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Abstract  21 

Geological study of the Khan Tengri and Pobedi massifs highlights two phases of 22 

compressional fault displacements. A Late Permian/Triassic displacement phase is 23 

highlighted (1) by biotite 40Ar/39Ar ages of 265–256 Ma, suggestive of cooling of Pobedi mid-24 

crustal granulites during >8 km of top-to-the-north motion of the Pobedi Thrust; (2) by 25 

40Ar/39Ar dating of syn-kinematic phengite at 249–248 Ma, which suggests a crystallization 26 

age during top-to-the-south motion of the Khan Tengri Thrust shear zone; (3) by Apatite 27 

Helium (AHe) ages of 280-240 Ma on the crystalline basement below the Mesozoic 28 

peneplain, which gives insight into the final exhumation stage. Cenozoic reactivation of the 29 

Pobedi Thrust is indicated by AHe thermochronology with a mean age of 8.3 ± 2.5 Ma, in 30 

agreement with ~3 km exhumation and ~4.2 km of top-to-the-north motion in the Late 31 

Miocene. Along a north-south transect of the west Tian Shan range from Issyk-Kul Lake to 32 

Tarim Basin, compiled thermochronological data outline out-of-sequence deformation 33 

beginning with the activation of north-directed crustal-scale faults at 22-15 Ma along the 34 

northern margin of the north Tian Shan, followed by 20-10 Ma motion at the boundary 35 

between the Middle and the South Tian Shan, and ending with the <10 Ma reactivation of the 36 

Pobedi Thrust in the South Tian Shan. This latter coincided with south-directed motion on the 37 

South Tian Shan Front (the Maidan Fault) and fold and thrust belt propagation towards the 38 

Tarim Basin. 39 

1. Introduction  40 

Since the Early Cenozoic, deformation has propagated towards the core of the Eurasian 41 
continent in response to the India-Asia collision (e.g., Hu et al., 2016). Collisional 42 
deformation is now distributed over several thousand kilometres, from the Himalayan front to 43 
the interior of the Siberian craton (e.g. Avouac et al., 1993; Tapponnier et al., 1986; Sobel and 44 
Dumitru, 1997). 45 
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46 
 Fig. 1. (a) Location of Tian Shan within the Alpine-Himalayan collisional system. (b) Satellite image 47 
of the Tian Shan belt showing study areas. Insert: geographical situation of Tian Shan in Central Asia 48 
(Map data: Google, Image Landsat). (c) Tectonic map of Tian Shan (Cenozoic cover removed). 49 
Location of detailed geological map of Fig. 2 is shown, modified after Loury et al. (2017). 50 
Abbreviations used: CZ, Cenozoic; TFF, Talas-Fergana Fault; NL, Nikolaev Line; STS, South Tian 51 
Shan; NTS, North Tian Shan.  52 
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This deformation has given rise to the highest intra-continental orogen, the Tian Shan 53 

mountain belt. The Tian Shan forms the south-western part of the Central Asian Orogenic 54 

Belt (CAOB; Fig. 1), extending for 2500 km from Uzbekistan to western China and was built 55 

up by successive continental accretionary events during the Palaeozoic (e.g. Sengör et al. 56 

1993; Windley et al. 2007; Kröner et al. 2014; Loury et al., 2018b; Han et al., 2011). Active 57 

deformation occurs along crustal scale faults inherited from the (post) collisional evolution of 58 

the CAOB in Late Carboniferous to Permian times, which have been reactivated during the 59 

Cenozoic (e.g., Sobel et al. 2006b; Glorie et al. 2011; Macaulay et al. 2013, 2014; Loury et 60 

al., 2017, 2018a; Jourdon et al., 2018a-b; Rizza et al., 2019). Palaeozoic structures including 61 

collisional sutures and transcurrent shear zones of the CAOB have strongly localized 62 

Cenozoic deformation, while the domains between these faults behaved as rigid blocks (e.g., 63 

Jolivet et al., 2010; Glorie et al. 2011; Macaulay et al. 2013, 2014; Jourdon et al., 2018a-b). 64 

Prominent reactivation since the Neogene has resulted in the highest topography of Central 65 

Asia, with summits above 7000 m and large flat peneplains partly preserved from the Late 66 

Palaeozoic to Early Cenozoic erosional stages (e.g., Morin et al., 2019 and references 67 

therein). Cenozoic erosion is spatially variable, focussed on the highest ranges, while the 68 

formerly flat-lying Mesozoic peneplains are uplifted above 4000 m and form intra-orogenic 69 

plateaus (Jolivet, 2017; Morin et al., 2019). Reconstructing Cenozoic Tian Shan mountain 70 

building and comprehending active tectonics requires precisely locating the major faults, 71 

determining their crustal scale geometry and pin-pointing their activation throughout the 72 

Cenozoic with respect to the previous tectonic stages (e.g., Jourdon et al., 2018a-b). It is thus 73 

necessary to disentangle the relative contributions of the tectonic phases which affected the 74 

area since the Palaeozoic.  75 

Previous works based on thermochronology and basin sedimentology along the Tian Shan 76 

belt have enabled quantifying several crustal compartments and along-belt uplift phases 77 
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(Jolivet et al., 2010, 2015, 2018; Glorie et al. 2010, 2011, 2019; De Grave et al., 2007, 2011, 78 

2012, 2013, 2014; Macaulay et al., 2013, 2014; De Pelsmaeker et al., 2017; Yin et al., 2018; 79 

Zhao et al., 2019; Zhang et al., 2019). However, no such study was conducted in the highest 80 

part of the South Tian Shan (STS): the Pobedi and Khan Tengri massifs, which culminate 81 

above 7000 m. This most prominent Tian Shan topography is also a key zone to link the 82 

history of mountain building in the Kyrgyz western Tian Shan to the frontal fold and thrust 83 

belt and related foreland basin, the Tarim Basin, in NW China. For this, we have undertaken a 84 

geological, 40Ar/39Ar geochronological and apatite (U-Th-Sm)/He (AHe) thermochronological 85 

study. 40Ar/39Ar geochronology is applied to low-temperature mylonitic phengite in order to 86 

constrain the time of ductile (Palaeozoic?) deformation (e.g., Sanchez et al., 2011). AHe 87 

thermochronology is undertaken from underneath some major peneplains and on both sides of 88 

major thrusts to constrain the time of the final (Palaeozoic to Cenozoic) stages of exhumation. 89 

These data are integrated into a north-south crustal cross-section, and are used to reconstruct 90 

the deformation sequence which gave rise to the western Tian Shan belt. 91 

 92 

2. Geological setting  93 

The main tectonic units of the Tian Shan belt correspond to at least three continental 94 

blocks: the North Tian Shan (NTS), the Middle Tian Shan (MTS), the South Tian Shan (STS) 95 

- Tarim basin, separated by two Palaeozoic sutures: the Nikolaev Line (NL) and the STS 96 

suture (Figure 1; see a review of data in Loury et al., 2017). In China, the Yili-Central Tian 97 

Shan (YCTS) is equivalent to the Kyrgyz NTS. It is separated from the Chinese STS by the 98 

STS suture. The Kyrgyz MTS is not present in China (e.g., Jourdon et al., 2017). The main 99 

faults that reactivate the Kyrgyz Tian Shan suture zones are highlighted by geophysical 100 

(Makarov et al., 2010; Loury et al., 2017) and thermochronological data (De Grave et al., 101 

2012; Macaulay et al., 2013; 2014; Glorie et al., 2010; 2011). Along the northern border of 102 



	 6	

the Tarim basin, seismic activity indicates top-to-the-south thrusting of the Tian Shan over the 103 

Tarim basin, as also visible on the MANAS seismic profile (Makarov et al., 2010).  104 

 105 

Fig. 2. A, Geological map of Inylchek-Khan Tengri-Pobedi area in Eastern Kyrgyz STS (modified after 106 
Jourdon et al., 2017a, and Kröner et al., 2017). MTF: Main Terskey Fault; CTF: Central Terskey Fault; PT: 107 
Pobedi Thrust; NKTT: North Khan Tengri Thrust; NL: Nikolaev Line; SarF: Sarajaz Fault; STSs: Southern Tian 108 
Shan Suture; UchF: Uchchat Fault; KipF: Kipchak Fault. The location of dated samples is shown. Note also the 109 
location of Fig. 3 pictures. B, Stereonet representing the structures measured to the north of Khan Tengri peak, 110 
along the NKTT. Note that the two foliations (S1 and S2, see Fig. 3 pictures) strike E-W and bear a down-dip 111 
lineation underlined by phengite (dated on Fig. 6), and gently dipping fold axes. These structural data can be 112 
interpreted as representative of nearly pure N-S shortening along the NKTT. 113 
 114 

The Pobedi and Khan Tengri massifs lie in SE Kyrgyzstan, in the STS domain (Figs. 1-2). 115 

It is still unclear if the STS formed a distinct tectonic block or if it corresponds to the northern 116 

margin of Tarim (see discussions in Loury et al., 2017; 2018b). The pre-Carboniferous 117 

basement of the STS is unknown; sedimentary series belong to the Silurian to Carboniferous 118 

periods (Tursungaziev and Petrov, 2008). These series are cross-cut by Late Carboniferous to 119 

Early Permian granitoid intrusions and charnockite bodies, which were emplaced during the 120 
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Tarim-CAOB collisional to post-collisional transcurrent tectonic context. U/Pb ages on 121 

zircons from these granitoids range from 302 to 288 Ma (Konopelko et al., 2007; 2009; Glorie 122 

et al., 2011; Loury et al., 2018a). The MTS has a Palaeoproterozoic (2.3–1.8 Ga) basement, 123 

the Kuilyu Complex (Kröner et al., 2017). The STS suture was formed in the Late 124 

Carboniferous following the collision of the MTS and YCTS with the Tarim craton (Fig. 1; 125 

Loury et al., 2017; Jourdon et al, 2018a). This Carboniferous suture was then subjected to 126 

several phases of reactivation from (1) the post-collisional evolution of the CAOB in Permian 127 

times and (2) several moderate tectonic pulses in Mesozoic times to (3) the Cenozoic uplift of 128 

the belt. 129 

 130 

2.1. Late Palaeozoic tectonic evolution of the STS  131 

2.1.1. Formation of the belt during STS ocean subduction 132 

Two distinct domains within the South Tian Shan belt, separated by 500 km along strike, 133 

expose High Pressure (HP) rocks, which have similar timing and pressure-temperature 134 

conditions: the Atbashi range in Kyrgyzstan and the Kebuerte-Kekesu area in China (e.g. 135 

Klemd et al., 2005; Simonov et al. 2008; Hegner et al. 2010; Su et al., 2010; Li et al., 2011; 136 

Loury et al., 2018b; Tan et al., 2019). The pressure-temperature-time data are consistent with 137 

the end of oceanic subduction in the STS and thus the onset of accretion or collision between 138 

Tarim and the CAOB at 315-320 Ma (Hegner et al. 2010, Loury et al., 2016, 2018b). In 139 

Kyrgyzstan, the structural and kinematic evolution related to this Late Carboniferous phase 140 

corresponds to an intense reactivation of the MTS-STS boundary in a overall transpressional 141 

context (Jourdon et al., 2017). In the western STS, nappe-stacking was expressed by top-to-142 

the-north thrusts and top-to-the-south detachments in the Atbashi Massif between 330 and 143 

310 Ma, resulting in the exhumation of a large high-pressure unit along the STS suture (Loury 144 
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et al., 2018b). To the east of the STS, a pristine (S1) top-to-the-south deformation phase is 145 

highlighted north of the Khan-Tengri massif (Jourdon et al., 2017, Fig. 3).  146 

147 
 Fig. 3. Field photographs of the North Khan Tengri Thrust. A, View towards the NW and B, interpreted sketch, 148 
of the North Khan Tengri Thrust (NKTT). Major folding and thrusting together with S1 foliation are in 149 
agreement with top-to-the-south sense of shear. More local retro-deformation (S2, top-to-the-North) locally 150 
transects the S1 structures (see f.i., picture B). C, Picture of the central part of the NKTT shear zone with D-E, 151 
kinematic indicators and location of sample KG-14-29, showing top-to-the-south shearing (S1). F, 152 
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Microphotograph of sample KG-14-29 showing a sheared marble with abundant calcite (Cal) and oxides. 153 
Phengite occurs along elongate and sheared quartz (Qtz) layers. Phengite crystallized along the lineation and 154 
thus is synchronous with ductile deformation of the central shear zone of the North Khan Tengri Thrust. 155 
Phengite from sample KG-14-29 is dated by 40Ar/39Ar;results are displayed in Fig. 6. 156 
 157 
This phase was followed by S2 top-to-the-north thrusting, which cross-cuts the S1 structures. 158 

The most prominent S1 structure which we were able to sample in the field is the North Khan 159 

Tengri Thrust (NKTT; Figs. 2, 3). The timing of this tectonic transport is still unconstrained. 160 

To the south of Peak Khan Tengri, the top-to-the-north Pobedi Thrust (PT) transported the 161 

deep and high-grade (granulite facies) crystalline basement of the Pobedi range on top of the 162 

Devonian-Carboniferous low grade complex (Loury et al., 2018a; Figs. 4, 5).  163 

164 
  165 
Fig. 4. Field photographs of the southern part of Kyrgyz STS. A, view of the southern flank of the ‘5539 m 166 
peak’, showing an intrusive Permian granite cross-cutting the Devonian-Carboniferous low grade complex 167 
(schists, black shales, metagabbros). B, view towards the east of the Pobedi Thrust, which placed the high-grade 168 
(granulite facies) STS formation on top of the Devonian-Carboniferous low-grade complex. Location of photos 169 
is shown on Fig. 5. C, View towards the East showing the high Khan Tengri-Pobedi chain, from above Inylchek 170 
(location on Fig. 2). The Pobedi Thrust transports the southern STS onto the Mesozoic peneplain and the 171 
overlying Cenozoic basin.  172 
 173 
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174 
 Fig. 5. Geological map of the northern flank of Pobedi Massif, with the location of samples dated by 40Ar/39Ar 175 

and AHe, and the position of the supposed lower limit of the apatite helium partial retention zone (see 176 

discussion). Position of pictures of Fig. 4 is also indicated.  177 

 178 

The age of this tectonic transport is indirectly constrained by 40Ar/39Ar biotite ages between 179 
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peak (287-265 Ma constrained by U-Pb on zircon and 40Ar/39Ar on amphibole; Loury et al., 181 

2018a). Without any direct dating of deformation, it remains difficult to estimate which part 182 

of the thrust displacement is related to the Carboniferous/Permian and which could be related 183 

to Mesozoic or Cenozoic deformation events. 184 

 185 

2.1.2. Post collisional evolution of the STS 186 

After the last collisional phase that affected the CAOB in the Late Carboniferous, subduction 187 

continued to the south of the Tarim block (e.g., Metcalfe, 2013 and references therein). In the 188 

CAOB, a transition towards a transcurrent deformation regime along several roughly equally 189 

spaced NW-SE-trending large-scale faults occurred mostly in Permian times (e.g. the Talas 190 

Ferghana Fault or TFF in Kyrgyzstan and the Dzhungarian Fault in eastern Kazakhstan; 191 

Rolland et al. 2013; Konopelko et al. 2013). Sinistral strike-slip motion along the ENE-192 

striking STS suture is supposed to be coeval to dextral strike-slip along the NW-striking TFF 193 

(Alekseev et al. 2007; Jourdon et al., 2017). The TFF was activated during the collision of 194 

Tarim with the Kazakh Platform at ca. 317 Ma, but remained active in Permian to Lower 195 

Jurassic times (Rolland et al. 2013; Konopelko et al. 2013; Morin et al., 2019), with up to 70 196 

km of right-lateral slip in the Permian-Triassic (Alexeiev et al., 2017). During this phase of 197 

transcurrent deformation, the Tarim Basin experienced a significant phase of subsidence 198 

(Carroll et al. 1995). Intense magmatism affected the Tian Shan belt and northern Tarim 199 

during Early to Middle Permian times (290-260 Ma) (e.g. Biske et al., 2013; Chen et al., 200 

1999, 2009; Li et al., 2011; Wang and Liu, 1991; Yang et al., 2006; Yu et al., 2011; Zhang et 201 

Zou, 2013). Magmatic emplacement is controlled by regional scale strike-slip faults (e.g. de 202 

Jong et al., 2009; Shu et al., 1999; Wang et al., 2007; 2009; 2014; Loury et al., 2018a); the 203 

source of these alkaline OIB-like magmatic rocks (e.g. Zhang et Zou, 2013; Zhou et al., 2009) 204 
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is ascribed to mantle plume activity (e.g. Yang et al., 2005, 2006, 2013, Yu et al., 2011; Biske 205 

et al. 2013; Loury et al., 2018a).  206 

 207 

2.2. Mesozoic reactivation of the STS 208 

Mesozoic transcurrent tectonic activity along the TFF is evidenced by Late Triassic to Early 209 

Jurassic 40Ar/39Ar ages (Rolland et al. 2013; Konopelko et al. 2013). This brittle reactivation 210 

occurred in a transtensional regime, and resulted in pull-apart basins with up to 70 km of right 211 

lateral slip in the Jurassic (Alexeiev et al., 2017). Furthermore, sedimentary deposits and 212 

thermochronological data suggest that at least one and up to three exhumation stages occurred 213 

in the Tian Shan during the Mesozoic (e.g. De Grave et al., 2007, 2011, 2013, 2012; Dumitru 214 

et al., 2001; Glorie et al., 2011; Hendrix, 2000; Hendrix et al., 1992; Jolivet et al., 2010; 215 

Macaulay et al., 2014).  216 

A first exhumation stage of the STS during the Late Jurassic at ca. 160–145 Ma is suggested 217 

based on Apatite Fission Track (AFT) and apatite or zircon (U-Th)/He ages (Hendrix et al., 218 

1992; Dumitru et al., 2001; De Grave et al., 2007, 2013; Glorie et al., 2011; Jolivet et al., 219 

2010; Chang et al., 2019). This event is also emphasized by a major alluvial conglomerate in 220 

the sedimentary record of the Tarim, Turpan and Junggar basins (Hendrix, 2000; Hendrix et 221 

al., 1992; Li et al., 2004; Jolivet et al., 2013), and is possibly related to collisional processes 222 

along the southern boundary of Eurasia, such as the accretion of the Lhasa block to the 223 

Eurasian margin (e.g. Hendrix et al., 1992; Yin and Harrison, 2000; Yang et al., 2017).  224 

In the Late Jurassic-Early Cretaceous, a period of thermal stability is well-documented, with 225 

cooling rates lower than 1°C/Myr (e.g. Bullen et al., 2003, 2001; Jolivet et al., 2010; 226 

Macaulay et al., 2014). This long period of tectonic quiescence is also supported by the 227 

formation of large peneplains and alluvial fans in western Central Asia (Hendrix et al., 1992; 228 
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Dumitru et al., 2001; Jolivet et al., 2007, 2009, 2015; Vassallo et al., 2007; Jolivet, 2015; 229 

Morin et al., 2019). 230 

A second pulse of Tian Shan exhumation in the Late Jurassic/Early-Mid Cretaceous is 231 

emphasized by numerous AFT ages, which are concentrated around ∼120–95 Ma (Glorie and 232 

De Grave, 2016). This event, or slow cooling between significant events, corresponds with a 233 

major hiatus in the sedimentary record of the Tarim Basin (e.g., Dumitru et al., 2001 and 234 

references therein).  235 

Several studies (De Grave et al., 2007, 2011, 2012, 2013; Glorie et al., 2011; Hendrix et al., 236 

1992; Jolivet et al., 2010) suggest that a third and last Mesozoic Tian Shan exhumation phase 237 

occurred during the Late Cretaceous-Early Paleogene at ∼75–60 Ma. Indeed, AFT and (U-238 

Th)/He ages are obtained for this time range in the Narat and Bohoro ranges of Chinese Tian 239 

Shan (Jolivet et al., 2010), and especially in the southern part of CAOB (Gillespie et al., 240 

2017). In Kyrgyzstan, similar ages are obtained from intrusions bordering the south Tian Shan 241 

suture (Glorie et al., 2011), in the Song-Kul plateau (De Grave et al., 2011), in the Issyk-Kul 242 

basement (De Grave et al., 2013), in the Altai mountains (De Grave et al., 2012) and in 243 

Central STS (Macaulay et al., 2014). However, these ages could clearly correspond to 244 

partially reset ages Macaulay et al. (2014), and may have no geological significance. Several 245 

tectonic events occurred during this time range, such as Kohistan-Ladakh arc accretion to 246 

Eurasia (Rolland et al., 2000; De Grave et al., 2007; Hendrix et al., 1992; Jolivet et al., 2010) 247 

and the collision of Siberia with the Mongolia-North China Block following the closure of the 248 

Mongol-Okhotsk Ocean (e.g. Jolivet et al., 2010; Lin et al., 2008; Metelkin et al., 2007); 249 

cooling within the Tian Shan has been correlated with these events (REFS). 250 

 251 
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2.3. Cenozoic reactivation of the STS 252 

Little exhumation occurred in the Cenozoic until the Early Miocene (e.g., Jolivet et al., 2018). 253 

A period of renewed cooling is highlighted by widespread AFT, ZHe, AHe Early Palaeogene 254 

ages (ca.	55–45 Ma; see Glorie and De Grave, 2016 for a review), or might again reflect 255 

some partial age resetting, as suggested by Macaulay et al. (2014). This potential event occurs 256 

at the scale of the Tian Shan belt (Jolivet et al., 2010). These cooling ages are only found in 257 

close proximity to major fault zones, which suggests that Palaeogene resetting or cooling is 258 

mainly controlled by fault reactivations. However, this phase resulted in minor exhumation as 259 

Late Palaeozoic and Mesozoic exhumation ages are widely preserved. This transient 260 

deformation phase could be attributed to the onset of India-Asia collision (e.g., Hu et al., 261 

2016). 262 

In the Kyrgyz Tian Shan, it is suggested that the onset of the modern orogeny occurred during 263 

the Early Miocene (∼30–22 Ma) with an apparent intensification in the Late Miocene (∼12–8 264 

Ma) and in the Plio–Pleistocene (<5 Ma; see for Macaulay et al., 2014 for a review). There, 265 

Cenozoic exhumation is clearly documented since the Oligocene around 25-20 Ma (Hendrix 266 

et al., 1994; Sobel et Dumitru, 1997; Yin et al., 1998; Bullen et al., 2001; Sobel et al., 2006a-267 

b; Heermance et al., 2008; De Grave et al., 2007, 2011; Glorie et al., 2010, 2011; Macaulay et 268 

al., 2014, 2013; Glorie and De Grave, 2016; Bande et al., 2017). The onset of exhumation is 269 

linked to a progressive transfer of compressional stresses of India-Asia collision into the 270 

Asian continent (e.g., Molnar et Tapponnier, 1975) after the closure of marginal basins and a 271 

significant thickening of the Himalayan collision zone. Diffuse regional exhumation was 272 

likely followed by focussed exhumation due to the activation of major thrusts in relation to a 273 

soft to hard collision of India with Eurasia (Heermance et al., 2007; Glorie and De Grave, 274 

2016). In parts of the Tian Shan, Cenozoic deformation was out-of-sequence (Jolivet et al., 275 

2010; Macaulay et al., 2014), with a significant lateral variation along major reactivated 276 
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structures. This out-of-sequence activation could be explained by the dip and nature of the 277 

inherited structures that were more or less susceptible to reactivation (e.g. Macaulay et al., 278 

2014; Jourdon et al., 2018a). To the north, the NTS basement over-thrusts the Issyk-Kul 279 

Cenozoic basin along the Main Terskey Fault (MTF) (Macaulay et al., 2013). 280 

Thermochronological data show that this structure was activated during the Late Oligocene 281 

(~25 Ma ago) and propagated eastward during the Miocene (Macaulay et al., 2013). In the 282 

central part of the belt, the STS suture was reactivated by a top-to-the-north thrust, which 283 

uplifted the STS units over the MTS from 20 to 8 Ma (Macaulay et al., 2014; Glorie et al., 284 

2011). An increase in exhumation rates occurred during Miocene times (12-8 Ma and <5 Ma), 285 

as documented by abundant thermochronological data (e.g. Bullen et al., 2001; 2003; De 286 

Grave et al., 2007, 2011; Glorie et al., 2010, 2011; Macaulay et al., 2014, 2013; Sobel et al., 287 

2006b). The exhumation rate is estimated at 0.1–0.4 mm/yr in the Terskey Range of the NTS 288 

during the Miocene (Macaulay et al., 2013). Acceleration of tectonic uplift and erosion are 289 

also suggested by magnetostratigraphic data and sedimentary records in the Tarim foreland 290 

Basin (e.g. Abdrakhmatov et al., 1996; Charreau et al., 2006; Heermance et al., 2007, 2008; 291 

Chang et al., 2012, 2017). An increase in deformation and the activation of new faults in the 292 

Tian Shan range since ca. 12 Ma may explain the anomalously high topography in the 293 

southern Tian Shan, particularly summits above 7400 m in the Pobedi and Khan Tengri 294 

massifs. However, data have not yet been reported from the highest mountains within the Tian 295 

Shan in order to relate its formation to the rest of the belt. 296 

 297 

3. Methods and dating results 298 

3.1. 40Ar/39Ar dating 299 

3.1.1. Analytical methods 300 
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In order to constrain the tectonic and cooling history of the STS basement in eastern 301 

Kyrgyzstan, 40Ar/39Ar dating was performed on a marble mylonite (sample KG-14-29) of the 302 

North Khan Tengri Thrust (NKTT; Figs. 2-3) to provide an age constraint for tectonic motion 303 

on this thrust. Sample KG-14-29 was crushed to a size fraction of 500-800 µm and cleaned in 304 

an ultrasonic bath. Phengites were carefully handpicked under a binocular microscope to 305 

select only grains without evidence of alteration or inclusions. Phengite aggregates from 306 

elongated syn-kinematic pressure-shadows were less than 800 µm in size (Fig. 3F). Selected 307 

grains and aggregates were packed in aluminum foil and irradiated for 40 hours in the Triga 308 

Mark II nuclear reactor of Pavia University in Italy together with Fish Canyon sanidine grains 309 

as flux monitor (28.03 ± 0.08 Ma, Jourdan and Renne, 2007). For this reactor, the following 310 

correction factors for argon nuclear interferences were applied after irradiation of pure salts of 311 

KF and CaF2: (36Ar/37Ar)Ca= 0.000288 ± 0.000016 ; (39Ar/37Ar)Ca= 0.000727 ± 0.000041; 312 

(40Ar/39Ar)k= 0.00969 ± 0.00038; (38Ar/39Ar)k= 0.01297 ± 0.00045. All samples were 313 

analyzed by single-grain infrared CO2 laser fusion analysis, and isotopic ratios were measured 314 

using an ARGUS VI multi-collector mass spectrometer at Geoazur institute of the University 315 

of Nice. System blanks were measured every three experiments. Mass discrimination for the 316 

mass spectrometer was monitored by regularly analyzing air pipette volumes. The ArArCalc 317 

© software v2.5.2 was used for data processing. Decay constants are those given by Steiger 318 

and Jäger (1977). Uncertainties on apparent and plateau ages are given at the 1σ level 319 

including the error on the 40Ar*/39Ark ratio of the monitor. The criteria we used for defining a 320 

plateau age are: (1) it should contain at least 70% of total 39Ar released, (2) it should contain 321 

at least three successive step-heating fractions, (3) the integrated age of the plateau, calculated 322 

by a weighted average of apparent ages of individual fractions comprising the plateau, should 323 

be consistent with each apparent age of the plateau within a 2σ error. A detailed table of 324 

results is given in Table 1.  325 
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 326 

3.1.2. Marble mylonite (sample KG-14-29) phengite 40Ar/39Ar dating results 327 

4 phengite aggregates from the KG-14-29 marble mylonite were analyzed and results are 328 

presented in Fig. 6 and Table 1.  329 

330 
  331 
Fig. 6. North Khan Tengri Thrust shear zone mylonite sample KG-14-29 40Ar/39Ar phengite dating results. The 332 
location, field relationships and petrological features of the dated sample are shown in Figs. 2-3. 333 
 334 
Aggregate 1 yields a well-defined plateau age of 249.5 ± 1.7 Ma (MSWD = 1.44) including 335 

10 steps and 91% of 39Ar released. An inverse isochron age of 251.6 ± 1.6 Ma (MSWD = 336 

1.58) is calculated, which is consistent within errors with the plateau age. Aggregate 2 shows 337 

a more disturbed spectrum in the low-temperature steps, which might represent some outer 338 

grain alteration. At higher temperatures, a plateau age is obtained at 254.0 ± 2.1 Ma (MSWD 339 

= 0.54), corresponding to 77% of 39Ar released in 8 steps. However, its slight “U” shape 340 

2

3
4

Max. age
250.3 ± 0.8 Ma

Max. age
253.1 ± 1.4 Ma

252.3 ± 2 Ma
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might be indicative of some (relatively minor) excess argon (e.g., Arnaud and Kelley, 1995), 341 

so the central part of the spectra might be regarded as a maximum age (253.1 ± 1.4 Ma with 342 

the central four steps or 252.3 ± 2 Ma with the lower central one). 343 

Aggregate 3 shows a pattern with increasing apparent ages for the low-temperature steps. 344 

Then a plateau age of 248.0 ± 1.7 Ma (MSWD = 1.45) is obtained, including 6 steps and 67% 345 

of released 39Ar.  346 

Finally, the last phengite aggregate (Aggregate 4) shows a staircased shape with apparent ages 347 

continuously increasing. A pseudoplateau age is obtained for high-temperature steps (19 to 348 

26) of 257.4 ± 1.2 Ma (MSWD = 1.00), including 44% of 39Ar released in 9 steps. However, 349 

this age is not considered geologically meaningful because (i) this part of the spectra is not 350 

flat and shows a steady increase from 255 to 261 Ma, and (ii) the last two steps increase 351 

significantly up to 274 Ma. Therefore, it seems that this part of the spectra is influenced by 352 

some inherited argon released in the higher temperature steps, which may be hosted in 353 

mineral inclusions such as epidote or titanite (e.g., Simon-Labric et al., 2009) in the grain 354 

core. If we retain the hypothesis of some (relatively minor) inherited argon in this sample, 355 

then the central portion of the spectra is the closest to the crystallization age (and thus 356 

represents a maximum age) of 250.3 ± 0.8 Ma, which is similar within error to the three other 357 

ages. 358 
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 359 

Fig. 7. Distribution of obtained AHe in this paper. A, Plot of all obtained AHe dates in this study, which shows a 360 
broad trimodal distribution, with Permian (260±5 Ma), Late Mesozoic-Early Cenozoic (~63.2 Ma), and Miocene 361 
(~10.6 Ma) peaks. This plot shows the spread in the obtained AHe dates, which are not all considered to be 362 
geologically meaningful (some of the ages are explained by partial resetting and inheritance, see the text for 363 
details). B, enlargement of the 0-50 Ma time range, which displays the equal weight of four age peaks in the age 364 
distribution at 6.4, 10.2, 17.3 and 30.9 Ma. C, Distribution of ages versus altitude along STS (including the 365 
Naryntoo Range). D, Distribution of ages versus latitude of samples of the Khan Tengri-Pobedi massifs. In the 366 
Pobedi Thrust (PT) footwall domain, the minimum age of the Late Palaeozoic exhumation is constrained by the 367 
older AHe ages, while the maximum age of the Cenozoic exhumation is constrained by the younger ages. The 368 
spread between these two ages is interpreted to reflect partial resetting of the apatite helium system during the 369 
Cenozoic. Vt represents the minimum vertical offset deduced for the Pobedi Thrust (PT) at ca. 8-10 Ma rocks. E, 370 
sketch of relative offsets on the PT inferred from Vt and the 45° dip of the thrust. 371 
 372 

3.2. U-Th-Sm/He ages of Apatites 373 

3.2.1. Strategy & Methodology 374 

13 new apatite samples have been analyzed by U-Th-Sm/He (AHe) in this study. Samples 375 

were gathered from Palaeozoic basement lithologies from the STS, from the highest Pobedi 376 

Massif in the east (from which no thermochronological data has previously been published) to 377 

the flat region of the STS uplifted peneplain. These data are combined with published data 378 

(Glorie et al., 2011; De Grave et al., 2013; 2014; Macaulay et al., 2013; 2014). In this work, 379 
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AHe analyses were conducted on two to six single crystal aliquots per sample, depending on 380 

sample quality (Table 2). Apatite grains were extracted using standard mineral separation 381 

techniques and packed in platinum tubes for U, Th, Sm, and He isotopic analysis at the 382 

University of Potsdam and GFZ German Research Centre for Geosciences, Potsdam, 383 

Germany. Average AHe ages of Durango apatite standards analyzed were 29.1±1.1, 30.7±2.4, 384 

and 29.0±0.8, which are comparable to published averages of replicate analysis (e.g., 31.0 ± 385 

1.0 and 32.1 ± 1.1 Ma; McDowell et al., 2005; Min et al., 2006). The Ft correction factor is 386 

calculated using the grain size (e.g., Farley, 2002). Any aliquot differing by more than 75% 387 

from the mean value of the other aliquots of a given sample was considered erroneous and 388 

was thus discarded from the data set. The 2 sigma standard error is representative of the 389 

uncertainties associated with the method and the natural reproducibility of the AHe system 390 

than the analytical error on individual aliquots. For more details on the methodology used for 391 

AHe dating, the reader is referred to Zhou et al. (2017). 392 

 393 

3.2.2. AHe dating results 394 
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 395 

Fig. 8. Satellite image showing the AHe dating results obtained in the STS. A, Results of dating in the Naryn 396 

River area. B, Results obtained in the Pobedi - Khan Tengri - Pobedi area. AHe and AFT data from the literature 397 

are also shown. 398 
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AHe results are displayed in Table 2 and the main results are shown in Figs. 8-9. Most of our 399 

AHe samples yielded over-dispersed single crystal aliquot ages. Such AHe age variability 400 

may be related to differences in the diffusion characteristics between aliquots caused by grain 401 

size variations, radiation damage, or the number of intact crystal terminations (e.g., Farley, 402 

2000; Reiners et al., 2004; Flowers et al., 2009; Brown et al., 2013), and to subsequent 403 

incomplete resetting due to burial within the apatite partial retention zone (e.g., Macaulay et 404 

al., 2013, 2014). Therefore, variations in AHe ages within a given sample could be accurate 405 

and potentially provide informations about its thermal history. Plotting age versus Ft (Suppl. 406 

Fig. 1) shows that KG-13-48 and KG-13-11 and possibly KG-13-27 may have a positive 407 

relationship between closure temperature and grain size. There are no obvious relationships 408 

between age and eU (Suppl. Fig. 1); however, aliquots of samples KG-13-27 and -28 have 409 

extremely high eU values and therefore may have anomalously high closure temperatures. 410 

Alternatively, erroneous ages can reflect inclusions, (healed/unhealed) fractures, 4He 411 

implantation and U-Th(-Sm) zonation (e.g., Farley, 2002; Dobson et al., 2008; Macaulay et 412 

al., 2014). 413 

Significant variations are observed in the spread of thermochronological ages obtained in our 414 

samples from different parts of the STS, which mainly relate to their structural situation 415 

within the study area (Fig. 8). These variations are considered to be significant in the light of 416 

previous data and of this structural situation. Four different geochronological configurations 417 

can be inferred from the distribution of AHe ages: 418 

-  (i) in zones lying directly below the Mesozoic peneplain: 419 

In the central STS, in the Naryntoo Range (sample KG13-78, Fig. 8A), all aliquots are 420 

spread within 18% of the average age, and thus an average age of ca. 78 Ma is 421 

retained for this sample, which is considered as geologically meaningful. This age 422 
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could correspond to cooling of the sample below ca. 60°C (e.g., Farley, 2002). We 423 

relate this age to a period of slow erosion during formation of the erosion surface. 424 

South of Inylchek (Fig. 8B), sample KG13-39 presents three aliquot ages of 256-269 425 

Ma, and two aliquots of 109 and151 Ma. The group of three Late Permian aliquots is 426 

close to the granite protolith U-Pb age of 285-305 Ma obtained by Konopelko et al. 427 

(2007). These granites must have been emplaced at a very shallow level as they 428 

intrude low grade schists (Loury et al., 2018a), and therefore the 256-269 Ma AHe 429 

ages are considered to be geologically meaningful. Both <200 Ma AHe aliquots have 430 

two broken ends and therefore the Ft correction may be less precise; therefore, we 431 

discard these two ages. 432 

- (ii) To the north of the STS suture, north of Inylchek village (Fig. 8B), Cenozoic ages 433 

are obtained in samples KG13-46 & 48, in agreement with previous datings by Glorie 434 

et al. (2011) and Macaulay et al. (2014). However, there is a large spread in ages from 435 

4.6 to 63 Ma, which also reflects the spread in ages of previous studies in the same 436 

area. For sample KG13-48, the age spread may reflect a Ft relationship. These 437 

dispersed ages could suggest that this zone has remained within the helium partial 438 

retention zone after a mid-Cenozoic phase of uplift initiated at > 19 Ma (Macaulay et 439 

al., 2014), with a possible increase of exhumation after 10 Ma. 440 

-  (iii) in the high Pobedi-Khan Tengri massifs (Fig. 8B), two different zones have been 441 

dated, which both record incomplete Cenozoic resetting. In this domain, the AHe data 442 

are dispersed which is ascribed to an incomplete reset of this chronometer: (1) to the 443 

north, SE of Akchukkur basin, in the hanging wall compartment of the NKTT and 444 

SarF, two samples (7TS302 and 305), from elevations of 3818 and 3540 m, 445 

respectively, show a spread of ages between 13 and 160 Ma, which is in agreement 446 

with incomplete resetting during the Cenozoic tectonic phase. It is also compatible 447 
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with monotonic slow cooling, as modeled by Macaulay et al (2014, Fig. S3). Sample 448 

7TS307, which comes from the direct vicinity of SarF at a lower elevation of 3200 m, 449 

was strongly reset during the Cenozoic and gives ages of 13 to 59 Ma. However, the 450 

large amount of single aliquot dispersion argues for prolonged residence within the 451 

apatite partial retention zone. (2) The second sampled zone lies in the footwall 452 

compartment of the PT. Samples KG13-04, 06, 11, and 32 were collected along 453 

Inylchek Glacier, at high elevations (3790-4800m) on the northern flank of Peak 454 

Pobedi. These samples display a high variation in ages, ranging from 9 to 291 Ma. 455 

Many of these aliquots have extremely low eU values, suggesting that these results 456 

may be less reliable; however, all aliquots which yielded Cenozoic ages have higher 457 

eU values. For samples above 4000 m, all ages lie between the Permian and the 458 

Cenozoic (291-62 Ma). Only sample KG13-04, collected at 3785 m, displays 459 

Cenozoic ages (58-9 Ma). We interpret the age pattern of samples collected between 460 

4000 and 4800 m as reflecting partial resetting of AHe ages within the apatite partial 461 

retention zone due to underthrusting and hence reheating (Jourdon et al., 2018a-b), as 462 

this zone corresponds to the footwall compartment of the PFT thrust and also exhibits 463 

a thick Cenozoic cover south of Inylchek (Fig. 4C).  464 

-  (iv) In the hanging-wall part of the Pobedi Thrust, at an elevation > 5500 m, samples 465 

KG13-27 & 28 display a narrow age variation within 5.2-12.5 Ma, which is 466 

considered geologically meaningful. Two average ages could be calculated, of 7.6 ± 467 

1.8 Ma for KG13-27, and 9.2 ± 2.9 Ma for KG13-28, or 8.3 ± 2.5 Ma combining the 468 

two samples, which are very near from each other. As compared to the footwall 469 

compartment of Pobedi Thrust, which has an incompletely reset AHe age, we interpret 470 

this 8.3 ± 2.5 Ma age as resulting from the significant differential exhumation of the 471 

two compartments in response to the PT activation at <10 Ma. 472 
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4. Discussion 473 

4.1. Tectonic significance of the Permian 40Ar/39Ar and AHe ages  474 

40Ar/39Ar dating on phengite of the Khan-Tengri Thrust mylonitic marble provides 475 

chronologic constraints on an episode of compressional tectonics within the STS belt in the 476 

Late Permian - Early Triassic. The 40Ar/39Ar technique has been widely used to date 477 

deformation-induced neo-crystallized K-white mica (e.g. Dunlap, 1997; Rolland et al., 2008; 478 

2013; Sanchez et al., 2011; West et Lux, 1993). In this paper (section 3.1 and Fig. 6), four 479 

phengite aggregates yield plateau ages between 257 and 248 Ma. All the grains show partly 480 

disturbed 39Ar releasing patterns with staircase shapes for the low-temperature steps, which is 481 

generally ascribed to radiogenic argon loss during post-crystallization fluid flow or brittle 482 

reactivation (e.g. Berger, 1975; McDougall and Harrison, 1999; Rolland et al., 2008; Sanchez 483 

et al., 2011; Tartèse et al., 2011; Lanari et al., 2014). As the temperature for brittle-ductile 484 

deformation in marbles (~200-300°C; e.g., Ashby and Verrall, 1978) is lower than the closure 485 

temperature of K-Ar system in phengite (>400°C, Villa, 1998), the ages obtained for these 486 

minerals are thus interpreted as ages for dynamic crystallization in the shear zone. All four 487 

age spectra from marble mylonite sample KG-14-29 phengites are consistent with a single 488 

crystallization event, bracketed, if we retain the two most meaningful plateau ages (aggregates 489 

1 and 3), between 249 ± 1.7 and 248 ± 1.7 Ma. Thus, the phengite age range likely represents 490 

a single or several shearing events at 249-248 Ma, during south-directed thrusting on the 491 

NKTT. In regard to kinematics, this deformation is related to a N-S shortening phase 492 

involving the activity of several thrusts in the STS, including the Pobedi and the North Khan 493 

Tengri thrusts, in a global transpressional context (e.g., Jourdon et al., 2017; Fig. 9). Similar 494 

to slightly older ages (240–290 Ma) have been obtained by Konopelko et al. (2013) and 495 

Rolland et al. (2013) for dextral displacement of the TFF. Therefore, the tectonic context in 496 

the Middle-Late Permian is in agreement with a phase of N-S shortening + sinistral motion in 497 
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the STS coeval with dextral deformation along the TFF (Figs. 1, 9).498 

  499 

Fig. 9. Sketch of Tian Shan tectonic context at c. 260-240 Ma. Synchronous right-lateral motion of TFF and 500 
transpressional sinistral deformation along the South Tian Shan (STS) suggests a main N-S compression context. 501 
Middle Tian Shan (MTS) squeezes out towards the east in the eastern part of Kyrgyz STS close to the border 502 
with China. At this location, the termination of the MTS and the E-W strike of the STS give rise to a mainly 503 
compressional flower-type structure along the STS. 504 
 505 
 This tectonic phase directly followed a major phase of sinistral deformation along the STS, 506 

coeval with HT metamorphism and magmatism in the Early-Middle Permian at 287-265 Ma 507 

in the Pobedi Range and along strike in the Chinese STS (e.g., Loury et al., 2018a; Yu et al., 508 

2017; Wali et al., 2017; Zhong et al., 2017). These main compressional shear zone phases 509 

occurred after 265 Ma, in agreement consistent with the 40Ar/39Ar age of 256–265 Ma 510 

obtained on biotites in the Pobedi HT unit (Loury et al., 2018a). 40Ar/39Ar ages obtained from 511 

amphiboles are similar to the U-Pb ages on zircon of 265-287 Ma in this unit, and thus 512 

represent the age of the metamorphic peak, while the biotite ages could be interpreted as a 513 

cooling age for the Pobedi HT unit (through ~300°C; Loury et al., 2018a). We thus propose 514 

that the N-S shortening phase is responsible for the exhumation of the HT Pobedi HT unit by 515 

the activation of the PT at a minimum age of 265 Ma. This compressional phase lasted until 516 

the Late Permian - Early Triassic, as shown by phengite 40Ar/39Ar ages of 248-249 Ma in the 517 
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North Khan Tengri Thrust, when a transpressive tectonic regime affected the entire study area 518 

(de Jong et al., 2009; Laurent-Charvet et al., 2003; Rolland et al., 2013; Konopleko et al., 519 

2013). Such a fast cooling rate due to exhumation during transcurrent tectonics at that time is 520 

also described in the Chinese Tien-Shan and Altai along the Main-Tien-Shan and Erqishi 521 

shear zones (Laurent-Charvet et al., 2003). As shown by the Permian AHe ages of 260 ± 5 Ma 522 

(Fig. 7A), and similar ages obtained across the Tian Shan range (e.g., Glorie et al., 2019, and 523 

references therein), exhumation related to the transpressive tectonics lasted probably less than 524 

10 Ma. Exhumation ended at c. 250 Ma, and deformation might have evolved as pure strike-525 

slip with little exhumation in the Early Triassic until c. 240 Ma (Rolland et al., 2013; 526 

Konopelko et al., 2013). 527 

 528 

4.2. Significance of the Permian – Early Cenozoic planation surface  529 

Following the pioneering works of Afonichev and Vlasov (1984); Makarov (1977); Chediya 530 

(1986); Hendrix et al. (1992) and Dumitru et al. (2001) and more recent compilations of De 531 

Pelsmaeker et al. (2017), Chen et al. (2017), Jolivet et al. (2018), the planation surfaces 532 

developed through ongoing erosion during the Mesozoic in the entire western CAOB. 533 

Thermochronological data from the Song-Kul plateau, the Alai, Trans-Alai and Terskey 534 

ranges and from the central and western Chinese Tian Shan show slow basement cooling 535 

during most of the Jurassic (e.g. Dumitru et al., 2001; Sobel et al., 2006a; Jolivet et al., 2010; 536 

De Grave et al., 2011, 2012; Tang et al., 2015; Glorie and De Grave, 2016; Zhang et al., 2016; 537 

Gillespie et al., 2017a-b; Wang et al., 2017; Morin et al., 2019). The Permian-Cretaceous 538 

peneplain is recognized in the landscape in regions neighbouring the Pobedi range; therefore, 539 

in these areas, Cenozoic tectonics have resulted in surface uplift with very limited erosion. 540 

However, some slight differences in exhumation ages could reflect several tectonic phases, or 541 

a long lasting tectonic context punctuated by slight, distinct, along-belt exhumation episodes 542 
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during the Mesozoic (e.g., Jolivet, 2017). Permian-Triassic (280–210 Ma) titanite fission track 543 

and zircon (U-Th)/He data (Glorie et al., 2011) along the southern margin of STS are 544 

diagnostic of significant exhumation until the Triassic. In agreement with these data, we 545 

document several AHe ages, which remained unreset in the Cenozoic, spanning 256-269 Ma 546 

(sample KG-13-11) at Inylchek, to the west of the Pobedi-Khan Tengri massif. This age range 547 

for the initial exhumation of the southern STS to a temperature <60°C (Ehlers and Farley, 548 

2003) is in good agreement with the Late Permian tectonic phase evidenced by 40Ar/39Ar 549 

dating (see previous section 4.1.). As the AHe and 40Ar/39Ar ages overlap, this tectonic phase 550 

is suggested to have resulted in rapid exhumation and vertical motions, which seemingly 551 

stopped shortly after 250 Ma in that area. The Permian transpressional phase thus appears to 552 

have been short-lived and laterally heterogeneous, and matches relatively well with the 553 

ending of the Early to Middle Permian magmatic phase (~260 Ma; e.g. Wang et Liu, 1991; 554 

Chen et al., 1999, 2009; Yang et al., 2006; Li et al., 2011; Yu et al., 2011; Biske et al., 2013; 555 

Zhang et Zou, 2013b). 556 

At the large scale, to the west, the neighbouring STS preserves some younger exhumation 557 

ages. This article extends the work of Macaulay et al. (2014) and Glorie et al. (2011), 558 

documenting a ~100-60 Ma planation surface preserved in the central Kyrgyz STS, to the 559 

west of the Pobedi Massif, highlighted by Late Cretaceous (67-97 Ma) AHe ages in the Naryn 560 

Valley and an age peak of ~ 63  Ma documented in the entire AHe dataset (Figs. 7-8 & Table 561 

2). Similar Late Cretaceous / Early Cenozoic ages were also obtained in the Chinese TS to the 562 

east (e.g., Jolivet, 2017) and reflect slow cooling at the scale of the STS. This age is rarely 563 

documented in the Northern Tian Shan (De Grave et al. 2011), while it largely occurs within 564 

the southern rim of CAOB (Gillespie et al., 2017a-b). SW of the Tian Shan in the South 565 

Pamir, some authors propose that significant crustal thickening occurred in that time range 566 
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(Aminov et al., 2017), although there are still few direct constraints to tie Tian Shan 567 

exhumation to this Late Mesozoic tectonic event.  568 

 569 

4.3. Respective parts of Permian and Cenozoic motions on major faults 570 
 571 
Regarding the evolution of STS, a major question is how to estimate the relative contributions 572 

of Permian tectonics and Cenozoic structural reactivation to the net displacement of major 573 

faults? Direct and indirect constrains can be derived from geological analysis and 574 

thermochronology. (i) First, considering the Permian activity of the PT, the thrust places the 575 

hangingwall granulite facies unit on top of the footwall greenschist facies unit, which 576 

represents a significant metamorphic jump (Loury et al., 2018a). Cooling below 300°C of the 577 

hanging-wall compartment, constrained by biotite 40Ar/39Ar dating, occurred at 256-265 Ma. 578 

Given that high-temperature metamorphism in this hanging-wall is constrained at 6 kbar-579 

850°C and is dated at 276.2 ± 2.0 Ma (Loury et al., 2018a), the maximum initial Permian 580 

offset of the PT should be > 8 km to explain its emplacement on top of the shallow footwall 581 

domain, with a geothermal gradient of 40°C.km-1. In this paper, we obtain a peak of Permian 582 

AHe ages, which record exhumation of the PT footwall at 260.7±3.3 Ma (Fig. 7A). This age 583 

is in agreement with an exhumation of the STS following transpressional tectonics at 290-260 584 

Ma (see discussions on the timing of collision in Loury et al., 2018b), after the termination of 585 

PT motion. 586 

(ii) Considering the Cenozoic offset of the PT, we obtained partly reset/unreset AHe ages in 587 

the northern footwall part of the PT, while AHe ages were reset and lie within 8.3 ± 2.5 Ma in 588 

its southern hanging-wall part. We interpret this age difference as resulting from the Cenozoic 589 

top-to-the-north tectonic displacement of the PT. A ~60°C blocking temperature for the U-590 

Th-Sm/He system in apatite (for a cooling rate of ~10° C/Ma; Reiners and Brandon, 2006), 591 

and a geotherm of 25°C/km for this period of time (Vinnik et al., 2004; Makarov et al., 2010; 592 
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Jourdon et al., 2018a), implies that 8.3 ± 2.5 Ma reflects the time of exhumation through a 593 

depth of ~3 ± 0.5 km. The presence of Permian  biotite 40Ar/39Ar ages  shows that the 594 

hanging-wall compartment was not subjected to temperatures above the cooling temperature 595 

of biotite of ~300°C (Harrison et al., 1985) during the Cenozoic, corresponding currently to 596 

an equivalent depth of ~12 km in the Tian Shan. Therefore, the Pobedi HT unit hanging wall 597 

has experienced between ~3 and <12 km of Cenozoic exhumation. In the PT footwall domain, 598 

Permian AHe ages from below the peneplain imply that the samples were exhumed close to 599 

the earth surface at ~260-250 Ma, and were then buried to a depth equivalent to <60°C in the 600 

Mesozoic-Cenozoic. Along strike to the east, at higher elevations in the PT footwall 601 

compartment, Cenozoic reset AHe ages are found at an elevation of <3800 m, and, in this 602 

domain a 7-8 Ma age would broadly correspond to an altitude of 2000-2500 m following the 603 

age – elevation correlation (Fig. 7C). In this area, the maximum peak elevation is 5500 m. 604 

This age pattern is in agreement with (i) little burial during the Cenozoic (less than 2-3 km, as 605 

sediments were continuously removed from Tien Shan during thrusting (Jourdon et al., 606 

2018b), and (ii) with a minimum Cenozoic differential uplift of about 3 km (Vt in Fig. 7C), 607 

and hence an approximate 4.2 km north-directed offset along the PT, given its 45° dip 608 

towards the south (Fig. 7E). Since ~8.3 Ma, the average offset rate along this thrust would 609 

thus be of about 0.3-0.7 mm/yr. This slip rate is much lower than those recorded on 610 

‘emblematic’ collisional thrusts like the Main Central Thrust of Himalayas for instance (>10 611 

mm/yr, e.g., Catlos et al., 2001).  612 

 613 

4.4. Out-of-sequence Late Miocene activation of deformation in the South Tian Shan 614 

In agreement with a previous compilation of thermochronological ages in the Kyrgyz Tian 615 

Shan proposed by Macaulay et al. (2014), a north to south ‘out-of-sequence’ Cenozoic 616 

deformation is suggested. 617 
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 618 

Fig. 10. A, Eastern Kyrgyz sketch geological map and compilation of main thermochronological results. B, 619 
Geological cross-section showing the major thrusts and their age of tectonic (re)activation during the Cenozoic. 620 
CTF: Central Terskey Fault; KipF: Kipchak Fault; MT: Maidan Thrust; MTF: Main Terskey Fault; NKTT: 621 
North Khan Tengri Thrust; NL: Nikolaev Line; PT: Pobedi Thrust; SarF: Sarajaz Fault; STS F: Southern Tian 622 
Shan Front; STSs: Southern Tian Shan Suture; UchF: Uchchat Fault.  623 
 624 

Overall, the numerous AFT and FT ages compiled along the Issyk-Kul-Pobedi Massif transect 625 

(Fig. 10) highlight a top-to-the-north deformation event that likely started in the north (Main 626 

Terskey Fault, MTF) in the Late Oligocene-Early Miocene. Here, several points of evidence 627 
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suggest that the highest and southern part of the Tian Shan belt, the Pobedi Massif, was 628 

uplifted after the MTS, which argues for a progressive propagation of deformation in the belt 629 

towards the Tarim basin in the south (Figs. 10-11): 630 

 631 

Fig. 11. Crustal-scale geological cross-section of the Kyrgyz-Chinese Tian Shan (79°E) after Jourdon et al. 632 
(2018b), showing the ages of the Cenozoic re-activation of major thrusts and their probable geometry at depth. 633 
The cross-section was built by coupling geological and geophysical data and numerical models (Jourdon et al., 634 
2018b). 635 
 636 

(i) At the scale of the Tian Shan belt, combined thermochronological data define a 637 

Cenozoic exhumation event starting at ca. 30 Ma (e.g., Bande et al., 2017 and 638 

references therein). The ages obtained by Macaulay et al. (2014) in the hanging 639 

wall of the MTF are within 15-22 Ma, which argues for Early-Middle Miocene 640 

activity of this fault.	This event is correlated with synchronous tectonic activity 641 

along the TFF (Bande et al., 2017), implying that both strike-slip and north-642 

directed thrust motions acted simultaneously at the onset of Cenozoic 643 

compressional deformation. In turn, these faults were synchronous with the 644 

Maidan and adjacent faults bounding Tarim (Heermance et al., 2008; Sobel et al., 645 

2011). Therefore, the locus of deformation has shifted within the Tian Shan with 646 

an out-of-sequence style. 647 
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(ii) The ages obtained by Macaulay et al. (2014), Glorie et al. (2011) and this study for 648 

the hanging wall of the Sarajaz Fault, at the boundary between the Middle and 649 

North Tian Shan, mostly range between 20 and 5 Ma, which argues for its main 650 

activity during the Middle-Late Miocene. To the north of the Sarajaz Fault, the 651 

south NTS and MTS mostly preserve Mesozoic ages, and in any case ages older 652 

than 30 Ma, which is in good agreement with a north vergence for the Sarajaz 653 

Fault thrust and relative downthrow of this compartment.  654 

(iii) The STS domain exhibits older, Permian ages (256-269 Ma, to the west at 655 

Inylchek) unreset during the Cenozoic, or variable partly reset ages (to the east 656 

between Khan Tengri and Pobedi peaks). This zone of older AFT ages is in 657 

agreement with a relative subsidence of that compartment accommodated by 658 

extensional displacement on the STS suture at the back of a possible anticline 659 

ramp structure.  660 

(iv) The southern flank of the STS domain is uplifted by the top-to-the-north motion of 661 

the Uchchat and Kipchak faults, which merge into the PT (Figs. 2, 11). In this 662 

study, the new set of ages obtained in the high part of the Pobedi Massif suggest a 663 

Cenozoic reactivation of the PT after 10 Ma. This Late Miocene age for the PT 664 

reactivation is also supported by the geometry and polarity of the Aksu River 665 

drainage network (Fig. 8). This deeply incised, meandering river cuts across the 666 

high topography of the Pobedi Massif, flowing from north (MTS) to south (Tarim 667 

Basin), in agreement with a later uplift of the STS. 668 

(v) The <10 Ma activation age of the PT is in good agreement with the net coeval 669 

increase in sedimentary rates documented in the north Tarim foreland basin all 670 

along the southern edge of the Tian Shan belt (e.g., Wu et al., 2019a-b; Chang et 671 

al., 2019; Jia et al., 2020). West to our study area, at the border with the Pamirs, a 672 
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marked increase in sedimentation rates at ~7 Ma, and a further rapid increase after 673 

2.6 Ma, have been documented (Heermance et al., 2007; Chen et al., 2015; Qiao et 674 

al., 2017; Liu et al., 2017). Similarily, to the south and east of our study area, 675 

several studies show a marked increase in sedimentation rates after 20 Ma, and 676 

especially between 12 and 5 Ma (Chang et al., 2012; 2017; Huang et al., 2006; 677 

Charreau et al., 2006; Sun et al., 2009). These increased rates could be related to 678 

the joint activation of the Pobedi and Maidan thrusts in a “flower-type” structure 679 

(Figs. 10-11). Towards the south, the Maidan Thrust connects with a flat cover-680 

basement décollement, forming the Kalpin fold and thrust belt in the north Tarim 681 

basin (e.g., Chang et al., 2019; Wu et al., 2019a-b; Figs. 10-11).  682 

Conclusions 683 

This study highlights two (Permian and Cenozoic) main phases of deformation related to the 684 

activity and further reactivation of major thrusts within the STS: the Pobedi and the North 685 

Khan Tengri Thrusts.  686 

• 40Ar/39Ar dating of biotite and phengite at ca. 260-250 Ma agree with a maximum 12 687 

km offset of the Pobedi Thrust and brittle-ductile deformation of the North Khan 688 

Tengri Thrust. 689 

• The AHe ages decrease from west to east. Towards the west, the importance of Late 690 

Miocene uplift decreases sharply, while Late Permian exhumation ages (260-250 Ma) 691 

are partly preserved below the Mesozoic unconformity at Inylchek, about 70 km to the 692 

west of Pobedi Peak. In contrast, AHe ages obtained in the highest part of the massif, 693 

in the Pobedi Thrust hangingwall highlight its Cenozoic re-activation at 8.3 ± 2.5 Ma, 694 

with a differential uplift of 3 km along the thrust and a slip rate of 0.3-0.7 mm/yr. 695 

Together with previous thermochronologic results from the Issyk-kul - Tarim transect, 696 

these ages agree with a north to south ‘out-of-sequence’ thrust reactivation history, 697 
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which started about 20-30 Ma on several major faults such as the Main Terskey Fault 698 

in the north and the Maidan Fault in the south, and ended with the joint reactivation of 699 

the Pobedi Thrust and acceleration on the Maidan - STS frontal thrust. 700 
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Table	1.	Sample	KG1429		Mylonitic	marble	(KhanTengri	area)
Step	N° Age ±	1s 40Ar(r) 39Ar(k)

(%) (%)
		Phengite	aggregate	01		J	=	0.00407000	±	0.00002035		Age	249.53±1.70	Ma	(MSWD	=	1.44)

1 0,58 115,6 0,10 1,1 20 130 ±	87 10,5 0,33 0,004
2 0,06 102,8 - 0,4 6 96 ±	270 41,9 - -
3 0,03 68,4 - 0,3 4 91 ±	419 58,1 - -
4 0,25 91,7 0,05 9,6 292 211 ±	14 79,5 2,85 0,045
5 0,18 85,2 - 5,0 155 216 ±	19 74,5 - -
6 0,09 503,3 0,03 3,4 169 338 ±	39 119,6 1,00 0,003
7 0,34 93,9 0,04 20,5 729 245 ±	4 87,7 6,08 0,094
8 0,07 139,7 0,06 13,0 474 251 ±	7 96,1 3,85 0,040
9 0,10 3,3 0,07 38,2 1377 247 ±	2 97,8 11,34 0,048
10 0,02 233,4 0,04 30,9 1149 255 ±	4 100,6 9,16 0,057
11 0,03 10,9 0,01 23,8 868 250 ±	4 99,1 7,06 0,941
12 0,12 48,8 0,06 53,7 1979 253 ±	2 98,2 15,92 0,472
13 0,13 362,5 0,00 25,5 885 239 ±	5 95,7 7,58 0,030
14 0,01 81,2 0,04 34,1 1249 251 ±	3 99,8 10,13 0,181
15 0,08 221,2 0,00 23,2 820 243 ±	6 97,1 6,87 0,045
16 0,10 227,0 0,09 44,7 1633 251 ±	3 98,2 13,26 0,085
17 0,02 67,9 0,01 1,5 49 222 ±	73 90,4 0,45 0,010
18 0,19 97,9 0,00 8,2 300 250 ±	12 84,3 2,44 0,036

		Phengite	aggregate	02		J	=	0.00407000	±	0.00002035		Age	254.04±2.05	Ma	(MSWD	=	0.54)
1 0,87 75,4 0,07 3,4 25 53 ±	36 8,81 0,91 0,019
2 0,07 79,5 0,00 1,5 20 94 ±	106 49,65 0,40 0,008
3 0,07 49,4 0,00 1,1 21 134 ±	179 52,17 0,29 0,010
4 0,00 70,8 0,01 0,9 32 241 ±	110 97,82 0,24 0,006
5 0,54 140,0 0,08 17,1 572 231 ±	6 78,14 4,54 0,053
6 0,01 551,3 0,03 8,4 350 283 ±	14 100,75 2,22 0,007
7 0,06 65,4 0,00 5,5 198 248 ±	25 91,54 1,45 0,036
8 0,10 140,0 0,00 3,7 115 214 ±	30 80,21 0,99 0,011
9 0,01 62,8 0,00 2,8 105 259 ±	44 97,52 0,74 0,019
10 0,20 35,3 0,09 29,2 1033 243 ±	5 94,46 7,74 0,356
11 0,10 119,2 0,03 22,6 798 243 ±	5 96,40 6,00 0,082
12 0,02 170,9 0,05 16,9 630 256 ±	6 100,77 4,47 0,042
13 0,04 40,0 0,00 12,2 435 246 ±	9 97,61 3,22 0,131
14 0,05 123,4 0,09 58,1 2151 254 ±	2 99,26 15,39 0,202
15 0,01 126,1 0,03 35,1 1306 255 ±	3 99,66 9,29 0,120
16 0,05 87,2 0,11 63,9 2360 253 ±	2 99,37 16,94 0,315
17 0,03 156,9 0,13 86,2 3219 256 ±	1 99,66 22,85 0,236
18 0,01 21,1 0,02 5,4 207 261 ±	26 99,05 1,44 0,111
19 0,03 182,6 0,09 3,3 149 304 ±	32 94,18 0,88 0,008

		Phengite	aggregate	03		J	=	0.00407000	±	0.00002035		Age	248.02±1.74	Ma	(MSWD	=	1.45)
1 0,02 400,1 0,22 3,0 60 144 ±	35 92,58 1,11 0,003
2 0,06 259,9 0,09 1,3 46 247 ±	80 155,66 0,48 0,002
3 0,08 300,3 0,05 0,0 30 - - 627,35 0,00 0,000
4 0,19 77,9 0,15 13,2 415 218 ±	10 87,82 4,93 0,073
5 0,18 129,1 0,03 7,3 247 232 ±	16 82,01 2,75 0,024
6 0,11 136,9 0,00 5,0 166 231 ±	22 83,57 1,85 0,016
7 0,25 175,7 0,25 24,6 903 252 ±	2 92,35 9,20 0,060
8 0,18 406,1 0,13 18,0 629 240 ±	2 92,36 6,75 0,019
9 0,24 458,9 0,31 54,8 1992 250 ±	2 96,56 20,48 0,051
10 0,07 119,5 0,10 34,8 1267 250 ±	2 98,34 13,03 0,125
11 0,10 299,2 0,00 17,2 591 237 ±	5 95,43 6,43 0,025
12 0,11 288,7 0,00 38,4 1378 246 ±	2 97,71 14,38 0,057
13 0,03 50,6 0,03 24,0 889 254 ±	9 99,13 8,99 0,204
14 0,08 232,4 0,00 9,3 331 245 ±	19 93,49 3,48 0,017
15 0,10 365,1 0,00 1,3 8 48 ±	154 21,38 0,48 0,001
16 0,26 93,6 0,30 15,1 608 273 ±	9 88,58 5,67 0,070

		Phengite	aggregate	4	J	=	0.00407000	±	0.00002035		Age	255.85±1.98	Ma	(MSWD	=	1.88)
1 0,51 317,30 0,11 3,46 70,57 144 33 31,93 1,09 0,00
2 0,07 314,47 0,02 1,14 49,11 292 100 167,42 0,36 0,00
3 0,10 365,35 0,03 0,69 54,30 505 177 207,11 0,22 0,00
4 0,40 122,70 0,02 18,99 605,79 221 4 83,70 5,96 0,07
5 0,06 93,34 0,02 9,17 314,87 237 16 95,02 2,88 0,04
6 0,01 92,59 0,00 6,50 228,69 242 12 98,27 2,04 0,03
7 0,19 382,49 0,00 33,15 1118,38 233 5 95,30 10,40 0,04
8 0,15 418,69 0,00 22,10 728,21 228 5 94,09 6,94 0,02
9 0,17 327,61 0,04 73,08 2593,99 244 2 98,06 22,94 0,10
10 0,03 59,85 0,14 50,67 1850,71 251 2 99,53 15,90 0,36
11 0,09 187,17 0,09 38,89 1413,89 250 3 98,20 12,20 0,09
12 0,03 220,33 0,11 37,36 1419,64 260 4 100,51 11,73 0,07
13 0,06 150,85 0,01 11,71 456,97 267 10 96,16 3,67 0,03
14 0,03 110,71 0,00 2,08 76,51 252 48 89,20 0,65 0,01
15 0,15 48,59 0,00 5,89 249,84 288 19 84,61 1,85 0,05

Ca/K
(Ma)

36Ar(a)
[fA]

37Ar(ca)
[fA]

38Ar(cl)
[fA]

39Ar(k)
[fA]

40Ar(r)
[fA]
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Table 2. (U-Th-Sm)/He ages of Apatite (AHe) in the Pobedi Range (SE Kyrgyzstan).

Locality Sample Latitude (° ' ") Longitude  
(° ' .)

Altitude 
(m)

AHe Age 
(Ma)a

2s 
weighted 
error (Ma)

#tb ESR 
(µm)

U 
(ppm)

Th 
(ppm)

147 
Sm 

(ppm)
[U]e Th/238

U

He 
(nmol/

g)
Ft

Naryntoo Range KG-13-78-a 41 27 56.2 77 23 29,5 3634 97,2 1,9 1 44 26,8 52,7 16,3 39,2 2,0 13,7 0,66
Naryntoo Range KG-13-78-b 41 27 56.2 77 23 29,5 3634 69,5 1,9 1 60 15,4 33,8 11,9 23,3 2,3 6,6 0,75
Naryntoo Range KG-13-78-c 41 27 56.2 77 23 29,5 3634 67,2 0,8 1 75 10,8 26,9 8,0 17,1 2,6 5,0 0,80
Naryntoo Range KG-13-78-d 41 27 56.2 77 23 29,5 3634 71,5 1,4 2 47 20,6 40,1 13,0 30,0 2,0 8,0 0,68
Naryntoo Range KG-13-78-e 41 27 56.2 77 23 29,5 3634 85,5 2,1 1 51 12,8 18,0 5,7 17,0 1,5 5,6 0,71

W Pobeda Peak KG-13-28b 42 02 43 79 57 44 5520 6,7 0,1 1 35 250,0 838,4 128,4 447,0 3,5 9,4 0,58
W Pobeda Peak KG-13-28c 42 02 43 79 57 44 5520 10,6 0,1 1 46 193,9 239,6 87,5 250,2 1,3 9,7 0,67
W Pobeda Peak KG-13-28d 42 02 43 79 57 44 5520 9,5 0,1 1 45 455,7 831,0 179,5 651,0 1,9 22,3 0,66
W Pobeda Peak KG-13-28e 42 02 43 79 57 44 5520 10,1 0,2 1 47 133,3 181,3 51,4 175,9 1,4 6,5 0,68

W Pobeda Peak KG-13-27-a 42 02 43 79 57 44 5530 7,0 0,2 0 58 258,4 577,1 130,7 394,0 2,3 11,1 0,74
W Pobeda Peak KG-13-27-b 42 02 43 79 57 44 5530 6,0 0,1 1 55 206,4 610,9 186,0 350,0 3,1 8,3 0,73
W Pobeda Peak KG-13-27-c 42 02 43 79 57 44 5530 7,1 0,2 1 54 115,8 596,1 210,2 255,9 5,3 7,2 0,72
W Pobeda Peak KG-13-27-d 42 02 43 79 57 44 5530 12,5 0,3 2 63 65,0 257,1 106,4 125,4 4,1 6,6 0,76
W Pobeda Peak KG-13-27-e 42 02 43 79 57 44 5530 5,2 0,3 1 56 25,9 31,8 46,4 33,4 1,3 0,7 0,73

Enylchek Glacier KG-13-04a 42 08 18.3 79 57 05,3 3785 38,8 1,5 1 48 19,5 459,2 148,3 127,4 24,3 18,6 0,69
Enylchek Glacier KG-13-04b 42 08 18.3 79 57 05,3 3785 30,3 1,5 1 53 2,0 9,2 56,9 4,2 4,7 0,5 0,72
Enylchek Glacier KG-13-04c 42 08 18.3 79 57 05,3 3785 17,5 0,2 1 58 27,1 417,1 71,4 125,1 15,9 8,9 0,74
Enylchek Glacier KG-13-04d 42 08 18.3 79 57 05,3 3785 19,6 0,4 1 66 15,8 25,3 57,9 21,7 1,7 1,8 0,77
Enylchek Glacier KG-13-04e 42 08 18.3 79 57 05,3 3785 57,5 1,7 2 54 9,4 22,4 59,3 14,7 2,5 3,4 0,72
Enylchek Glacier KG-13-04f 42 08 18.3 79 57 05,3 3785 8,6 0,3 1 55 41,2 407,2 111,8 136,9 10,2 4,7 0,73

Enylchek Glacier KG-13-06c 42 06 44.7 79 56 08,8 4401 67,8 3,4 1 57 8,9 3,8 3,9 9,8 0,4 2,7 0,74
Enylchek Glacier KG-13-06d 42 06 44.7 79 56 08,8 4401 291,0 13,7 2 66 0,1 4,3 3,6 1,1 42,5 1,4 0,77
Enylchek Glacier KG-13-06e 42 06 44.7 79 56 08,8 4401 253,6 9,3 1 60 0,1 12,0 6,2 2,9 136,3 3,1 0,75

Enylchek Glacier KG-13-32b 42 06 40.0 79 53 27,0 4625 277,4 41,0 1 63 0,0 0,2 0,0 0,1 7,3 0,1 0,76
Enylchek Glacier KG-13-32e 42 06 40.0 79 53 27,0 4625 161,2 9,4 1 60 0,2 55,5 19,8 13,2 318,5 8,8 0,75

Enylchek Glacier KG-13-11a 42 06 24.0 79 55 00,0 4750 86,4 6,5 2 56 0,1 4,4 0,5 1,2 36,1 0,4 0,73
Enylchek Glacier KG-13-11c 42 06 24.0 79 55 00,0 4750 231,5 17,2 0 80 0,0 0,5 0,0 0,1 20,9 0,1 0,81
Enylchek Glacier KG-13-11d 42 06 24.0 79 55 00,0 4750 62,3 15,1 0 65 0,1 0,5 0,0 0,2 5,3 0,1 0,77

Enylchek Mine KG-13-39a 41 59 44.9 79 07 45,7 3566 257,0 6,8 1 67 4,4 16,7 65,4 8,3 3,9 9,7 0,78
Enylchek Mine KG-13-39b 41 59 44.9 79 07 45,7 3566 108,9 2,5 0 57 23,4 106,8 141,4 48,5 4,7 21,7 0,74
Enylchek Mine KG-13-39c 41 59 44.9 79 07 45,7 3566 151,3 5,1 0 65 4,2 17,3 63,8 8,3 4,2 5,6 0,77
Enylchek Mine KG-13-39d 41 59 44.9 79 07 45,7 3566 268,9 6,9 1 59 8,8 40,7 67,1 18,3 4,8 20,7 0,74
Enylchek Mine KG-13-39e 41 59 44.9 79 07 45,7 3566 256,1 5,7 1 53 40,6 232,8 199,2 95,3 5,9 97,5 0,72

Enylchek village (N) KG-13-48-a 42 01 13.7 79 03 12,8 2486 4,6 0,2 1 43 103,6 7,0 44,5 105,3 0,1 1,7 0,65
Enylchek village (N) KG-13-48-d 42 01 13.7 79 03 12,8 2486 76,2 2,0 1 48 20,5 33,3 12,4 28,3 1,7 8,1 0,69

Enylchek village (N) KG-13-46a 42 01 31.5 79 02 15,4 2977 27,5 0,8 0 58 13,0 12,5 38,5 15,9 1,0 1,8 0,74
Enylchek village (N) KG-13-46b 42 01 31.5 79 02 15,4 2977 62,5 1,3 0 62 5,7 11,2 35,0 8,3 2,0 2,2 0,76
Enylchek village (N) KG-13-46c 42 01 31.5 79 02 15,4 2977 18,8 0,5 1 61 7,2 13,4 43,3 10,3 1,9 0,8 0,75
Enylchek village (N) KG-13-46d 42 01 31.5 79 02 15,4 2977 63,3 1,2 2 65 22,0 13,0 45,9 25,1 0,6 6,7 0,77

Akchukkur 7TS302a 42 16 63.2 79 45 03,6 3818 159,9 2,1 2 51 6,5 21,6 27,0 11,6 3,4 7,3 0,71
Akchukkur 7TS302b 42 16 63.2 79 45 03,6 3818 13,6 0,3 0 57 14,9 54,1 47,2 27,6 3,8 1,5 0,74
Akchukkur 7TS302c 42 16 63.2 79 45 03,6 3818 55,0 0,8 1 62 6,5 22,7 27,6 11,9 3,6 2,7 0,76
Akchukkur 7TS302d 42 16 63.2 79 45 03,6 3818 62,8 1,0 2 53 10,2 39,1 39,8 19,4 3,9 4,8 0,72

Akchukkur 7TS305a 42 17 98.8 79 45 76,2 3540 62,1 1,6 1 62 3,9 8,0 4,6 5,8 2,1 1,5 0,76
Akchukkur 7TS305b 42 17 98.8 79 45 76,2 3540 73,0 2,2 1 70 3,8 4,1 2,9 4,7 1,1 1,5 0,79
Akchukkur 7TS305c 42 17 98.8 79 45 76,2 3540 35,7 1,1 2 66 3,5 5,8 3,5 4,9 1,7 0,7 0,77
Akchukkur 7TS305d 42 17 98.8 79 45 76,2 3540 110,1 3,6 1 59 2,6 10,0 6,5 5,0 3,9 2,3 0,74
Akchukkur 7TS305e 42 17 98.8 79 45 76,2 3540 27,8 0,7 1 69 2,8 7,4 4,7 4,6 2,7 0,5 0,78

Akchukkur 7TS307a 42 20 02.8 79 41 08,8 3202 13,1 1,7 2 70 1,1 0,2 0,1 1,2 0,2 0,1 0,79
Akchukkur 7TS307b 42 20 02.8 79 41 08,8 3202 53,2 1,7 2 53 3,1 1,9 0,8 3,6 0,6 0,7 0,72
Akchukkur 7TS307c 42 20 02.8 79 41 08,8 3202 59,2 2,3 2 60 1,2 1,8 1,9 1,6 1,6 0,4 0,75
Akchukkur 7TS307d 42 20 02.8 79 41 08,8 3202 16,1 1,0 2 74 1,1 0,5 0,1 1,2 0,4 0,1 0,80
aAges are Ft corrected; bTerminations. In italic: discarded ages due to inconsistency and complex grain shape.


