3.2. Foothills 185 

In the foothills, the basement is similar to the one of the inner range. Here, however, it is 186 

overlain by a more or less continuous sedimentary series, extending from Neoproterozoic 187 

(Sinian) to Quaternary, interrupted by two major hiatuses (Figure 2). The first hiatus forms 188 

an angular unconformity sealing a thin-skinned deformation related to the early Paleozoic 189 

orogenic event mentioned above [Y-J Li et al., 2016a]. The second hiatus forms an angular 190 

unconformity that has eroded the previously deposited Mesozoic sediments, and that is 191 

related to a poorly understood long-wavelength deformation occurring at the end of the 192 

Cretaceous [Y-J Li et al., 2016b]. 193 

From Sinian to Carboniferous, the sedimentation was mainly marine with an alternation of 194 

calcareous, terrigenous and gypsiferous deposits, among which the evaporitic interval of the 195 

middle to upper Cambrian detachment level. Continental transition occurred during the 196 

Permian, which is dominated by a terrigenous sedimentation. Successive marine 197 

transgressions re-invaded the area during Paleocene and Eocene, as recorded by calcareous 198 

deposits, as well as massive gypsum beds and reddish-brown gypsiferous mudstones 199 

corresponding to the detachment level at the base of the Cenozoic deposits. The last retreat 200 



of the sea occurred during late Eocene and was followed by terrigenous sedimentation, 201 

which mostly consists of claystones, siltstones and sandstones (Figure 2). 202 

The Miocene to Pliocene sedimentation corresponds to wedge-top deposits associated with 203 

the reactivation of the WKR thrust wedge. This reactivation results in a long-term upward 204 

coarsening sequence, with a progressive increase of gravel content (Figure 2). A 205 

magnetostratigraphic section obtained along the Kekeya River (Figure 1.C) constrains the 206 

onset of this syn-tectonic sedimentation between ~22 Ma and ~15 Ma [Blayney et al., 2019; 207 

Zheng et al., 2015]. 208 

 209 



Figure 2: Simplified chronostratigraphic chart of the Western Kunlun Range and its foreland 210 

basin, modified from [Laborde et al., 2019]. Key seismic horizons are reported, and interval 211 

velocities considered for depth-conversion of the seismic profiles are indicated.  212 

2.4. The Hotan anticline  213 

The Hotan anticline is located to the west and southwest of the city of Hotan (Figure 1). It 214 

forms a ~120 km-long and ~15-20 km-wide east-west-striking fold, with a maximum 215 

topographic expression of ~700-800 m above the present-day Tarim sedimentation base 216 

level (Figure 3). Due to these large dimensions, this fold is a major structure of the Western 217 

Kunlun foothills. 218 

The structural geometry proposed for the Hotan anticline is very different from other 219 

foothill anticlines further west (i.e. Yecheng-Pishan, Kekeya, Fusha, and Pusikai anticlines), 220 

which are interpreted as blind imbricated thrusts and duplexes [e.g., H L Chen et al., 2018; 221 

Guilbaud et al., 2017; X-D Jiang et al., 2013; Laborde et al., 2019; Li et al., 2021; T Li et al., 222 

2016; T Sun et al., 2019; C-Y Wang et al., 2013; C Wang et al., 2016; S Wang et al., 2021] 223 

(Figure 1.C). Published seismic profiles reveal that near the Karakax and Yurungkax rivers 224 

(Figure 3.A), the Hotan anticline rather corresponds to a major fault-bend fold over a north-225 

verging ramp (the Hotan thrust) climbing from the Cambrian detachment level upward to 226 

the Paleocene detachment level [Cheng et al., 2017; X-D Jiang and Li, 2014; X-D Jiang et al., 227 

2013]. The measured amount of total shortening ranges between ~27 km [Cheng et al., 228 

2017] and ~37 km [X-D Jiang et al., 2013]. The seismic stratigraphic analysis of the growth 229 

strata lying over the forelimb of the anticline indicates that folding initiated during the 230 

middle Miocene [Cheng et al., 2017]. 231 



To the east, where several previous studies were conducted [Cheng et al., 2017; X-D Jiang 232 

and Li, 2014; X-D Jiang et al., 2013], only the upper part of the folded Cenozoic deposits is 233 

exposed above the sedimentation level. To the west, in contrast to the other foothill 234 

structures, the Hotan anticline deforms and exhumes deeper series, with Paleozoic units 235 

cropping out in its core (Figure 3.B). Accordingly, the structure of this fold seems to present 236 

strong lateral variations. However, published data remain limited so far to discuss the lateral 237 

variations observed in the surface geology along the anticline. Yet, it is essential to constrain 238 

these variations in order to better document the overall deformation and lateral changes in 239 

the foothills of the Western Kunlun, in which this fold represents a major, though atypical 240 

structure. 241 

3. Data and methods 242 

3.1. Data 243 

To build a geological map of the study area (Figure 3.B), we combine satellites images 244 

(Google Earth database) and existing cartographic documents [Guilbaud et al., 2017; C 245 

Wang et al., 2016; Y Yang et al., 2009 and unpublished geological maps from Tarim oil 246 

companies], together with field observations along river sections crossing the Hotan 247 

anticline (Figure 4). 248 

In addition to these surface constraints, the subsurface geometry of the anticline is 249 

documented by forty-two 2D-reflection seismic profiles acquired in 1996, 1997, and 1998, 250 

by the Sinopec Group of the China Petrochemical Corporation. Thirty lines are oriented 251 

NNE-SSW, perpendicular to the structural trend, while twelve are oriented NW-SE, parallel 252 



to the fold axis (Figure 3.A). Subsurface calibration of seismic horizons was done from 253 

surface geology and from the Hecan-1 well (80°E, 36.9°E), which was drilled by the Shengli 254 

Oil Complex in 1997, through a 5404 m-thick sedimentary series formed by Quaternary, 255 

Neogene, Paleogene, Permian, Carboniferous, and Silurian-Devonian strata. 256 

3.2. Methods 257 

3.2.1. Seismic Interpretation 258 

Observable seismic reflectors are followed to delineate the subsurface geometry of the 259 

Hotan anticline on seismic profiles. Offsets of these reflectors are used to identify faults. 260 

Seven key horizons are emphasized. These are the base of the: Sinian, Upper Cambrian, 261 

Permian (Tg2), Paleocene (T8), Oligocene (T6), middle Miocene (T5) and Pliocene (T3) series 262 

(Figure 2). These horizons were previously identified at a regional scale and their age 263 

constrained by a compilation of biostratigraphic and magnetostratigraphic data from cores 264 

and surface outcrops [Laborde et al., 2019]. To ensure a consistent and comparable 265 

interpretation of the various sections, the selected seismic horizons are propagated over the 266 

whole seismic grid, from one seismic profile to the other. We more specifically analyse 267 

eighteen seismic profiles to determine the structural geometry of the Hotan anticline and its 268 

variations along strike (Figures 3.A, 5, and 6). 269 

3.2.2. Depth conversion 270 

Once interpreted, the two-way-time seismic profiles are depth-converted using constant 271 

velocity intervals based on velocity data derived from four wells within the Tarim Basin 272 



[Laborde et al., 2019]. Calibration of the velocity model is adjusted with data from the 273 

Hecan-1 well. The used velocity intervals are indicated in Figure 2. 274 

3.2.3. Building balanced cross-sections 275 

In order to characterize the structural geometry of the Hotan anticline, surface and seismic 276 

reflection data are integrated to construct four ~70 km-long balanced cross-sections, 277 

extending from the Tiklik thrust at the rear of the Hotan anticline, to the southwestern 278 

Tarim Basin (Figures 3 and 7). These sections are balanced using the Move structural 279 

software, following an approach based on bed length and thickness conservation, and 280 

assuming folding by flexural-slip. The final cross-sections can be restored at the top of the 281 

Oligocene deposits (assumed to be horizontal at the time of deposition) and pinned at local 282 

pin lines in the foreland. 283 

3.2.4. Growth strata analysis 284 

The geometry of the growth strata and their variations along strike are then analysed on 285 

eighteen seismic profiles across the Hotan anticline (Figures 3.A and 8). In addition to the 286 

regionally-correlated seismic horizons T5 (base of the middle Miocene) and T3 (base of the 287 

Pliocene), nine growth horizons (horizons labelled a, b, c, d, e, f, g, h, i) are defined on 288 

seismic profiles and correlated from one section to the other through the seismic grid, so as 289 

to compare the geometry and timing of growth strata along strike. Their age is estimated 290 

from the accumulation rates deduced from dated horizons T5 and T3, assuming constant 291 

accumulation rates during the corresponding time intervals. These age estimates are 292 

determined for each profile, within the foreland, i.e. north and out of the folded area. 293 



4. Structural architecture and shortening   294 

4.1. Surface geology   295 

Figure 3.B illustrates our geological map of the Hotan anticline and surrounding area. To the 296 

south, the local WKR foothills are bounded by the Tiklik thrust. At the front of this thrust, 297 

two narrow thrust-related anticlines, parallel to the range, are observed in the western part 298 

of the study area. They give rise to a large syncline filled by Miocene to Quaternary growth 299 

strata that are poorly constrained by field and seismic observations. 300 

To the north, the Hotan anticline is NW-SE-oriented and ~120 km long (Figure 3.B). Deep 301 

stratigraphic levels, down to Silurian phyllites (Figure 4.A), are exhumed in the northwestern 302 

part of the anticline, where the fold width reaches ~15 km. Laterally, the fold axis plunges 303 

eastward and gets gradually buried under Miocene to Quaternary syn-orogenic sediments. 304 

The anticline is asymmetrical, with dip angles of 15° to 30°S in the backlimb and dip angles 305 

of 20° to 90°N in the forelimb (Figure 4.B). Dip angle values gradually decrease from west to 306 

east. 307 

In the western part of the anticline, the backlimb is locally truncated by a north-verging 308 

thrust, which duplicates the Permian and Paleogene series (Figure 3.B). The forelimb of the 309 

fold anticline is then bounded by an intra-Miocene erosional unconformity that truncates (i) 310 

the Permian to Paleogene (Paleocene-Eocene) strata to the west, and up to (ii) the Miocene 311 

strata towards the east (Figure 3.B). Dip measurements across the forelimb show that this 312 

unconformity corresponds to an angular one between the north-dipping Paleogene strata 313 



(70°-90°N) and the more recent growth strata further north, with dip angles that gradually 314 

decrease to almost horizontal (15°-4°N) (Figure 4.B). 315 

Finally, to the east of the study area, the Aqik tear fault is oriented approximately north-316 

south and exhumes series down to the Silurian-Ordovician (Figure 3.B). 317 



318 
Figure 3: Map of the study area (location on Figures 1.B and 1.C). A. Topographic map and 319 

seismic dataset used in this study. Elevation data are from NASA Shuttle Radar Topography 320 

Mission (3arc-second resolution) [Jarvis et al., 2008]. Thin orange lines locate the whole 321 

seismic grid used in this study. Sections of Figures 5, 6 and 8 are reported by labelled large 322 

orange lines. Cross-sections of Figure 7 (aa’, bb’, cc’ and dd’) are indicated. Field 323 



observations of Figure 4 are also located. B. Geological map, illustrating the extension of the 324 

Hotan thrust and the location of the most frontal ramp of the underlying blind duplex. Cross-325 

sections aa' to dd' of Figure 7 are reported. 326 

 327 

Figure 4: Field pictures and observations. A. Photo from the core of the Hotan anticline (see 328 

location on Figure 3.A). Note the meta-sediments that outcrop at the base of the 329 

Carboniferous limestones. Trucks in the lower left side for scale. B. Schematic surface cross-330 



section of the northern limb of the Hotan anticline (see location on Figure 3.A) and photos 331 

(a, b, c, d, e and f) of the corresponding sedimentary facies.   332 

4.2. Interpreted seismic profiles  333 

The deep structure of the Hotan anticline is illustrated here by four NNE-SSW-oriented 334 

seismic profiles (Figure 5) and one WNW-SSE-oriented composite seismic profile (Figure 6). 335 

These interpreted profiles show a large overthrust, referred to as the Hotan thrust. The 336 

hanging wall unit of this thrust forms a broad unfaulted ramp anticline deformed by a 337 

duplex that developed in the footwall unit. According to seismic imaging, the Hotan thrust 338 

propagated from the Cambrian lower detachment to the Paleocene upper one. The 339 

underlying duplex developed between the Cambrian detachment and a shallower one at the 340 

base of the Permian series (Figures 5.B.C), before connecting upward into the Paleocene 341 

detachment (Figure 5.C).  The Hotan thrust and the underlying footwall duplex are referred 342 

to as the Hotan thrust system. 343 

A seismic facies analysis of the different sedimentary units involved in the Hotan thrust 344 

system is out of the scope of this study. Nevertheless, the older geologic formation involved 345 

in the Hotan thrust sheet displays chaotic and transparent seismic facies that strongly 346 

contrasts with the layered facies involved in the footwall duplex (Figures 5 and 6). Surface 347 

and well data indicate that this chaotic facies corresponds to metamorphic Paleozoic 348 

sediments (i.e. phyllites) (Figure 4.A) found in the inner portion of the WKR (Figure 2). 349 

Velocity pull-up beneath the Hotan thrust system is related to the higher seismic velocities 350 

of these meta-sediments (Figure 2).  351 



The different profiles clearly show that the amplitude and wavelength of the Hotan anticline 352 

is related to the amplitude and area of the footwall duplex. Indeed, the duplex has a 353 

maximum amplitude to the northwest of the anticline, where the deeper and older series 354 

are exposed (Figures 3.B, 5.A, and 6). The amplitude gradually decreases towards the 355 

southeast where the duplex structure disappears (Figures 5.D and 6). This variation in the 356 

duplex amplitude also explains the lateral variation in the dip angles documented within the 357 

limbs of the Hotan anticline, which are steeper towards the northwest. 358 

A wedge of Miocene to Pleistocene growth strata onlaps the forelimb of the Hotan anticline, 359 

with a progressive thickening of the strata towards the foreland (Figure 5). Below this 360 

wedge, the forelimb of the anticline is partially eroded by an erosional unconformity that 361 

merges at depth with the base of the growth strata and connects at the surface to the 362 

mapped angular unconformity (Figure 3). The detailed geometries of these growth strata 363 

and their variations along strike are described later on. The data do not permit clear 364 

observations within the backlimb of the anticline, in particular for growth strata (Figure 5). 365 



 366 

Figure 5: Interpreted seismic reflection profiles across the Hotan thrust system illustrating its 367 

structural variability along strike, from west (A) to east (D) (see location on Figure 3.A). Key 368 

seismic horizons are color-coded and can be compared to the simplified regional 369 

chronostratigraphic chart of Figure 2. Pre-growth and growth strata are differentiated.370 



371 



Figure 6: Uninterpreted (top) and interpreted (bottom) composite seismic reflection profile 372 

oriented parallel to the axis of the Hotan anticline (see location on Figure 3.A). Note the 373 

progressive development of the footwall duplex toward the northwest, which deforms the 374 

Hotan thrust and brings the Paleozoic series to the surface. Seismic sections of Figure 5 are 375 

located along the uninterpreted profile. Key seismic horizons are color-coded and can be 376 

compared to the simplified regional chronostratigraphic chart of Figure 2. Pre-growth and 377 

growth strata are differentiated. 378 

4.3. Balanced cross-sections and horizontal shortening  379 

4.3.1. Cross-sections 380 

Four balanced cross-sections are constructed from surface geology and seismic data across 381 

the Hotan thrust system and associated anticline, from the Tarim foreland to the Tiklik 382 

thrust (Figure 7). We hereafter describe our findings for each one of them. 383 

Section aa’: The Hotan anticline consists first of a major ramp anticline caused by slip over 384 

the Hotan thrust, and subsequently folded by an underlying footwall duplex developed on 385 

thrusts connecting the Cambrian detachment level to the Paleocene one. To balance the 386 

section, a stack of three horses is proposed to fill the area between the roof thrust and the 387 

floor thrust. Behind the Hotan anticline, the southern end of the section is not imaged by 388 

the seismic profiles and poorly documented by field data. The presence of a syncline in 389 

surface geology between the Tiklik thrust and the Hotan anticline imposes a geometric gap 390 

in the footwall of the Tiklik thrust. To fill this gap and keep the cross-section balanced, we 391 

propose that the southern limb of the syncline is underlain by two horses between the two 392 



regional detachments. These horses could be the lateral continuity of the outcropping 393 

thrusts to the west located at the rear of the Hotan anticline (section 4.1, Figure 3.B). 394 

Altogether, a restoration at the top of the Oligocene series indicates that a total shortening 395 

of about 64 km is accumulated along section aa’. The total shortening accommodated by the 396 

sole Hotan thrust system is ~40 km, with 23.6 km (59% of the 40 km) absorbed by the Hotan 397 

thrust and 16.4 km (41% of the 40 km) by the footwall duplex. 398 

Section bb’: the Hotan thrust appears to be also folded by an underlying duplex with three 399 

main horses. However, these horses seem to develop on thrusts connecting the Cambrian 400 

detachment level to the secondary one at the base of the Permian series. This geometry is 401 

imposed by the undeformed continuous reflectors observable on the seismic profiles within 402 

the Permian series comprised in between the top of the horses and the Hotan thrust (Figure 403 

5.B). Further north, just at the front of the Hotan anticline, a secondary ramp connects the 404 

base of the Permian series to the main detachment located within the Paleocene series. 405 

Here again, the southern extent of the section is poorly constrained and a secondary splay 406 

of the Tiklik thrust is proposed to balance the section beneath the syncline documented in 407 

surface geology. Altogether, the total shortening accumulated across the whole section is 408 

~47.5 km. The total shortening across the Hotan anticline is 34.5 km, with 28.5 km (82.6% of 409 

the 34.5 km) accommodated by the Hotan thrust and 6 km (17.4% of 34.5 km) by the 410 

footwall duplex.  411 

Section cc’: The structural architecture of the Hotan thrust system is similar to the one 412 

along section bb’, with a duplex displaying two horses beneath the Hotan thrust. Here, the 413 

Tiklik thrust directly overthrusts the Hotan anticline and the absence of a syncline leads to 414 

no additional blind thrust or duplex. The total shortening across the Hotan anticline is ~34.8 415 



km with 33.5 km (96.3% of 34.8 km) consumed by the Hotan thrust and 1.3 km (3.7% of 34.8 416 

km) by the footwall duplex. 417 

Section dd’: The Hotan thrust system consists of an isolated major ramp anticline, as in 418 

previous sections, but with no underlying duplex. This ramp anticline absorbs about 35.5 km 419 

of total shortening. The Paleogene series of the forelimb of the anticline are folded in a 420 

secondary small-scale anticline related to a backthrust rooting into the Paleocene 421 

detachment. This secondary thrust accommodates around 2 km (5.6%) of the total 422 

shortening.  423 



 424 

Figure 7: Balanced cross-sections across the foothills of the Western Kunlun Range and 425 

associated shortening values (see location on Figure 3.A). Growth strata are reported in the 426 

forelimb of the Hotan anticline. Key horizons and layers are indicated, as well as their 427 

stratigraphic age (section aa’). The restored sections are shown in Figure S1. 428 



4.3.2. Along-strike variations in shortening and structural style 429 

Our observations show that the Hotan anticline results from a major blind thrust sheet 430 

involving Silurian-Ordovician meta-sediments. This thrust sheet is deformed and folded over 431 

a footwall blind duplex. This structural style is found all along the Hotan anticline, except for 432 

the easternmost sections where the duplex is absent (Figure 7). The total amount of 433 

shortening absorbed by the Hotan thrust system is relatively constant along strike, with a 434 

minor eastward decrease from ~40 to ~35 km. However, our results emphasize the 435 

existence of strong lateral variations in the partitioning of shortening. Indeed, the 436 

comparison between sections aa’ to dd’ reveals that the amount of shortening 437 

accommodated by the Hotan thrust increases eastward from ~23.6 to ~35.5 km, while the 438 

one accommodated by the footwall duplex decreases from ~16.4 to 0 km (Figure 9.A). The 439 

respective contribution of the Hotan thrust and of the footwall duplex to the total 440 

shortening across the Hotan thrust system is thus fairly of the same order of magnitude to 441 

the west (60% vs. 40%, respectively - Figure 9.A, section aa’), but it strongly varies along-442 

strike, with an eastward increasing contribution of the Hotan thrust (up to 100% - Figure 443 

9.A, section dd’). When combined with the along-strike variations observed in the surface 444 

geology (Figure 3.B), this partitioning indicates that the surface expression and morphology 445 

of the Hotan anticline is rather the indirect reflection of the deformation cumulated on the 446 

underlying blind duplex than that of the overlying large ramp anticline. 447 

Overall, we find strong lateral variations in the deformation accommodated in the local 448 

Western Kunlun foothills (i.e. north of the Tiklik thrust), with a total shortening of ~64 km 449 

(Figure 7, section aa’) that significantly decreases eastward to ~35.5 km (Figure 7, section 450 

dd’). This decrease is related to the significant shortening also accommodated by the blind 451 



structures inferred beneath the synclines in the backlimb of the Hotan anticline, which are 452 

needed to balance the westernmost sections. In contrast, these structures are absent in the 453 

easternmost sections (Figure 7, sections cc’ and dd’). 454 

5. Kinematics of shortening as inferred from growth strata  455 

5.1. Growth strata geometries  456 

The backlimb of the Hotan anticline is poorly imaged by seismic data. Therefore, we rely 457 

only on the growth strata observable in its forelimb, either on seismic profiles or 458 

outcropping in the western portion of the structure (Figures 4.B.e.f). Among the eighteen 459 

seismic profiles used to investigate the deep geometry of the growth strata and its 460 

variations along strike, three of them are shown in Figure 8 to illustrate and synthesize our 461 

observations. Most of these profiles partially overlap our cross-sections of Figure 7 (see 462 

locations on Figure 3.A). 463 

Overall, the growth strata form a wedge thinning southward. They consist of Miocene to 464 

Quaternary beds that onlap an angular unconformity visible on the seismic profiles, as well 465 

as at the surface in the field (Figure 3 and picture e in Figure 4.B). This indicates that the 466 

forelimb of the Hotan anticline was partially eroded during its growth. Associated with the 467 

unconformity, two packages of growth strata with different patterns are identified: (1) 468 

concordant growth strata, parallel with each other and with no lateral variations in thickness 469 

other than those related to their onlap over the eroded forelimb, at the bottom, and (2) 470 

fanning growth strata with upward shallowing dip angles and southward thinning of the 471 

layers toward the anticline, at the top. We hereafter describe in detail the growth strata of 472 



the three profiles shown in Figure 8, with emphasis on these two patterns of growth strata 473 

and their geometric relationships. 474 

Profile A: This profile faces the core of the Hotan anticline, where deep stratigraphic series 475 

are exhumed at the surface (Figure 3.A). To the south of the profile, surface and sub-surface 476 

observations indicate that the angular erosional unconformity separates steeply-dipping 477 

pre-growth strata from onlapping, gently-dipping, growth strata fanning toward the basin 478 

(Figure 8.A). The erosion represented by the unconformity is significant, with at least ~2500 479 

m of missing sediments (Figure 7, section aa’). Toward the basin, this angular unconformity 480 

divides into two branches. The deeper branch separates the concordant growth strata 481 

(growth horizons T5 to b) from the fanning ones that progressively onlap the unconformity 482 

upward (updip from horizon b). Above, the upper branch forms a composite unconformity 483 

[sensu Ford et al., 1997; Riba, 1976] that separates growth offlap from growth onlap (Figure 484 

8.A). Altogether, the older growth strata developed above horizon T5, with concordant 485 

growth strata found from T5 to horizon b, overlain by fanning growth strata from horizon b 486 

to the top of the sedimentary series. 487 

Profile B: This profile partly overlaps the section of Figure 5.C and cross-section cc’ of 488 

Figure 7 (Figure 3.A). Here, the Hotan anticline is buried under growth strata (Figure 8.B). 489 

To the south of the profile, the angular unconformity observed at the surface separates sub-490 

horizontal growth strata at the top of the anticline from the younger northward gently-491 

dipping growth strata of its forelimb. Accordingly, along this section, the unconformity is 492 

interpreted as a time-transgressive angular unconformity [sensu Suppe et al., 1992]. Toward 493 

the basin, this unconformity persists and separates at depth folded and eroded pre-growth 494 

strata from the growth wedge developed above horizon T5. In this wedge, the two patterns 495 



of growth strata mentioned above are observed with a first package of concordant strata 496 

from horizons T5 to < T3, and a second package of fanning growth strata from < T3 to the 497 

top of the sedimentary series (Figure 8.B). 498 

Profile C: This profile partly overlaps the profile of Figure 5.D and the cross-section dd’ of 499 

Figure 7 (Figure 3.A). Here again, the Hotan anticline is buried under the growth strata 500 

associated with a time-transgressive unconformity, even though this unconformity is much 501 

more tenuous (Figures 8.C and 3). To the front of the fold, the proximal part of the growth 502 

wedge is characterized by concordant growth strata progressively onlapping its forelimb. As 503 

observed everywhere else, this growth wedge develops above horizon T5. At the base of 504 

this wedge, growth horizons between T5 to e are concordant but folded by the backthrust 505 

interpreted at the front of the anticline on the easternmost seismic profiles (Figures 8.C, 506 

5.D, and 7). In contrast, just above these folded horizons (i.e. from horizon e to the top of 507 

the sedimentary series), growth strata form fanning growth layers with an internal angular 508 

unconformity (Figure 8.C).  509 



 510 

Figure 8: Interpreted reflection seismic profiles showing the lateral evolution of the geometry 511 

of the growth strata identified within the forelimb of the Hotan anticline (see location on 512 

Figure 3.A). Note that the labelled seismic horizons on the right edge of the sections have 513 

been correlated over the entire seismic dataset depicted in Figure 3.A. Two patterns of 514 

growth strata are identified, with concordant and fanning growth strata. 515 



5.2. Folding mechanisms and timing of deformation  516 

Growth strata geometries are primarily controlled by the folding mechanism (i.e. kink-band 517 

migration and limb rotation), as well as by the relative rates of sedimentation and uplift 518 

[e.g., Shaw et al., 2005]. According to our seismic interpretations described above, two 519 

distinct patterns of growth strata are preserved in the forelimb of the Hotan anticline. The 520 

first deeper one corresponds to concordant growth strata onlapping pre-growth strata, 521 

which are observed all along the fold. Such a pattern is classically found at the forefront of 522 

fault-bend folds when the uplift rate exceeds the sedimentation rate [Suppe et al., 1992]. 523 

We therefore propose to interpret these concordant growth strata as related to the 524 

deformation and forward propagation of the Hotan thrust (Figure 10). To the top of the 525 

growth wedge, a second pattern corresponding to a fan of onlapping growth strata is 526 

observed in the sections where the duplex developed in the footwall of the Hotan thrust. 527 

This geometry is indicative of a mechanism of progressive limb rotation [e.g., Hardy and 528 

Poblet, 1994]. We thus rather interpret these fanning growth strata as related to the 529 

subsequent growth of the footwall duplex, with its stacking inducing local uplift, erosion, 530 

and overall progressive rotation of the overlying forelimb (Figure 10). Finally, other fanning 531 

growth strata are also observed above the backthrust documented solely in the 532 

easternmost seismic profiles (Figure 8.C). These layers therefore seem to have recorded the 533 

late activation of this secondary structure to the east of the Hotan thrust system. 534 

These two styles of growth strata can be identified throughout the seismic database used in 535 

this study. Based on this identification, we point out the seismic horizons affected by each of 536 

them to date the initiation of each folding style. To highlight the along-strike age variations 537 



of the propagation of the Hotan thrust and footwall duplex, we synthesize our findings along 538 

the Hotan thrust system (Figures 9 and 10). This synthesis shows that:  539 

(1) growth strata develop everywhere upward from horizon T5, which implies a synchronous 540 

onset of deformation of the Hotan anticline dated to ~16 Ma at the scale of the whole study 541 

site.  542 

(2) concordant growth strata are first deposited all along the forelimb of the Hotan anticline, 543 

consistent with an early activity of the Hotan thrust.  544 

(3) a transition from concordant to fanning growth strata then occurs higher in the series, 545 

which points to a later activation of the footwall duplex below the fault-bend fold. 546 

(4) this transition takes place at varying growth horizons all along the anticline, indicating 547 

that the growth of this duplex initiated diachronously over the study area. It occurs at the 548 

level of horizon b on the westernmost profiles and of progressively shallower horizons 549 

further east, revealing that the duplex growth initiated first to the west before gradually 550 

propagating eastward over time (Figure 9.B).  551 

(5) the fanning growth strata evidenced on the easternmost sections above the backthrust 552 

at the front of the Hotan anticline initiated by horizon f (Figure 8.C), so that this local 553 

structure is interpreted to be a late feature initiating between ~16 and ~5 Ma. 554 



 555 

Figure 9: Lateral variations in the shortening absorbed across the Hotan thrust system, and 556 

in the age of the transition from the Hotan thrust to the footwall duplex. Total shortening is 557 

reported for each section of Figure 7, and its partitioning between the Hotan thrust and the 558 

underlying footwall duplex is indicated. A. Relative contribution of the Hotan thrust and of 559 

the underlying duplex to total shortening for each section of Figure 7. B. Shortening and its 560 

partitioning between the Hotan thrust and the underlying duplex for each section of Figure 561 

7. The patterns and the relative ages of the forelimb growth strata interpreted on the seismic 562 

profiles that cross the Hotan anticline are projected for each section of Figure 7, and 563 

additional sections of the available seismic grid (Figure 3.A). Note that the concordant 564 

growth strata pattern becomes dominant as the amount of shortening accommodated by 565 

the footwall duplex gradually decreases eastward. Relative ages of growth horizons are 566 



reported relative to key identified seismic horizons T3 and T5 and labelled from a to i (Figure 567 

8). 568 

5.3. Shortening rates over time 569 

From published magnetostratigraphic constraints, ages of seismic horizons T3 and T5 were 570 

dated to ~16 Ma and ~5 Ma, respectively [see Laborde et al., 2019 and references therein]. 571 

To get additional quantitative estimates on the ages of other growth horizons, we use layer 572 

thicknesses between horizons and assume constant sedimentation rates from T5 to T3, and 573 

from T3 to the top of the sedimentary series. We do this for each cross-section of Figure 7, 574 

considering the thicknesses between the horizons just at the front of the Hotan anticline. 575 

By combining shortening estimates (Figure 7) with the timing of deformation deduced from 576 

the growth strata (Figure 9.B) and refined from the above estimated ages, we deduce 577 

average shortening rates for each section since the onset of deformation by ~16 Ma, as well 578 

as during the periods of activity of the Hotan thrust and of duplex growth (Table 1). Our 579 

results first suggest a slight variation along strike in the average long-term shortening rate 580 

since ~16 Ma, with a rate of ~2.5 mm/yr along section aa’, decreasing eastward to a rate of 581 

~2.2 mm/yr along section dd’. Because the onset of deformation is everywhere dated to ~16 582 

Ma, this variation is correlated with the slight lateral variation in total shortening (Figures 7 583 

and 9).  Then, when considering each section, we find that the shortening rate across the 584 

Hotan thrust system has not been steady over time. Indeed, average shortening rates 585 

deduced over the earlier period related to the Hotan thrust activity are systematically 586 

significantly higher than those deduced during the subsequent time of duplex growth (Table 587 

1). The most recent average shortening rates across the Hotan thrust system are ~1.3 to 588 



~0.3 mm/yr, over a time period of ~12 Ma or ~4 Ma to present, from sections aa’ to cc’, 589 

respectively. 590 

In assessing average shortening rates over the earlier and later phases of folding, we take 591 

advantage of the record of a clear change in folding style, from a single broad fault-bend 592 

anticline to a duplex, as recorded in the growth strata, and use it as a temporal marker of 593 

deformation. However, shortening rates during the two different folding phases are average 594 

values, with no resolution in terms of potential variations within and during the considered 595 

time intervals. Section dd’, where the footwall duplex is absent (Figure 7), clearly illustrates 596 

this point. Along this section, we can only deduce an average shortening rate since ~16 Ma 597 

with no resolution in a possible change of deformation velocity over time as found in the 598 

other sections further west. Consequently, this implies that the structural change from the 599 

Hotan thrust to the onset of the duplex may not be coeval with the slowing down of 600 

deformation rates, which may alternatively occur during either one of the two folding 601 

phases (Figure 10). 602 



 603 

Figure 10: Schematic sequential restoration of section bb’ illustrating the kinematic and 604 

structural evolution of the Hotan thrust system with associated growth strata geometry at 605 

the frontal limb of the Hotan anticline. Note that the geometry of the growth strata at the 606 

back of the anticline is not represented. Columns to the left indicate 1: Time; 2: Active 607 

structures; 3: Growth strata geometry; 4: Shortening rates, as derived at the scale of the 608 

whole Hotan thrust system (see section 6.2.1 for further explanations). Note that the 609 

deceleration in shortening rates by ~8-9 Ma is not coeval with the transition from the Hotan 610 

thrust to the footwall duplex. 611 

 612 

  Sections Hotan thrust system Hotan thrust Footwall duplex Frontal backthrust

Shortening 
amounts 

aa' 40.0 23.6 16.4 



(km) bb' 34.5 28.5 6 

cc' 34.8 33.5 1.3  

dd' 35.5 35.5   2

Growth 
horizons 

aa' T5 - 0 T5 - c c - 0  

bb' T5 - 0 T5 - e e - 0  

cc' T5 - 0 T5 - < T3 < T3 - 0 

dd' T5 - 0 T5 - 0   f - 0

Durations 
(Myr) 

aa' 16.0 3.8 12.19  

bb' 16.0 6.4 9.64  

cc' 16.0 12.2 3.80  

dd' 16.0 16.0   8.3

Shortening 
rates 

(mm/yr) 

aa' 2.5 6.2 1.3   

bb' 2.2 4.5 0.6   

cc' 2.2 2.8 0.3   

dd' 2.2 2.2 0.2

Table 1: Shortening, timing of deformation and shortening rates estimated for the different 613 

structures that compose the Hotan thrust system and on each section of Figure 7. The 614 

duration was estimated from the analysis of the growth strata assuming that the 615 

propagation of the Hotan thrust is recorded by the concordant pattern, and the growth of 616 

the footwall duplex by the fanning pattern (Figures 8, 9 and 10). Refer to the text for details 617 

on the approach. 618 



6. Discussion 619 

6.1. Structure and shortening across the Hotan thrust system, in the context of 620 

the Western Kunlun Range 621 

6.1.1. Structure of the Hotan thrust system 622 

We show in this study that the Hotan anticline structure is far from being cylindrical. Indeed, 623 

to the west, the Hotan thrust is folded by a footwall duplex, whose amplitude and 624 

shortening decrease eastward. The total amount of shortening, although relatively similar 625 

along strike, is partitioned between the Hotan fault-bend fold and the underlying duplex.  626 

Previous studies only focused on the eastern part of the Hotan anticline and interpreted this 627 

structure as a north verging fault-bend fold [Cheng et al., 2017; X-D Jiang et al., 2013] (see 628 

Section 2.4.). Indeed, as the underlying duplex is poorly expressed near the Karakax and 629 

Yurunkax rivers, it was not clearly identified in these previous structural interpretations 630 

(Figure 3). However, X-D Jiang et al. [2013] noticed two secondary faults breaking the lower 631 

Paleozoic series below the Hotan thrust, which we re-interpret as two thrust horses in 632 

section cc' (Figure 7). Along this cross-section, we also derive a total Cenozoic shortening of 633 

~34.8 km, overall consistent with the values of ~37.5 km and ~27 km estimated by X-D Jiang 634 

et al. [2013] and Cheng et al. [2017], respectively. From our analysis of the growth strata, 635 

the deformation of the Hotan thrust system is interpreted to initiate by ~16 Ma, a timing 636 

which is also consistent with the Lower Miocene ages (23-15 Ma) proposed in these 637 

previous studies. Altogether, our results are therefore in line with previous interpretations 638 

in terms of structure, shortening and timing of deformation along the eastern Hotan 639 



anticline. They complement these earlier views by documenting lateral variations in the 640 

structural architecture of the anticline, and by pointing out temporal changes in the 641 

kinematics of shortening further discussed hereafter (Section 6.2). 642 

We only have limited evidence to discuss the causes of these lateral and temporal changes 643 

in kinematics along strike. Our balanced cross-sections show that the Hotan thrust 644 

developed along a stratigraphic and lithological contrast between the meta-sediments 645 

inherited from the Palaeozoic orogeny and the corresponding non-metamorphic sediments 646 

preserved in the Tarim Basin (Figures 2, 7 and S1), pointing out the potential role of 647 

structural/lithological inheritance in the location of this structure, as noted in other studies 648 

[e.g., Laborde et al., 2019]. The reason why shortening has been subsequently taken up 649 

progressively from west to east by a footwall duplex is not clear. One possibility could be 650 

related to the spatial extent and orientation of inherited structures, less favourable at some 651 

point than the neo-formed thrusts within the Tarim sedimentary sequence with regards to 652 

the direction of the Cenozoic regional compression. This idea is possibly supported by the 653 

fact that all structures of the inner range of the WKR, as well as the extent of the Hotan 654 

thrust, are oblique to the neo-formed structures of the foothills (i.e. Yecheng-Pishan and 655 

Kekeya anticlines) and of the Tarim Basin (Mazar Tagh thrust) (Figure 1.C). 656 

6.1.2. Contribution of the foothills to crustal shortening across the Western Kunlun 657 

Range 658 

At the scale of the foothills (i.e. considering all the structures located north of the Tiklik 659 

fault), our cross-sections show that the total amount of shortening in the studied area 660 

increases laterally from ~35 km to the east (section dd’) to ~64 km to the west (section aa’). 661 



This significant lateral increase over a distance of ~55 km is related to the westward growing 662 

contribution of thrusts suspected in between the Tiklik fault and the Hotan anticline (section 663 

aa’). Following the same crustal budget approach as Laborde et al. [2019], we assess a total 664 

shortening of ~70-60 km across the whole WKR at the longitude of section aa’ (see Figure 665 

S2). According to this estimate, most of the crustal shortening (i.e. from ~50 % to 100 %) 666 

could be accommodated in the foothills of the range.  667 

This proportion is considerably higher than that suggested by the cross-sections published 668 

further west, where only ~40 % of the shortening (~35 to ~28 km out of a total of 78±23 km) 669 

was proposed to be accommodated north of the Tiklik fault [Laborde et al., 2019; T Sun et 670 

al., 2019] (Figure 1.C). However, in these earlier studies, the inner structures of the foothills 671 

are interpreted as basement thrust sheets rather than as duplexes involving the 672 

sedimentary series of the Tarim Basin. Yet, the seismic sections available across the Pusikai 673 

anticline clearly show that the inner part of the foothills corresponds to an antiformal stack 674 

with several horses of deformed Paleozoic and Mesozoic deposits above the Cambrian 675 

detachment level, which implies a significant amount of shortening of ~54 km (Figure 1.C) 676 

[X-D Jiang et al., 2013]. The deformation style of such an antiformal stack is similar to the 677 

one of the Hotan footwall duplex, or to that located just at the front of the Tiklik thrust 678 

(section aa’). If such a deformation style is characteristic of the whole foothills, it is possible 679 

that certain structures initially interpreted as basement thrust sheets are in fact duplexes. If 680 

this were the case, the total amount of shortening accommodated across the outer WKR 681 

west of our study area could be significantly underestimated. In order to clarify this, a set of 682 

structurally self-consistent cross-sections is still needed for a rigorous comparison and 683 

discussion of the lateral variations in structure and shortening at the scale of the whole 684 



foothills, and from there of the contribution of the foothills to the total crustal shortening 685 

across the WKR. 686 

6.1.3. Up-dip transfer of thrust slip 687 

Previous interpretations [e.g., Guilbaud et al., 2017; Laborde et al., 2019; T Li et al., 2016; Lu 688 

et al., 2016], as well as our cross-sections (Figure 7), require transferring tens of kilometres 689 

of slip up-dip onto the detachment level lying at the base of the Paleocene series. Here, two 690 

scenarios are possible: the up-dip slip is transferred and consumed either (1) toward the 691 

south, on a backward passive roof-thrust, or (2) toward the north into the Tarim Basin, 692 

along a bedding-plane detachment at the base of the Paleocene series.  693 

If slip had returned backward, the onlapping frontal growth strata would have been 694 

overthrusted above the growing fold. In that case, their onlap terminations would be offset 695 

and not observed anymore in place over the fold forelimb, with growth strata appearing 696 

parallel to the underlying folded pre-growth layers [e.g., Medwedeff, 1989]. Accordingly, the 697 

geometry of the growth strata identified within the forelimb of the anticline is not 698 

compatible with backward passive roof-thrusting over the last ~16 Myr. Additionally, there 699 

is no evidence for an emerging backward passive roof-thrust (Figure 3). We acknowledge, 700 

however, that the deeper part of the forelimb of the Hotan anticline is poorly imaged in 701 

seismic profiles (Figure 5), and that the geometrical record for a passive roof-thrust and 702 

associated growth layers could be hidden in this area and/or lost by erosion along the 703 

mapped erosional unconformity. The possibility of a backward up-dip slip transfer occurring 704 

prior to the deposition of the onlapping growth layers can thus not be completely ruled out, 705 

which would suggest an age of deformation initiation older than ~16 Ma. In any case, such a 706 



backward passive thrust is presently kinematically not viable since the Paleocene 707 

detachment is disrupted by other faults (Tiklik fault or others) at the rear of the Hotan 708 

anticline (Figures 3, 7 and 11). Backward thrusting early in the fold history would thus imply 709 

that these faults were emplaced out-of-sequence relative to the Hotan anticline thrust 710 

system, a scenario that does not seem to be in line with the thermochronological 711 

constraints published so far [Cheng et al., 2017]. 712 

Altogether, the up-dip slip must have been transferred northward toward the foreland, at 713 

least over the last ~16 Myr. To the north, the foreland basin consists of sediments 714 

undeformed over a distance of ~175 km from the mountain front of the WKR, up to the 715 

Mazar Tagh thrust that reaches the surface (Figures 1.C and 11) [e.g., Laborde et al., 2019]. 716 

This thrust roots into the Paleocene detachment and has a vergence synthetic to the 717 

structures of the WKR (Figures 1.C and 1.D). We therefore favour the idea that the 718 

shortening absorbed across the Hotan thrust system and associated up-dip slip have been 719 

transferred northward onto the Paleocene detachment and into the Tarim Basin up to the 720 

Mazar Tagh thrust (Figure 11), a kinematics in agreement with previous interpretations 721 

proposed from other structures of the foothills to the west of our study area [e.g., Guilbaud 722 

et al., 2017; Laborde et al., 2019; T Li et al., 2016; Lu et al., 2016], and in line with recent 723 

observations of migrating growth-strata with the Tarim foreland [H Chen et al., 2022]. 724 

 725 



Figure 11: Regional cross-section showing the Hotan anticline in its regional context. It 726 

illustrates how the shortening accommodated across the Hotan thrust system is transferred 727 

northward onto the Paleocene detachment at the base of the foreland basin and up to the 728 

Mazar Tagh frontal thrust. The subsurface data used to construct the section are from this 729 

study (section bb’, Figure 7); [H J Yang et al., 2007] and [Laborde et al., 2019]. See location of 730 

BB' in Figure 1.C. 731 

6.2. Temporal variations in the kinematics of shortening across the Hotan 732 

thrust system and their regional implications 733 

6.2.1. An attempt at refining the deceleration of shortening rates across the Hotan 734 

thrust system 735 

We show that the two structural units composing the Hotan thrust system have left a 736 

characteristic imprint in the growth strata. This imprint provides constraints on the timing of 737 

deformation by pointing the onset of duplex growth after the initial phase of fault-bend 738 

folding related to the Hotan thrust. Such a transition in the deformation style is used along 739 

each investigated cross-section to quantify shortening rates and reveal a significant 740 

deformation deceleration over time (Section 5.3.). 741 

The total amount of shortening across the Hotan thrust system is relatively homogeneous 742 

over the study area. Similarly, we do not find any evidence for lateral variations in the age of 743 

initiation of folding (~16 Ma, eventually earlier). Despite the obvious lateral variations in the 744 

partitioning of total shortening (Figure 9), we hypothesize that the shortening rate and its 745 

temporal evolution could have been relatively homogeneous along strike. If this is correct, 746 



the laterally non-coeval transition from fault-bend folding (related to the Hotan thrust) to 747 

duplexing, derived in each section from growth strata, can be used as a passive marker of 748 

the deformation to further refine the temporal evolution of the shortening rate at the scale 749 

of the whole structure. To test this idea, we compare the timing of the tracked kinematic 750 

change with the cumulated shortening at the time of this transition on each section (Figure 751 

12). The age of the onset of the backward thrust at the front of the Hotan anticline on 752 

section dd’ can also be taken into account. Considering that the entire shortening of ~35-40 753 

km has been absorbed since ~16 Ma, this comparison illustrates and refines the possible 754 

temporal variations in the shortening rate that were already suspected on each balanced 755 

cross-section (Table 1). These results confirm a first period of rapid deformation with a rate 756 

of ~5 mm/yr, followed by a sharp deceleration by ~8-9 Ma with a subsequent average 757 

shortening rate of ~0.4 mm/yr (Figure 12).  758 

We recall that this result only holds if shortening rates can be considered as homogeneous 759 

along strike at the scale of the whole Hotan thrust system. In addition, the earlier high 760 

shortening rate derived here may be over-estimated in the case that deformation started 761 

earlier than 16 Ma. However, although this finding should be taken with extreme caution, it 762 

questions the kinematic evolution of deformation along the foothills of the WKR and calls 763 

for the search of additional evidence of this kinematic change.  764 



 765 

Figure 12: Cumulative shortening on the Hotan thrust system, when restoring deformation 766 

back in time. Deformation is considered to have initiated at ~16 Ma, with a total amount of 767 

shortening of 35-40 km (double black arrow at the top right) (Table 1). The clearly recorded 768 

transition from the Hotan thrust to the onset of the footwall duplex on sections aa’, bb’ and 769 

cc’ is used as a marker of ongoing deformation (black circles). As such, the timing of this 770 

transition, as well as the shortening cumulated backward in time from present-day to the 771 

moment of this transition (i.e. across the sole footwall duplex), are reported for these 772 

sections (Table 1). In the case of section dd', the shortening cumulated on the late 773 

backthrust at the front of the Hotan ramp anticline is reported with the onset time of this 774 

structure (grey circle). In the case that shortening rates are homogeneous along strike at any 775 

time, despite the variability of structural styles, these data taken together illustrate a clear 776 



deceleration of shortening rates (dashed red lines) by ~8-9 Ma at the scale of the whole 777 

Hotan thrust system. 778 

6.2.2. Exploring possible kinematic changes at the scale of the Western Kunlun 779 

Range 780 

We explore here whether or not the kinematic evolution suspected for the Hotan thrust 781 

system could be representative of the entire WKR. In the case of the Yecheng-Pishan 782 

anticline located ~130 km further west along strike (Figure 1.C), Guilbaud et al. [2017] 783 

estimated a shortening rate of 2 to 2.5 mm/yr over the last 5.5 to 7 Myr from structural 784 

restoration and analysis of growth strata. At approximately the same longitude as the study 785 

of Guilbaud et al. [2017], an average long-term shortening rate of ~1.5 mm/yr over the last 786 

25 Myr can be derived from the incremental restoration of T Sun et al. [2019]. Taken 787 

together, these rates seem inconsistent with our deductions for the Hotan thrust system 788 

since they rather depict an increase of deformation rates further west since the late 789 

Miocene. However, as discussed above (Section 6.1.2.), the total shortening values 790 

estimated on other published sections cannot be directly compared to our results and may 791 

even not be inter-comparable as they do not derive from a self-consistent structural analysis 792 

of the various structures.  793 

As stated previously, the proposed structural interpretations of the inner part of the 794 

foothills are debatable. Actually, the total shortening proposed by T Sun et al. [2019] is 795 

probably underestimated as their interpretation relies on the existence of basement thrust 796 

sheets in the inner foothills. In contrast, the most frontal thrusts of the foothills are 797 

undoubtedly connected to a Cambrian detachment level similar to that of the Hotan 798 



structure [e.g., Guilbaud et al., 2017; Li et al., 2021; T Li et al., 2016; T Sun et al., 2019]. We 799 

thus consider that the interpretation by Guilbaud et al. [2017] of the Pishan anticline in the 800 

outer foothills can be compared to our results, but not to those of [T Sun et al., 2019]. 801 

Therefore, the shortening acceleration suggested by the comparison of these two studies is 802 

far to be demonstrated. Additional investigations of the total shortening across the 803 

Yecheng-Pishan anticline and the structures at its rear are therefore needed. 804 

Since the Late Miocene, the shortening rate across the Pishan anticline [Guilbaud et al., 805 

2017] appears significantly higher than that estimated across the Hotan anticline over the 806 

same time interval (this study). This significant difference is most probably related to a 807 

westward increase in the amount of total shortening accommodated across the foothills of 808 

the WKR. This would be in line with the findings at the scale of our investigated area where 809 

the shortening absorbed north of the Tiklik thrust increases from ~35 km to ~64 km 810 

westward (Figure 7). This is also suspected at a much larger scale when compared to some 811 

of the cross-sections published west of our study area [e.g., X-D Jiang et al., 2013; S Wang et 812 

al., 2021]. 813 

In our current state of knowledge, it is difficult to conclude whether the temporal variations 814 

in deformation rate highlighted for the Hotan thrust system could also have occurred 815 

laterally on other folds of the foothills. Nevertheless, on a larger scale, the sections available 816 

in the Tarim Basin show a contemporaneous slowing down of the thick-skinned deformation 817 

of the Bachu uplift during the Neogene [e.g., Z Jiang et al., 2018; Laborde et al., 2019; Y-J Li 818 

et al., 2016b; Song et al., 2021; Tong et al., 2012], a structure which also belongs to the 819 

Western Kunlun thrust wedge [Laborde et al., 2019; Song et al., 2021]. This may point to a 820 



regional deceleration of the deformation rates across the WKR and related structures, in 821 

agreement with our deductions at the scale of the sole Hotan anticline. 822 

6.2.3. Regional implications 823 

In the case that the assumed late Miocene slowing down of shortening is real and that it 824 

occurred at the scale of the foothills of the WKR, it can reflect either (1) a deformation 825 

transfer towards the inner range, or (2) a general deformation deceleration across the 826 

entire mountain range. However, the fact that the shortening could be almost entirely 827 

accommodated across the foothills of the range (Section 6.1.2 and Figure S2) does not 828 

plead in favour of the first hypothesis. Since the far-field convergence rate between Asia 829 

and India and the shortening rate across the Himalayas do not seem to decrease over the 830 

last ~10 Myr [e.g., Lyon-Caen and Molnar, 1984; Molnar and Stock, 2009; Patriat and 831 

Achache, 1984], the shortening deceleration suspected at the scale of the WKR could rather 832 

indicate a regional reorganization of the deformation in Central Asia. For example, it could 833 

be the sign of a regional forward propagation of continental deformation to the north of the 834 

Tarim Basin. Several studies on the southern Tian Shan support this hypothesis by 835 

evidencing a contemporaneous acceleration of deformation across its foothills [e.g., C Li et 836 

al., 2019; T Zhang et al., 2014], together with an acceleration of denudation in the inner 837 

range [e.g., Chang et al., 2021], since the late Miocene. A much more exhaustive study at a 838 

broad regional scale would be nevertheless necessary to confirm this idea. 839 

7. Conclusion 840 



Surface geology and seismic imaging at depth reveal that the Hotan anticline is a non-841 

cylindrical structure, formed by a broad ramp anticline, subsequently deformed by an 842 

underlying duplex. Cross-section balancing shows that the total shortening across the fold is 843 

partitioned between these two structural units, with a value slightly increasing westward 844 

from 35 to 40 km. The geometries of the growth strata found along the forelimb of the 845 

anticline show that deformation of this thrust system initiated during the middle Miocene 846 

(~16 Ma) at an average shortening rate of about 5 mm/yr, followed by a sharp deceleration 847 

with an average rate of about 0.4 mm/yr since ~8-9 Ma. Deceleration of the shortening rate 848 

happened independently of the transition from fault-bend folding to duplex stacking.  849 

The Hotan anticline constitutes only part of the foothills of the WKR in the study area. Other 850 

blind thrust sheets are suspected at the rear of this fold to balance our cross-sections. 851 

Shortening across the foothills increases westward at the scale of the area investigated 852 

here, from ~35 km (absorbed solely by the Hotan thrust system) to ~64 km (taken up by the 853 

Hotan thrust system and other structures). At a more regional scale, we suggest that the 854 

foothills of the WKR accommodated most of the total crustal shortening of the range, most 855 

probably in a non-cylindrical way with shortening values increasing westward. A structural 856 

re-evaluation at the scale of the foothills is needed to accurately quantify and discuss these 857 

lateral variations in shortening along the front of the range. 858 

Although this should be considered with caution, the deceleration of shortening rates 859 

identified in the case of the Hotan anticline could reflect a slowing down of the deformation 860 

at the scale of the whole WKR, possibly related to a regional reorganisation in link with a 861 

regional forward propagation of deformation into the Eurasian continent, north of the 862 

Tibetan Plateau.  863 
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