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Résumé

La chaîne du Sud Tien-Shan (STS) en Asie Centrale est l'une des plus grandes chaînes intracontinentales et résulte de la réactivation de structures héritées de son histoire Paléozoïque lors de la formation de la Ceinture Orogénique d'Asie Centrale (CAOB). La compréhension de la tectonique actuelle du STS repose donc sur une bonne connaissance de sa structuration au Paléozoïque qui reste néanmoins largement débattue. La partie kirghize de la chaîne a été moins étudiée que la partie chinoise et cette thèse propose donc une étude détaillée du STS kirghize. En particulier, l'étude des massifs métamorphiques situés le long de la suture du STS permet de contraindre l'histoire de la subduction puis des dernières étapes d'accrétion et de collision entre le Tarim et le microcontinent du Kazakhstan. L'approche utilisée est pluridisciplinaire, basée sur une étude de terrain, puis une analyse thermobarométrique utilisant des micro-cartographies chimiques couplées à de la modélisation thermodynamique, et enfin une étude géochronologique. Nous montrons que la faille de Talas-Fergana, faille active de 2000 km de long, est une discontinuité majeure dès le Carbonifère supérieur puisqu'elle délimite deux domaines à évolution distincte. A l'ouest, une subduction à vergence nord de l'océan Turkestan a conduit à la formation d'un arc magmatique important. Autour de ca. 301 Ma, la collision entre le Kazakhstan et le craton Alai entraîne un épaississement crustal important associé à une tectonique de nappes et du magmatisme syn-collisionel. A l'est, une subduction à vergence sud de ce même océan est suggérée par une structure à pendage sud présentant des unités de haute-pression océanique et continentale exhumées au sein d'un paléo-prisme d'accrétion de plus bas degré métamorphique le long de chevauchements à vergence nord et de détachements à vergence sud. La fermeture de l'océan Turkestan est marquée par l'exhumation de l'unité de haute-pression continentale à ca. 320-330 Ma. Au Permien, une première phase de réactivation dans un régime transpressif, est associée à un magmatisme intense. En bordure de la chaîne, ce magmatisme interagit avec un panache mantellique sous le craton du Tarim. Cette phase permienne a conduit d'une part à l'initiation de chevauchements à vergence sud, au sud du STS et d'autre part à la modification de la structure thermique de la lithosphère sous le Tarim. Le modèle d'évolution proposé pour le STS kirghize s'intègre bien dans un modèle d'évolution global de la CAOB. De plus, on voit que la structuration Paléozoïque, de la collision carbonifère à la première phase de réactivation permienne, permet d'expliquer la tectonique actuelle du STS qui est une chaîne à double vergence s'élevant au dessus de bassins intramontagneux au nord et au dessus du craton du Tarim au sud qui se comporte comme un bloc rigide.

INTRODUCTION

Dès la généralisation de la théorie de la tectonique des plaques [START_REF] Hess | History of ocean basins[END_REF], le concept de "cycle géotectonique" [START_REF] Cady | Classification of geotectonic elements[END_REF] a évolué en impliquant l'ouverture puis la fermeture d'un océan suivies d'une collision entre deux continents [START_REF] Coney | The Geotectonic Cycle and the New Global Tectonics[END_REF][START_REF] Wilson | Did the Atlantic close and then re-open ?[END_REF] pour expliquer la formation des chaînes de montagnes. Cependant si les chaînes des Alpes et de l'Himalaya semblent au premier abord bien correspondre à ce modèle ce n'est pas le cas de toutes les chaînes de montagnes, qu'elles soient actuelles ou anciennes. C'est le cas par exemple de la Cordillère des Andes qui se forme alors que la subduction de la plaque Nazca sous la plaque Sud-Américaine se poursuit (e.g [START_REF] Oncken | The Andes : active subduction orogeny[END_REF]. De plus, certaines chaînes de montagnes se forment à des centaines de kilomètres des limites de plaques comme par exemple la chaîne du Tien-Shan en Asie Centrale [START_REF] Molnar | Cenozoic Tectonics of Asia : Effects of a Continental Collision[END_REF].

Les chaînes de montagnes sont donc classiquement divisées en différentes catégories. La terminologie des différents types d'orogénèses (du grec oro, montagne, et genesis, formation) est très vaste (e.g. [START_REF] Cunningham | Active intracontinental transpressional mountain building in the Mongolian Altai : Defining a new class of orogen[END_REF] mais peut être résumée ainsi [START_REF] Cawood | Accretionary orogens through Earth history[END_REF] • Les chaînes de collision résultent d'une collision continent-continent et sont marquées par un épaississement crustal important associé à du métamorphisme de moyenne à haute pression et moyenne à haute température. La chaîne Himalayenne (Le [START_REF] Fort | Himalayas : the collided range. Present knowledge of the continental arc[END_REF] et la chaîne Varisque [START_REF] Burg | A Cross Section through the French Massif Central and the Scope of its Variscan Geodynamic Evolution[END_REF] sont considérées comme des exemples typiques de chaîne de collision.

• Les chaînes d'accrétion se forment pendant une phase de subduction océanique et sont essentiellement contrôlées par la dynamique à l'interface des plaques inférieures et supérieures [START_REF] Cawood | Accretionary orogens through Earth history[END_REF]. La croissance crustale est un processus important au sein des chaînes d'accrétion [START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF]Sengör et Natalin, 1996b). Les cordillères nord américaines [START_REF] Coney | Cordilleran suspect terranes[END_REF] et les chaînes péri-Pacifique en sont un exemple type [START_REF] Cluzel | Late Palaeozoic to early Mesozoic geodynamic evolution of the Circum-Pacific orogenic belt in South Korea and Southwest Japan[END_REF].

• Les chaînes intracontinentales se forment à une distance considérable de toute limite de plaque et résultent de la propagation de la déformation à l'intérieur des continents [START_REF] Molnar | Cenozoic Tectonics of Asia : Effects of a Continental Collision[END_REF][START_REF] Raimondo | The anatomy of a deep intracontinental orogen[END_REF]. L'héritage tectonique est un processus important dans la formation de ces chaînes. Les chaînes d'Asie Centrale, telles que le Tien-Shan ou le Kunlun en font partie.

Cependant l'évolution de ces chaînes "type" s'avère souvent être plus complexe [START_REF] Cawood | Accretionary orogens through Earth history[END_REF][START_REF] Choulet | Mécanismes et évolution des chaînes d'accrétion. Exemple des chaînes paléozoïques d'Asie Centrale[END_REF]. Par exemple, les collisions continentales ont souvent été précédées de phases d'accrétion plus ou moins complexes au cours de la subduction océanique. Ainsi l'arc insulaire du Kohistan s'est accrété au continent asiatique avant la collision Inde-Asie (e.g. [START_REF] Rolland | Middle Cretaceous back-arc formation and arc evolution along the Asian margin : the Shyok Suture Zone in northern Ladakh (NW Himalaya)[END_REF] de même que les Appalaches ou l'orogénèse Varisque ont été affectées par des épisodes d'accrétion avant la collision finale (e.g. [START_REF] Cawood | Generation and obduction of ophiolites : constraints from the Bay of Islands Complex, western Newfoundland[END_REF]Faure, 2008;[START_REF] Matte | The Variscan collage and orogeny (480-290 Ma) and the tectonic definition of the Armorica microplate : a review[END_REF]. Les chaînes de montagnes résultent donc fréquemment d'interactions complexes au cours des processus de subduction, de collision puis de réactivation.

La Ceinture Orogénique d'Asie Centrale (CAOB) est un grand système de chaînes d'accrétion d'âge Paléozoïque [START_REF] Sengör | Evolution of the Altaids tectonic collage and Palaeozoic crustal growth in Eurasia[END_REF]Windley et al., 2007). Cependant au [START_REF] Stöckli | The Blue Marble Next Generation-A true color earth dataset including seasonal dynamics from MODIS[END_REF].

Cénozoïque de nombreuses régions de la CAOB sont réactivées suite à la collision Inde-Asie [START_REF] Molnar | Cenozoic Tectonics of Asia : Effects of a Continental Collision[END_REF])(Fig. 1). La CAOB présente donc à la fois des chaînes d'accrétion et des chaînes intracontinentales.

INTRODUCTION

En particulier, la chaîne du Tien-Shan, au sud-ouest de la CAOB, est l'une des plus importantes chaînes de montagnes intracontinentales modernes [START_REF] Molnar | Cenozoic Tectonics of Asia : Effects of a Continental Collision[END_REF] avec des sommets de plus de 7000 m d'altitude. A l'image de la CAOB, le magmatisme d'arc est un processus majeur dans l'histoire Paléozoïque du Tien-Shan, marquée par une croissance crustale importante au fur et à mesure de l'accrétion de différents blocs, tels que des arcs insulaires, plateaux océaniques ou micro-continents [START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF][START_REF] Rojas-Agramonte | Detrital and igneous zircon ages for supracrustal rocks of the Kyrgyz Tianshan and palaeogeographic implications[END_REF]Sengör et Natalin, 1996b). Cependant, la chaîne du Sud Tien-Shan résultant de la collision entre le craton du Tarim et le microcontinent Kazakh au Carbonifère supérieur, fait exception et est marquée par endroits par l'absence de magmatisme d'arc et par un épaississement crustal important [START_REF] Allen | Palaeozoic collisional tectonics and magmatism of the Chinese Tien Shan, central Asia[END_REF][START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]. A la limite, temporelle et spatiale, entre le grand grand système d'accrétion Paléozoïque de la CAOB et l'ensemble de collision Méso-Cénozoïque Himalaya-Tibet (Fig. 1), la chaîne du Tien-Shan est donc un système complexe qui présente à la fois des caractéristiques d'une chaîne intracontinentale, d'une chaîne d'accrétion et d'une chaîne de collision [START_REF] Schulmann | Geodynamics : Asian continental growth[END_REF]. Les relations entre ces différentes dynamiques, notamment le rôle de l'héritage Paléozoïque sur la réactivation Cénozoïque, sont mal contraintes, principalement à cause de la complexité de l'histoire post-Carbonifère qui reprend les structures liées aux épisodes d'accrétion/collision. L'étude la chaîne du Sud Tien-Shan est donc idéale pour comprendre l'évolution spatio-temporelle entre ces grands types de chaînes de montagnes et ainsi comprendre les relations entre les processus de subduction, de collision et de réactivation tectonique.

INTRODUCTION liées au Sud Tien-Shan est la vergence de la subduction ayant conduit à sa formation. En effet, dans la CAOB, la vergence des différentes subductions peut être déduite grace au magmatisme d'arc qui est bien développé [START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF]. En revanche pour la chaîne du Sud Tien-Shan, il n'y a pas de magmatisme d'arc (Tursungaziev et Petrov, 2008) et la question de la vergence de la subduction est toujours sujette à de nombreux débats (e.g. [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]Hegner et al., 2010).

Après la formation du Sud Tien-Shan au Carbonifère, le Permien est marqué par une phase de tectonique décrochante importante (e.g. Laurent- Charvet et al., 2003;[START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF]. Ainsi la faille active de Talas-Fergana, qui constitue aujourd'hui une séparation majeure au sein de la chaîne, s'est initiée dès la fin du Carbonifère et a été active tout au long du Permien [START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF]. Le Permien est également marqué par la mise en place d'une province magmatique dans le nord du craton du Tarim au dessus d'un panache mantellique [START_REF] Yang | Vertical and horizontal strain partitioning of the Central Tianshan (NW China) : Evidence from structures and 40Ar/39Ar geochronology[END_REF]. L'existence ou non de relation(s) entre ces différents processus est débattue (e.g. [START_REF] Biske | Geodynamics of late Paleozoic magmatism in the Tien Shan and its framework[END_REF]Wang et al., 2009). La partie kirghize du Sud Tien-Shan est la plus proche géographiquement de la province magmatique du Tarim et présente des intrusions magmatiques permiennes. Elle est donc idéalement située pour étudier les relations entre la tectonique décrochante du Tien-Shan et le panache mantellique du Tarim à travers l'étude d'une unité de haute-temperature permienne. générale à l'est de la faille de Talas-Fergana. En particulier, le massif d'Atbashi présente des unités métamorphiques de subduction exhumées le long de chevauchements à vergence nord et de détachements à vergence sud. La chaîne présente une structure à double vergence, avec des témoins structuraux suggérant une subduction vers le sud sous le craton du Tarim. Le deuxième article s'attache à l'évolution pétro-chronologique du massif d'Atbashi, en particulier d'une unité de haute-pression continentale, témoin d'une phase de subduction continentale. Le quatrième chapitre présente un article sur le métamorphisme de haute-pression et basse-température du massif de Chatkal, lié à la formation du Sud Tien-Shan à l'ouest de la faille de Talas-Fergana, auparavant interprété comme Dévonien voire Protérozoïque. Cet article montre des contextes géodynamiques très différents de part et d'autre de la faille de Talas-Fergana. Puis dans le cinquième chapitre, un article décrit le massif du Pobeda, à l'est du Sud Tien-Shan kirghize, et démontre qu'il constitue une unité de haute-température permienne, non décrite auparavant. Enfin un sixième et dernier chapitre synthétise les principaux résultats de cette thèse et les discute dans le contexte de l'évolution de la CAOB et du système Himalaya-Tibet. Eduard Suess fut le premier a décrire cet ensemble sous le nom d'Altaïdes [START_REF] Suess | The Face of the Earth[END_REF]. Il y reconnut différents fragments d'arcs, plus ou moins courbés qui dessinent un "vertex" centré autour de la région d'Irkutsk en Sibérie (Fig. 1.3). Ce modèle a ensuite été repris par Emile Argand (Argand, 1924) qui s'inspira des théories de Wegener et propose une prévalence des mouvements horizontaux dans la formation des chaînes de montagnes.

INTRODUCTION

Plus tard [START_REF] Sengör | Evolution of the Altaids tectonic collage and Palaeozoic crustal growth in Eurasia[END_REF] et Sengör et Natalin (1996a,b) adaptent ce modèle à la tectonique des plaques et définissent les Altaïdes comme une grande chaîne d'accrétion formée entre 600 et 250 Ma. En se basant sur la répartition des fronts magmatiques, ils proposent un modèle d'arc unique, l'arc de Kipchak, pour expliquer la formation [START_REF] Xiao | A Tale of Amalgamation of Three Permo-Triassic Collage Systems in Central Asia : Oroclines, Sutures, and Terminal Accretion[END_REF]. [START_REF] Suess | The Face of the Earth[END_REF] des Altaïdes dont la structure actuelle résulterait de la virgation et de la fragmentation multiple de cet arc le long de grands décrochements (Fig. 1.4). [START_REF] Yakubchuk | Architecture and mineral deposit settings of the Altaid orogenic collage : A revised model[END_REF][START_REF] Yakubchuk | Re-deciphering the tectonic jigsaw puzzle of northern Eurasia[END_REF] propose un modèle similaire avec trois arcs magmatiques. [START_REF] Choulet | Mécanismes et évolution des chaînes d'accrétion. Exemple des chaînes paléozoïques d'Asie Centrale[END_REF]) d'après Sengör et Natalin (1996b) Le terme de ceinture orogénique d'Asie Centrale (ou encore ceinture plissée d'Asie Centrale) a été introduit pour inclure les Ouralides et les Baïkalides aux Altaïdes (Fig. 1.1), couvrant ainsi une période de temps de 1Ga à 250 Ma (Mossakovsky et al., 1993;Windley et al., 2007;[START_REF] Yanshin | Tectonic structure of Eurasia (in russian)[END_REF][START_REF] Yanshin | Tectonics of Eurasia (explanatory notes to the Tectonic Map of Eurasia, scale 1 :5,000,000) and map[END_REF]. Il est généralement associé à un autre type de modèle pour expliquer la formation de l'Asie Centrale : les modèles d'accrétions multiples (archipelago model). Dans ces modèles, la CAOB résulterait de l'accrétion de multiples unités telles que des arcs insulaires, prismes d'accrétion, plateaux océaniques, microcontinents et marges actives continentales dérivées du Gondwana et/ou du craton Sibérien(Fig. 1.5)(e.g. [START_REF] Coleman | Continental growth of northwest China[END_REF]Filippova et al., 2001;[START_REF] Khain | The Palaeo-Asian ocean in the Neoproterozoic and early Palaeozoic : new geochronologic data and palaeotectonic reconstructions[END_REF][START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF][START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF]Windley et al., 2007;Xiao et al., 2010a[START_REF] Xiao | A Tale of Amalgamation of Three Permo-Triassic Collage Systems in Central Asia : Oroclines, Sutures, and Terminal Accretion[END_REF]. Si de nombreux points sur cette évolution sont encore sujet à débat, la littérature semble s'accorder aujourd'hui sur ce type de modèle et compare la CAOB à l'archipel des Philippines actuel (e.g. [START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF].

Le microcontinent Kazakhstan

La CAOB est souvent divisée en deux grands domaines : le système d'accrétion du Kazakhstan et le système d'accrétion de Mongolie (Fig. 1.2). Des revues détaillées sur l'évolution de toute la CAOB ont été proposées par [START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF]; Windley et al. (Xiao et al., 2010a) (2007); [START_REF] Xiao | A Tale of Amalgamation of Three Permo-Triassic Collage Systems in Central Asia : Oroclines, Sutures, and Terminal Accretion[END_REF]. Nous nous intéressons ici au domaine du Kazakstan dans la partie occidentale de la CAOB. Du Vendien au Silurien supérieur, une série d'accrétion de différents arcs insulaires et microcontinents conduit à la formation du microcontinent Kazakhstan (e.g. [START_REF] Kheraskova | The Vendian-early Paleozoic history of the continental margin of eastern Paleogondwana, Paleoasian Ocean, and Central Asian Foldbelt[END_REF]Windley et al., 2007). Les blocs continentaux le constituant sont généralement caractérisés par un socle Protérozoïque et une couverture sédimentaire Néoprotérozoïque à Paléozoïque inférieure (e.g. [START_REF] Kasymov | Precambrian of Kazakhstan : a review[END_REF][START_REF] Kröner | Mesoproterozoic (Grenville-age) terranes in the Kyrgyz North Tianshan : Zircon ages and Nd-Hf isotopic constraints on the origin and evolution of basement blocks in the southern Central Asian Orogen[END_REF]. Ils dérivent soit de la marge Est Gondwanienne [START_REF] Kheraskova | The Vendian-early Paleozoic history of the continental margin of eastern Paleogondwana, Paleoasian Ocean, and Central Asian Foldbelt[END_REF]Mossakovsky et al., 1993) soit de la marge Baikalide de Sibérie (Sengör et Natalin, 1996a). Plus récemment, [START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF] ont proposé que ces différents blocs se sont accrétés à la marge Est Gondwanienne du Vendien à l'Ordovicien supérieur puis que le microcontinent Kazakhstan s'est ensuite détaché du Gondwana au Silurien supérieur. Ces différents blocs continentaux et arcs insulaires sont séparés par des zones de suture étroites représentées par des sédiments marins profonds, des séries volcano-sédimentaires et des ophiolites d'âges Néoprotérozoïque à Silurien inférieur [START_REF] Avdeev | Ophiolite zones and the geologic history of Kazakhstan from the mobilist standpoint[END_REF][START_REF] Yakubchuk | Tectonic position of ophiolite zones in the Paleozoic structure of the Central Kazakhstan[END_REF] et parfois par des roches de haute-à ultra-haute-pression (e.g. [START_REF] Orozbaev | Metamorphic history of eclogites and country rock gneisses in the Aktyuz area, Northern Tien-Shan, Kyrgyzstan : a record from initiation of subduction through to oceanic closure by continent-continent collision[END_REF][START_REF] Sobolev | Diamond inclusions in garnets from metamorphic rocks : a new environment for diamond formation[END_REF][START_REF] Tagiri | Mineral parageneses and metamorphic PtT paths of ultrahigh-pressure eclogites from Kyrghyzstan Tien-Shan[END_REF]. Au Dévonien inférieur, le microcontinent Kazakhstan est constitué et sa virgation se met en place. Il divise alors l'Océan Paléo-Asiatique en 4 branches (Figure 1.6) (Filippova et al., 2001) : l'Océan Ob-Zaisan sépare le Kazakhstan du craton Siberia, l'Océan Ouralien le sépare du craton Baltica et l'Océan Turkestan le sépare du craton du Tarim. Enfin l'Océan Junggar-Balkhash sépare les deux branches de l'orocline du Kazakhstan. Dès le Dévonien inférieur, ces différents domaines océaniques commencent à se fermer. La fermeture de l'Océan Ob-Zaisan se fait progressivement du Dévonien inférieur au Carbonifère supérieur par des accrétions successives d'arcs [START_REF] Buslov | Evolution of the Paleo-Asian Ocean (Altai-Sayan Region, Central Asia) and collision of possible Gondwana-derived terranes with the southern marginal part of the Siberian continent[END_REF]. La fermeture de l'Océan Ouralien conduit à la collision entre le craton Baltica et le microcontinent 1.2 La chaîne du Tien-Shan Kazakhstan au Carbonifère moyen [START_REF] Puchkov | Structure and geodynamics of the Uralian orogen[END_REF]. Cette collision a été précédée par l'accrétion de l'arc de Magnitogorsk entre le Dévonien supérieur et le Carbonifère inférieur (Filippova et al., 2001;Windley et al., 2007). La fermeture de l'Océan Turkestan débute au Dévonien inférieur (Filippova et al., 2001). L'âge de la collision entre le craton du Tarim et le microcontinent Kazakhstan est controversé, entre le Dévonien Supérieur (e.g. [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF] et le Carbonifère supérieur (Hegner et al., 2010;[START_REF] Li | SIMS U-Pb rutile age of low-temperature eclogites from southwestern Chinese Tianshan, NW China[END_REF]. Enfin l'Océan Junggar-Balkash se ferme au Carbonifère supérieur ou au Permien inférieur [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF].

La chaîne du Tien-Shan

La chaîne du Tien-Shan est située au sud-ouest de la CAOB. Elle s'étend sur plus de 2000 km à travers l'Ouzbékistan, le Kirghizistan jusqu'à la province du Xianjiang à l'ouest de la Chine (Fig. 1.1,1.8a). Cette chaîne présente un relief important, particulièrement au sud, avec des sommets jusqu'à 7439 m (Pic Pobeda, ou Jengish Chokusu) et une altitude moyenne de 2750 m pour le Kirghizistan (Fig. 1.7). Ces hauts-reliefs s'élèvent au dessus de bassins intramontagneux au nord (2000-3000m) et au dessus du bassin du Tarim au sud (1000 m) (Fig. 1.7,1.8a). Ce relief actuel est du à la réactivation de la chaîne depuis environ [START_REF] Khristov | Geosynclinal basement of the crust of the Fergana-Kokshaal Hercynides[END_REF] Ma suite à la collision Inde-Asie (e.g [START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan : Reactivated tectonic structures and active deformation[END_REF][START_REF] Molnar | Cenozoic Tectonics of Asia : Effects of a Continental Collision[END_REF]Sobel et al., 2006a;[START_REF] Sobel | Thrusting and exhumation around the margins of the western Tarim basin during the India-Asia collision[END_REF]. Lors de cette réactivation, le craton du Tarim se comporte comme un bloc rigide bordé au sud par le plateau du Tibet et au nord par le Tien-Shan (Fig. 1.7). A l'image de la CAOB, la chaîne du Tien-Shan résulte de l'accrétion de différents blocs durant le Paléozoïque (e.g. [START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF]Sengör et Natalin, 1996a;[START_REF] Sengör | Evolution of the Altaids tectonic collage and Palaeozoic crustal growth in Eurasia[END_REF][START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF]Windley et al., 2007). Au Kirghizistan, le Tien-Shan est classiquement divisé en trois grandes parties (Fig. 1.8b) (e.g. Bakirov et Maksumova, 2001;Nikolaev, 1933) :

• Le Nord Tien-Shan (NTS), également appelé Kokchetav-North Tien-Shan, est constitué de fragments continentaux Précambrien, d'arcs océaniques d'âge Paléo- [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF] zoïque inférieur, d'ophiolites et de roche de haute-pression qui ont été accrétés avant l'Ordovician moyen [START_REF] De Grave | Late Palaeozoic and Meso-Cenozoic tectonic evolution of the southern Kyrgyz Tien Shan : Constraints from multi-method thermochronology in the Trans-Alai, Turkestan-Alai segment and the southeastern Ferghana Basin[END_REF][START_REF] Degtyarev | Tectonic evolution of the early Paleozoic island arcs and continental crust formation in the Caledonides of Kazakhstan[END_REF]Konopelko et al., 2008;[START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF]Maksumova et al., 2001;Mikolaichuk et al., 1997). De l'Ordovicien moyen au Silurien inférieur, le NTS est affecté par l'intrusion massive de granitoïdes dans un contexte d'arc continental puis dans un contexte de collision 1.2 La chaîne du Tien-Shan (e.g. [START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF]Tursungaziev et Petrov, 2008). A l'ouest du NTS, le domaine de Karatau-Talas est constitué essentiellement de sédiments continentaux et marins peu profonds d'âge Neoprotérozoïque, de carbonates d'âge Cambrien à Ordovicien et de turbidites et schistes de bas degré métamorphiques d'âge probablement Cambrien à Ordovicien [START_REF] Ghes | Terrane Structure and Geodynamic Evolution of the Caledonides of the Tian Shan (in russian)[END_REF]Maksumova et al., 2001;Tursungaziev et Petrov, 2008). L'origine de ce domaine est débattue : il peut s'agir d'un microcontinent entre le NTS et le Middle Tien-Shan (Maksumova et al., 2001) ou de lade la marge du Middle Tien-Shan [START_REF] Kröner | Mesoproterozoic (Grenville-age) terranes in the Kyrgyz North Tianshan : Zircon ages and Nd-Hf isotopic constraints on the origin and evolution of basement blocks in the southern Central Asian Orogen[END_REF].

• Le Middle Tien-Shan (MTS) 1 représente l'extrémité sud du microcontinent Ishim-Middle Tien-Shan ou Syrdarya qui s'étend jusqu'au nord-ouest du Kazakhstan [START_REF] Avdeev | Ophiolites and Evolution of the Southwestern Part of the Ural-Mongolia Folded Belt[END_REF]. Le MTS a été accrété au NTS à l'Ordovicien inférieur suite à la fermeture de l'Océan Terkskey [START_REF] Burtman | The Tien Shan Early Paleozoic tectonics and geodynamics[END_REF][START_REF] Lomize | The Kyrgyz-Terskey Paleoceanic Basin, Tien Shan[END_REF]Mikolaichuk et al., 1997). Le MTS est probablement un bloc détaché du Tarim qui provient lui-même de la marge nord du Gondwana [START_REF] Rojas-Agramonte | Detrital and igneous zircon ages for supracrustal rocks of the Kyrgyz Tianshan and palaeogeographic implications[END_REF]. Le socle est constitué par des gneiss et amphibolites affleurant dans le complexe de Kuilyu datés à 2.4-1.8 Ga (Bakirov et Maksumova, 2001;[START_REF] Glorie | Tectonic history of the Kyrgyz South Tien Shan (Atbashi-Inylchek) suture zone : The role of inherited structures during deformation-propagation[END_REF]Kiselev, V.V. et al., 1993;Maksumova et al., 2001). La couverture de ce socle est constituée de séries sédimentaires Néoprotérozoïque à Ordovicien moyen, similaires à celles du craton du Tarim (Eganov et Sovetov, 1979;Maksumova et al., 2001;[START_REF] Osmonbetov | Stratified and intrusive formations of Kirgiziya, book 1[END_REF]Tursungaziev et Petrov, 2008). Entre l'Ordovicien et le Carbonifère supérieur, d'épaisses couches de carbonates se sont déposées (e.g. Alexeiev et al., 2015a,b;Maksumova et al., 2001). Le MTS sera présenté plus en détails en section 4.1.

• Le Sud Tien-Shan (STS) est une chaîne plissée résultant de l'accrétion/collision des cratons du Karakum (au sud-ouest) et du Tarim (au sud-est) avec la marge sud du MTS à la suite de la fermeture de l'océan Turkestan (e.g. Biske, 1995a;Hegner et al., 2010). Dans la littérature russe, le STS est divisé en trois segments d'ouest en est : Kyzylkum et Alay à l'ouest de la faille de Talas-Fergana et Kokshaal à l'est. Les séries sédimentaires du STS sont d'âge Silurien à Permien inférieur et sont constituées de carbonates de faible profondeur accumulés sur des monts sous-marins, de turbidites et autres dépôts de pentes et de sédiments siliceux profonds (Biske, 1996;Tursungaziev et Petrov, 2008). Au nord, la suture avec le MTS est marquée par la présence d'ophiolites et de roches métamorphiques de haute-pression dans le massif d'Atbashi au Kirghizistan [START_REF] Biske | Late Paleozoic collision of the Tarimskiy and Kirghiz-Kazakh paleocontinents (English translation)[END_REF](Biske, , 1996;;Burtman, 1975;Hegner et al., 2010) et dans le massif d'Akeyazi-Kekesu en Chine [START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF]Wang et al., 2009). Les détails sur ce massif seront présentés dans les sections 3.1 et 3.2. De nombreuses controverses subsistent à propos du STS, notamment sur la vergence de la subduction ayant conduit à la fermeture de l'océan Turkestan qui peut être à vergence nord (e.g. [START_REF] Makarov | Underthrusting of Tarim beneath the Tien Shan and deep structure of their junction zone : Main results of seismic experiment along MANAS Profile Kashgar-Song-Köl[END_REF][START_REF] Windley | Paleozoic accretion and Cenozoic redeformation of the Chinese Tien Shan Range, central Asia[END_REF] ou sud (e.g. [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]Wang et al., 2010a). Les différents modèles proposés ainsi qu'une comparaison entre le STS kyrgyz et le STS chinois feront l'objet d'une description détaillée dans l'article présenté en section 3.1.

Dès la fin du Carbonifère, l'histoire post-collisionelle est marquée par une transition vers un régime tectonique décrochant à travers toute la CAOB. Ce changement est attribué à la rotation de différents blocs du Tien-Shan par rapport au craton de Sibérie et du Tarim [START_REF] Allen | Fault reactivation in the Junggar region , northwest China : the role of basement structures during Mesozoic -Cenozoic compression[END_REF][START_REF] Allen | Palaeozoic collisional tectonics and magmatism of the Chinese Tien Shan, central Asia[END_REF]Laurent-Charvet et al., 2003;[START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF]Wang et al., 2007a). En particulier, la faille de Talas-Fergana s'active à cette période. Il s'agit d'une grande faille décrochante dextre de 2000 km de long orientée NW-SE qui traverse le Kirghizistan (Fig. 1.8). Le décalage des structures le long de cette faille peut atteindre 200 km (Burtman, 1964(Burtman, , 1980)). La datation 40 Ar/ 39 Ar de micas blancs syn-cinématique le long de la faille de Talas-Fergana indique une initiation du cisaillement ductile à 312-317 Ma suivie par plusieurs autres épisodes de déformation ductile à environ 290 Ma et 256-250 Ma eux même suivis par une réactivation cassante au Trias et Jurassique [START_REF] Konopelko | U-Pb-Hf zircon study of two mylonitic granite complexes in the Talas-Fergana fault zone, Kyrgyzstan, and Ar-Ar age of deformations along the fault[END_REF][START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF]. Les détails de l'histoire de cette faille seront présentés dans un article en annexe (Chapitre A.2.2). Parallèlement à cette tectonique décrochante, une phase de magmatisme intra-continental affecte toute la chaîne du Tien-Shan et le craton du Tarim au Permien. Ce magmatisme est attribué soit directement à la présence des grands décrochements lithosphériques qui feraient office de conduits pour des remontées asthénosphériques [START_REF] De | New 40 Ar/ 39 Ar age constraints on the late Palaeozoic tectonic evolution of the western Tianshan (Xinjiang, northwestern China) with emphasis on Permian fluid ingress[END_REF][START_REF] Shu | A Large-scale Palaeozoic Dextral Ductile Strike-Slip Zone : the Aqqikkudug-Weiya Zone along the Northern Margin of the Central Tianshan Belt, Xinjiang,NW China[END_REF]Wang et al., 2014aWang et al., , 2009) ) soit à l'activité d'un panache mantellique sous le Tarim (e.g [START_REF] Yang | Early Permian Tarim Large Igneous Province in northwest China[END_REF]Zhang et Zou, 2013a;[START_REF] Zhou | OIB-like, heterogeneous mantle sources of Permian basaltic magmatism in the western Tarim Basin, NW China : Implications for a possible Permian large igneous province[END_REF]. Dans la chaîne du Tien-Shan ce magmatisme est principalement représenté par des granitoïdes calco-alcalins à alcalins de type A et I et des roches volcaniques ou hypo-volcaniques telles que des andésites, rhyolites, trachytes ou basaltes [START_REF] Hongliang | China Geological Map of the Tianshan and adjacent areas : 1 :1000000[END_REF][START_REF] Konopelko | Hercynian postcollisional A-type granites of the Kokshaal Range, Southern Tien Shan, Kyrgyzstan[END_REF][START_REF] Konopelko | Possible source dichotomy of contemporaneous post-collisional barren I-type versus tin-bearing A-type granites, lying on opposite sides of the South Tien Shan suture[END_REF]Tursungaziev et Petrov, 2008;Wang et al., 2014aWang et al., , 2009)). L'histoire post-collisionelle est l'objet d'un article de cette thèse et sera détaillée dans le chapitre 5. 

Article 1 -Internally derived fluids as cause of slab fragmentation and eclogite exhumation

Cet article est préparé en vue d'une soumission à Lithos.

ª C'est un article méthodologique qui présente comment la micro-cartographie à la microsonde électronique permet de recalculer des compositions chimiques qui seront ensuite utilisées dans des modélisations thermobarométriques pour permettre l'étude des roches métamorphiques. L'exemple d'application présenté ici montre que cette approche permet de déterminer non seulement l'histoire pressiontempérature d'un échantillon d'éclogite basique mais également l'évolution de sa teneur en eau pendant le métamorphisme de haute-pression en contexte de subduction.

ª Un échantillon d'éclogite basique provenant du massif d'Atbashi (section 3.1) est étudié. Cette éclogite est parfaitement préservée avec un assemblage minéralogique anhydre composé de grenat, omphacite et rutile. Les seules phases hydratées sont des phengites et glaucophanes présentes uniquement en inclusions au coeur des grenats. Cet assemblage indique donc un protolithe initialement hydraté qui s'est déshydraté pendant le métamorphisme de subduction et plus particulièrement pendant la croissance des grenats. Cet article propose donc de contraindre l'évolution de la teneur en eau de cette éclogite au fur et à mesure de la croissance des grenats.

ª Contraindre les processus de déshydratation de la croûte océanique pendant le métamorphisme de haute-pression à partir d'un échantillon naturel est important car il a été proposé que les fluides relâchés en profondeur permettent le détachement de blocs de croûte océanique éclogitisée et ont donc un rôle important dans la rhéologie du slab (e.g. [START_REF] Angiboust | Effect of fluid circulation on subduction interface tectonic processes : Insights from thermo-mechanical numerical modelling[END_REF]. La question de l'origine de ces fluides est posée puisqu'ils peuvent dériver soit de la déserpentinisation du manteau (origine externe) soit de la déshydratation du slab (origine interne)(e.g. [START_REF] Gauthiez-Putallaz | Dating prograde fluid pulses during subduction by in situ U -Pb and oxygen isotope analysis[END_REF][START_REF] Spandler | Internal and External Fluid Sources for Eclogitefacies Veins in the Monviso Meta-ophiolite , Western Alps : Implications for Fluid Flow in Subduction Zones[END_REF]. Des modèles globaux des flux d'H 2 O libérés dans les zones de subduction ont été proposés mais il est difficile de quantifier les fluides relâchés à partir d'un échantillon naturel car les assemblages minéralogiques progrades sont rarement préservés.

Introduction

Petrological and geophysical data suggest that fluids play a key role in subduction zone processes such as subduction-related deformation and seismicity (e.g. [START_REF] Hacker | Subduction factory 2. Are intermediate-depth earthquakes in subducting slabs linked to metamorphic dehydration reactions[END_REF], element transfer from the subducted crust (e.g. [START_REF] Tatsumi | The subduction factory : How it operates in the evolving Earth[END_REF] and subsequent arc magmatism [START_REF] Peacock | Fluid Processes in Subduction Zones[END_REF]. Better understanding of subduction zone dynamics thus relies on the comprehension of fluids behavior during subduction. The exhumation of oceanic high-pressure (HP) rocks implies the fragmentation of the slab, which could be linked to intermediate-depth seismicity (e.g. [START_REF] Davies | The role of hydraulic fractures and intermediate-depth earthquakes in generating subduction-zone magmatism[END_REF]. It has been proposed that fluids released at depth in subduction zones are involved in the detachment of blocks or slices of eclogitized oceanic crust prior to their exhumation (e.g. Angiboust et al., 2012a). Recent studies focused on the question of the origin of such fluids proposed that there is a complex interaction between internally (i.e. from oceanic crust dehydration) and externally (e.g. from deeper antigorite breakdown) derived fluids (e.g. [START_REF] Gauthiez-Putallaz | Dating prograde fluid pulses during subduction by in situ U -Pb and oxygen isotope analysis[END_REF][START_REF] Spandler | Internal and External Fluid Sources for Eclogitefacies Veins in the Monviso Meta-ophiolite , Western Alps : Implications for Fluid Flow in Subduction Zones[END_REF]. However, if several models have been developed to quantify the global fluxes of fluids (H 2 O) released by subducting slabs [START_REF] Hacker | H2O subduction beyond arcs[END_REF][START_REF] Peacock | Fluid Processes in Subduction Zones[END_REF][START_REF] Rupke | Serpentine and the subduction zone water cycle[END_REF]van Keken et al., 2011, and references therein), it remains difficult to quantify the amount of fluid released at depth. Most of the water contained in subducted rocks is extracted from the system during prograde metamorphism, as for the most mobile elements (e.g. Lafay et al., 2013, and references therein), while these elements can also be added into the system during the exhumation history. Consequently, exhumed HP rocks only rarely preserve minerals that crystallized during the burial stages (e.g. [START_REF] Clarke | The lawsonite paradox : a comparison of field evidence and mineral equilibria modelling[END_REF] and the amount of initial H 2 O remains largely unknown. A strategy to model the progressive dehydration of oceanic crust is to use a forward modeling approach consisting in calculating phase equilibria diagrams for a specific bulk composition of the sample using Gibbs free energy minimization (De Capitani et Petrakakis, 2010). The main assumption of this approach is to determine the initial H 2 O content (H 2 O init ) as it strongly influences the succession of the mineral assemblages and their modes. For instance, in their models, [START_REF] Baxter | Garnet growth as a proxy for progressive subduction zone dehydration[END_REF] assume H 2 O saturation at the onset of garnet crystallization. This general assumption may lead to overestimate the amount of H 2 O released by the rock if [H 2 O init ] would have been lower. Moreover, reaction overstepping is common in eclogites, especially for porphyroblasts such as garnet, and this could also affect the mineralogical evolution of the rock (e.g. [START_REF] Waters | Assessing the extent of disequilibrium and overstepping of prograde metamorphic reactions in metapelites from the Bushveld Complex aureole, South Africa[END_REF]. In case of reaction overstepping the models underestimate the pressure and temperature at which the fluids are released. An alternative strategy used in this contribution is to add the initial water content H 2 O init as an additional variable. For example garnet in eclogite can be used as a proxy for oceanic rock dehydration as it generally crystallizes following the breakdown of hydrated phases [START_REF] Baxter | Garnet growth as a proxy for progressive subduction zone dehydration[END_REF]. The question is "what garnet growth tell us about local H 2 O release ?" To answer this question, we studied cm-size garnet in a wellpreserved eclogite from the Atbashi range, in Kyrgyzstan. This eclogite represents a fully dehydrated metabasalt from the oceanic crust, which contains nominal anhydrous minerals such as garnet, omphacite and rutile. To model its evolution, we adopted a forward modeling approach using Gibbs free energy minimization. For subducted HP rocks, it is common that the classical approach, consisting in using the bulk rock composition obtained by XRF or ICP-OES analyses does not allow for garnet growth to be modeled consistently (e.g. Lanari et al., 2013). To solve this problem, we developed an alternative strategy to model the growth of a single garnet grain using a 'local effective bulk' composition. This approach allows exploring the scale of equilibrium in this rock that is about few mm 2 . The main issue of this method is to obtain an accurate local chemical composition. This can be done with an adequate X-ray micro-mapping approach. Once standardized, X-ray maps allow the calculation of chemical compositions of small areas accounting for local chemical or textural variations, at millimeter scale as has been successfully applied in previous works by Lanari et al. (2013) and [START_REF] Loury | Late Paleozoic evolution of the South Tien Shan : Insights from P-T estimates and allanite geochronology on retrogressed eclogites (Chatkal range, Kyrgyzstan)[END_REF].

Geological setting

The studied eclogite comes from the Atbashi range, in the Kyrgyz South Tien-Shan (Fig. 2. 1.1a). The South Tien-Shan range is located in the southwestern segment of the Central Asia Orogenic Belt and results from the Late Carboniferous collision of the Tarim and the Kazakhstan microcontinents (e.g. Alexeiev et al., 2015a;Hegner et al., 2010). The Atbashi range lies along the suture of the Turkestan Ocean, and preserves a tectonic stack of subduction related units (Fig. 2.1.1b) (Hegner et al., 2010;[START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. The eclogite was sampled in a decameter scale elongated mafic boudin embedded in a sedimentary matrix (Fig. 2. 1.1b,SA.1.1a). Both the hosting sedimentary rocks and mafic boudins underwent eclogite facies metamorphism during the late Carboniferous oceanic subduction. This unit represents the deepest part of a paleo-accretionary prism [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. Exhumation of HP rocks was driven by [START_REF] Ma ; Weldon | MSWD = 1.5, n=7) and a weighted mean age of 274.6 ± 1.9 Ma (MSWD = 0.5). The sample KG-13-28 yields a concordant age of 265.6 2.1 Ma (MSWD = 2.8, n=8) and a weighted mean age[END_REF] top-to-the-north thrust on low-grade schists and unmetamorphosed ophiolite to the north and (2) top-to-the-south detachment underlain by serpentinites bounding greenschist facies limestones and marls of Silurian to Carboniferous age to the south (Fig. 2. 1.1b). The northern lower units represent the shallowest part of the paleo-accretionary prism and a slice of obducted oceanic crust, whereas the southern upper units represent the continental margin of Tarim microcontinent. The HP metamorphism event recorded by the eclogite boudins ranges from 500 to 600 • C and 18 to 25 kbar (Hegner et al., 2010;[START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]Simonov et al., 2008). Hegner et al. (2010) obtained a Sm-Nd isochron age of 319±4 Ma as the peak metamorphic age and an 40 Ar/ 39 Ar age on phengite of 316±3 Ma, as a cooling age. The ages suggest a rapid exhumation of the HP rocks during the collision stage, as suggested by conglomerates with eclogite pebbles unconformably deposited in the Late Carboniferous-Early Permian around 303-295 Ma [START_REF] Baslakunov | Two modes of occurrence of eclogites from the Atbashy Range, southern Tien-Shan, Kyrgyzstan[END_REF]. The mafic eclogite boudins have a typical N-MORB composition, similar to the unaltered basalts of the lower units [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. They represent an ancient ocean floor and underwent very little chemical change during and after the HP metamorphism. During their subduction, they were dislodged from the down-going slab and were trapped in the sedimentary layer. As the meta-sediments recorded similar Pmax conditions, the event of slab fragmentation, from which the eclogites were extracted and incorporated into the sediments, occurred near the pressure peak at ca. 80 km depth [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. These eclogite fragments are thus well suited to study the mineralogical evolution of oceanic slab during the subduction. [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. Bottom right insert : location of study area in Asia, to the north of Himalaya, Tibet and Tarim system. (b) Geological crosssection of the Atbashi range (location in Fig. 2. 1.1a) and location of the studied sample in the HP unit (red star). General metamorphic conditions are indicated below each unit. P-Pressure, T-Temperature, H-High, M-Middle, L-Low, Unm.-Unmetamorphosed. Modified after [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF].

Sample description

The eclogitic assemblage is preserved in the core of mafic lenses (Fig. SA.1.1a,SA.1.1b). The studied sample contains about 50 vol.% of garnet. The remaining 50 vol.%, socalled "matrix", is mainly made of omphacite (47 vol.%) and rutile (3 vol.%) (Fig. SA.1.1b,SA.1.1c). Garnet occurs as euhedral porphyroblasts (1-3 mm) containing up to 40 vol.% of inclusions of omphacite, rutile, quartz and minor glaucophane and phengite (Fig. SA.1.1d). Glaucophane and phengite are only observed in one garnet core (Fig. 2. 1.3a,2.1.3b). Toward the rim, glaucophane is progressively replaced by omphacite inclusions while phengite is absent (Fig. SA.1.1d). Quartz inclusions are along a corona in 2.1 Internally derived fluids as cause of slab fragmentation and eclogite exhumation the garnet mantle. This pattern of inclusions suggests that garnet records evidence from successive growth stages with different metamorphic assemblages reflecting different P-T conditions. Glaucophane and phengite of the garnet core are the only hydrous phases found in this eclogite suggesting that the rock was progressively dehydrated during the garnet growth. The garnet porphyroblast with glaucophane and phengite inclusions was selected for further investigations by high-resolution quantitative X-ray micro-mapping. The occurrence of both glaucophane and phengite in the garnet core suggests that it represents an upper blueschist facies stage of growth, and was thus cut near the center of the grain (Fig. 2. 1.3a,2.1.3b,SA.1.1d).

Constraining the chemical evolution of garnet using X-ray micromapping

2.1.4.1 X-ray maps acquisition and processing X-ray compositional maps were acquired using a JEOL JXA-8200 electron probe micro-analyzer (EPMA) at the Institute of Geological Sciences of the University of Bern. All measurements were acquired in wavelength-dispersive mode. The analytical sessions were divided into two steps following the methodology [START_REF] De Andrade | De l ' imagerie chimique à la micro-cartographie Pression-Température-Déformation : évolution minéralogique et transport de matière dans des systèmes en déséquilibre thermomécanique[END_REF]. Point analyses -used for the standardization of X-ray maps -were acquired using 15 KeV accelerating voltage, 12 nA specimen current and 40 s dwell time including 2x10 s of background measurement. Oxide weight percent compositions were calculated using the CITZAF correction and the following natural and synthetic standards : albite (Na2O), tephroite (MnO), wollastonite (SiO2, CaO), anorthite (Al2O3), almandine (FeO), eskolaite (Cr2O3), orthoclase (K2O), spinel (MgO) and ilmenite (TiO2). Three X-ray maps were acquired using specific spatial and chemical resolutions depending on the size of the target. Compositional maps were acquired using 15 KeV accelerating voltage, 100 nA specimen current and varying dwell time between 70 and 200 ms (Table S1). The first map covers several garnet grains and surrounding matrix (the "Extra-large" map). The second map covers the whole selected garnet (the "large" map) whereas the third one covered only a part of this garnet from the core to the rim and its surrounding matrix with a higher resolution (the "Small" map) (Fig. 2.1.2). The X-ray compositional maps were processed using the software XMAPTOOLS 2.2.1 [START_REF] Lanari | XMapTools : A MATLAB c -based program for electron microprobe X-ray image processing and geothermobarometry[END_REF] in order to generate standardized maps in oxide weight percent. The three maps were then used to identify the mineral phases and to image their chemical zoning. However, only the small map was used to calculate local compositions because of its higher spatial and chemical resolution. Structural formulae were calculated on a 12 anhydrous oxygen basis for garnet, 6 for clinopyroxene, 23 for amphibole and 11 for phengite (Tables S2,S3,S4,S5). F e 3+ content was estimated using the method of [START_REF] Holland | Non-ideal interactions in calcic amphiboles and their bearing on amphibole-plagioclase thermometry[END_REF] for amphibole and chargebalance for clinopyroxene and garnet introducing the two ferric end-members acmite and andradite, respectively. The andradite content in garnet is negligible (<0.01) and was not considered in the modeling. The "large" map. (c) The "small" map. See Table 1 for acquisition parameters of each map.

Compositional groups of garnet and omphacite

The compositional map of the entire thin section shows that all garnet grains are chemically zoned with a similar pattern (Fig. 2. 1.2a). Garnet has been divided into three compositional groups based on the following criteria : [START_REF] Ma ; Weldon | MSWD = 1.5, n=7) and a weighted mean age of 274.6 ± 1.9 Ma (MSWD = 0.5). The sample KG-13-28 yields a concordant age of 265.6 2.1 Ma (MSWD = 2.8, n=8) and a weighted mean age[END_REF] each group shows homogeneous compositions that are significantly different from the other zones of the garnet ; (2) each group does not show any evidence of alteration, small-scale compositional change or intra-crystalline diffusion ;

(3) The nature and composition of the inclusions are homogeneous in each group (Fig. 2. 1.2, 2.1.3). The composition of these groups is assumed to represent the average garnet composition that was stable during each stage of growth. This composition was calculated from the small map. The groups are numbered from the garnet core to the garnet rim :

• The first group corresponds to the garnet core (Grt1), which has a composition of 2.1 Internally derived fluids as cause of slab fragmentation and eclogite exhumation Alm 64 P rp 11 Grs 24 Sps 1 . It contains inclusions of glaucophane, phengite, paragonite, omphacite, quartz and rutile. The geometry of Grt1 is not a standard garnet crystal shape and does not show any euhedral-granular texture.

• The second group is the garnet mantle (Grt 2), which has a composition of Alm Prp 12-16 Grs 21-18 Sps 1 and bears a sharp boundary with Grt 1. Grt2 composition evolves continuously from the inner to the outer mantle and the nature of inclusions also changes. Accordingly to these observations, the garnet mantle was divided into 3 subgroups (Fig. 2. 1.3) : The first subgroup corresponds to the garnet inner mantle (Grt2a), which has a composition of Alm 66 P rp 12 Grs 21 Sps 1 , and includes the quartz corona. Omphacite, quartz, glaucophane and rutile inclusions are preserved in the inner mantle. The second subgroup corresponds to the central part of the garnet mantle (Grt2b) showing a composition of Alm 66 P rp 13 Grs 20 Sps 1 .

Omphacite and rutile inclusions are preserved in this subgroup. The third subgroup is the garnet outer mantle, which has a composition of Alm 65 P rp 16 Grs 18 Sps 1 and shows inclusions of omphacite and rutile.

• The third group is the garnet rim (Grt 3) featured by a sharp change in garnet composition from Grt 2 with Alm 54 P rp [START_REF] Khristov | Geosynclinal basement of the crust of the Fergana-Kokshaal Hercynides[END_REF] Grs 21 Sps 0 . Omphacite and rutile inclusions are preserved.

There is evidence of resorption and or post-crystallization compositional changes that are observed only on some restricted garnet areas (between Grt1 and Grt2a and between Grt2c and Grt3). In order to avoid any errors introduced by these effects in the model calculations, these domains have been ignored in further calculations (hatched areas in Fig. 2. 1.3f). Omphacite inclusions have a jadeite content of Jd 27-33 in Grt1, Jd [34][35][36] in Grt2 and Jd 27-29 in Grt3. However, they show a complex zoning pattern (Fig. SA.1.2). The jadeite content ranges from Jd 27 to Jd 36 in one single inclusion, for example in Grt2. At the first order, there is an evolution of the Jd content from core to rim with an increase between Grt1 and Grt2 (with the quartz corona) and a decrease toward Grt3. However, in details the local distribution is more complicated. For example, it seems that omphacite does not always record a classical growth zonation with chemical changes from core to rim. For instance in Grt1, only two grains of omphacite record an increase from Jd 27 to Jd 32 between core and rim. In Grt3, only 20 vol.% of the grains show a decreasing trend from Jd 35 to Jd 30 from core to rim. The other ones show a more complex pattern rather randomly distributed in grain aggregates. Those complex zonings suggest that the entire inclusion did not reach equilibrium with the growing garnet at the time of the capture. In such case, empirical or semi-empirical garnet-clinopyroxene thermometry should be used with caution, particularly for Grt2. The jadeite content of omphacite in the matrix ranges from Jd 32 in some grain cores to Jd 25 toward their rims. The initial P-T conditions of the garnet core were determined using classical thermobarometry. The garnet-omphacite thermometer ofRavna (2000) and the garnet-omphacitephengite barometer of [START_REF] Waters | Geobarometry of phengite-bearing eclogites[END_REF] and [START_REF] Waters | The Garnet-Cpx-Phengite barometer. Recommended calibration and calculation method[END_REF] have been used. The average composition of garnet core, omphacite and phengite that are in textural equili-brium in the core of the garnet were used to calculate the equilibrium conditions. P-T conditions of crystallization are of 450±50 • C and 17±2 kbar which is consistent with the results of [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF] for the same sample. These P-T conditions were then used to determine the LEB1, i.e. the composition of the equilibration volume from which Grt1 has crystallized. In terms of composition the rock exhibits two distinct parts, which are both fully dehydrated (Fig. 2.1.2) : [START_REF] Ma ; Weldon | MSWD = 1.5, n=7) and a weighted mean age of 274.6 ± 1.9 Ma (MSWD = 0.5). The sample KG-13-28 yields a concordant age of 265.6 2.1 Ma (MSWD = 2.8, n=8) and a weighted mean age[END_REF] the garnet porphyroblats plus inclusions, with a composition X (GRT +IN CL) , and (2) the omphacite-rich matrix, with a composition X M T X . Both compositions are expressed in oxide weight%. As suggested by geochemical comparisons of un-metamorphosed and metamorphosed rocks [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF], the system is considered as chemically closed during its evolution except for H 2 O, which could escape the system. Consequently, the composition of the local equilibration volume from which one single crystal of garnet crystallized is simply a function of a binary system between these two end-member compositions. The initial composition may be expressed as :

LEB 1 = yX GRT +IN CL ρ GRT +IN CL ρ syst + (1 -y)X M T X ρ M T X ρ syst + H 2 O init (2.1.1)
with X (GRT +IN CL) and X M T X the compositions of the whole garnet plus inclusions and of the matrix expressed in oxide weight percent, respectively ; y the volume fraction of the whole garnet composition in the local effective bulk ; ρ (GRT +IN CL) and ρ M T X the average density of garnet plus inclusions and matrix, which are estimated from XMAPTOOLS maps and the Theriak-Domino software (De Capitani et Petrakakis, 2010), and ρ syst , the density of the local domain (system) calculated from the densities of garnet and matrix :

ρ syst = yρ (GRT +IN CL) + (1 -y)ρ M T X (2.1.2)
The compositions X (GRT +IN CL) and X M T X were extracted from the small map. For garnet and inclusions, the chemical composition of each group previously distinguished was calculated. To account for the 3D geometry of the garnet grain, each group was extrapolated to a sphere whose radius was measured on the map. The whole garnet chemical composition, X (GRT +IN CL) in equation ( 1), was then calculated following each group composition and proportion :

X (GRT +IN CL) = 5 i=1 X i V i ρ i ρ (GRT +IN CL) (2.1.3)
With i representing the five groups and subgroups of garnet plus inclusions (groups 1, 2a, 2b, 2c, 3) ; X i the composition of the group i expressed in oxide weight percent ; V i the volume fraction of group ; the average density of the group i which are estimated from XMAPTOOLS maps and the Theriak-Domino software (De Capitani et Petrakakis, 2010). The composition of the present-day matrix, X M T X in equation 2.1.1, was directly calculated from the standardized map (Table 1).

Modeling the evolution of local effective bulk composition and P-T conditions

At the onset of garnet crystal growth its composition became fractionated from the local system and consequently the effective bulk composition of the equilibration volume changes (e.g. Evans, 2004;Marmo et al., 2002;[START_REF] Meyer | Subduction and exhumation mechanisms of ultra-high and high-pressure oceanic and continental crust at Makbal (Tianshan, Kazakhstan and Kyrgyzstan)[END_REF]Moynihan et Pattison, 2013). To calculate the local effective bulk composition during each stage of garnet growth i, the garnet grown at previous stage, i -1, was removed from the local effective bulk (Lanari et al., submitted) :

LEB i = LEB i-1 -V gr i-1 ρ gr i-1 ρ syst i-1 X gr i-1 (1 -V gr i-1 ) ρ mtx i-1 ρ syst i-1 (2.1.4)
With V gr i-1 the volume fraction and ρ gr i-1 the density of the group (i -1) ; ρ syst i-1 the density of the system at stage (i -1) modeled by forward modeling and ρ mtx i-1 the density of the matrix at stage (i -1) calculated as follows : 

ρ mtx i-1 = rho syst i-1 -V gr i-1 ρ gr i-1 1 -V gr i-1 (2.1.5)

Forward modeling parameters

The remaining unknown variables to model the initial local effective bulk are the garnet volume fraction y and H 2 O init (see equation 2. 1.1). Then the evolution of the local effective bulk is calculated following equation 2.1.4 but the P-T conditions and H 2 O contents remain to be determined for the other stage of garnet growth. All these variables can be evaluated using forward thermodynamic modeling based on Gibbs free energy minimization. We used the software Theriak-Domino (De Capitani et Petrakakis, 2010) with the TheriakD add-on (Duesterhoeft et de Capitani, 2013). The internally consistent thermodynamic dataset of [START_REF] Holland | An internally consistent thermodynamic data set for phases of petrological interest[END_REF] and subsequent updates (tc55) was used. Equilibrium phase diagrams were calculated in the MnO-Na

2 O-CaO-FeO- MgO-Al 2 O 3 -SiO 2 -H 2 O-TiO 2 -O (MnNCFMASHTO) system. K 2 O
was also excluded as phengite (<0.5 vol.%) is the only observed K-bearing phase and only one grain was found in the entire thin section. Solid solution models used were those of [START_REF] Holland | An internally consistent thermodynamic data set for phases of petrological interest[END_REF] for garnet, [START_REF] Green | An order-disorder model for omphacitic pyroxenes in the system jadeite-diopside-hedenbergite-acmite, with applications to eclogitic rocks[END_REF] for omphacite [START_REF] Diener | A new thermodynamic model for clino-and orthoamphiboles in the system Na2O-CaO-FeO-MgO-Al2 O3-SiO2-H2O-O[END_REF] for amphibole. The oxygen fugacity was buffered in the models to quartz-fayalite-magnetite (QFM) [START_REF] Spear | Metamorphic Phase Equilibria and Pressure-Temperature-Time Paths[END_REF].

Results

Initial effective bulk Forward modeling was performed to determine the values of the garnet volume fraction y and the initial amount of H 2 O in the bulk composition H 2 O init (Equation 2.1.1) at constrained P-T conditions. Successive bulk compositions were generated for y ranging between 0 (only matrix) and 1 (only garnet plus inclusions) and H 2 O init ranging between 0 and 1 wt%. A residue corresponding to the square root of the sum of the square of the differences expressed in end-member proportions ( (ρ model -ρ 2 observed ) was calculated, using almandine, grossular, pyrope and spessartine end-members. This variable reflects the compositional differences between observed and model Grt1. This residue was minimized to find the best fit between model and observations. The minimum residue (residue = 0.013) was obtained for H 2 O init = 0.30 wt.% and y = 1 (Fig. 2. 1.4a). This corresponds to 100 vol.% of the whole garnet composition (Table 2.1.1). However as this garnet grain contains around 40 vol.% of inclusions, this composition is not only that of garnet but also involves some phases of the matrix incorporated during garnet growth. The modeled stable assemblage for these conditions, garnet, omphacite, amphibole, quartz and rutile, is also consistent as the phases predicted stable are observed as inclusions in Grt1. In this model, Grt1 thus crystallized at 450 • C and 17kbar, with H 2 O content in the local effective bulk composition of 0.30 wt.%. In order to demonstrate the robustness of the initial effective bulk modeling, we tested the influence of initial P-T conditions. The differences between the Grt1 composition and the modeled garnet composition were calculated for variable P-T conditions in the range of error of the initial P-T estimate (450±50 • C and 17±2kbar) for y = 1 (Fig. 2. 1.4b). The minimum of residuum is comprised between 0.005 and 0.030. The Grt1 can thus be stable in this range of P-T conditions (400-500 • C and 15-19kbar). Moreover, in all cases, the minimum is obtained at H 2 O = 0.3 wt.%. This result demonstrates that the uncertainty on the initial P-T conditions -that have been constrained with an independent technique -does not really affect the estimate of H 2 O content in the initial effective bulk.

Garnet mantle (Grt 2)

To model the evolution of both P-T conditions and H 2 O contents in the local effective bulk during the growth of Grt2 growth, the composition of Grt1 was fractionated from LEB 1 following equation 2.1.5. The resulting LEB 2 was used as an input in the forward modeling approach. For each subgroup of the Grt2, the best fit between the modeled and the measured garnet compositions was searched depending on P, T, and H 2 O contents (Fig. 2.1.5). Grt2a is predicted stable at 490 • C-26.8 kbar with a H 2 O content of 0.3 wt.% (residue = 0.002). The modeled stable assemblage includes garnet, omphacite, glaucophane, quartz, rutile, talc and lawsonite. Except for talc and lawsonite, which are modeled in low proportions (<2 vol.%), this corresponds to the phases preserved as inclusions in Grt2a. The Grt2b is predicted to be stable in the range 510 -520 • C and 26.5 -26.9kbar, with a H 2 O content ranging between 0.29 and 0.3 wt.% (residue=0.002-0.003). The modeled stable assemblage is garnet, omphacite, quartz, rutile, lawsonite and quartz. As for Grt2a, this assemblage corresponds to the phases included in Grt2b, except for lawsonite and talc, which are also modeled in low proportions and thus may not have been captured as inclusions, as they are consumed by the garnet-forming reaction. The range of modeled P-T conditions for Grt2c is larger, of 510-530 • C and 25.0-26.8 kbar without H 2 O (residue 0.008). The modeled stable assemblage, garnet, omphacite, quartz and rutile is consistent with the observed inclusions. The anhydrous conditions of this garnet are also consistent with the absence of any hydrous inclusion in the Grt2c.

Garnet rim (Grt 3) During the Grt3 growth, the local effective bulk probably remained anhydrous, as suggested by the absence of any hydrous phases neither included in the garnet rim, nor in the matrix. The jadeite content of the omphacite included in Grt3 and in the matrix is Jd 28 , which is lower than omphacite inclusions in Grt2. This suggests that Grt3 grew at lower pressure and consequently during the retrograde path. To model P-T conditions for Grt 3 growth, the composition of Grt2 was removed from LEB 2 to account for fractionation (LEB 3 in Table 1). The range of P-T conditions for Grt3 growth is large, between 520-600 • C and 23-26 kbar (residue = 0.012-0.013). However, as the local effective bulk remained anhydrous during this stage, the uncertainties on the P-T conditions estimates do not affect the H 2 O content history.

Discussion

H 2 O content evolution and comparison with previous results

In this study, X-ray micro-mapping investigations were combined with forward thermodynamic modeling to model the evolution of a dehydrated eclogite in terms of pressure, temperature, H 2 O content, chemical composition and mineralogy. The final state of the sample was used to decipher its history from the initiation of garnet growth during its burial to its final growth during exhumation. Fig. 2.1.6a shows the obtained P-T path and the corresponding mineralogical evolution of the sample. The model suggests that the Grt2 grew at the same P-T conditions within uncertainties and that the differences in composition of Grt2 are due to the decrease in H 2 O contents. During the Grt2 growth, H 2 O contents decreased from 0.3 to 0.0 wt.%. The maximal P-T conditions, 520±50 • C and 26.9±2 kbar, are consistent, though the pressure is slightly higher, with previous P-T estimates for the same rocks ranging between 510 • C -18kbar and 660 • C -25 kbar (Hegner et al., 2010;[START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]Simonov et al., 2008). The temperature estimates are also consistent with maximal temperature obtained from Zr in rutile thermometry (510±25 • C, [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]). This P-T evolution implies a burial along an intermediate geothermal gradient, of around 5.6 • C/km. A similar gradient is reported for eclogites found in a similar structural position in the Chinese south Tien-Shan range in western China, which recorded P-T conditions of 520-540 • C and 28-30 kbar [START_REF] Tian | Metamorphism of ultrahigh-pressure eclogites from the Kebuerte Valley, South Tianshan, NW China : phase equilibria and P-T path[END_REF]. Numbers in circles refer to number of garnet. Metamorphic facies grid is after [START_REF] Evans | Phase relations of epidote-blueschists[END_REF]. (b) Synthesis of P-T conditions for exhumed oceanic HP rocks in subduction context worldwide. Modified after [START_REF] Agard | Exhumation of oceanic blueschists and eclogites in subduction zones : Timing and mechanisms[END_REF] and [START_REF] Guillot | Exhumation Processes in Oceanic and Continental Subduction Contexts : A Review[END_REF]. Color legend and references are in table S6. (c) Fraction of crystallized garnet (compared to the final size of garnet) and evolution of water content in LEBC depending on the depth. The dehydration is correlated to the garnet growth and the complete dehydration occurred at a depth around 80 km. Phases indicated in black reacted to crystallize garnet. The red band along (a), (b) and (c) highlights the depth at which the complete dehydration of the studied sample occurred which is consistent with the maximum depth reached by exhumed HP oceanic rocks.

Mineralogical reactions

Understanding the link between the evolution of the local effective bulk composition, the H 2 O contents, and the garnet growth history relies on determining the mineralogical reactions that occurred along the P-T loop. Garnet growth initiates at 450±50 • C and 17±2kbar. Thermodynamic modeling with the same geothermal gradient and the same composition at water saturation shows that garnet growth initiates at 400 • C and 15kbar from an assemblage made of chlorite, omphacite, glaucophane, lawsonite, quartz and sphene (titanite) (Fig. 2. 1.6a). This suggests that the garnet crystallization reaction is overstepped of about 50 • C and 2 kbar. Reaction overstepping might explain the irregular shape of the garnet core rather than a resorption phase process [START_REF] Wilbur | Chemical disequilibrium during garnet growth : Monte Carlo simulations of natural crystal morphologies[END_REF]. The rock does not preserve any assemblage of the earlier stage (pre-garnet) and it is not possible to determine the corresponding H 2 O contents. Thus the proposed garnetforming reaction leading to Grt1 crystallization is :

1Lws + 1Chl + 0.5Sph + 2Qtz = 2.25Grt + 0.5Rt + 6H 2 O (2.1.6)
This reaction implies a first step of dehydration, with the breakdown of lawsonite and chlorite (Fig. 2. 1.6a,2.1.6c). When one of the reactants became limiting, this reaction stopped. This limiting reactant was probably lawsonite, as Fe and Mg from chlorite breakdown are needed for Grt2 growth. Then at 510 The ongoing reaction 2.1.7 progressively led to the complete dehydration of the local effective bulk with the total consumption of chlorite and glaucophane (Fig. 2. 1.6a,2.1.6c).

Only glaucophane remained present as inclusions in Grt1 and Grt2a in line with the reaction coefficients. Garnet growth continued at the onset of exhumation but the reacting part of the rock was fully dehydrated.

The thermodynamic model together with the proposed evolution of the mineral assemblage indicates that the local effective bulk composition dehydrated in two steps during prograde garnet growth (Fig. 2.1.6c). A first step occurred at 450 • C-17kbar, when lawsonite and chlorite breakdown occurred at the expense of Grt1. The second step onset at ca. 510 • C-26.5 kbar when glaucophane broke down with the remnant chlorite at the expense of Grt2, which led to the complete dehydration of the local effective bulk composition at the peak of metamorphism. Then Grt3 crystallized at the onset of exhumation without any rehydration of the local effective bulk.

Dehydration rate at high-pressure

In this example, the basaltic crust losses 0.3 wt.% of H 2 O during the eclogitization at pressures between 17 and 26 kbar (Fig. 2.1.6c). This result is similar to the previous estimate made by [START_REF] Dragovic | Using garnet to constrain the duration and rate of water-releasing metamorphic reactions during subduction : An example from Sifnos, Greece[END_REF] who suggested 0.3 to 0.4 wt.% H 2 O release during prograde garnet growth in a garnet-bearing blueschist. In their study, the eclogite still contained 3.3 wt.% of H 2 O after the peak metamorphic conditions of 560 • C and 22 kbar. In contrast, the mafic eclogite of this study is fully dehydrated at pressure peak conditions, at 26-27 kbar and 510-520 • C. The cold geothermal gradient, of about 6 • C/km, implies a low dehydration process before the rock reached the depth of eclogite facies metamorphism [START_REF] Van Keken | Subduction factory : 4. Depth-dependent flux of H 2 O from subducting slabs worldwide[END_REF] and thus a poorly hydrated protolith such as an unaltered basalt or gabbro. Moreover, the chemical compositions of the eclogites are similar to the unmetamorphosed basalts obducted in front of the accretionary complex [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. The similar results for dehydration during prograde garnet growth for unaltered (this study) and altered [START_REF] Dragovic | Using garnet to constrain the duration and rate of water-releasing metamorphic reactions during subduction : An example from Sifnos, Greece[END_REF] basalts, suggest that dehydration of the basaltic upper crust between 50 and 90 km depth is almost independent of the protolith hydration state, at least for such intermediate geothermal gradient. The main difference between altered and poorly hydrated basalts is the bulk water content after the metamorphic peak coinciding with the end of prograde garnet growth. If an eclogite still contained water at the metamorphic peak, it also contained hydrated phases such as lawsonite, chlorite or glaucophane, which decreased the density of the rock. On the contrary, in this study, the eclogite became anhydrous at the metamorphic peak, having a high density, of about 3.9 g.cm -3 . The eclogite density could have had an impact on their exhumation because low-density, such for hydrated eclogites, enhances buoyancy and thus exhumation of large pluri-hectometric slices of oceanic crust [START_REF] Angiboust | Effect of fluid circulation on subduction interface tectonic processes : Insights from thermo-mechanical numerical modelling[END_REF]. However, in this study, eclogites are anhydrous and thus of high-density. Consequently, they are exhumed as smaller fragments of metric scale (Fig. 2. 1.7b). The Atbashi eclogites are embedded in metasediments, which recorded pressure conditions of 20 kbar [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF] suggesting that they are exhumed, at least in part, in a sedimentary subduction channel (Fig. 2. 1.7a, 2.1.7b). Although there is no timing constraint for this sample, geochronological data for eclogite of the same unit are available. The HP peak is dated by a Sm-Nd isochron age of 319±4 Ma with garnet core and garnet rim plotting on the same isochron (MSWD=0.4, Hegner et al. (2010)). These results suggest that the age of garnet core crystallization is indistinguishable from the age of garnet rim crystallization in the Sm-Nd isotopic system. Moreover, the 40 Ar/ 39 Ar age on phengite of 316±3 Ma indicates a cooling age similar within error to the HP peak age (Hegner et al., 2010). This suggests that garnet growth is rather rapid with duration lower than 10 Ma considering the errors on the available ages. Moreover, [START_REF] Dragovic | Using garnet to constrain the duration and rate of water-releasing metamorphic reactions during subduction : An example from Sifnos, Greece[END_REF] obtained a time span for prograde garnet growth in a metabasalt in similar subduction context lower than 1 Ma, which also suggests that garnet growth during subduction along an intermediate geothermal gradient is fast compared to subduction time span. Combining all these data, we obtained an average dehydration rate between 6.5•10 -5 and 6.5•10 -4 moles of H 2 O/cm 3 /Ma during prograde garnet growth between 55 and 85 km depth. [START_REF] Dragovic | Using garnet to constrain the duration and rate of water-releasing metamorphic reactions during subduction : An example from Sifnos, Greece[END_REF] obtained a similar value of 5 to 7•10 -4 moles of H 2 O/cmcm 3 /Ma for a metabasalt still containing around 3.4 wt. % of water after metamorphic peak at 22 kbar and 560 • C. These dehydration rates for subducting basaltic oceanic crust are 8 to 11 orders of magnitudes lower than those for subducting serpentinized mantle [START_REF] Perrillat | Kinetics of antigorite dehydration : A real-time X-ray diffraction study[END_REF]. However the dehydration of basaltic oceanic crust occurs around 80-90 km depth whereas the antigorite breakdown 2.1 Internally derived fluids as cause of slab fragmentation and eclogite exhumation occurs deeper, at about 150-170 km depth along a cold geothermal gradient (e.g. Guillot et al., 2009, and references therein). As the dehydration rate for basaltic oceanic crust is largely smaller than the one of serpentinized mantle, the impact on subducting slab rheology could be different.

Implications for subducting slab fragmentation

Compilations of P-T conditions recorded by oceanic HP rocks show that almost no exhumation of these rocks occurs beyond 25kbar, i.e. 80-90 km depth (Fig. 2.1.6b) ( [START_REF] Agard | Exhumation of oceanic blueschists and eclogites in subduction zones : Timing and mechanisms[END_REF][START_REF] Guillot | Exhumation Processes in Oceanic and Continental Subduction Contexts : A Review[END_REF] ; [START_REF] Agard | Exhumation of oceanic blueschists and eclogites in subduction zones : Timing and mechanisms[END_REF] suggested that the absence of serpentinites beyond this limit prevents the exhumation of oceanic HP rocks. However, [START_REF] Guillot | Exhumation Processes in Oceanic and Continental Subduction Contexts : A Review[END_REF][START_REF] Guillot | Tectonic significance of serpentinites[END_REF] showed that serpentinites can be stable in subduction zone at greater depths (down to 150-170 km) pending on the geothermal gradient.

In the present study, the metamorphic peak recorded by the eclogite is of a minimum of 100 • C lower than the antigorite breakdown. This suggests that serpentinites remain stable and present when the eclogite detached from the subducting slab. Thus antigorite breakdown cannot explain the detachment of oceanic fragments from the subducting slab. In contrast, the unaltered oceanic crust can be fully dehydrated at about 80-90 km depth which has two consequences : 1) fluid released potentially enhanced hydraulic fracturing by increasing fluid pressure (e.g. [START_REF] Wong | Generation and maintenance of pore pressure excess in a dehydrating system 1. Experimental and microstructural observations[END_REF] and 2) the rigidity of the dehydrated eclogites increased, which hindered any further slab fragmentation at higher depths. In this study, the dehydration reaction leading to crystallization of Grt2 generated a solid volume decrease around 1.9 cm 3 /kg and a water released volume around 2.4 cm 3 /kg implying a positive net volume change around 0.5 cm 3 /kg which could generate pore-pressure excess and potentially hydraulic fracturing (Fig. 2.1.7c). Evidence of brittle failures at this depth was reported in the Western Alps, where eclogite breccias are observed (Angiboust et al., 2012a). Hydraulic fracturing can enhance deformation localization along shear zones or reactivate inherited faults, both of which can lead to the detachment of oceanic slab fragments (Fig. 2.1.7). In the Western Alps, the hydraulic fracturing has been linked to the input of externally-derived fluids from dehydration of metasediments and serpentinites [START_REF] Rubatto | Oxygen isotope record of oceanic and high-pressure metasomatism : a P-T-time-fluid path for the Monviso eclogites (Italy)[END_REF]. In this study, fluids are internally-derived, as they originated from the oceanic crust dehydration. Moreover, on the basis of fluid inclusions chemistry and δ 18 O on whole rocks values, [START_REF] Gao | Primary fluids entrapped at blueschist to eclogite transition : evidence from the Tianshan meta-subduction complex in northwestern China[END_REF] suggested that fluids responsible for hydraulic fracturing during eclogite facies metamorphism in the south Tien-Shan were also internally-derived. We thus propose that both the hydraulic fracturing linked to oceanic crust dehydration and the strong rheological contrast between the low-viscosity serpentinites or sediments and the highviscosity dehydrated and fractured eclogites can initiate the detachment of subducted oceanic crust fragments. 

Conclusion

X-ray micro-mapping investigations combined with forward thermodynamic modeling allowed to decipher the evolution of a fully dehydrated eclogite in terms of P-T conditions, local effective bulk composition, especially H 2 O content, and mineralogical composition. A first garnet growth stage occurred at 450 ± 50 • C and 17 ± 2 kbar with 0.3 wt% of H 2 O in the effective bulk composition. The second garnet growth stage occurred at metamorphic peak conditions, around 500-520 • C and 26-27 kbar and led to the total dehydration of the effective bulk composition. This provides constraints on dehydration rate at depth for subducting basaltic oceanic crust. About 0.3 wt. % of H 2 O was released during garnet growth between 17 and 26 kbar. This value implies a dehydration rate for basaltic oceanic crust between 6.5 • 10 -5 and 6.5 • 10 -4 moles/cm 3 / Ma that is significantly lower than the dehydration rate for serpentinized subducting mantle. However the antigorite breakdown leading to the dehydration of serpentinized subducted mantle occurs deeper around 150-170km. In this case, reactions leading to dehydration of oceanic crust at 80-90 km depth generated a positive volume change and thus potentially triggered hydraulic fracturing, leading to slab fragmentation. This suggests that fluids derived from oceanic crust dehydration, i.e. internally-derived, could lead to its fragmentation.

ª L'approche présentée ici montre comment la composition chimique au moment du début de la cristallisation des grenats ainsi que les conditions de pression et température correspondantes peuvent être déterminées à partir d'une micro-cartographie chimique d'un grenat et de sa matrice. Cette approche permet d'explorer la taille du volume d'équilibre de cet échantillon qui est de quelques mm 3 .

ª Les résultats obtenus montrent que pour cet échantillon les grenats commencent à cristalliser à 450±50 ª Un taux de déshydratation de la croûte océanique de 6.5 • 10 -5 à 6.5 • 10 -4 moles/cm 3 /M a peut donc être calculé pour cet exemple. Cette valeur est largement inférieure au taux de déshydratation du manteau serpentinisé qui a lieu cependant à des profondeurs plus importantes, vers 150-170km de profondeur. Les fluides relâchés par la croûte océanique à 80-90 km de profondeur peuvent directement causer sa fracturation et conduire au détachement de blocs de croûte océanique qui seront ensuite exhumés.

ª Un autre article, auquel j'ai participé, présenté en annexe montre l'intérêt de coupler micro-cartographie chimique et modélisation thermodynamique. Ce travail présente un logiciel, GRTMOD, qui permet de modéliser la croissance d'un grenat par minimisation de l'énergie libre de Gibbs à partir de la composition des zones de croissance successives du minéral. La résorption possible du minéral au cours du métamorphisme est prise en compte. Un exemple d'application est donné, dans lequel un micaschiste de la zone de Sesia, dans les Alpes occidentales, est étudié. [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF] 3. Le rôle des structures Paléozoïques dans la réactivation Cénozoïque de la chaîne.

ª Des données structurales et pétrologiques sur les massifs d'Atbashi et du Pobeda, tout deux situés à l'est de la faille de Talas-Fergana, sont présentées.

ª Les résultats permettront d'établir des coupes à échelle crustale de la chaîne à l'est de la faille de Talas-Fergana et de discuter de son évolution du Paléozoïque à la réactivation Cénozoïque.

Introduction

The Tien Shan belt extends for more than 2500 km from Uzbekistan to western China. It belongs to the southern part of the Central Asian Orogenic Belt (CAOB), built up by successive continental accretionary events during the Paleozoic (e.g. [START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF][START_REF] Sengör | Evolution of the Altaids tectonic collage and Palaeozoic crustal growth in Eurasia[END_REF]Windley et al., 2007). The South Tien Shan (STS) is an active mountain belt, with summits above 7000 m and large flat areas above 4000 m which illustrate uplifted peneplains. It is located to the north of the Tarim basin and the Tibetan plateau (Figs. 3.1.1,3.1.2. This active deformation is controlled by reactivated faults inherited from the formation of the CAOB (e.g. [START_REF] Glorie | Tectonic history of the Kyrgyz South Tien Shan (Atbashi-Inylchek) suture zone : The role of inherited structures during deformation-propagation[END_REF][START_REF] Macaulay | Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan[END_REF][START_REF] Macaulay | Thermochronologic insight into late Cenozoic deformation in the basement-cored Terskey Range, Kyrgyz Tien Shan[END_REF]Sobel et al., 2006a). The STS results from the last accretionary event of the 3.1 Crustal-scale structure of South Tien Shan CAOB in Carboniferous time , following the successive accretions of the North and Middle Tien Shan in the Lower-Middle Paleozoic (e.g. [START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF]. Paleozoic tectonics and the origin of the STS are still debated, particularly with regard to [START_REF] Ma ; Weldon | MSWD = 1.5, n=7) and a weighted mean age of 274.6 ± 1.9 Ma (MSWD = 0.5). The sample KG-13-28 yields a concordant age of 265.6 2.1 Ma (MSWD = 2.8, n=8) and a weighted mean age[END_REF] the subduction polarity of the Central Tien Shan Ocean, (2) the existence and origin of the STS block, and (3) the localization of the Cenozoic deformation.

(1) Subduction polarity The vergence of the subduction which led to the closure of the Central Tien Shan Ocean is uncertain and is thought to have been either north-directed (e.g. [START_REF] Allen | Palaeozoic collisional tectonics and magmatism of the Chinese Tien Shan, central Asia[END_REF]Biske, 1996;[START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF][START_REF] Han | Late Carboniferous collision between the Tarim and Kazakhstan-Yili terranes in the western segment of the South Tian Shan Orogen, Central Asia, and implications for the Northern Xinjiang, western China[END_REF]Hegner et al., 2010;[START_REF] Makarov | Underthrusting of Tarim beneath the Tien Shan and deep structure of their junction zone : Main results of seismic experiment along MANAS Profile Kashgar-Song-Köl[END_REF][START_REF] Windley | Paleozoic accretion and Cenozoic redeformation of the Chinese Tien Shan Range, central Asia[END_REF][START_REF] Xiao | Paleozoic accretionary and collisional tectonics of the eastern Tianshan (China) : Implications for the continental growth of central Asia[END_REF][START_REF] Zhang | Triassic collision of western Tianshan orogenic belt, China : Evidence from SHRIMP U-Pb dating of zircon from HP/UHP eclogitic rocks[END_REF] or south-directed(e.g. [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]Charvet et al., , 2007;;[START_REF] Lin | Palaeozoic tectonics of the south-western Chinese Tianshan : new insights from a structural study of the high-pressure/low-temperature metamorphic belt[END_REF][START_REF] Ma | The Paleozoic evolution of Central Tianshan : Geochemical and geochronological evidence[END_REF][START_REF] Wang | 40Ar/39Ar analyses on Quaternary K-Ar standard BB-24 : Evaluations[END_REF]. On the Chinese side of the belt, the well-studied South Tien Shan HP-UHP belt (Kekesu, Kebuerte, Akeyazi valleys) preserves eclogite facies rocks (e.g. [START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF][START_REF] Lin | International Field Excursion and Workshop on Tectonic Evolution and Crustal Structure of the Paleozoic Chinese Tianshan[END_REF]Tian et Wei, 2013) (Fig. 3.1.2). Based on structural, petrological and geochronological data from this metamorphic belt, some authors propose a south-dipping subduction of the Central Tien Shan Ocean under the Chinese CTS (CTSc) (e.g. [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]Charvet et al., , 2007;;[START_REF] Lin | Palaeozoic tectonics of the south-western Chinese Tianshan : new insights from a structural study of the high-pressure/low-temperature metamorphic belt[END_REF][START_REF] Ma | The Paleozoic evolution of Central Tianshan : Geochemical and geochronological evidence[END_REF][START_REF] Wang | 40Ar/39Ar analyses on Quaternary K-Ar standard BB-24 : Evaluations[END_REF]. This subduction led to the opening of the South Tien Shan Ocean as a back-arc basin between the Tarim block and the CTSc. The subsequent closure of this basin resulted in the formation of the Chinese STS suture [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF](Charvet et al., , 2007;;[START_REF] Lin | Palaeozoic tectonics of the south-western Chinese Tianshan : new insights from a structural study of the high-pressure/low-temperature metamorphic belt[END_REF][START_REF] Ma | The Paleozoic evolution of Central Tianshan : Geochemical and geochronological evidence[END_REF][START_REF] Wang | 40Ar/39Ar analyses on Quaternary K-Ar standard BB-24 : Evaluations[END_REF]. This STS suture has only been observed in China but the Central Tien Shan and South Tien Shan as defined in China correspond to the South Tien Shan as described in Kyrgyzstan (e.g. Charvet et al., 2011) (Fig. 3.1.1). This result makes lateral correlations confusing. On the Kyrgyz side of STS, several authors propose the closure and accretion of the STS occurred due to north-dipping subduction of the Central Tien Shan Ocean below the Middle Tien Shan block during Late Carboniferous times (e.g. Hegner et al., 2010;Simonov et al., 2008). Furthermore, [START_REF] Alekseev | The age and tectonic setting of volcanic and cherty sequences in the ophiolite complex of the Atbashe Ridge (Southern Tien Shan)[END_REF] interpret the south-dipping structure found in the STS as a formerly top-to-south nappe stack, which was overturned in a recumbent fold, resulting in a south-dipping structure.

(2) Origin of the STS In the Chinese portion of the Tien Shan, the South Tien Shan and Central Tien Shan (i.e. the South Tien Shan in Kyrgyzstan, Fig. 3.1.1) was separated from the Tarim block by a back-arc basin. In the Kyrgyz Tien Shan this back-arc basin and the related suture are not present, or not yet documented. Consequently, the origin of the STS in Kyrgyzstan is also debated : was the STS a distinct tectonic block separated from the Tarim block by a back-arc / oceanic basin as in China ?, or does it correspond to the deformed northern rim of the Tarim block, to which it was still attached until the Upper Carboniferous collision (e.g. [START_REF] Han | Late Carboniferous collision between the Tarim and Kazakhstan-Yili terranes in the western segment of the South Tian Shan Orogen, Central Asia, and implications for the Northern Xinjiang, western China[END_REF]Hegner et al., 2010) ? Alternatively, [START_REF] Xiao | Paleozoic multiple accretionary and collisional tectonics of the Chinese Tianshan orogenic collage[END_REF] interpret the STS as a south verging accretionary complex resulting from a northward subduction of the Paleo Tien Shan Ocean. These various models are dependent on the subduction's polarity and on the possible existence of a block drifting in a back-arc position. The geodynamic significance of the STS varies depending on whether it formed as a drifting unit separated from the Tarim block or as a juvenile block fully constructed during the syn-subduction history ?

(3) Localization of Cenozoic deformation and uplift in the STS Another concern about the formation of the STS is the importance of reactivation of these former Paleozoic tectonic structures and sutures during Cenozoic deformation of the belt. The last question raised in this paper concerns the role of inherited faults which were reactivated during Cenozoic collisional history. What is the role of newly formed tectonic structures which may explain the crustal-scale geometry of the STS ?

To constrain the geological structure and tectonic evolution of the STS, we investigated several transects along the Kyrgyz South Tien Shan range. We conducted detailed studies in the Atbashi Range, the Inylchek Valley and in the Podeda Massif (Fig. 3.1.2). The following discussion presents new crustal-scale geological cross-sections based on both field and published seismic reflection data. We compare them with published data from the Chinese side. These transects provide complementary data on the large-scale structure of the belt and allow us to propose an integrated structural diagram for the South Tien Shan range from the east of the Talas Fergana fault in Kyrgyzstan to western China. Finally, the proposed geodynamic evolution is compared with the previously published numerical model of [START_REF] Vogt | From oceanic plateaus to allochthonous terranes : Numerical modelling[END_REF].

Geological setting

Lateral continuity between China and Kyrgyzstan and terminology for main geological units

There are some fundamental differences between the terminology used for the main tectonic units in Kyrgyzstan and in China (Fig. 3.1.1). In the first, in Kyrgyzstan (k), the Tien Shan belt is divided into three parts : the North Tien Shan (kNTS), the Middle Tien Shan (kMTS) and the South Tien Shan (kSTS). We include the portion of the STS directly south of Kyrgyzstan, in China, as belonging geologically to the kSTS. These three units are separated by two sutures zones. [START_REF] Ma ; Weldon | MSWD = 1.5, n=7) and a weighted mean age of 274.6 ± 1.9 Ma (MSWD = 0.5). The sample KG-13-28 yields a concordant age of 265.6 2.1 Ma (MSWD = 2.8, n=8) and a weighted mean age[END_REF] The Terksey suture between kNTS and kMTS, was formed in the Early Ordovician following the closure of the Terksey Ocean [START_REF] Burtman | The Tien Shan Early Paleozoic tectonics and geodynamics[END_REF][START_REF] Lomize | The Kyrgyz-Terskey Paleoceanic Basin, Tien Shan[END_REF]Mikolaichuk et al., 1997), and was later partly reactivated as the Nikolaev Line [START_REF] Mikolaichuk | Structural position of the Malyi Naryn metamorphic complex as related to the problem of the boundary between the North and Median Tien Shan Geologic Structure of the Saru-Kungei Area[END_REF]. (2) The kSTS suture, or the Atbashi-Inylchek suture between kMTS and kSTS, was formed in the Late Carboniferous following the closure of the Central Tien Shan Ocean. It is also referred as the Turkestan Ocean (Hegner et al., 2010;Simonov et al., 2008) (Fig. 3.1.1). In China (c), the Tien Shan belt is divided into four parts : the North Tien Shan (cNTS), the Yili block, the Central Tien Shan (cCTS) and the South Tien Shan (cSTS) (Fig. 3. 1.1). The kMTS has no lateral equivalent in China ; in particular, it is not correlated with either the cCTS or the cNTS. The Yili Tien Shan block is related to the cNTS (Charvet et al., 2007;[START_REF] Wang | Geochemical constraints on Carboniferous volcanic rocks of the Yili Block (Xinjiang, NW China) : Implication for the tectonic evolution of Western Tianshan[END_REF][START_REF] Wang | 40Ar/39Ar analyses on Quaternary K-Ar standard BB-24 : Evaluations[END_REF]. The cNTS and the Yili block are separated from the cCTS by the cCTS suture zone, formed after the closure of the Central Tien Shan Ocean (also called the Turkestan Ocean or the Paleo-Tien Shan Ocean).

The age of this suture is controversial : either Late Devonian-Early Carboniferous [START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF][START_REF] Gao | The 40Ar/39Ar age record of formation and uplift of the blueschists eclogites in the Western Tianshan Mountains[END_REF][START_REF] Xiao | Tectonic evolution of the Northern Xinjiang and its adjacent regions (in chinese with english abstract)[END_REF] or Late Carboniferous [START_REF] Li | SIMS U-Pb rutile age of low-temperature eclogites from southwestern Chinese Tianshan, NW China[END_REF][START_REF] Su | U-Pb zircon geochronology of Tianshan eclogites in NW China : implication for the collision between the Yili and Tarim blocks of the southwestern[END_REF]. The cCTS along with the cSTS are equivalent to the kSTS. The cSTS is distinguished from the cCTS because it contains allochtonous units of ophiolites emplaced from the south to the north [START_REF] Charvet | Paleozoic Continental Accretions in Central Asia Around Junggar Block : New Structural and Geochronological Data[END_REF](Charvet et al., , 2007;;[START_REF] Laurent-Charvet | Accrétions continentales en Asie centro-orientale : évolution géodynamique et structurale du Tianshan et du Junggar oriental (nord-ouest Chine) au Paléozoïque[END_REF]Lin et al., 2008a;[START_REF] Wang | Geochemical constraints on Carboniferous volcanic rocks of the Yili Block (Xinjiang, NW China) : Implication for the tectonic evolution of Western Tianshan[END_REF]. In order to clarify this complex terminology we use the term 'South Tien Shan' to refer to the entire belt comprised of the cCTS, the cSTS and the kSTS. The South Tien Shan is separated from the Tarim block by the cSTS suture. It was formed as a result of the closure of the STS Ocean, which had previously opened in a back-arc setting [START_REF] Guo | Geochemical features of the two early palaeozoic ophiolitic zones and volcanic rocks in the Central-Southern Tianshan region, Xinjiang[END_REF][START_REF] Wang | Paleozoic tectonics of the southern Chinese Tianshan : Insights from structural, chronological and geochemical studies of the Heiyingshan ophiolitic mélange (NW China)[END_REF]. Complete closure and formation of the suture is probably Late-Devonian to Early Carboniferous in age, slightly younger than the cCTS suture [START_REF] Wang | Paleozoic tectonics of the southern Chinese Tianshan : Insights from structural, chronological and geochemical studies of the Heiyingshan ophiolitic mélange (NW China)[END_REF][START_REF] Wang | Geochemical constraints on Carboniferous volcanic rocks of the Yili Block (Xinjiang, NW China) : Implication for the tectonic evolution of Western Tianshan[END_REF][START_REF] Zhou | Zircon U-Pb SHRIMP ages of Yushugou ophiolitic terrane in Southern Tianshan and their tectonic implications[END_REF]. At present, the Chinese cSTS suture does not have a described equivalent in Kyrgyzstan or in the portion of China directly south of Kyrgyzstan. However, series of small Devonian ophiolite are mapped on the China Geological Map of Tien Shan [START_REF] Hongliang | China Geological Map of the Tianshan and adjacent areas : 1 :1000000[END_REF] and could represent the lateral continuity of this suture.

Tectonic history of the STS

The tectonic history of the STS is long and complex. The main structures [START_REF] Ma ; Weldon | MSWD = 1.5, n=7) and a weighted mean age of 274.6 ± 1.9 Ma (MSWD = 0.5). The sample KG-13-28 yields a concordant age of 265.6 2.1 Ma (MSWD = 2.8, n=8) and a weighted mean age[END_REF] were formed in Late Carboniferous times and underwent several phases of reactivation from (2) the post-collisional evolution in Permian and Mesozoic times to (3) the Tertiary uplift of the belt, which is still active. The STS suture was formed in the Late Carboniferous following the collision of the Kazakh margin sensu lato, comprised of the previously accreted kMTS, Yili block and cNTS, with the Tarim craton. High-Pressure (HP) rocks related to these sutures are mainly found in two areas : the Atbashi Range in Kyrgyzstan, located just east of the 2000 km long Talas-Fergana Fault, and the Kebuerte-Kekesu area in western China [START_REF] Bakirov | Tectonic position of metamorphic complexes in Tianshan (in russian)[END_REF][START_REF] Bakirov | Eclogite-bearing metamorphic complexes as indicator of the ancient continent collision zone (in russian). In Precambrian and lower paleozoic of Tianshan[END_REF][START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF]Hegner et al., 2010;Simonov et al., 2008;[START_REF] Tagiri | Mineral parageneses and metamorphic PtT paths of ultrahigh-pressure eclogites from Kyrghyzstan Tien-Shan[END_REF]Tian et Wei, 2013) (Fig. 3.1.2). Farther east, relics of ophiolitic mélange are found discontinuously along the cCTS suture [START_REF] Allen | Palaeozoic collisional tectonics and magmatism of the Chinese Tien Shan, central Asia[END_REF][START_REF] Guo | Geochemical features of the two early palaeozoic ophiolitic zones and volcanic rocks in the Central-Southern Tianshan region, Xinjiang[END_REF][START_REF] Laurent-Charvet | Accrétions continentales en Asie centro-orientale : évolution géodynamique et structurale du Tianshan et du Junggar oriental (nord-ouest Chine) au Paléozoïque[END_REF].

Late Paleozoic tectonics of STS

The ophiolite and metamorphic rocks of the kSTS and cCTS sutures have been investigated in two places separated by 500 km : the Atbashi Range in Kyrgyzstan and the Kebuerte-Kekesu area in China. In both places HP rocks have been previously described and the eclogite stage was dated (Hegner et al., 2010;[START_REF] Li | SIMS U-Pb rutile age of low-temperature eclogites from southwestern Chinese Tianshan, NW China[END_REF]Simonov et al., 2008;[START_REF] Su | U-Pb zircon geochronology of Tianshan eclogites in NW China : implication for the collision between the Yili and Tarim blocks of the southwestern[END_REF]. The data are consistent with the end of the subduction of the CTS Ocean and thus the onset of accretion and/or collision between the Tarim and the Kazakh margin sensu lato between 310 and 350 Ma. In Kyrgyzstan, decimetre-scale lenses of HP rocks outcrop in the Atbashi Range (Fig. 3.1.2). [START_REF] Bakirov | Tectonic position of metamorphic complexes in Tianshan (in russian)[END_REF] and [START_REF] Bakirov | Eclogite-bearing metamorphic complexes as indicator of the ancient continent collision zone (in russian). In Precambrian and lower paleozoic of Tianshan[END_REF] report garnet-muscovite schists, with local occurrence of albite and chlorite. Phengite-bearing schists and paragneisses contain lenses of well-preserved eclogites and glaucophane-rich schists. This allochtonous unit overthrusts toward the north a dismembered ophiolite [START_REF] Alekseev | The age and tectonic setting of volcanic and cherty sequences in the ophiolite complex of the Atbashe Ridge (Southern Tien Shan)[END_REF][START_REF] Biske | Hercynides of the Atbashi-Kokshaal region ou the Southern Tian-Shan (in russian)[END_REF]Biske, 1996). Conodonts found in the cherts interlayered in the ophiolite constrain its formation age to the Devonian (Frasnian, [START_REF] Alekseev | The age and tectonic setting of volcanic and cherty sequences in the ophiolite complex of the Atbashe Ridge (Southern Tien Shan)[END_REF]). However, the structural relationships, the kinematics and the significance of these different units are still poorly constrained and can be debated. Concerning the HP rocks, Simonov et al. (2008) and Hegner et al. (2010) reported Pressure-Temperature (P-T) conditions of 23-25 kbar and 510-570 • C and 18-24 kbar and 520-600 • C, respectively. Simonov et al. (2008) obtained a well-constrained 40 Ar/ 39 Ar age for phengite of 327±4 Ma and less well constrained younger ages between 324 and 182 Ma. This suggests some thermal resetting. Hegner et al. (2010) obtained Sm-Nd and 40 Ar/ 39 Ar ages on an equivalent sample of 319±4 Ma and 316±3 Ma interpreted as crystallization ages related to the HP peak and cooling age, respectively. However, the structural position of the HP unit is still unconstrained because the mafic eclogites were sampled in erratic blocks collected in a Quaternary alluvial fan. Modified after [START_REF] Chang | Tectono-thermal evolution of the northwestern edge of the Tarim Basin in China : Constraints from apatite (U-Th)/He thermochronology[END_REF]; [START_REF] Macaulay | Thermochronologic insight into late Cenozoic deformation in the basement-cored Terskey Range, Kyrgyz Tien Shan[END_REF]; Tursungaziev et Petrov (2008); [START_REF] Wei | Metamorphism of High/ultrahighpressure Pelitic-Felsic Schist in the South Tianshan Orogen, NW China : Phase Equilibria and P-T Path[END_REF] In the Chinese Tien Shan, the structure and evolution of the HP unit is well constrained. The massif is constituted of a stack of units of different metamorphic grade superim-posed by top-to-north thrusts [START_REF] Wang | Guidebook for the international geological excursion in the Paleozoic chinese Tianshan[END_REF]. This HP unit is thrusted on top of low-metamorphic sediments and volcanic rocks. In turn, lower-grade greenschist facies schists and unmetamorphosed STS sediments overthrust towards the northern HP unit [START_REF] Wei | Metamorphism of High/ultrahighpressure Pelitic-Felsic Schist in the South Tianshan Orogen, NW China : Phase Equilibria and P-T Path[END_REF]. As for the degree of metamorphism of the HP unit, a large range of P-T conditions has been obtained spanning 14-28 kbar and 470-600 • C (e.g. [START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF][START_REF] Gao | Tectonic evolution of the South Tianshan orogen and adjacent regions, NW China : geochemical and age constraints of granitoid rocks[END_REF]. Ultra-high-pressure (UHP) conditions are documented in the HP unit by the occurrence of coesite found both in eclogites and surrounding schists [START_REF] Lü | Coesite inclusions in garnet from eclogitic rocks in western Tianshan, northwest China : Convincing proof of UHP metamorphism[END_REF][START_REF] Lü | Petrology of HP metamorphic veins in coesite-bearing eclogite from western Tianshan, China : Fluid processes and elemental mobility during exhumation in a cold subduction zone[END_REF][START_REF] Lü | Petrology of coesite-bearing eclogite from Habutengsu Valley, western Tianshan, NW China and its tectonometamorphic implication[END_REF][START_REF] Wei | Metamorphism of High/ultrahighpressure Pelitic-Felsic Schist in the South Tianshan Orogen, NW China : Phase Equilibria and P-T Path[END_REF][START_REF] Yang | Petrology of coesite-bearing tourmaline-garnet-phengite schist from the Keburt Valley, western Tianshan, NW China[END_REF]. In a more recent study, [START_REF] Tian | Metamorphism of ultrahigh-pressure eclogites from the Kebuerte Valley, South Tianshan, NW China : phase equilibria and P-T path[END_REF] estimate peak pressure conditions at 28-30 kbar and 520-540 • C, followed by peak thermal conditions of 540-590 • C at a lower pressure of 22-27 kbar. The age of the HP metamorphism in the Chinese HP belt (i.e. peak pressure) is still debated. [START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF] report a Sm-Nd isochron age of 343±44 Ma on eclogite, while 40 Ar/ 39 Ar datings on phengite and crossite (blue amphibole) from blueschists gave ages ranging between 350-330 Ma [START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF][START_REF] Gao | The 40Ar/39Ar age record of formation and uplift of the blueschists eclogites in the Western Tianshan Mountains[END_REF][START_REF] Xiao | Tectonic evolution of the Northern Xinjiang and its adjacent regions (in chinese with english abstract)[END_REF]. However, more recent U/Pb datings on zircon and rutile in eclogites using SIMS yield younger ages of 308-321 Ma [START_REF] Li | SIMS U-Pb rutile age of low-temperature eclogites from southwestern Chinese Tianshan, NW China[END_REF][START_REF] Liu | Paleozoic subduction erosion involving accretionary wedge sediments in the South Tianshan Orogen : Evidence from geochronological and geochemical studies on eclogites and their host metasediments[END_REF][START_REF] Su | U-Pb zircon geochronology of Tianshan eclogites in NW China : implication for the collision between the Yili and Tarim blocks of the southwestern[END_REF][START_REF] Zhang | The timing of UHP-HP eclogitic rocks in western Tianshan, NW China : the new SIMS U-Pb zircon dating, Lu-Hf and Sm-Nd isochron ages[END_REF]. Similar ages, c. 310  were obtained on phengite in blueschists by 40 Ar/ 39 Ar and Rb-Sr dating, respectively [START_REF] Klemd | New Age Constraints on the Metamorphic Evolution of the High-Pressure / Low-Temperature Belt in the Western Tianshan Mountains , NW China[END_REF]. Consequently, these datings show that the last HP event, and thus the ending of the subduction, is not older than 320-310 Ma. Other authors show younger 40 Ar/ 39 Ar ages (Permian and Triassic) which are ascribed to thermal recrystallization and partial resetting during Permian strike-slip reactivation [START_REF] De | New 40 Ar/ 39 Ar age constraints on the late Palaeozoic tectonic evolution of the western Tianshan (Xinjiang, northwestern China) with emphasis on Permian fluid ingress[END_REF][START_REF] Wang | 40Ar/39Ar analyses on Quaternary K-Ar standard BB-24 : Evaluations[END_REF].

These two Kyrgyz and Chinese HP massifs, separated by 500 km, show similar ages for HP metamorphism and subsequent cooling. Between these two massifs no occurrence of HP rocks has been documented. Furthermore, the structural and kinematic evolution related to this Late Carboniferous event is still poorly constrained.

Post collisional evolution of STS After the Carboniferous collisional event, convergence accommodating the closure of the Paleo-Tethys jumped to the south of the Tarim block (e.g. Metcalfe, 2013, and references therein). In the CAOB, a transition towards transcurrent deformation along several large equally spaced NW-SE trending faults occurred (e.g. Talas Fergana Fault). Sinistral strike-slip motion along the ENE-striking STS suture is thought to be contemporaneous with dextral strike-slip movement along the NW-SE-trending Talas Fergana Fault [START_REF] Alekseev | The age and tectonic setting of volcanic and cherty sequences in the ophiolite complex of the Atbashe Ridge (Southern Tien Shan)[END_REF]. The Talas Fergana Fault was activated during collision at 312 Ma, but was reactived in the Permian and during Late Triassic-Early Jurassic times [START_REF] Konopelko | U-Pb-Hf zircon study of two mylonitic granite complexes in the Talas-Fergana fault zone, Kyrgyzstan, and Ar-Ar age of deformations along the fault[END_REF][START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF]Sobel, 1999). During the early Permian phase of transcurrent deformation, the Tarim basin experienced a strong subsidence [START_REF] Carroll | Late Paleozoic Tectonic Amalgamation of Northwestern China-Sedimentary Record of the Northern Tarim, Northwestern Turpan, and Southern Junggar Basins[END_REF]. Intense magmatism affected the Tien Shan belt and the northern Tarim during the early to middle Permian times (290-260 Ma) (e.g. [START_REF] Biske | Geodynamics of late Paleozoic magmatism in the Tien Shan and its framework[END_REF][START_REF] Chen | Closing history of the southern Tianshan oceanic basin, western China : an oblique collisional orogeny[END_REF][START_REF] Chen | Spatial and temporal characteristics of Permian large igneous province in Tarim Basin (in Chinese with English abstract)[END_REF][START_REF] Li | SIMS U-Pb rutile age of low-temperature eclogites from southwestern Chinese Tianshan, NW China[END_REF][START_REF] Wang | A preliminary investigation on formative phase and rifting of Tarim Basin[END_REF]Yang et al., 2006a;[START_REF] Yu | Permian flood basalts from the Tarim Basin, Northwest China : SHRIMP zircon U-Pb dating and geochemical characteristics[END_REF]Zhang et Zou, 2013b). This magmatism is ascribed by some authors to regional scale transcurrent tectonics, as suggested by the spatial extent of plutons which are distributed along the strike-slip faults (e.g. [START_REF] De | New 40 Ar/ 39 Ar age constraints on the late Palaeozoic tectonic evolution of the western Tianshan (Xinjiang, northwestern China) with emphasis on Permian fluid ingress[END_REF][START_REF] Shu | A Large-scale Palaeozoic Dextral Ductile Strike-Slip Zone : the Aqqikkudug-Weiya Zone along the Northern Margin of the Central Tianshan Belt, Xinjiang,NW China[END_REF]Wang et al., 2014aWang et al., , 2009)). However, the alkaline OIB-like geochemistry of the majority of Permian magmatic rocks (e.g. Zhang et Zou, 2013b;[START_REF] Zhang | Permian basaltic rocks in the Tarim basin, NW China : Implications for plume-lithosphere interaction[END_REF][START_REF] Zhou | OIB-like, heterogeneous mantle sources of Permian basaltic magmatism in the western Tarim Basin, NW China : Implications for a possible Permian large igneous province[END_REF] together with the large area of magmatism [START_REF] Yang | Geological process of early to middle Permian magmatism in Tarim Basin and its geodynamic significance (in Chinese)[END_REF](Yang et al., , 2006a;;[START_REF] Yu | Permian flood basalts from the Tarim Basin, Northwest China : SHRIMP zircon U-Pb dating and geochemical characteristics[END_REF] lead other authors to impute this magmatism to mantle plume activity (e.g. Yang et al., 2013, and references therein). Finally, [START_REF] Biske | Geodynamics of late Paleozoic magmatism in the Tien Shan and its framework[END_REF] suggest that the Permian magmatism in the Tien Shan belt is due to the Tarim plume but the location of intrusions is controlled by the regional scale strike-slip tectonic regime. Still, hydrothermal resetting of some zircon ages [START_REF] Glorie | Tectonic history of the Kyrgyz South Tien Shan (Atbashi-Inylchek) suture zone : The role of inherited structures during deformation-propagation[END_REF] and possible misinterpretations of the metamorphic ages [START_REF] De | New 40 Ar/ 39 Ar age constraints on the late Palaeozoic tectonic evolution of the western Tianshan (Xinjiang, northwestern China) with emphasis on Permian fluid ingress[END_REF] may be evidence of such a thermal event.

Mesozoic Reactivation of the Tien Shan belt Ongoing brittle reactivation of the NW-trending Talas Fergana fault from Late Triassic to Early Jurassic is suggested by partial resetting of 40 Ar/ 39 Ar ages obtained on phengite [START_REF] Konopelko | U-Pb-Hf zircon study of two mylonitic granite complexes in the Talas-Fergana fault zone, Kyrgyzstan, and Ar-Ar age of deformations along the fault[END_REF][START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF]. This brittle reactivation occurred in a transtensional regime, as suggested on the basis of deformation criteria and the presence of pull-apart basins [START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF]. Furthermore, sedimentary deposits and thermochronological data suggest at least one and up to three exhumation stages during the Mesozoic (e.g. [START_REF] De Grave | Distant effects of India-Eurasia convergence and Mesozoic intracontinental deformation in Central Asia : Constraints from apatite fission-track thermochronology[END_REF][START_REF] Choulet | Mécanismes et évolution des chaînes d'accrétion. Exemple des chaînes paléozoïques d'Asie Centrale[END_REF], 2013[START_REF] Degtyarev | Tectonic evolution of the early Paleozoic island arcs and continental crust formation in the Caledonides of Kazakhstan[END_REF][START_REF] Dumitru | éditeurs : Paleozoic and Mesozoic tectonic evolution of central Asia : From continental assembly to intracontinental deformation[END_REF][START_REF] Glorie | Tectonic history of the Kyrgyz South Tien Shan (Atbashi-Inylchek) suture zone : The role of inherited structures during deformation-propagation[END_REF][START_REF] Hendrix | Evolution of Mesozoic Sandstone Compositions, Southern Junggar, Northern Tarim, and Western Turpan Basins, Northwest China : A Detrital Record of the Ancestral Tian Shan[END_REF][START_REF] Hendrix | Sedimentary record and climatic implications of recurrent deformation in the Tian Shan : Evidence from Mesozoic strata of the north Tarim, south Junggar, and Turpan basins, northwest China[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan : Reactivated tectonic structures and active deformation[END_REF][START_REF] Macaulay | Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan[END_REF]. This exhumation has generally been interpreted to reflect distal deformation as a result of tectonic accretion along the south Asian margin. A first exhumation stage occurred during the Late Triassic -Early Jurassic. This was deduced from structural, thermochronologic and sedimentary data obtained in the range and in the surrounding basins (Allen et al., 2001;[START_REF] De Grave | Distant effects of India-Eurasia convergence and Mesozoic intracontinental deformation in Central Asia : Constraints from apatite fission-track thermochronology[END_REF][START_REF] Choulet | Mécanismes et évolution des chaînes d'accrétion. Exemple des chaînes paléozoïques d'Asie Centrale[END_REF][START_REF] Dumitru | éditeurs : Paleozoic and Mesozoic tectonic evolution of central Asia : From continental assembly to intracontinental deformation[END_REF]Glorie et al., 2010;[START_REF] Hendrix | Sedimentary record and climatic implications of recurrent deformation in the Tian Shan : Evidence from Mesozoic strata of the north Tarim, south Junggar, and Turpan basins, northwest China[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan : Reactivated tectonic structures and active deformation[END_REF][START_REF] Macaulay | Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan[END_REF]Sobel, 1999). This stage is ascribed to the accretion of the Qiantang block to the southern Eurasian margin at this time (e.g. [START_REF] Yin | Geologic evolution of the Himalayan-Tibetan orogen[END_REF]. A second exhumation stage is suggested during the Late Jurassic-Early Cretaceous [START_REF] De Grave | Thermo-tectonic history of the Issyk-Kul basement (Kyrgyz Northern Tien Shan, Central Asia)[END_REF][START_REF] Dumitru | éditeurs : Paleozoic and Mesozoic tectonic evolution of central Asia : From continental assembly to intracontinental deformation[END_REF][START_REF] Hendrix | Sedimentary record and climatic implications of recurrent deformation in the Tian Shan : Evidence from Mesozoic strata of the north Tarim, south Junggar, and Turpan basins, northwest China[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan : Reactivated tectonic structures and active deformation[END_REF]. It may be related to the accretion of the Lhasa block to the Eurasian margin at that time (e.g. [START_REF] Yin | Geologic evolution of the Himalayan-Tibetan orogen[END_REF]. However, this phase of exhumation is still subject to debate. Reported Upper Jurassic conglomerates in the south Junggar, the Turpan and the north Tarim basins are attributed to the flexure of the basins due to basin-vergent thrusting in the Tien Shan range [START_REF] Hendrix | Evolution of Mesozoic Sandstone Compositions, Southern Junggar, Northern Tarim, and Western Turpan Basins, Northwest China : A Detrital Record of the Ancestral Tian Shan[END_REF][START_REF] Hendrix | Sedimentary record and climatic implications of recurrent deformation in the Tian Shan : Evidence from Mesozoic strata of the north Tarim, south Junggar, and Turpan basins, northwest China[END_REF][START_REF] Li | Mesozoic-Cenozoic tectonic relationships between the Kuqa subbasin and Tian Shan, northwest China : constraints from depositional records[END_REF]. Some apatite fission track and apatite and zircon (U-Th)/He ages for this period have been reported. Still, it remains unclear if they can be related to any tectonic event [START_REF] De Grave | Distant effects of India-Eurasia convergence and Mesozoic intracontinental deformation in Central Asia : Constraints from apatite fission-track thermochronology[END_REF][START_REF] Glorie | Tectonic history of the Kyrgyz South Tien Shan (Atbashi-Inylchek) suture zone : The role of inherited structures during deformation-propagation[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan : Reactivated tectonic structures and active deformation[END_REF]. Furthermore, from the Late Jurassic to Cretaceous times, a period of thermal stability is well-documented with cooling rates lower than 1 • C/Ma (e.g. [START_REF] Bullen | Building the Northern Tien Shan : Integrated Thermal, Structural, and Topographic Constraints[END_REF][START_REF] Bullen | Late Cenozoic tectonic evolution of the northwestern Tien Shan : New age estimates for the initiation of mountain building[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan : Reactivated tectonic structures and active deformation[END_REF][START_REF] Macaulay | Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan[END_REF]. This long period of tectonic quiescence is also supported by the formation of a large peneplain in the western Central Asia [START_REF] Jolivet | Mesozoic tectonic and topographic evolution of Central Asia and Tibet : a preliminary synthesis[END_REF][START_REF] Jolivet | How old is the baikal rift zone ? insight from apatite fission track thermochronology[END_REF][START_REF] Jolivet | Mongolian summits : An uplifted, flat, old but still preserved erosion surface[END_REF][START_REF] Vassallo | Uplift age and rates of the Gurvan Bogd system (Gobi-Altay) by apatite fission track analysis[END_REF]. The last Mesozoic exhumation phase occurred during Late Cretaceous-Early Paleogene [START_REF] De Grave | Distant effects of India-Eurasia convergence and Mesozoic intracontinental deformation in Central Asia : Constraints from apatite fission-track thermochronology[END_REF][START_REF] Choulet | Mécanismes et évolution des chaînes d'accrétion. Exemple des chaînes paléozoïques d'Asie Centrale[END_REF], 2013[START_REF] Degtyarev | Tectonic evolution of the early Paleozoic island arcs and continental crust formation in the Caledonides of Kazakhstan[END_REF][START_REF] Glorie | Tectonic history of the Kyrgyz South Tien Shan (Atbashi-Inylchek) suture zone : The role of inherited structures during deformation-propagation[END_REF][START_REF] Hendrix | Sedimentary record and climatic implications of recurrent deformation in the Tian Shan : Evidence from Mesozoic strata of the north Tarim, south Junggar, and Turpan basins, northwest China[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan : Reactivated tectonic structures and active deformation[END_REF]. Even though [START_REF] Hendrix | Sedimentary record and climatic implications of recurrent deformation in the Tian Shan : Evidence from Mesozoic strata of the north Tarim, south Junggar, and Turpan basins, northwest China[END_REF] reported conglomerates in the northern Tarim basin, this exhumation does not seem to be widespread in the entire Tien Shan range. Indeed, apatite fission track and apatite (U-Th)/He ages are obtained for these times in the Narat and Bohoro ranges in the Chinese Tien Shan [START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan : Reactivated tectonic structures and active deformation[END_REF]. In Kyrgyzstan, similar ages are obtained in intrusions bordering the south Tien Shan suture [START_REF] Glorie | Tectonic history of the Kyrgyz South Tien Shan (Atbashi-Inylchek) suture zone : The role of inherited structures during deformation-propagation[END_REF], in the Song-Kul plateau [START_REF] De Grave | The thermo-tectonic history of the Song-Kul plateau, Kyrgyz Tien Shan : Constraints by apatite and titanite thermochronometry and zircon U/Pb dating[END_REF], in the Issyk-Kul basement [START_REF] De Grave | Thermo-tectonic history of the Issyk-Kul basement (Kyrgyz Northern Tien Shan, Central Asia)[END_REF] and in the Altai mountains [START_REF] De Grave | Late Palaeozoic and Meso-Cenozoic tectonic evolution of the southern Kyrgyz Tien Shan : Constraints from multi-method thermochronology in the Trans-Alai, Turkestan-Alai segment and the southeastern Ferghana Basin[END_REF]. [START_REF] Macaulay | Thermochronologic insight into late Cenozoic deformation in the basement-cored Terskey Range, Kyrgyz Tien Shan[END_REF] and [START_REF] Macaulay | Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan[END_REF] do not report any evidence of exhumation during the Late Cretaceous in the eastern Kyrgyz Tien Shan. This exhumation phase could be related to accretion of Kohistan-Ladakh intra-oceanic arc [START_REF] De Grave | Distant effects of India-Eurasia convergence and Mesozoic intracontinental deformation in Central Asia : Constraints from apatite fission-track thermochronology[END_REF][START_REF] Hendrix | Sedimentary record and climatic implications of recurrent deformation in the Tian Shan : Evidence from Mesozoic strata of the north Tarim, south Junggar, and Turpan basins, northwest China[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan : Reactivated tectonic structures and active deformation[END_REF] or to collision of Siberia with the Mongolia-North China Block following the closure of the Mongol-Okhotsk Ocean (e.g. [START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan : Reactivated tectonic structures and active deformation[END_REF]Lin et al., 2008a;[START_REF] Metelkin | Paleomagnetism of Upper Jurassic basalts from Transbaikalia : new data on the time of closure of the Mongol-Okhotsk Ocean and Mesozoic intraplate tectonics of Central Asia[END_REF] during Late Cretaceous times.

Cenozoic exhumation Sedimentary records in the foreland and intramontane basins combined with thermochronological data suggest that the onset of intracontinental deformation in the Tien Shan occurred during Oligocene times around 25-20 Ma (e.g. [START_REF] Bande | Cenozoic palaeoenvironmental and tectonic controls on the evolution of the northern Fergana Basin[END_REF][START_REF] Bullen | Late Cenozoic tectonic evolution of the northwestern Tien Shan : New age estimates for the initiation of mountain building[END_REF][START_REF] De Grave | Distant effects of India-Eurasia convergence and Mesozoic intracontinental deformation in Central Asia : Constraints from apatite fission-track thermochronology[END_REF][START_REF] Choulet | Mécanismes et évolution des chaînes d'accrétion. Exemple des chaînes paléozoïques d'Asie Centrale[END_REF]Glorie et al., 2010[START_REF] Glorie | Tectonic history of the Kyrgyz South Tien Shan (Atbashi-Inylchek) suture zone : The role of inherited structures during deformation-propagation[END_REF][START_REF] Heermance | Temporal constraints and pulsed Late Cenozoic deformation during the structural disruption of the active Kashi foreland, northwest China[END_REF][START_REF] Hendrix | Late Oligocene-early Miocene unroofing in the Chinese Tian Shan : An early effect of the India-Asia collision[END_REF][START_REF] Macaulay | Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan[END_REF][START_REF] Macaulay | Thermochronologic insight into late Cenozoic deformation in the basement-cored Terskey Range, Kyrgyz Tien Shan[END_REF]Sobel et al., 2006a;[START_REF] Sobel | Thrusting and exhumation around the margins of the western Tarim basin during the India-Asia collision[END_REF][START_REF] Sobel | Exhumation of basementcored uplifts : Example of the Kyrgyz Range quantified with apatite fission track thermochronology[END_REF][START_REF] Yin | Late Cenozoic tectonic evolution of the southern Chinese Tian Shan[END_REF]. The onset of deformation is linked to India-Asia collision followed by subsequent transfer of compressional stresses to the Asian continent [START_REF] Molnar | Cenozoic Tectonics of Asia : Effects of a Continental Collision[END_REF]. A minimal estimation of the exhumation rate during the Oligocene in the Terksey range of the kMTS is 0.07±0.05 mm/yr [START_REF] Macaulay | Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan[END_REF]. An increase of the exhumation rate occurred during Miocene times . This is suggested by an increase in cooling rates deduced from thermochronological data (e.g. [START_REF] Bullen | Late Cenozoic tectonic evolution of the northwestern Tien Shan : New age estimates for the initiation of mountain building[END_REF][START_REF] De Grave | Distant effects of India-Eurasia convergence and Mesozoic intracontinental deformation in Central Asia : Constraints from apatite fission-track thermochronology[END_REF][START_REF] Choulet | Mécanismes et évolution des chaînes d'accrétion. Exemple des chaînes paléozoïques d'Asie Centrale[END_REF]Glorie et al., 2010[START_REF] Glorie | Tectonic history of the Kyrgyz South Tien Shan (Atbashi-Inylchek) suture zone : The role of inherited structures during deformation-propagation[END_REF][START_REF] Heermance | Temporal constraints and pulsed Late Cenozoic deformation during the structural disruption of the active Kashi foreland, northwest China[END_REF][START_REF] Macaulay | Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan[END_REF][START_REF] Macaulay | Thermochronologic insight into late Cenozoic deformation in the basement-cored Terskey Range, Kyrgyz Tien Shan[END_REF][START_REF] Sobel | Exhumation of basementcored uplifts : Example of the Kyrgyz Range quantified with apatite fission track thermochronology[END_REF]. The exhumation rate is estimated at 0.1-0.4 mm/yr in the Terksey range [START_REF] Macaulay | Thermochronologic insight into late Cenozoic deformation in the basement-cored Terskey Range, Kyrgyz Tien Shan[END_REF]. This increase of the exhumation rate is also suggested by magnetostratigraphic data and sedimentary records (e.g. [START_REF] Abdrakhmatov | Relatively recent construction of the Tien Shan inferred from GPS measurements of present-day crustal deformation rates[END_REF][START_REF] Charreau | Magnetostratigraphy of the Yaha section, Tarim Basin (China) : 11 Ma acceleration in erosion and uplift of the Tian Shan mountains[END_REF]. A shortening event in the entire Tien Shan at that time is thus suggested (Sobel et al., 2006a), which could be explained by a delamination of the lithosphere under the Tien Shan [START_REF] Zhiwei | Tomographic image of the crust and upper mantle beneath the western Tien Shan from the MANAS broadband deployment : Possible evidence for lithospheric delamination[END_REF]. An acceleration of the exhumation is evidenced in the Pliocene (3-2 Ma) by thermochronological, magnetostratigraphic, and sedimentary data (e.g. [START_REF] Bullen | Late Cenozoic tectonic evolution of the northwestern Tien Shan : New age estimates for the initiation of mountain building[END_REF][START_REF] Bullen | Building the Northern Tien Shan : Integrated Thermal, Structural, and Topographic Constraints[END_REF][START_REF] Bullen | Late Cenozoic tectonic evolution of the northwestern Tien Shan : New age estimates for the initiation of mountain building[END_REF][START_REF] Fortuna | Lithostratigraphic and palynologic data of Cenozoic deposits of Tessik-Sarybulak depression[END_REF][START_REF] Glorie | Tectonic history of the Kyrgyz South Tien Shan (Atbashi-Inylchek) suture zone : The role of inherited structures during deformation-propagation[END_REF][START_REF] Macaulay | Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan[END_REF][START_REF] Zhiwei | Tomographic image of the crust and upper mantle beneath the western Tien Shan from the MANAS broadband deployment : Possible evidence for lithospheric delamination[END_REF]. An acceleration of the denudation of the modern Tien Shan range could explain this increase in exhumation rates [START_REF] De Grave | Distant effects of India-Eurasia convergence and Mesozoic intracontinental deformation in Central Asia : Constraints from apatite fission-track thermochronology[END_REF]. This exhumation is ongoing and coupled with climatic stress which explains the Tien Shan landscape and particularly summits above 7400 m in the Pobeda massif. However, it is uncertain 3.1 Crustal-scale structure of South Tien Shan whether this increase in denudation reflects a tectonic component or is solely a reflection of climatic influences.

The Cenozoic deformation of the Tien Shan seems to be out-of-sequence [START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan : Reactivated tectonic structures and active deformation[END_REF][START_REF] Macaulay | Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan[END_REF]. This out-of-sequence activation could be explained by the dip and nature of the inherited structures which are more or less susceptible to be reactivated (e.g. [START_REF] Macaulay | Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan[END_REF] 

Origin of the STS basement

As described above, the STS underwent a complex tectonic and metamorphic evolution, from its main tectonic stage at c. 310-320 Ma to the ongoing uplift. A significant uncertainty remains regarding the nature and origin of the STS basement. It is unclear whether the STS was a distinct tectonic block or if it corresponds to the northern margin of Tarim block. The STS basement is unknown in Kyrgyzstan. Sedimentary series in the STS are Silurian to Carboniferous in age (e.g. Tursungaziev et Petrov, 2008). These series are cross-cut by Upper Carboniferous to Lower Permian granitoid intrusions. Their emplacement is related to Tarim-CAOB collisional or post-collisional processes (e.g. [START_REF] Biske | Geodynamics of late Paleozoic magmatism in the Tien Shan and its framework[END_REF]. The U/Pb ages of zircons from these granites yield 295-292 Ma [START_REF] Konopelko | Hercynian postcollisional A-type granites of the Kokshaal Range, Southern Tien Shan, Kyrgyzstan[END_REF][START_REF] Konopelko | Possible source dichotomy of contemporaneous post-collisional barren I-type versus tin-bearing A-type granites, lying on opposite sides of the South Tien Shan suture[END_REF] and 302-288 Ma [START_REF] Glorie | Tectonic history of the Kyrgyz South Tien Shan (Atbashi-Inylchek) suture zone : The role of inherited structures during deformation-propagation[END_REF]. Therefore, the age of STS sedimentary series and of cross-cutting intrusions is well known but the age, and thus the origin, of the STS basement remain unknown.

Geological mapping and cross-sections along Kyrgyz STS

Atbashi Range

Although the rocks outcropping in the Atbashi Range have been previously described, the structure of the range remains poorly constrained [START_REF] Alekseev | The age and tectonic setting of volcanic and cherty sequences in the ophiolite complex of the Atbashe Ridge (Southern Tien Shan)[END_REF][START_REF] Bakirov | Tectonic position of metamorphic complexes in Tianshan (in russian)[END_REF][START_REF] Bakirov | Eclogite-bearing metamorphic complexes as indicator of the ancient continent collision zone (in russian). In Precambrian and lower paleozoic of Tianshan[END_REF][START_REF] Biske | Hercynides of the Atbashi-Kokshaal region ou the Southern Tian-Shan (in russian)[END_REF]Biske, 1996;Hegner et al., 2010). New field investigations allow us to distinguish three different structural units, which are ascribed to different parts of a preserved subduction prism (see also Loury et al., 2013) (Figs. 3.1.3, 3.1.4, 3.1.5) :

(1) An accretionary prism featuring a tectonic mélange composed of a sedimentary matrix which includes metric to decametric slices of serpentinites and metabasalts. This mélange was overprinted by greenschist facies metamorphism and thus represents the shallow part of the accretionary prism. An unmetamorphosed dismembered ophiolite thrusts towards the north on top of the accretionary prism (Fig. 3.1.5a). This ophiolite is made of pillow-basalts and flaser gabbros (Fig. 3.1.5b) with peridotite nodules, serpentinites, siliceous cherts and plagiogranites covered by limestones. This ophiolite is a remnant of fragments of oceanic lithosphere thrust onto the low-grade sediments before the final emplacement of HP units during the Upper Carboniferous.

(2) An HP-LT complex is thrust towards the north over a shallow accretionary prism. It is divided into two units : The first unit is a several hundred of meters thick sedimentary mélange with occurrences of jadeite and garnet (Figs. 3.1.5e,3.1.5f). Decametre scale mafic eclogite boudins are incorporated into this mélange (Figs. 3.1.5c,3.1.5d), which records eclogite facies metamorphic conditions. Observations lead to us to argue that this unit may constitute the deep part of the subduction prism. The second unit of the HP-LT complex is a continental unit thrusted towards the north over the sedimentary mélange. It is made of folded ortho-and para-gneisses. Observations show evidence for retrogression during the blueschist and greenschist facies metamorphic stages (Fig. 3.1.5g). The HP-LT complex is separated from the upper part of the subduction prism by a top-to-south detachment along which serpentinites are found.

(3) The upper part of the subduction prism is made of two sedimentary units : The first unit is made up of marls and slates metamorphosed under greenschist facies conditions. Shear sense criteria indicates top-to-south shearing (Fig. 3.1.5h). The second unit is made of unmetamorphosed Silurian to Carboniferous limestones and marls. These two units could represent two different crustal levels within the Tarim platform. In this area, the crystalline basement is not exposed. Within this upper section, a major E-W trending vertical fault exhibiting horizontal striae is observed to the west of the range in the Tash Rabat Valley (Fig. 3.1.5i). The motion on this fault is thought to be sinistral, but no clear kinematic criteria have been found.

Pobeda massif

The most prominent feature of the Pobeda Massif is a major top-to-north thrust, referred to as the Pobeda thrust, which bounds the northern flank and crest line of Pobeda Peak (Figs. 3.1.6,3.1.7a). This thrust is responsible for the uplift of deep crustal (basement) levels, exhibited by granulite facies clino-and ortho-pyroxene bearing gneisses and marbles, previously mapped as syenites [START_REF] Mikolaichuk | quaternary removed geological map of the Khan Tengri massif (ISTC project {#}KR-920)[END_REF]Tursungaziev et Petrov, 2008). The paragneisses are migmatized and alternate with coarse-grained granulites sensu stricto which appear to be the residue of intense migmatization (Fig. 3.1.7b). Their composition is Al-K-Fe rich, highlighted by the abundance of orthoclase and pyroxene (Fig. 3.1.8), in agreement with a charnockitic protolith [START_REF] Newton | An overview of charnockite[END_REF]. Ages of the protolith and of the metamorphism are unknown. Thin-section textural relationships between the different minerals imply that they represent a high-temperature equilibrium (triple-joints, myrmekites) (Fig. 3.1.8). The main granulite facies metamorphic paragenesis is made of pyroxenes + K-feldspar + plagioclase + quartz ± spinel (Fig. 3. 1.8). This high-temperature paragenesis is partially retrogressed into the amphibolite facies as shown by hornblende overgrowths of pyroxenes. The co-stability of clino-and orthopyroxene suggests a minimum temperature of 800 • C (e.g. [START_REF] Wells | Pyroxene thermometry in simple and complex systems[END_REF]. These high-grade deep-crustal rocks are thrusted towards the north over shallower levels made of black schists, sandy limestones and metabasites (metabasalts and metagabbros) metamorphosed at greenschist facies conditions (Fig. 3. 1.7f). The age of this formation is supposed to be Devonian to Carboniferous [START_REF] Mikolaichuk | quaternary removed geological map of the Khan Tengri massif (ISTC project {#}KR-920)[END_REF]; 1.4.1 and 3.1.4. Modified after Tursungaziev et Petrov (2008). (b) Cross-section of Atbashi Range. Tursungaziev et Petrov, 2008). It is thought to be the lower part of the sedimentary series of the STS. This greenschist facies volcano-sedimentary series could be the lateral continuation of similar greenschist facies rocks observed in the Atbashi Upper Unit (section 3. 1.3.1). In the Pobeda massif, this unit is thrusted towards the north over less metamorphosed Devonian to Carboniferous STS sedimentary series [START_REF] Mikolaichuk | quaternary removed geological map of the Khan Tengri massif (ISTC project {#}KR-920)[END_REF]Tursungaziev et Petrov, 2008). This lower unit is intruded by late Carboniferous calc-alkaline granite (Tursungaziev et Petrov, 2008) (Fig. 3.1.7c). In the central part of this intrusion, the granite exhibits mixing between the most mafic mantle-derived components and a mesocratic crustal-derived component. The mineral assemblage is plagioclase + amphibole + biotite (Fig. 3.1.7e). At the intrusion rims, its composition evolves towards a leucocratic composition featuring K-feldspar + quartz + tourmaline (Fig. 3.1.7d). We speculate that the age of regional metamorphism is Carboniferous and is contemporaneous with granite emplacement (Tursungaziev et Petrov, 2008). However, this hypothesis remains to be tested. A complementary cross-section was made 30 km to the west near Inylchek village. There a north-verging thrust places Paleozoic series above deposits of a tertiary basin (Fig. 3.1.7g). Basin strata are deposited on top of a flat basement surface, which is interpreted as a Jurassic-Cretaceous peneplain (e.g. [START_REF] Jolivet | Mongolian summits : An uplifted, flat, old but still preserved erosion surface[END_REF]. We interpret this thrust as the lateral continuity of the major Pobeda Thrust, as suggested by cartography and aerial images.

Petrology of Atbashi Range and comparison with Chinese STS

Major and trace element compositions were acquired on both unmetamorphosed basalt from the ophiolite and mafic eclogites from the sedimentary mélange. ICP-OES and ICP-MS analyses were performed at the CRPG Nancy (Table 3. 1.4.1). Local mineral compositions have been determined using a Cameca SX100 electron probe microanalyser at the Geosciences laboratory of Montpellier and at the ISTerre laboratory of Grenoble (Tables 3.1.2,3.1.3,3.1.4). The analytical settings used for punctual analyses were 20 KeV and10 nA. Laser ablation analyses (Table 3.1.5) were conducted using a Geolas platform housing a 193 nm CompEx 102 laser from LambdaPhysik, which was connected to an Element XR ICP-MS from ThermoFinnigan at Géosciences Montpellier UMR5243-CNRS (France). Details of the analytical procedure are described in [START_REF] Bosch | Building an island-arc crustal section : Time constraints from a LA-ICP-MS zircon study[END_REF] and [START_REF] Bruguier | Miocene incorporation of peridotite into the Hercynian basement of the Maghrebides (Edough massif, NE Algeria) : Implications for the geodynamic evolution of the Western Mediterranean[END_REF]. [START_REF] Mikolaichuk | quaternary removed geological map of the Khan Tengri massif (ISTC project {#}KR-920)[END_REF]; Tursungaziev et Petrov (2008) 

Geochemistry of metabasalts

The basalt and the mafic eclogite from the Atbashi Range provide similar geochemical results. Analyses exhibit compositions with strong N-MORB basalt affinities, depleted in LILEs and LREE with respect to HFSEs (Fig. 3.1.9). With respect to typical N-MORB tendencies [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF], both rock types are enriched up to 30 times more in Cs, Rb, Ba and U and to a lesser extent in Sr and Pb. Th is almost identical to typical N-MORB. This pattern demonstrates the oceanic origin of mafic eclogites, in agreement with Simonov et al. (2008) and Hegner et al. (2010). The relative immobility of Th and the increasing mobility of lighter LILEs suggest that intense seafloor hydrothermal alteration is still preserved in the eclogite sample. This hydrothermal imprint combined (Pobeda Thrust) of Pobeda crystalline basement over the volcano-sedimentary rocks of presumed Carboniferous age, according to the Geological map of Kyrgyzstan (Tursungaziev et Petrov, 2008). (b) Block of granulite facies rocks showing the relation between the migmatised paragneisses and the granulite s.s. (c) Kilometre-scale granite intrusion in the Devonian-Carboniferous sediments of the STS. (d) Tourmaline (Tur), feldspar (Fd), quartz (Qtz) rich leucocratic granite from the rim of the intrusion, showing a more differentiated composition than in the central part of the intrusion. (e) Mesocratic granite from the central part of the intrusion, with rounded enclaves of a fine-grained dioritic (amphibole + plagioclase) composition. This more mafic calc-alkaline component may reflect a mantle source, which interacted and mixed with a crustal component. (f) Volcano-sedimentary rocks showing folded alternations of dark schists (comprising metavolcanics and metagabbros) and yellow sandy limestones. The whole unit was metamorphosed under the greenschist facies (actinolite-epidote-chlorite-sericite). (g) Picture of the same thrust as in picture (a), 30 km to the west in Inylchek area. Here, the Tertiary basin, deposited above the Jurassic peneplain is folded and overthrust by the top-to-north Pobeda Thrust.

with the presence of flaser gabbros and serpentinites in the ophiolite argues for a slow spreading ridge setting [START_REF] Lagabrielle | Alpine Jurassic ophiolites resemble the modern central Atlantic basement[END_REF]. and as inclusions at the core of garnet. Phengite only occurs in the core of garnet. Some quartz inclusions have radial fractures in the surrounding garnet but coesite was not detected by Raman analyses. Rutile occurs as inclusions in garnet and in the matrix, often surrounded by a retrograde ilmenite corona. This distribution of mineral inclusions in garnet indicates two events. (1) Prograde zoning from the core to the mantle, suggested by the occurrence of glaucophane in the garnet core and the increasing jadeite content in the omphacite up to the mantle, and (2) subsequent retrogression recorded from the mantle to the rim.

P-T conditions

Garnet crystallization started during the prograde stage as suggested by the presence of glaucophane and omphacite with low jadeite content. Garnet- [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF]. Concentrations are normalized to primitive mantle concentrations [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF].

omphacite thermometry [START_REF] Ravna | The garnet -clinopyroxene Fe2 + -Mg geothermometer : an updated calibration[END_REF] and garnet-omphacite-phengite geobarometry [START_REF] Waters | The Garnet-Cpx-Phengite barometer. Recommended calibration and calculation method[END_REF][START_REF] Waters | Geobarometry of phengite-bearing eclogites[END_REF] indicate P-T conditions for crystallization of the garnet core at 450±50 • C and 17±2 kbar (Fig. 3.1.11). The maximum jadeite content (Jd 35 ) in omphacite is observed for inclusions located close to the quartz corona. This suggests that this part of the grain crystallized at peak pressure conditions. The quartz inclusions in the corona may be explained by excess of Si in the bulk composition at this stage. The absence of phengite in equilibrium with this omphacite prevents the use of garnet-omphacite-phengite geobarometery. Garnet-omphacite thermometry [START_REF] Ravna | The garnet -clinopyroxene Fe2 + -Mg geothermometer : an updated calibration[END_REF], considering previous pressure estimates of Simonov et al. (2008) (23-25 kbar) and Hegner et al. (2010) (18-24 kbar), indicates temperatures of 505 • C and 535 • C for pressure of 18 and 25 kbar,respectively (Fig. 3.1.11). Zr-in-rutile thermometry [START_REF] Ferry | New thermodynamic models and revised calibrations for the Tiin-zircon and Zr-in-rutile thermometers[END_REF] indicates temperatures of 510±25 • C (table 3.1.5). The radial fractures around quartz are ascribed to decompression of a more compact pseudomorph of quartz at the proximity of the quartz-coesite transition. This suggests minimum pressure conditions of 18 kbar [START_REF] Wendt | Radial cracks around a-quartz inclusions in almandine : constraints on the metamorphic history of the Oman mountains[END_REF]. These P-T conditions for the pressure peak are in agreement with the minimal pressure estimates from previous studies (Hegner et al., 2010;Simonov et al., 2008) (Fig. 3.1.11).

The garnet rim crystallized during the retrograde stage. This rim is texturally in equilibrium with omphacite in the matrix. This omphacite has a jadeite content of 25 mole percent, which suggests a minimum pressure of 9.5 kbar and 11 kbar for 400 • C and 500 • C, respectively [START_REF] Holland | The experimental determination of activities in disordered and short-range ordered jadeitic pyroxenes[END_REF]. Garnet-omphacite thermometry [START_REF] Ravna | The garnet -clinopyroxene Fe2 + -Mg geothermometer : an updated calibration[END_REF] indicates temperatures of 425 • C to 450 • C for pressures between 9.5 kbar and 15 kbar. This temperature range is consistent with exhumation along a cold geothermal gradient at the transition between greenschist and blueschist facies conditions. 

P-T conditions

Garnet -omphacite thermometry [START_REF] Ravna | The garnet -clinopyroxene Fe2 + -Mg geothermometer : an updated calibration[END_REF] and garnet -omphacite -phengite geobarometry [START_REF] Waters | The Garnet-Cpx-Phengite barometer. Recommended calibration and calculation method[END_REF][START_REF] Waters | Geobarometry of phengite-bearing eclogites[END_REF] indicate pressure conditions ranging from 19.8 kbar to 21 kbar and temperatures from 450 • C to 480 • C. Thermobarometry investigations were performed using phengite with the highest Sicontent. The P-T range results from the heterogeneities of jadeite content in omphacite. P-T conditions suggest that metasediments underwent similar pressure conditions as mafic eclogites (20-21 kbar). However, the temperatures are slightly lower, ranging between 450-480 • C for metasediments and 505-535 • C for mafic eclogites. Following (Lanari et al., 2013) we can assume an error linked to the microprobe uncertainty of ±20 • C on temperature. The real uncertainty, considering also the error on the thermodynamic data, is probably higher at ±50 • C. In both cases, the temperature estimates obtained from metasediments and mafic eclogites are in good agreement. [START_REF] Rolland | Constraining deformation stages in brittleductile shear zones from combined field mapping and 40 Ar/ 39 Ar dating: the structural evolution of the Grimsel Pass area (Aar massif, Swiss Alps)[END_REF][START_REF] Schwartz | La zone piémontaise des Alpes occidentales : un paléo-complexe de subduction. Arguments métamorphiques, géochronologiques et structuraux[END_REF]located on Fig. 3a). For pyroxene Fe 3+ was estimated using the proportion of acmite end-member. For glaucophane Fe 3+ estimated using the method of [START_REF] Holland | Non-ideal interactions in calcic amphiboles and their bearing on amphibole-plagioclase thermometry[END_REF] Figs. 3.1.10e,3.1.10f). This texture indicates that they are pseudomorphs resulting from the destabilization of omphacite (Fig. 3.1.10e). Millimetric garnet grains are partially retrogressed into chlorite (Fig. 3.1.10f). Except for phengite, there is no remnant of a high-pressure assemblage in these samples. The secondary albite porphyroblasts suggest that the sample underwent high-pressure conditions before an intense and pervasive retrogression at lower P-T conditions. Furthermore, phengite has a high Si-content (3.35 to 3.50 p.f.u. to the west of the range and 3.30 to 3.45 p.f.u. to the east) indicative of HP conditions. These compositions are similar to those measured by Hegner et al. (2010) for a paragneiss sampled in the Kembel River. Another feature suggesting that gneisses underwent HP conditions is the shear zone at the upper boundary of the continental unit. This shear zone contains strongly deformed serpentinites with clino-and orthopyroxenes porphyroclasts. This argues for an upper plate mantle lithosphere origin for these ultramafic rocks (Fig. 3.1.10g).

P-T conditions

In order to determine the P-T conditions of paragneisses, a pseudosection was calculated in the NCKFMASTiHO system with Theriak-Domino (De Capitani et Petrakakis, 2010) using the thermodynamic database of (Berman, 1988) and subsequent updates (JUN92.bs) (Fig. 3.1.12). The effective bulk composition of the sample KG-12-74 (measured by ICP-MS) was used. Si-content in p.f.u. and XMg (Mg/Mg+Fe) in phengite isopleths were calculated. In addition, phengite + quartz + H2O equilibria have been calculated for individual EPMA point analyses (Table 3.1.4) [START_REF] Dubacq | Dehydration of dioctahedral aluminous phyllosilicates : thermodynamic modelling and implications for thermobarometric estimates[END_REF]. This method can be used to estimate P-T conditions of crystallization of K-white mica in various environments (e.g. [START_REF] Cantarero | Long-term fluid circulation in extensional faults in the central Catalan Coastal Ranges : P-T constraints from neoformed chlorite and K-white mica[END_REF]Lanari et al., 2012Lanari et al., , 2014a)). Si-content and XMg isopleths with phengite + quartz + H2O equilibria intersect at 525±50 • C and 19±2.5 kbar. In the different assemblages corresponding to these conditions, omphacite, white mica and garnet are predicted to be stable. Garnet and white mica are preserved during the subsequent retrogression. However, garnet is partially replaced by chlorite and omphacite is not preserved during the retrogression stages. Omphacite reacts with quartz to form a secondary albite following the reaction jadeite + quartz → albite. The occurrence of clinozoisite in the gneisses indicates a retrograde stage near 420 • C and 10 kbar in the stability field of clinozoisite and albite (Fig. 3.1.12). Consequently, this P-T path is similar to that of the mafic eclogite from the sedimentary mélange (see 3.1.4.2). Simonov et al. (2008) and Hegner et al. (2010) for Atbashi and of [START_REF] Tian | Metamorphism of ultrahigh-pressure eclogites from the Kebuerte Valley, South Tianshan, NW China : phase equilibria and P-T path[END_REF] and [START_REF] Klemd | New Age Constraints on the Metamorphic Evolution of the High-Pressure / Low-Temperature Belt in the Western Tianshan Mountains , NW China[END_REF] for Chinese South Tien Shan (gray lines). Facies grid is after [START_REF] Evans | Phase relations of epidote-blueschists[END_REF]. Facies abbreviations : GS, greenschist ; A, amphibolite ; LBS, lawsonite blueschist ; EBS, epidote blueschist ; E, eclogite. albite (Ab) = jadeite 20 (Jd) + quartz (Qtz) reaction is after [START_REF] Holland | The reaction albite = jadeite + quartz determined experimentally in the range 600-1200[END_REF]. Quartz (Qtz) -coesite (Coe) reaction is after [START_REF] Bohlen | The quartz = coesite transformation : A precise determination and the effects of other components[END_REF] conditions indicates either fast exhumation, at least faster than the metamorphic reactions kinetics and/or an absence of circulating metamorphic fluids. The similarity between mafic eclogite and gneiss P-T paths suggests a rapid exhumation for the continental unit as well. The strong retrogression in the gneisses is ascribed to a high fluid/rock ratio due to the sedimentary origin of the gneisses. This rapid exhumation is also represented by within error Sm/Nd and 40 Ar/ 39 Ar ages of 319-316 Ma on mafic eclogites (Hegner et al., 2010). These ages represent cooling from the peak temperature, since the closure temperature of the Sm/Nd system is around ∼600 • C [START_REF] Mezger | Closure temperatures of the Sm-Nd system in metamorphic garnets[END_REF], to ∼380 • C [START_REF] Hames | An empirical evaluation of the argon diffusion geometry in muscovite[END_REF][START_REF] Robbins | Radiogenic argon diffusion in muscovite under hydrothermal conditions[END_REF]. This metamorphic evolution is very similar [START_REF] Rolland | Constraining deformation stages in brittleductile shear zones from combined field mapping and 40 Ar/ 39 Ar dating: the structural evolution of the Grimsel Pass area (Aar massif, Swiss Alps)[END_REF][START_REF] Schwartz | La zone piémontaise des Alpes occidentales : un paléo-complexe de subduction. Arguments métamorphiques, géochronologiques et structuraux[END_REF]located on Fig. 3a). Temperature is calculated using the calibration of [START_REF] Ferry | New thermodynamic models and revised calibrations for the Tiin-zircon and Zr-in-rutile thermometers[END_REF] to that obtained in the Western Chinese STS [START_REF] Tian | Metamorphism of ultrahigh-pressure eclogites from the Kebuerte Valley, South Tianshan, NW China : phase equilibria and P-T path[END_REF]. Although pressure and temperature estimates (up to 30 kbar and 550 • C) are slightly higher in China (Fig. 3.1.11) the U/Pb and 40 Ar/ 39 Ar ages are similar (c. 319-310 Ma) [START_REF] Klemd | New Age Constraints on the Metamorphic Evolution of the High-Pressure / Low-Temperature Belt in the Western Tianshan Mountains , NW China[END_REF][START_REF] Li | SIMS U-Pb rutile age of low-temperature eclogites from southwestern Chinese Tianshan, NW China[END_REF][START_REF] Su | U-Pb zircon geochronology of Tianshan eclogites in NW China : implication for the collision between the Yili and Tarim blocks of the southwestern[END_REF]. The minimum age for eclogite exhumation in Atbashi is provided by the occurrence of eclogite pebbles in conglomerates dated at c. 303-295 Ma [START_REF] Baslakunov | Two modes of occurrence of eclogites from the Atbashy Range, southern Tien-Shan, Kyrgyzstan[END_REF]. This implies an average exhumation rate > 3 mm.a-1 from peak HP conditions to the surface. New observations of a large continental thrust sheet, composed of HP gneisses, subducted to a similar depth as the oceanic crust in Atbashi is documented by the presence of mafic eclogites. This indicates that continental subduction occurred, similar to the Dora-Maira massif in the Western Alps [START_REF] Chopin | Coesite and pure pyrope in high-grade blueschists of the Western Alps : a first record and some consequences[END_REF]. A similar HP unit is described in an identical structural position in China. There coesite ?), in the system NKCFMASTiHO using Theriak-Domino software (De Capitani et Petrakakis, 2010) with the thermodynamic database of (Berman, 1988). Si-in-phengite (per formula unit) and XMg (Mg/(Fe+Mg)) of phengite isopleths are added as red dashed lines and blue dashed lines, respectively. The field of phengite + quartz + H2O equilibria is calculated with the method of [START_REF] Dubacq | Dehydration of dioctahedral aluminous phyllosilicates : thermodynamic modelling and implications for thermobarometric estimates[END_REF] has been described in continental schists hosting some mafic eclogites [START_REF] Lü | Petrology of HP metamorphic veins in coesite-bearing eclogite from western Tianshan, China : Fluid processes and elemental mobility during exhumation in a cold subduction zone[END_REF][START_REF] Yang | Petrology of coesite-bearing tourmaline-garnet-phengite schist from the Keburt Valley, western Tianshan, NW China[END_REF]. These data show that the HP units of the STS from Kyrgyzstan and China, although separated by 500 km, represent the same units with a similar geodynamic history and similar structural position. It is a very strong geological argument for the lateral cylindricity of the belt, and for the construction of crustal-scale cross-sections along STS, as these HP units must be present at depth all along the northern margin of Tarim.

Discussion

Crustal scale cross sections of STS Based on these data and new geological mapping, we propose a reinterpretation of the MANAS seismic profile [START_REF] Makarov | Underthrusting of Tarim beneath the Tien Shan and deep structure of their junction zone : Main results of seismic experiment along MANAS Profile Kashgar-Song-Köl[END_REF] along the Atbashi Range (Fig. 3.1.13a). In the original interpretation, some south verging reflectors are neglected in the northern half of the profile (see Fig. An overall positive flower-type structure is observed in the STS. The oppositely verging thrusts are separated by a sub-vertical strike-slip fault with possible left-lateral motion of Permian age [START_REF] Alekseev | The age and tectonic setting of volcanic and cherty sequences in the ophiolite complex of the Atbashe Ridge (Southern Tien Shan)[END_REF]Biske, 1995b) (Fig. 3.1.5i).

A second crustal-scale cross-section is drawn across the Pobeda Massif, between the Atbashi Range and the Chinese STS (Fig. 3.1.13b). There, the mountain belt is higher and narrower. We interpret this major difference as the result of a more focussed (i.e., less distributed) deformation. On the south side, three thrusts are observed on satellite images (Fig. 3.1.2), while the highest summit of the range (the Pobeda Peak, 7400 m) appears to be composed of Tarim Basement exposed in a narrow positive flower-structure. On the northern side, a similar top-to-north thrust sequence is suggested by geological mapping. However, the HP units are not exposed in this part of the belt. We propose that this absence results from a more significant Cenozoic offset along the north-verging faults, which has hidden these units. These units re-appear farther to the east in China. The narrow positive flower-structure could be explained by a strike-slip component, which has nevertheless not been found in the field.

Timing of deformations in the STS

The following history is proposed for the different faults :

(1) The north-verging thrust sequence is at least partly Carboniferous in age, as inferred from the pressure gap between HP units and unmetamorphosed ophiolites. Furthermore, Upper Carboniferous/Lower Permian conglomerates lie discordantly on this top-to-north thrust stack. This top-to-north motion is ascribed to the Tarim-Middle Tien Shan accretion or collision in Kyrgyzstan and to Central Tien Shan-Yili/North Tien Shan accretion in China (e.g. Charvet et al., 2007). At a regional scale, the story is simplified to the collision/accretion of the Tarim Block with the Kazakh continent. This episode occurred at c. 320-310 Ma, and is thus the last accretionary event of the CAOB.

(2) The vertical strike-slip fault separating the two opposite vergences domains is thought to have a main Late Paleozoic (Permian) activity [START_REF] Alekseev | The age and tectonic setting of volcanic and cherty sequences in the ophiolite complex of the Atbashe Ridge (Southern Tien Shan)[END_REF]. The left-lateral sense of shear would be consistent with the right-lateral sense of shear observed along the Talas-Fergana Fault [START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF].

(3) The south-vergent thrusts are thought to be mainly Cenozoic in age. They may have been initiated during the Late/Post-collisional Carboniferous history (Biske et Seltmann, 2010;[START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]. However, there is no significant offset on these faults, as argued by the absence of exhumed deep crustal levels. Thus, the major offset on these faults is Cenozoic, since the seismic profile shows significant thrusting of Paleozoic formations on the Tarim Basin [START_REF] Makarov | Underthrusting of Tarim beneath the Tien Shan and deep structure of their junction zone : Main results of seismic experiment along MANAS Profile Kashgar-Song-Köl[END_REF].

STS Ocean subduction polarity ?

One of the major issues considering the tectonic evolution of the STS is the polarity of the Central Tien Shan Ocean subduction (or Paleo Tien Shan Ocean). Diverse interpretations have been proposed :

• Several authors propose that there was north-dipping subduction below the Middle Tien Shan in Kyrgyzstan or below the Yili block in China (e.g. [START_REF] Allen | Palaeozoic collisional tectonics and magmatism of the Chinese Tien Shan, central Asia[END_REF]Biske, 1996;[START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF][START_REF] Han | Late Carboniferous collision between the Tarim and Kazakhstan-Yili terranes in the western segment of the South Tian Shan Orogen, Central Asia, and implications for the Northern Xinjiang, western China[END_REF]Hegner et al., 2010;[START_REF] Makarov | Underthrusting of Tarim beneath the Tien Shan and deep structure of their junction zone : Main results of seismic experiment along MANAS Profile Kashgar-Song-Köl[END_REF]Windley et al., 2007;[START_REF] Xiao | Paleozoic accretionary and collisional tectonics of the eastern Tianshan (China) : Implications for the continental growth of central Asia[END_REF][START_REF] Zhang | Triassic collision of western Tianshan orogenic belt, China : Evidence from SHRIMP U-Pb dating of zircon from HP/UHP eclogitic rocks[END_REF]. This model is based on (i) some top-to-south thrusts observed on the southern flank of the kSTS (e.g. Biske et Seltmann, 2010), (ii) asymmetric folds exhibiting top-to-south sense of shear [START_REF] Alekseev | The age and tectonic setting of volcanic and cherty sequences in the ophiolite complex of the Atbashe Ridge (Southern Tien Shan)[END_REF][START_REF] Porshnyakov | Geotectonics of the Tien Sahn and Pamirs regions[END_REF], and (iii) the absence of a volcanic arc in the kSTS (e.g. Tursungaziev et Petrov, 2008). However, this last argument is rather weak because in the Chinese Tien Shan, there is an Ordovician to early Devonian volcanic arc to the south of the cCTS suture [START_REF] Li | Electron microprobe monazite geochronological constraints on the Late Palaeozoic tectonothermal evolution in the Chinese Tianshan[END_REF][START_REF] Yang | Earlier Devonian active continental arc in Central Tianshan : Evidence of geochemical analyses and zircon SHRIMP dating on mylonitized granitic rocks (in Chinese with english abstract)[END_REF].

• Alternatively, other authors propose that there was south-dipping subduction (e.g. [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]Charvet et al., , 2007;;[START_REF] Lin | Palaeozoic tectonics of the south-western Chinese Tianshan : new insights from a structural study of the high-pressure/low-temperature metamorphic belt[END_REF][START_REF] Ma | The Paleozoic evolution of Central Tianshan : Geochemical and geochronological evidence[END_REF][START_REF] Zhao | Early Paleozoic magmatic record from the northern margin of the Tarim Craton : further insights on the evolution of the Central Asian Orogenic Belt[END_REF]. This latter interpretation is mainly based on the overall south-dipping structure and the Ordovician to early Devonian volcanic arc to the south of the cCTS suture [START_REF] Li | Electron microprobe monazite geochronological constraints on the Late Palaeozoic tectonothermal evolution in the Chinese Tianshan[END_REF][START_REF] Yang | Earlier Devonian active continental arc in Central Tianshan : Evidence of geochemical analyses and zircon SHRIMP dating on mylonitized granitic rocks (in Chinese with english abstract)[END_REF]. In this model, the Central Tien Shan Ocean was subducted southward beneath the cCTS from Ordovician to Late Devonian-Early Carboniferous. During the Ordovician, the cCTS was still part of the northern edge of the Tarim block. In the Late Silurian, this southward subduction lead to the opening of a back-arc basin (i.e. the South Tien Shan Ocean) separating the cCTS from the Tarim block (e.g. [START_REF] Wang | Paleozoic tectonics of the southern Chinese Tianshan : Insights from structural, chronological and geochemical studies of the Heiyingshan ophiolitic mélange (NW China)[END_REF]. This back-arc basin was subducted southward beneath the Tarim block from Devonian to Early Carboniferous times, generating arc volcanism on the northern edge of the Tarim block [START_REF] Jiang | Petrology and geochemistry of active continental margin intrusive rock belt on the northern margin of the Tarim (in Chinese with english abstract)[END_REF][START_REF] Ma | Zonation characteristics of gold mineralization in eastern part of southern Tianshan and prospect prognosis (in Chinese with english abstract)[END_REF][START_REF] Zhang | Cenozoic tectonic deformation and uplift of the South Tian Shan : Implications from magnetostratigraphy and balanced cross-section restoration of the Kuqa depression[END_REF].

On the basis of field investigations along the entire northern side of the Kyrgyz STS, we describe a coherent and continuous structure characterized by top-to-north thrusts. These thrusts are locally associated with top-to-south detachments where the HP units are exhumed (in Atbashi section) (Figs. 3.1.2,3.1.3). The formation of these structures is best explained by south-dipping subduction. If the subduction was top-to-north, the structure would have to be homogeneously tilted 90 • along strike from Atbashi to China, which is unlikely. The south-vergent thrusts located on the southern flank of the STS and on the northern edge of Tarim are mostly Cenozoic, which explains the double vergence of the mountain range. In Kyrgyzstan, unlike in China, there is no arc associated with this subduction, and no evidence for long-lasting subduction (ages of HP metamorphism range between c. 320-310 Ma). Thus it seems that the size of the oceanic basin was smaller to the west in Kyrgyzstan as compared to in China. Another interpretation, which may be complementary, is that the corresponding arc series are hidden below the Carboniferous sedimentary series and remain unexposed. This style of orogeny is similar to that of the Western Alps in the Oligocene. There, a similar succession of metamorphic units and the absence of a magmatic arc are observed, which could be due to the subduction of a narrow oceanic basin (e.g. [START_REF] Handy | Reconciling plate-tectonic reconstructions of Alpine Tethys with the geological-geophysical record of spreading and subduction in the Alps[END_REF]. A similar structure and metamorphic evolution as that of the STS is well reproduced by a thermo-mechanical model [START_REF] Vogt | From oceanic plateaus to allochthonous terranes : Numerical modelling[END_REF], which has been slightly modified to reflect the regional geology and is briefly described below. [START_REF] Vogt | From oceanic plateaus to allochthonous terranes : Numerical modelling[END_REF] model the subduction of a plateau or a small continental block separated from a major continental boundary by a small, ca. 500 km wide oceanic domain. In our regional setting, the small continental block should be connected to the Middle Tien Shan by a highly thinned or rifted continental margin. According to the numerical model of [START_REF] Vogt | From oceanic plateaus to allochthonous terranes : Numerical modelling[END_REF], subduction of the small continental block leads to exhumation of HP to UHP continental rocks and partial melting of the internal part of the mountain belt (Fig. 3. 1.14). This model broadly matches the geodynamic setting of the STS during Carboniferous times.

Geodynamic model for the Carboniferous tectonics of STS

During the first stage (Fig. 3. 1.14a, 3.1.14b), south-dipping oceanic subduction beneath the Tarim block initiated before c. 327 Ma, the oldest age of the HP metamorphism (Simonov et al., 2008). An accretionary prism containing low grade rocks and ophiolites is formed at the same time. Slab pull on the small continental block driven by the eclogitized oceanic crust leads to its subduction to mantle depth. Rapidly, the negative buoyancy of the subducting continent leads to slab breakoff, which induces asthenospheric upwelling, documented by granitic magmatism [START_REF] Song | Syncollisional tholeiitic magmatism induced by asthenosphere upwelling owing to slab detachment at the southern margin of the Central Asian Orogenic Belt[END_REF]. The lack of arc magmatism and of geochronological data for the prograde history of HP rocks does not allow constraining the age of subduction onset, thus it remains difficult to pinpoint this age. However [START_REF] Stern | To understand subduction initiation, study forearc crust : To understand forearc crust, study ophiolites[END_REF] suggest that at least 7 Ma are necessary for the complete transition from initial seafloor spreading to ongoing subduction. Considering that the oldest age of the HP metamorphism is 327 Ma, it suggests a minimal age of 334 Ma for the onset of subduction. Further the dated exhumed HP rocks are not necessarily the oldest and consequently this initiation age could be older.

Following slab breakoff, the eclogitized continental crust is uplifted and stacked at the base of the continental crust of the upper plate (Fig. 3.1.14c). In the case of the Tien Shan, this uplift could also be induced by the underthrusting of the thicker Middle Tien Shan units, and thus correspond to a transition from a subduction to a 'true' collision. In the external part, the eclogites are exhumed along a cold geothermal gradient and overthrust the low-grade accretionary prism. During this exhumation, deep parts of the accretionary prism and serpentinized mantle may be dragged up with the HP continen-tal unit [START_REF] Guillot | Exhumation Processes in Oceanic and Continental Subduction Contexts : A Review[END_REF], as observed in Atbashi. Eclogitized sedimentary mélange is found on the north side of the HP continental unit, while on the south side serpentinites limit a major detachment. The internal part is heated by the inflow of uprising asthenosphere. Consequently, the HP rocks exhibit a hot retrograde path in the granulite facies, documenting partial melting in the lower-intermediate crust. Finally, crust-mantle magmatic mixing results in uprising calc-alkaline granitic intrusions in the upper crust (Fig. 3.1.14d). In the model only 11 Ma are necessary from the peak metamorphism to exhumation of HP rocks. However the geological and geochronological constraints for the Atbashi eclogites suggest that the exhumation from the pressure peak to the surface lasted around 20 Ma, taking into account the dates of 319 Ma for the HP metamorphism (Hegner et al., 2010) and 295-303 Ma for the exhumation at the surface featured by conglomerates unconformably resting on the HP rocks [START_REF] Baslakunov | Two modes of occurrence of eclogites from the Atbashy Range, southern Tien-Shan, Kyrgyzstan[END_REF].

In summary, the geological constraints obtained for the STS are broadly consistent with the model of [START_REF] Vogt | From oceanic plateaus to allochthonous terranes : Numerical modelling[END_REF]. (i) The presence and the particular succession of geological units from north to south : an accretionary prism, an unmetamorphosed relic of oceanic crust (ophiolite), a first HP unit corresponding to the base of the accretionary prism (the eclogitized sedimentary mélange), and a second HP unit composed of continental eclogites, serpentinites, and calc-alkaline granites intruding the upper crust of the Tarim block. (ii) The overall south-dipping structure. (iii) Kinematics with both top-to-north thrusting and top-to-south detachment on the rims of the extruded HP continental unit. (iv) P-T-t paths of HP rocks, which remain cold in the external units. Following this model, the Pobeda granulites exhumed by the Cenozoic Pobeda Thrust might represent either the subducted crust which underwent partial melting in the internal part in Carboniferous or older basement corresponding to the Tarim block. Dating of the Pobeda granulites may help to distinguish between these two possibilities. Collision, indicated by this exhumation, would then have been the final event of the Central Asian Orogenic Belt's accretionary history. However the model is not consistent with the geochronological constraints which suggest that the time elapsed between the HP metamorphism and the exhumation of HP rocks is about two times longer than in the model (20 Ma for the STS, 11 Ma in the model). This discrepancy between observations and the numerical model could be explained by differences in the initial setting, for example in convergence velocity or in the size of the subducted block. Moreover the final exhumation age is a minimum age, provided by the conglomerates emplacement. Further thermochronological data are necessary to constrain the complete exhumation history and possibly highlight different exhumation stages. Thus this numerical model gives a general idea of mechanisms involved in the formation of the STS but further data and modelling will be necessary.

Conclusion

New field and petrologic investigations along the STS belt in Kyrgyzstan, together with regional-scale geological mapping and crustal-scale cross-sections allow us to corre- late the main faults and units from Kyrgyzstan to China at the scale of the STS belt. The overall structure corresponds to a doubly-vergent mountain belt, with major top-tonorth thrusts on the northern side and top-to-south thrusts on the southern side of the belt, separated by a sub-vertical contact. Towards the inner part of the STS belt in the Pobeda Massif, a push-up structure is exposed, cored by granulite-facies basement rocks thrust towards the north onto low-grade Devonian-Carboniferous schists. This basement may belong to the Tarim block or to crust granulitized during Carboniferous subduction. On the northern side of the STS, the low-grade Devonian-Carboniferous schists exhibit a tectonic contact with HP metamorphics in the Atbashi (Kyrgyzstan) and Kebuerte-Kekesu (China) areas. The two areas display identical structures as well as metamorphic histories which are consistent with a rapid metamorphic cycle during the accretion of the Tarim block with the CAOB at c. 320-310 Ma. In Atbashi, a north-verging nappe stack is found which we ascribe to different parts of a subduction prism emplaced on top of the presumed Middle Tien Shan gneissic basement. This subduction prism is made up of unmetamorphosed to eclogite-facies ophiolites. The P-T path of mafic eclogites is constrained by peak conditions of 510±25 • C using Zr-in-rutile thermometry at P> 18 kbar, and retrogression along a cold geothermal gradient at 425-450 • C and 9.5-15 kbar. P-T estimates on metasediments hosting mafic eclogite boudins provide similar estimates (450-480 • C, 19.8-21 kbar), in agreement with the presence of a sedimentary subduction channel extending down to mantle depths. These HP oceanic units are overthrust by a large unit of continental gneiss, which was also subducted to mantle depths in similar conditions (505±50 • C and 19±2.5 kbar), with a similar exhumation path (i.e. in cold conditions). The contact of this HP continental unit with the southern STS/probable margin of Tarim is a south-dipping detachment showing extensional top-to-south sense of shear. The contact is emphasized by stretched peridotites attributed to the upper plate lithosphere. The structural and metamorphic data are consistent with south-dipping subduction and subsequent subduction of an ultra-stretched continental margin belonging to the Middle Tien Shan. This evolution is broadly consistent with a published numerical model of [START_REF] Vogt | From oceanic plateaus to allochthonous terranes : Numerical modelling[END_REF]. The time span for this collision-accretion orogeny is at least 27 Ma between onset of subduction and final exhumation. Subsequent reactivation during Permian-Mesozoic times occurred mainly in a strike-slip regime featuring leftlateral motion localized in the centre of the STS. Later, during the Cenozoic, a flower structure developed through reactivation of former top-to-north Carboniferous thrusts to the north of STS and activation of the top-to-south thrusts in a fold-and-thrust belt propagating over the Tarim block, south of the STS.

ª Le massif d'Atbashi, constitue un paléo-prisme de subduction avec la présence de roches de HP-BT d'origine océanique (mélange sédimentaire de HP contenant des boudins d'éclogites océaniques) et continentale qui sont exhumées à la faveur de chevauchements à vergence nord et de détachements à vergence sud. Les éclogites océaniques et continentales ont subi des conditions de pression et de température similaires autour de 500 • C et 20 kbar. La structure du massif suggère une subduction à vergence sud de l'Océan Central Tien-Shan (aussi appelé Océan Turkestan, ou Océan Paléo-Asiatique) autour de 320 Ma qui s'est achevée avec la collision du craton du Tarim avec le microcontinent Kazakhstan. Ce massif peut être corrélé au massif de Kebuerte à l'ouest de la Chine où des roches de HP-BT similaires affleurent.

ª Le massif du Pobeda, à l'est du Kirghizistan, est constitué d'une unité continentale de haute-température et moyenne-pression exhumée le long d'un chevauchement majeur à vergence nord sur des sédiments de bas-degré. Ce massif représente des niveaux de croûte continentale intermédiaire du Tarim.

ª La structure générale actuelle de la chaîne est à double-vergence avec au nord des chevauchements à vergence nord hérités de la structuration Paléozoïque et réactivés au Cénozoïque et au sud des chevauchements à vergence sud, probablement formés au Cénozoïque durant la réactivation de la chaîne. ª Le but de cet article est donc de contraindre l'évolution métamorphique du massif d'Atbashi dans son ensemble afin de mieux comprendre l'étape d'accrétion entre le craton du Tarim et le microcontinent Kazakh. Pour cela un échantillonnage systématique de l'unité continentale de HP le long de plusieurs vallées transversales au massif a été effectué lors de plusieurs missions de terrain. Une étude détaillée pétrologique, géochimique et thermobarométrique a été mené sur chacun de ces échantillons afin de comparer les trajets P-T. En complément des datations 40 Ar/ 39 Ar sur des phengites de l'unité de HP continentale ont été effectuées pour contraindre temporellement l'exhumation de cette unité. De plus le prisme d'accrétion a été échantillonné régulièrement dans la vallée de Tash-Rabat à l'ouest du massif afin de mieux comprendre les relations entre les différentes unités de cette chaîne.

Article 3 -Evidence for short-lived and large-scale continental subduction-exhumation along

Introduction

Since the discovery of coesite in the Dora-Maira massif of the Western Alps attesting for the existence of continental subduction [START_REF] Chopin | Coesite and pure pyrope in high-grade blueschists of the Western Alps : a first record and some consequences[END_REF], high-pressure (HP) to ultra-high-pressure (UHP) continental rocks have been described in many orogens worldwide and through geological timescales from the Neoproterozoic in the Gourma massif in Mali [START_REF] Caby | Precambrian coesite from northern Mali : first record and implications for plate tectonics in the trans-Saharan segment of the Pan-African belt[END_REF] to the Pliocene in the d'Entrecasteaux island in Papua New Guinea [START_REF] Baldwin | Pliocene eclogite exhumation at plate tectonic rates in eastern Papua New Guinea[END_REF]. Continental subduction, emphasized by high-pressurelow-temperature (HP-LT) metamorphism of continental rocks, is an important step in the evolution of an orogeny as it marks the end of oceanic subduction and the onset of continental collision (e.g. [START_REF] Burov | Mechanisms of continental subduction and exhumation of HP and UHP rocks[END_REF][START_REF] Guillot | Reconstructing the total shortening history of the NW Himalaya[END_REF][START_REF] Hacker | Formation and exhumation of ultrahigh-pressure terranes[END_REF][START_REF] Warren | Modelling tectonic styles and ultrahigh pressure (UHP) rock exhumation during the transition from oceanic subduction to continental collision[END_REF]. However, all the exhumed HP/UHP continental terranes do not share the same characteristics, especially in terms of size and timing and duration of subduction and exhumation (e.g. [START_REF] De Sigoyer | Dating the Indian continental subduction and collisional thickening in the northwest Himalaya : Multichronology of the Tso Morari eclogites[END_REF][START_REF] Kylander-Clark | Slow exhumation of UHP terranes : titanite and rutile ages of the Western Gneiss Region, Norway[END_REF][START_REF] Mattinson | Age and duration of eclogite-facies metamorphism, North Qaidam HP/UHP terrane, Western China[END_REF][START_REF] Rubatto | Exhumation as fast as subduction ?[END_REF]. This diversity appears to reflect differences in continental subduction processes, with small terranes buried and exhumed in a short time-scale (<10 Ma) and large terranes formed over a long time-scale (40-50 Ma) [START_REF] Kylander-Clark | Size and exhumation rate of ultrahigh-pressure terranes linked to orogenic stage[END_REF]. Understanding the geodynamic evolution of a HP/UHP terrane thus requires constraining its size and timing of subduction and exhumation processes.

In the South Tien-Shan (STS) belt, in Central Asia, a continental HP unit was already described but details regarding the spatial extent and timing of metamorphism were missing [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. The STS results from the accretion/collision of the Tarim craton to the south with the Kazakh microcontinent to the north after the final closure of the Turkestan Ocean (also referred as Paleo-Asian or Central Tien-Shan Ocean) [START_REF] Biske | Late Paleozoic collision of the Tarimskiy and Kirghiz-Kazakh paleocontinents (English translation)[END_REF][START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]. This is one of the last accretion event recorded in the western part of the Central Asian Orogenic Belt (CAOB) (e.g. Windley et al., 2007) before the subduction jumped to the south of the Tarim craton with the closure of the Paleo-Tethys Ocean (e.g. [START_REF] Metcalfe | Gondwana dispersion and Asian accretion : Tectonic and palaeogeographic evolution of eastern Tethys[END_REF]. Constraining the timing of this event is thus of prime importance to understand the transition from subduction and accretion to collision tectonics in the CAOB. HP-LT metamorphism has been described along the STS suture zone in the Atbashi Range in Kyrgyzstan and in the Akeyazi area in western China (e.g [START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF]Hegner et al., 2010;[START_REF] Tagiri | Mineral parageneses and metamorphic PtT paths of ultrahigh-pressure eclogites from Kyrghyzstan Tien-Shan[END_REF][START_REF] Van Der Straaten | Blueschist-facies rehydration of eclogites (Tian Shan, NW-China) : Implications for fluid-rock interaction in the subduction channel[END_REF]Wang et al., 2010a). Both areas exhibit a HP sedimentary mélange with mafic eclogite boudins embedded in eclogitic metasediments. A wide range of ages has been proposed for the HP metamorphism from Late Devonian to Lower Permian (e.g. [START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF][START_REF] Gao | The 40Ar/39Ar age record of formation and uplift of the blueschists eclogites in the Western Tianshan Mountains[END_REF]Hegner et al., 2010;[START_REF] Klemd | New Age Constraints on the Metamorphic Evolution of the High-Pressure / Low-Temperature Belt in the Western Tianshan Mountains , NW China[END_REF][START_REF] Li | SIMS U-Pb rutile age of low-temperature eclogites from southwestern Chinese Tianshan, NW China[END_REF][START_REF] Shatsky | The age of eclogites of some metamorphic complexes of the USSR (in Russian). In Composition and processes of deep-seated zones of continental lithosphere[END_REF]Simonov et al., 2008;[START_REF] Su | U-Pb zircon geochronology of Tianshan eclogites in NW China : implication for the collision between the Yili and Tarim blocks of the southwestern[END_REF][START_REF] Tagiri | Mineral parageneses and metamorphic PtT paths of ultrahigh-pressure eclogites from Kyrghyzstan Tien-Shan[END_REF][START_REF] Udovkina | Eclogites of the USSR (in russian)[END_REF]. In the Atbashi Range, a continental HP unit overthrusts the HP sedimentary mélange (Hegner et al., 2010;[START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. The pressure-temperature (P-T) conditions undergone by the continental unit were estimated at 19 ± 2.5 kbar and 525 ± 50 • C from one sample [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. However it was still not clear what part of the range, which is 100 km long, recorded continental HP metamorphism, and a detailed study at regional scale was still missing.

Short-lived and large-scale continental subduction along South Tien-Shan

If metamorphic studies are generally focused on high-grade rocks, studying low-grade samples is of prime importance to have a global understanding of the geodynamic evolution of a HP range, including the accretionary prism dynamics and the exhumation processes (Lanari et al., 2012(Lanari et al., , 2014a)). The HP units of the Atbashi range are exhumed through an accretionary prism exhibiting both greenschist and blueschist facies rocks [START_REF] Jourdon | Upper Paleozoic tectonics in the Tien Shan (Central Asian Orogenic Belt) : insight from new structural data (Kyrgyzstan)[END_REF][START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. However, quantitative P-T conditions undergone by this low-grade unit have not been constrained so far. The aim of this paper is thus to investigate the global metamorphic history of the Atbashi Range by constraining ( 1) the Pressure-Temperature-time (P-T-t) path of the HP continental unit and (2) the P-T path(s) of the accretionary prism. These data might improve our understanding of processes leading to the accretion of the Kazakh microcontinent and the Tarim craton. To achieve this goal, samples from the HP continental unit were collected in different valleys all along the Atbashi Range (from the Tash-Rabat valley to the west to the Bach-Qaïyndy valley to the east, see Fig. 3.2.1). A detailed petrological, geochemical and thermobarometric study was conducted to compare the evolution of the P-T-t conditions across the range. 40 Ar/ 39 Ar dating on phengite from samples of the HP units brings new constraints on the exhumation processes occurring in the Atbashi Range. In addition, samples from the accretionary prism were collected in the Tash-Rabat valley, to better constrain the relationship between the different units of the range and the prism dynamics.

Geological setting

The Tien-Shan

The Tien-Shan Belt is located in the southwestern part of the CAOB and extends for more than 2000 km long from Uzbekistan to western China. It was formed during Paleozoic times, following amalgamation of several blocks (e.g. [START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF][START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]Sengör et Natalin, 1996b;[START_REF] Sengör | Evolution of the Altaids tectonic collage and Palaeozoic crustal growth in Eurasia[END_REF][START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF]Windley et al., 2007). During Cenozoic times, the belt was reactivated following the India-Asia collision resulting in the current high-relief (e.g. [START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan : Reactivated tectonic structures and active deformation[END_REF][START_REF] Molnar | Cenozoic Tectonics of Asia : Effects of a Continental Collision[END_REF]Sobel et al., 2006a). In Kyrgyzstan, the Tien-Shan belt is classically divided into three main units : the North, Middle and South Tien-Shan (NTS, MTS and STS respectively, Fig. 3.2.1a)(e.g. Bakirov et Maksumova, 2001;Nikolaev, 1933, see a discussion on main tectonic sutures in [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]). The NTS is itself an amalgamation of different continental fragments, island arcs and ophiolites that were accreted prior to the Middle Ordovician (e.g. Alexeiev et al., 2011;[START_REF] Kröner | Mesoproterozoic (Grenville-age) terranes in the Kyrgyz North Tianshan : Zircon ages and Nd-Hf isotopic constraints on the origin and evolution of basement blocks in the southern Central Asian Orogen[END_REF]Mikolaichuk et al., 1997). The Kyrgyz MTS constitutes the southern extremity of the 2000-km long Precambrian Ishim-Middle Tien Shan continent which extents up to northwestern Kazakhstan [START_REF] Avdeev | Ophiolites and Evolution of the Southwestern Part of the Ural-Mongolia Folded Belt[END_REF]. It was accreted to the NTS in Early Ordovician times following the closure of the Terksey Ocean [START_REF] Burtman | The Tien Shan Early Paleozoic tectonics and geodynamics[END_REF][START_REF] Lomize | The Kyrgyz-Terskey Paleoceanic Basin, Tien Shan[END_REF]Mikolaichuk et al., 1997). In the Late Carboniferous times, the Tarim craton was accreted to the MTS following the closure of the Turkestan Ocean resulting in the formation of the STS fold-and-thrust belt [START_REF] Biske | Late Paleozoic collision of the Tarimskiy and Kirghiz-Kazakh paleocontinents (English translation)[END_REF]Hegner et al., 2010). Structural evidences along the STS suture suggest that the subduction of the Turkestan Ocean was probably south-dipping (e.g. [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF][START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF] although other models propose a north-dipping subduction mainly based on the current structure of South Tien Shan belt, which is featured by a top-to-the-South thrust front over the Tarim basin (e.g. [START_REF] Makarov | Underthrusting of Tarim beneath the Tien Shan and deep structure of their junction zone : Main results of seismic experiment along MANAS Profile Kashgar-Song-Köl[END_REF][START_REF] Windley | Paleozoic accretion and Cenozoic redeformation of the Chinese Tien Shan Range, central Asia[END_REF]. From Late Carboniferous to Permian times (312-250 Ma), the post-collisional history was marked by a transition toward a transcurrent tectonic regime throughout the CAOB, accommodating rotations of different blocks in the Tien-Shan with respect to Siberia and Tarim [START_REF] Allen | Fault reactivation in the Junggar region , northwest China : the role of basement structures during Mesozoic -Cenozoic compression[END_REF][START_REF] Allen | Palaeozoic collisional tectonics and magmatism of the Chinese Tien Shan, central Asia[END_REF]Laurent-Charvet et al., 2003;[START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF]Wang et al., 2007a). Coeval with these wrench tectonics, an intense intracontinental magmatism affected the Tien-Shan Belt and the northern margin of the Tarim craton.

The Atbashi range

The Atbashi Range is located in the STS, to the east of the Talas-Fergana fault. It extends on more than 125 km along the STS suture zone (Fig. 3.2.1a). To the north, the range is thrusted over the Atbashi Basin along a Cenozoic thrust (Tursungaziev et Petrov, 2008).

Geological units

The Atbashi Range constitutes a paleo-subduction prism represented by different structural units described from north to south along the Ak-Talaa Valley (Fig. 3.2.1b,3.2.1c) [START_REF] Alekseev | The age and tectonic setting of volcanic and cherty sequences in the ophiolite complex of the Atbashe Ridge (Southern Tien Shan)[END_REF]; [START_REF] Bakirov | Tectonic position of metamorphic complexes in Tianshan (in russian)[END_REF]; [START_REF] Bakirov | Eclogite-bearing metamorphic complexes as indicator of the ancient continent collision zone (in russian). In Precambrian and lower paleozoic of Tianshan[END_REF]; [START_REF] Biske | Hercynides of the Atbashi-Kokshaal region ou the Southern Tian-Shan (in russian)[END_REF]; Hegner et al. (2010); [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF] :

• A paleo-accretionary prism, composed of metapelites and calcschists locally including lenses of metabasites, is overthrusted on the MTS sedimentary series.

• A dismembered ophiolite composed of pillow-basalts, flaser gabbros, plagiogranites, serpentinites and cherts constitutes a fragment of the oceanic lithosphere overthrusted toward the north onto the accretionary prism. Conodonts in cherty sequences constrained the age of the ophiolite as Early to Late Devonian (Pragian to Famennian) [START_REF] Alekseev | The age and tectonic setting of volcanic and cherty sequences in the ophiolite complex of the Atbashe Ridge (Southern Tien Shan)[END_REF] • An eclogitic sedimentary mélange containing decameter-scale mafic eclogite boudins was overthrusted onto the ophiolite, in the Ak-Talaa area. This unit is interpreted as the deepest part of the subduction prism [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF] • A continental unit, made of micaschists and paragneisses underwent eclogite facies metamorphism. In the Ak-Talaa area, this unit is overthrusted onto the eclogitic sedimentary mélange whereas in other places it is overthrusted onto the MTS sedimentary series. To the top, this unit is bounded by a detachment underlined by strongly deformed mafic rocks [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF].

• The accretionary prism unit is also in contact with the continental HP unit by a normal fault all along the Atbashi Range. This unit is found in the lowest structural position in the Ak-Talaa area (Fig. 3.2.1b,3.2.1c). This unit underwent greenschist to blueschist facies metamorphism and an intense polyphased deformation resulting in folding and development of a NE-SW schistosity dipping toward the north or south [START_REF] Jourdon | Upper Paleozoic tectonics in the Tien Shan (Central Asian Orogenic Belt) : insight from new structural data (Kyrgyzstan)[END_REF]. In the Tash-Rabat valley, the accretionary prism unit shows heterogeneous metamorphic conditions as suggested by the presence of both blueschist and greenschist facies rocks.

• The upper unit is constituted by low-grade to unmetamorphosed sediments, Silurian to Devonian in age (based on the occurrence of Tabulata corals), mainly made of limestones, shales, and sandstones [START_REF] Biske | Hercynides of the Atbashi-Kokshaal region ou the Southern Tian-Shan (in russian)[END_REF]. In some places, as in the Tash-Rabat Valley, the limestones are metamorphosed, as suggested by the presence of marbles, but metamorphic conditions are unconstrained.

Metamorphic conditions and geochronology

Mafic eclogite boudins (garnet-omphacite) cropping out in the Ak-Talaa area, have been the focus of several studies (e.g Hegner et al., 2010;[START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]Simonov et al., 2008;[START_REF] Tagiri | Mineral parageneses and metamorphic PtT paths of ultrahigh-pressure eclogites from Kyrghyzstan Tien-Shan[END_REF]. These fragments of mafic eclogites are derived from an oceanic crust with N-MORB and plateau basalt protolith (Simonov et al., 2008). The P-T conditions underwent by the mafic eclogites were estimated at 20-25 kbar and 500-570 • C (e.g Hegner et al., 2010;[START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]Simonov et al., 2008;[START_REF] Tagiri | Mineral parageneses and metamorphic PtT paths of ultrahigh-pressure eclogites from Kyrghyzstan Tien-Shan[END_REF].. [START_REF] Udovkina | Eclogites of the USSR (in russian)[END_REF] et al., 2015). This difference in temperature could either reflect a different timing of equilibration along the same P-T loop or a slightly different P-T trajectory. The P-T conditions for the HP continental unit were estimated from a sample east of the Atbashi Range (Bash-Qaïyndy valley, Fig. 

Petrography

Sampling and analytical strategy

To provide a most complete sample dataset, samples of the continental HP unit were collected in different valleys crosscutting the Atbashi Range (from west to east) : Tash-Rabat, Orto-Keltebek, Ak-Talaa and Bach-Qaïyndy (Fig. 3.2.1b,Table 3.2.1). This regular sampling all along the Atbashi Range was done in order to constrain the P-T conditions and age of HP metamorphism at the regional scale. Different samples along the accretionary prism unit were collected in the Tash-Rabat valley, where both greenschist and blueschist facies rocks are found (see previous section), in order to highlight jumps in metamorphic conditions to distinguish between possible sub-units (Fig. 3.2.1b, Table 3.2.1).

Mineral compositions of the different studied lithologies were acquired using a JEOL JXA-8230 EPMA at ISTerre institute in Grenoble Alpes University. All measurements were acquired in wavelength-dispersive mode with the following setup : 15 KeV accelerating voltage, 12 nA specimen current, 20 to 40 s counting time depending on the elements and half-time of background measurement. Oxide weight percent compositions were calculated using the CITZAF correction and the following standards : wollastonite (SiO 2 , CaO), TiO 2 , Al 2 O 3 , Fe 2 O 3 , MgO, albite (Na 2 O) and orthoclase (K 2 O). The representative mineral compositions are reported in tables 3.2.2-3.2.6.

HP continental unit

Lithologies of the HP continental unit vary between paragneiss (Fig. 3.2.2b,3.2.2b,and 3.2.3d,3.2.3e,3.2.3f),micaschist (Fig. 3.2.2a,3.2.2d,and 3.2.3b,3.2.3b) and locally quartzite (Fig. 3.2.3a). The mineralogy of these rocks looks fairly uniform all over the unit. They have a fine to very fine-grained texture (Fig. 3.2.3). During metamorphism, all lithologies were intensely deformed, underlined by numerous stages of overprinting folds and penetrative foliations, although it is more obviously visible in the mica-rich lithologies (Fig. 3.2.2, 3.2.3). All the samples contain quartz + albite + phengite + chlorite ± titanite. Clinozoisite and calcite are found in all lithologies excepted in the quartzite. Some paragneisses contain fractured garnet porphyroblasts, which are subidioblastic to xenoblastic and 0.2 to 1 mm in size (Fig. 3.2.3d, 3.2.3f). Garnet is almandine in composition (Alm 60-64 -Grs 22-28 -Sps 5-15 -Prp 2-4 ) (Table 3.2.2). Chlorite replaced garnet at the grains rim and sometimes totally, resulting in garnet pseudomorphs (Fig. 3.2.3d). In both paragneiss and quartzite, phengite is idioblastic to subidioblastic and 0.3 to 3 mm in length (Fig. 3.2.3a,3.2.3d,3.2.3e,3.2.3f) whereas in micaschist, it occurs as 0.1 to 1 mm long flakes, depending on the deformation intensity (Fig. 33.2.3b,3.2.3c). Phengite composition shows variation along the muscovite-celadonite joint with a pyrophyllite content systematically lower than 10% (Fig. 3.2.4, Table 3.2.3). The Si 4+ content of phengite ranges between 3.16 and 3.55 atoms per formula unit (p.f.u). Chlorite occurs either in aggregates in paragneiss and quartzite (Fig. 3.2.3a,3.2.3b,3.2.3c) or more alternating with phengite along the foliated beds in micaschist (Fig. 3.2.3c). Chlorite has an intermediate composition between daphnite, clinochlore and amesite end-members (Table 3.2.4). Chlorite Al IV content ranges between 1.20 and 1.46 p.f.u.. Plagioclase is a pure albite, which occurs as millimetric to pluri-millimetric porphyroblasts (Fig. 3.2.2a,3.2.2b) containing inclusions of phengite, chlorite and zoisite (Fig. 3.2.3b,3.2.3c). In micaschists, these inclusions are oriented along the same plane as the matrix foliation indicating that albite is post-kinematic. Moreover the texture of albite, which occurs as large grains at sample scale, is in agreement with the pseudomorphosis of jadeite (Fig. 3.2.2a, [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. Paragneisses contain intensely folded quartz veins (Fig. 3.2.2b,3.2.2c).

Accretionary prism

The accretionary prism unit is composed of micaschists and calcschists with occurrences of metabasite lenses [START_REF] Jourdon | Upper Paleozoic tectonics in the Tien Shan (Central Asian Orogenic Belt) : insight from new structural data (Kyrgyzstan)[END_REF][START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. These schists underwent greenschist facies metamorphism, with maximal temperature around 340 • C [START_REF] Jourdon | Upper Paleozoic tectonics in the Tien Shan (Central Asian Orogenic Belt) : insight from new structural data (Kyrgyzstan)[END_REF]. White mica and chlorite were analyzed for thermobarometric investigations (KG-14-64/66/58). In all samples, white micas show Si contents ranging from 3.1 to 3.5 p.f.u. and are interlayer-deficient with vacancies on site A comprised 3.2.4). Al IV content ranges from 0.84 to 1.20 p.f.u.. In the Tash-Rabat valley, west of the Atbashi Range (Fig. 3.2.1b), evidences of blueschist facies metamorphism are found in the accretionary prism (Fig. 3.2.5) [START_REF] Jourdon | Upper Paleozoic tectonics in the Tien Shan (Central Asian Orogenic Belt) : insight from new structural data (Kyrgyzstan)[END_REF]. This unit is composed of conglomerates (Fig. 3.2.5a,3.2.5b,3.2.5c) and slates (Fig.

3.2.5d

). Conglomerates contain mainly metabasite pebbles, which are sometimes elongated (Fig. 3.2.5b) in a fine-grained silicic matrix and contain occasionally deformed marble pebbles (Fig. 3.2.5c). The slates show a fine bedding with alternations of blueish and greenish beds (Fig. 3.2.5b). These textural characteristics suggest a volcano-sedimentary origin for this blueschist unit. The metabasite pebbles of blueschist have a fine to very fine grained texture and contain amphibole + albite ± clinopyroxene ± epidote ± calcite ± quartz ± chlorite ± titanite (Fig. 3.2.6a, 3.2.6b). The matrix is very fine grained and contains mainly epidote + albite + clinopyroxene + amphibole ± titanite (Fig. 3.2.6c). The slates have a very fine grained texture and a mineralogical composition similar to the conglomerates matrix with alternations of chlorite + epidote beds with albite + amphibole + chlorite + clinopyroxene ± quartz beds (Fig. 3.2.6d,3.2.6e,3.2.6f). Some calcite veins crosscut the slates. Amphiboles grains in the blueschists are green, blue or have an intermediate color. This reflects a wide range in compositions from alkaline to calcic amphiboles (Fig. 3.2.7, Table 3.2.5). Following the classification of [START_REF] Leake | Nomenclature of amphiboles[END_REF], the alkaline amphibole (blue amphibole) has a magnesio-riebeckite composition, the sodic-calcic amphibole has a winchite composition and the more calcic amphibole (green amphibole), an actinolite composition. Despite these variations in Na and Ca contents, all the grains have a (Na+K) A < 0.5 p.f.u. and a Mg/(Mg+Fe 2+ ) ratio (XMg) between 0.5 and 0.9. Clinopyroxene occurs as 0.2 to 0.5 mm grains, which have an augite composition (Table 3.2.6). Clinopyroxene fractures are filled by blue amphibole and sealed by green amphibole around the grains. These textural relations suggest that clinopyroxene is a primary mineral, which underwent blueschist facies metamorphism followed by greenschist facies metamorphism during retrogression. Epidote occurs as small grains, 5-10 µm in size and has a composition of Ep 80 -Czo 20 (Table 3.2.6).

Geochemical analyses

Fresh samples of micaschist and paragneiss were crushed and powdered in an agate mill. Bulk-rock analyses were performed at the CRPG of Nancy (France) following the procedure of [START_REF] Carignan | Routine Analyses of Trace Elements in Geological Samples using Flow Injection and Low Pressure On-Line Liquid Chromatography Coupled to ICP-MS : A Study of Geochemical Reference Materials BR, DR-N, UB-N, AN-G and GH[END_REF]. Major-element concentrations were obtained by ICP-OES analyses and trace-element concentrations were obtained by ICP-MS analyses (Table 3.2.7). Samples of the continental HP unit are SiO 2 rich (58-67 wt. %) and have a relatively low K 2 O content (1-3 wt.%). Their composition in major elements is represented on a ACF diagram (Fig. 3.2.8a). All the samples plot near the "A" pole, indicating that they are 

Thermobarometry

Methods

Raman spectroscopy on carbonaceous material During regional metamorphic processes, the organic matter, which is a common component of metasedimentary rocks, [START_REF] Holland | Non-ideal interactions in calcic amphiboles and their bearing on amphibole-plagioclase thermometry[END_REF].

Accretionary prism (blueschist)

Na-amphibole Na-Ca amphibole Ca-Amphibole is progressively transformed into graphite [START_REF] Beyssac | Graphitization in a high-pressure, low-temperature metamorphic gradient : a Raman microspectroscopy and HRTEM study[END_REF]. The degree of organization of this carbonaceous material, which can be determined by Raman spectroscopy, depends on the temperature (Beyssac et al., 2002a;[START_REF] Wopenka | Structural characterization of kerogens to granulite-facies graphite : applicability of Raman microprobe spectroscopy[END_REF]. The graphitization is an irreversible process so that the degree of organization of carbonaceous material is not affected by retrogression and consequently reflects the maximum temperature of metamorphism (Beyssac et al., 2002a). Beyssac et al. (2002a) showed that the relative area of the defect band of the carbonaceous material Raman spectra (R2 parameter) is controlled by temperature following the relation :

T ( • C) = -445R2 + 641
This relation was calibrated for temperatures between 330 • C and 640 • C. The accuracy on the obtained temperature is ±50 • C due to uncertainties on petrologic data used for calibration but the relative uncertainties are lower, around 10-15 • C [START_REF] Beyssac | Thermal metamorphism in the lesser Himalaya of Nepal determined from Raman spectroscopy of carbonaceous material[END_REF]. Raman spectra of carbonaceous material (RSCM) were obtained with a Renishaw In-VIA Reflex microspectrometer with a 514-nm argon laser at IMPMC (Université Pierre et Marie Curie, Paris). The laser power at the surface was set to around 1mW and was focused on the sample using a DMLM Leica microscope with a 100x magnification ob- jective (NA=0.85). The Rayleigh diffusion was eliminated by edge filters and dispersed using a 1800 gr/mm grating to be analyzed by a Peltier cooled RENCAM CCD detector. The Raman spectrometer was calibrated with a silicon standard. Spectra were processed following the procedure of [START_REF] Beyssac | On the characterization of disordered and heterogeneous carbonaceous materials by Raman spectroscopy[END_REF] with the PeakFit c software. This method has been widely used to constrain the maximal temperature conditions of metamorphism for rock lacking of index minerals (e.g. [START_REF] Angiboust | The Zermatt-Saas ophiolite : the largest (60-km wide) and deepest ( c. 70-80 km) continuous slice of oceanic lithosphere detached from a subduction zone ?[END_REF][START_REF] Beyssac | Thermal metamorphism in the lesser Himalaya of Nepal determined from Raman spectroscopy of carbonaceous material[END_REF][START_REF] Beyssac | Late Cenozoic metamorphic evolution and exhumation of Taiwan[END_REF][START_REF] Meyer | Subduction and exhumation mechanisms of ultra-high and high-pressure oceanic and continental crust at Makbal (Tianshan, Kazakhstan and Kyrgyzstan)[END_REF][START_REF] Plunder | Geodynamics of the Tavşanlı zone, western Turkey : Insights into subduction/obduction processes[END_REF][START_REF] Riel | Metamorphic and geochronogical study of the Triassic El Oro metamorphic complex, Ecuador : Implications for high-temperature metamorphism in a forearc zone[END_REF][START_REF] Vitale Brovarone | Stacking and metamorphism of continuous segments of subducted lithosphere in a highpressure wedge : The example of Alpine Corsica (France)[END_REF]. Measurements were done following the procedure of Beyssac et al. (2002a[START_REF] Beyssac | On the characterization of disordered and heterogeneous carbonaceous materials by Raman spectroscopy[END_REF], on polished thin sections and carbonaceous material was analyzed behind a transparent mineral (e.g. quartz) to avoid damages of thin-section polishing. Because the studied samples are metasedimentary rocks, it is important to ensure that the analyzed carbonaceous material has not a detritic origin. Therefore 15 to 30 spectra were generally acquired for each sample to test the homogeneity of Raman spectra shape (n in Table 3.2.8). We applied this method to samples from the HP continental unit and from the accretionary prism.

Phengite-quartz-water equilibria

The Si content of K-white micas depends on the Tschermak (Si,(Mg 2+ ,Fe 2+ )↔Al IV , Al V I ) and pyrophyllitic (Si, ↔ Al IV , K) substitu- tions. The Tschermak substitution is responsible for increasing Si with increasing pressure [START_REF] Massonne | Phengite geobarometry based on the limiting assemblage with K-feldspar, phlogopite, and quartz[END_REF] whereas the pyrophyllitic substitution is responsible for increasing Si in tetrahedral sites and vacancies in interlayers with decreasing temperature [START_REF] Bishop | Variation in sericite compositions from fracture zones within the Coso Hot Springs geothermal system[END_REF]. The vacant sites resulting from the pyrophyllitic substitution are partially hydrated. [START_REF] Dubacq | Dehydration of dioctahedral aluminous phyllosilicates : thermodynamic modelling and implications for thermobarometric estimates[END_REF] proposed a solid-solution model for K-white mica accounting for these substitutions considering the following end-members : celadonite, pyrophyllite, pyrophyllite•1H2O, muscovite and biotite. The P-T conditions for equilibrium of quartz + water + mica depends on the end-members activity (i.e. the mica composition) and on the interlayer water content (i.e. the pyrophyllite•1H2O proportion) and can be calculated from the following three equilibria :

3 Celadonite + 2 P yrophyllite ↔ 2 M uscovite + 1 Biotite + 11 Quartz + 2 H 2 O 3 Celadonite + 2 P yrophyllite • 1H 2 O ↔ 2 M uscovite + 1 Biotite + 11 Quartz + 3 H 2 O 1 P yrophyllite • 1H 2 O ↔ 1 P yrophyllite + 1 H 2 0
For a given composition of mica, a mica-quartz-water equilibrium line can be drawn in the P-T space with interlayer water content varying along this line [START_REF] Dubacq | Dehydration of dioctahedral aluminous phyllosilicates : thermodynamic modelling and implications for thermobarometric estimates[END_REF].

The pressure conditions of equilibria can then be determined at temperatures fixed by an independent thermometer for the same metamorphic stage such as the chlorite-quartzwater thermometer or RSCM thermometry (e.g. [START_REF] Cantarero | Long-term fluid circulation in extensional faults in the central Catalan Coastal Ranges : P-T constraints from neoformed chlorite and K-white mica[END_REF]Lanari et al., 2012). Mica-quartz-water equilibria lines were calculated from the analyses of phengite from HP continental unit and accretionary prism samples (Fig. 3.2.10). Chlorite-quartz-water equilibria The Al IV and vacancy content of chlorite depends on the Tschermak (Si,(Mg 2+ ,Fe 2+ ) ↔ Al IV ,Al V I ) and di-trioctahedral (Mg 2+ +Fe 2+ ) 3 ↔ , A V I 2 ) substitutions, respectively. The Tschermak substitution is responsible for increasing Al IV with increasing grade of metamorphism whereas the di-trioctahedral substitution is responsible for increasing vacancies with decreasing temperature (e.g. [START_REF] Cathelineau | A chlorite solid solution geothermometer the Los Azufres (Mexico) geothermal system[END_REF][START_REF] Vidal | A thermodynamic model for Fe-Mg aluminous chlorite using data from phase equilibrium experiments and natural pelitic assemblages in the 100-600 • C, 1-25 kbar P-T range[END_REF]. [START_REF] Vidal | P-Tdeformation-Fe3+/Fe2+ mapping at the thin section scale and comparison with XANES mapping : Application to a garnet-bearing metapelite from the Sambagawa metamorphic belt (Japan)[END_REF][START_REF] Vidal | Thermodynamic properties of the Tschermak solid solution in Fe-chlorite : Application to natural examples and possible role of oxidation[END_REF] proposed a solid-solution model to constrain the evolution of chlorite composition with temperature involving the following end-members : Mg-amesite, Fe-amesite, daphnite, clinochlore and sudoite. At fixed pressure and water activity, the temperature conditions and chlorite Fe 3+ content for chlorite-quartz-water equilibrium can be calculated from the following equilibria : [START_REF] Rudnick | Composition of the continental crust[END_REF]. (c) REE spectrum of the blueschists from the accretionary prism compared to typical OIB and E-MORB (after [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF]). Spectra of (b) and (c) are normalized to primitive mantle and chondrite (respectively) values after [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF]. 

5 M g -amesite + 4 daphnite ↔ 4 clinochlore + 5 F e -amesite 3 clinochlore + 3 sudoite ↔ 4 M g -amesite + 7 quartz + 4 H 2 O 16 daphnite + 15 sudoite ↔ 6 clinochlore + 20 F e -amesite + 35 quartz + 20 H 2 O 109
4 daphnite + 6 sudoite ↔ 3 M g -amesite + 5 F e -amesite + 14 quartz + 8 H 2 O
For a given chlorite composition, the Fe 3+ content is increased until the convergence of these four equilibria to determine the temperature. Following [START_REF] Vidal | P-Tdeformation-Fe3+/Fe2+ mapping at the thin section scale and comparison with XANES mapping : Application to a garnet-bearing metapelite from the Sambagawa metamorphic belt (Japan)[END_REF] and Lanari et al. (2012), we considered that this convergence was achieved when the temperature difference between the four equilibria was <30 • C. Temperature and XFe 3+ were simultaneously estimated from chlorite analyses of samples from HP unit and accretionary prism.

Phase equilibria modeling In addition to RSCM and multi-equilibrium investigation, phase equilibria modeling was performed for three samples of the HP unit and one sample of blueschist from the accretionary prism. P-T isochemical equilibrium phase diagrams, Si content and XMg of phengite isopleths were calculated with Perple_ X (version 6.7.1, Connolly ( 2009)) using the internally consistent thermodynamic data set of [START_REF] Holland | An internally consistent thermodynamic data set for phases of petrological interest[END_REF] and subsequent updates (hp02ver). The chemical system considered was NKCFMASHTi (Na 2 O, K 2 O, CaO, FeO, MgO, Al 2 O 3 , SiO 2 , H 2 O and TiO 2 ) for samples of the HP unit and NCFMASH for blueschists. H 2 O was assumed in excess as indicated by the abundance of hydrous phase in all the samples. The following solution models were considered : garnet [START_REF] Holland | An internally consistent thermodynamic data set for phases of petrological interest[END_REF], white-mica [START_REF] Auzanneau | Titanium in phengite : A geobarometer for high temperature eclogites[END_REF][START_REF] Coggon | Mixing properties of phengitic micas and revised garnetphengite thermobarometers[END_REF], chlorite (Lanari et al., 2014c), clinoamphibole [START_REF] Wei | Phase relations in high-pressure metapelites in the system KFMASH[END_REF][START_REF] White | A mineral equilibria study of the hydrothermal alteration in mafic greenschist facies rocks at Kalgoorlie, Western Australia[END_REF], omphacite [START_REF] Green | An order-disorder model for omphacitic pyroxenes in the system jadeite-diopside-hedenbergite-acmite, with applications to eclogitic rocks[END_REF], feldspar (Fuhrman et Lindsley, 1988) and biotite [START_REF] Powell | Relating formulations of the thermodynamics of mineral solid solutions : Activity modeling of pyroxenes, amphiboles, and micas[END_REF][START_REF] White | The effect of TiO and Fe O on metapelitic assemblages at greenschist and amphibolite facies conditions : mineral equilibria calculations in the system K2O -FeO -MgO -Al2O3 -SiO2 -H2O -TiO2-Fe2 O3[END_REF]. Bulk-rock composition obtained by ICP-OES (Table 3.2.7) was used as input for the modeling.

Results

HP continental unit Raman spectra of carbonaceous material are similar for the samples of the HP unit (Fig. 3.2.9) and indicate a maximum temperature (T max ) comprised between 547±4 • C in the Tash-Rabat valley and 572±7 • C in the Bach-Qaïyndy valley (Fig. 3.2.10a, Table 3.2.8). These results thus suggest a relatively homogeneousT max throughout the Atbashi Range although it seems to slightly increase toward the east. For each sample, mica-quartz-water equilibria lines indicate pressure conditions variations reflecting the compositional changes in phengite highlighted on Fig. 3.2.4 (Fig. 3.2.10a). Such chemical variations are likely to reflect partial replacement or recrystallization of HP phengite relics during exhumation. Therefore the highest pressure indicated by the most substituted phengite is interpreted as the minimal pressure reached by the sample. We used the T max obtained by Raman spectroscopy to constrain the pressure conditions of phengite equilibria. The sample KG-11-43, from Tash-Rabat Valley shows two groups of phengite equilibria with pressures varying between 19.5 and 28 kbar for a temperature of 547±4 • C. T max was not determined for the sample KG-14-55 of the same valley because it does not contain graphite. However considering a T max around 550 • C as suggested by the previous sample, phengite equilibria indicate pressure between 23 and 25 kbar. The sample KG-12-64, from Orto-Keltebek Valley, yields a pressure between 20 and 22.5 kbar for a temperature of 559±6 • C. For Ak-Talaa Valley, T max and phengite equilibria were determined on two different samples, collected on the same outcrop. The Chlorite-quartz-water thermometry was applied on the sample KG-12-64 following the method of [START_REF] Vidal | P-Tdeformation-Fe3+/Fe2+ mapping at the thin section scale and comparison with XANES mapping : Application to a garnet-bearing metapelite from the Sambagawa metamorphic belt (Japan)[END_REF][START_REF] Vidal | Thermodynamic properties of the Tschermak solid solution in Fe-chlorite : Application to natural examples and possible role of oxidation[END_REF]. Temperature estimates of chlorite are comprised between 275 and 360 • C at 5 kbar and between 290 and 340 • C at 10 kbar (Fig. 3.2.11a). XFe 3+ varies between 0.18 and 0.33 at 5 kbar and between 0.21 and 0.32 at 10 kbar. In order to confirm the results obtained by combining RSCM and multi-equilibrium models, phase equilibria diagrams were calculated for HP unit samples from three different valleys (KG-12-64, KG-12-50 and KG-12-74) (Fig. 3.2.12). For each sample phengite Si content and XMg ratio isopleths were calculated. Further, the P-T field resulting from the intersection between the isopleths of highest Si content with those of XMg in phengite was interpreted as the temperature peak. For the sample KG-12-64, this field indicates pressures of 22-24.5 kbar and temperatures of 520-550 • C with a mineralogical assemblage made of quartz, omphacite, chlorite, phengite, garnet, lawsonite and rutile (Fig. 3.2.12a). For the sample KG-12-50, the modeled temperature peak is at 505-520 • C and 19-20.5 kbar and the predicted stable mineral assemblage is quartz, omphacite, phengite, garnet, lawsonite, rutile, chlorite and/or amphibole (Fig. 3.2.12b). As this sample contains garnet, isopleths of garnet composition were also calculated, adding Mn to the system to take into account the spessartine end-member (Table 3.2.2). Garnet stability field is at 18-20 kbar and 475-500 • C (insert in Fig. 3.2.12b). These P-T conditions are slightly lower than those obtained from phengite composition, which could reflect the end of garnet growth before the temperature peak. Finally, for the sample KG-12-74, the P-T field of temperature peak is larger due to the similar orientation of Si and XMg isopleths. It indicates a pressure > 17kbar and a temperature > 500 • C with a mineralogical assemblage made of quartz, omphacite, phengite, garnet, lawsonite, rutile, and, for the lower temperature, chlorite (Fig. 3.2.12c).

Accretionary prism P-T paths for the accretionary prism were investigated from samples collected in Tash-Rabat Valley, as both greenschist and blueschist facies rocks are observed. The greenschist facies sample recorded T max is at ca. 340 • C which is significantly lower than that of the HP unit (Fig. 3.2.9, [START_REF] Jourdon | Upper Paleozoic tectonics in the Tien Shan (Central Asian Orogenic Belt) : insight from new structural data (Kyrgyzstan)[END_REF]). Mica-quartz-water equilibria were applied on the sample KG-14-58. Assuming that the pressure peak coincided with the temperature peak near 340 • C and that the white mica grew at the same time, this stage would have occurred at a pressure of 12 kbar (Fig. 3.2.10b). Chlorite thermometry was applied on the same sample and temperature estimates range between 250 and 290 • C at 6 kbar and 250 and 300 • C at 10 kbar (Fig. 3.2.12b). The Tash-Rabat Valley blueschists have a volcano-sedimentary origin and contain neither carbonaceous material nor phengite. Phase equilibria modeling has thus been adopted to sample KG-14-62 to decipher its P-T history. The obtained isochemical equilibrium phase diagram is presented in Fig. 3.2.13. The sample contains mainly amphibole, albite, epidote, clinopyroxene, quartz and chlorite. Textural evidence indicates that clinopyroxene is magmatic and thus is not part of the metamorphic peak assemblage. In a context of subduction metamorphism, it is common that epidote replaced lawsonite during retrogression and thus it cannot be used to constrain the metamorphic peak P-T conditions (e.g. [START_REF] Clarke | The lawsonite paradox : a comparison of field evidence and mineral equilibria modelling[END_REF][START_REF] Whitney | Why is lawsonite eclogite so rare ? Metamorphism and preservation of lawsonite eclogite, Sivrihisar, Turkey[END_REF]. Amphibole shows a wide range of compositions from Na-to Ca-amphiboles (Fig. 3.2.7). This compositional variation is probably due to retrogression during exhumation and Na-amphibole reflects the highest pressure preserved in the blueschist. The stability field of Na-amphibole, shown in blue in Fig. 3.2.13, indicates that Na-amphibole is stable for pressures > 10 to 20 kbar (depending on the temperature). The absence of garnet in the blueschist indicates a temperature lower than 625 • C at 5 kbar and lower than 475 • C at 25 kbar. The P-T field obtained by intersection of Na-amphibole stability field with the garnet-absent field is relatively large (between 10 and 14kbar at 300 • C and 21 and 24 kbar at 475 • C) and corresponds to a mineralogical assemblage made of omphacite + chlorite + amphibole + lawsonite + quartz.
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Ar/ 39 Ar dating

Analytical methods

In order to bring temporal constraints to HP metamorphism in the Atbashi Range, 40 Ar/ 39 Ar ages were acquired for samples from the continental HP unit and from the eclogitic sedimentary mélange. The samples were crushed down to 500-800 µm in size , and . Chemical compositions used as input are indicated in Table 3.2.7. The fields color indicates the variance (light for low variance and dark for high variance). For each sample, the Si-in-phengite and Mg 2+ /(Fe 2+ +Mg 2+ ) ratio isopleths were calculated to constrain the P-T conditions of the metamorphic peak, which is indicated by a colored field. The bold line indicates the stability field of zoisite (under the line). In (a) the green field in the bottom left corner indicates the temperature obtained by chlorite thermometry (see Fig. 3

.2.11). The insert in (b) indicates the P-T field obtained using garnet composition isopleth for the sample KG-12-50. (d) P-T diagram showing a synthesis of P-T conditions obtained by phase equilibria modeling (colored field), phengite equilibria (dotted lines) and RSCM (bold lines) for samples of the continental HP unit and for a sample of the accretionary prism.

Metamorphic facies are after [START_REF] Evans | Phase relations of epidote-blueschists[END_REF].

Figure 3.2.13 -P-T phase equilibria diagram for the blueschist sample KG-14-62 calculated with Perplex. The chemical composition used as input is in Table 3.2.7. Fields color represents the variance (light for low variance and dark for high variance). For a matter of clarity, only the assemblage corresponding to the blueschists P-T field is shown. The P-T field for metamorphic peak of blueschists is obtained by the intersection of Na-amphibole stability field with the garnetabsent field. The minimal geothermal gradient (dotted white line) of the subduction suggested by P-T conditions of the continental HP unit was used to precise the P-T field of blueschists.

fraction and cleaned in an ultrasonic bath. Phengite grains were carefully handpicked under a binocular microscope to select only grains without evidence of alteration or inclusions. Selected grains were packed in aluminum foils and irradiated for 40 hours in the Triga Mark II nuclear reactor of Pavia University in Italy together with Fish Canyon sanidine grains as flux monitor (28.03 ± 0.08 Ma, Jourdan et Renne (2007)). For this reactor, the following correction factors for argon nuclear interferences were applied after irradiation of pure salts of KF and CaF 2 : ( 36 Ar/ 37 Ar) Ca = 0.000288 ± 0.000016 ; ( 39 Ar/ 37 Ar) Ca = 0.000727 ± 0.000041 ; ( 40 Ar/ 39 Ar) k = 0.00969 ± 0.00038 ; ( 38 Ar/ 39 Ar) k = 0.01297 ± 0.00045. All samples were analyzed by single-grain infrared CO 2 laser fusion analysis, and isotopic ratios were measured using a Thermofischer AR-GUS VI multi-collector mass spectrometer at Géoazur in Nice and at Geosciences Montpellier (France). Acquisition parameters are presented in Appendix 1. System blanks 3.2 Short-lived and large-scale continental subduction along South Tien-Shan were measured every three experiments. Mass discrimination for the mass spectrometer was monitored by regularly analyzing air pipette volumes. We used ArArCalc c software v2.5.2 for data processing [START_REF] Koppers | ArArCALC software for 40Ar/39Ar age calculations[END_REF]. Decay constants are those given by Steiger et Jäger (1977). Uncertainties on apparent and plateau ages are given at the 1σ level including the error on the 40 Ar * / 39 Ar k ratio of the monitor. The criteria we used for defining a plateau age are : [START_REF] Ma ; Weldon | MSWD = 1.5, n=7) and a weighted mean age of 274.6 ± 1.9 Ma (MSWD = 0.5). The sample KG-13-28 yields a concordant age of 265.6 2.1 Ma (MSWD = 2.8, n=8) and a weighted mean age[END_REF] it should contains at least 70% of total 39 Ar released, (2) it should contain at least three successive step-heating fractions, (3) the integrated age of the plateau, calculated by a weighted average of apparent ages of individual fractions comprising the plateau, should be consistent with each apparent age of the plateau within a 2σ error. Ages referred below as "pseudo-plateau" are those that do not satisfy one of the statistical conditions of a plateau age. A detailed table of results is given in Appendix 2.
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Ar/ 39 Ar results HP continental unit Phengite from four samples of the HP continental unit were dated, from the Tash-Rabat (KG-14-52, KG-14-56), Ak-Talaa (KG-12-51) and Bach-Qaïyndy (KG-12-74) valleys. Age spectra are presented on Fig. 3.2.14. KG-14-52. 3 duplicates were analyzed for this sample of Tash-Rabat Valley (Fig. 3.2.14a). The grain 02 shows strongly decreasing apparent ages in the low-temperature part of the spectrum. For the higher temperature part, a plateau age is defined, at 339.8 ± 1.9 Ma (MSWD = 1.93) corresponding to 69% of 39 Ar released in 7 steps. The grain 04 shows a slight U-shape spectrum and gives a plateau age of 320.5 ± 1.8 Ma (MSWD = 1.63) corresponding to 99.4% of 39 Ar released in 10 steps. The grain Mp also shows decreasing apparent ages in the low-temperature part of the spectrum. For the higher temperature part, a 'pseudo-plateau' is obtained at 316.9 ± 1.2 Ma (MSWD = 0.79) corresponding to 55% of 39 Ar released in 5 steps. These spectra shapes suggest some excess argon in the analyzed grains and thus the ages are interpreted as maximum ages. KG-14-46. One phengite grain was analyzed for this second sample of Tash-Rabat Valley (Fig. 3.2.14b). A plateau age cannot be calculated for this grain, however a 'pseudoplateau' age is defined at 325.4 ± 1.3 Ma (MSWD = 2.26) corresponding to 44% of KG-14-46.Ar released in 3 steps. KG-12-51. Two phengite grains were analyzed for this sample of Ak-Talaa Valley (Fig. 3.2.14c). For the grain 02 a pseudo-plateau age is defined at 322.8 ± 1.5 Ma (MSWD = 4.59) corresponding to 87% of 39 Ar released in 7 steps. The grain Mp gives a plateau age of 319.1 ± 1.3 Ma (MSWD = 0.09) corresponding to 85% of 39 Ar released in 4 steps. Few steps of heating have been done for this grain because of its small size. KG-12-74. 3 duplicates were analyzed for this sample of the Bach-Qaïyndy valley (Fig. 3.2.14d). The three grains give plateau ages of 324.3 ± 1.6 Ma (MSWD = 0.33), 322.6 ± 1.6 Ma (MSWD = 0.97) and 328.3 ± 1.3 Ma (MSWD = 0.36) corresponding to 97, 100 and 98% of 39 Ar released in 8, 12 and 6 steps, respectively. Isochron ages were calculated for this sample (Fig. 3.2.14e). The grain 01 yields an isochron age of 322.8 ± 1.6 Ma (MSWD = 1.02), consistent within errors with the plateau age. The corresponding 40 Ar/ 36 Ar intercept is at 298.8 ± 7.1 which is similar to the atmospheric argon value (295. 92-296.34, Mark et al. (2011)). It follows that the trapped argon is atmospheric and that there is no excess argon in this grain. Similarly, the grain 03 and Mp yield isochron ages of 322.7 ± 1.6 Ma (MSWD = 1.05) and 329.3 ± 1.3 Ma (MSWD = 4.62), respectively, consistent with the plateau ages of these grains. The corresponding 40 Ar/ 36 Ar intercepts are at 294.7 ± 25.9 and 299.5 ± 12.5, respectively, which also suggests no excess argon in this grain. . The sample of the eclogitic sedimentary mélange of Ak-Talaa Valley chosen for 40 Ar/ 39 Ar dating (KG-12-58a) is a calcschist containing calcite + garnet + omphacite + phengite. A full petrological description and mineralogical compositions are given in [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. 2 duplicates were analyzed for this sample (Fig. 3.2.14e). The grain 04 gives a plateau age of 319.8 ± 1.5 Ma (MSWD = 2.01) corresponding to 84% of 39 released in 4 steps. The grain Mp gives a plateau age of 321.0 ± 1.3 Ma (MSWD = 2.1) corresponding to 98% of 39 released in 6 steps.

Eclogitic sedimentary mélange

Discussion

Pressure and temperature conditions

Continental HP unit Phengite-quartz-water equilibria combined with RSCM indicates P-T conditions for the metamorphic peak of the HP continental unit between 19 and 28 kbar and 550 to 575 • C depending on the samples (Fig. 3.2.10a). Phase equilibria modeling approach allows determining P-T conditions of the metamorphic peak in an independent way without any assumption of equilibrium. Phase equilibria modeling suggests consistent P-T conditions between 19 and 25 kbar and 475 and 570 • C for the Orto-Keltebek, Ak-Talaa and Bach-Qaïyndy valleys (Fig. 3.2.12). The corresponding stable mineralogical assemblage is quartz + omphacite + phengite + garnet + lawsonite + rutile + amphibole and/or chlorite. However this HP assemblage was partially overprinted during retrogression and therefore is not totally preserved. Omphacite probably broke down into albite following the reaction omphacite + quartz → albite (Fig. 3.2.3). Lawsonite is unstable during retrogression, and either water under-saturated conditions or rapid cooling are generally needed for its preservation [START_REF] Clarke | The lawsonite paradox : a comparison of field evidence and mineral equilibria modelling[END_REF]. It is common in HP-LT rocks that lawsonite breaks down into epidote (e.g. Angiboust et al., 2012a;[START_REF] Palin | Phase equilibria modelling of retrograde amphibole and clinozoisite in mafic eclogite from the Tso Morari massif, northwest India : constraining the P-T-M(H2O) conditions of exhumation[END_REF][START_REF] Philippon | Preservation of subduction-related prograde deformation in lawsonite pseudomorph-bearing rocks[END_REF]. Therefore, clinozoisite observed in the HP continental unit probably crystallized from lawsonite breakdown, which is also supported by the rhombohedral shape of some epidote crystals (Fig. 3.2.3c). Garnet is predicted to be stable in the HP assemblage, and is only preserved in some samples (Fig. 3.2.3d, 3.2.3f). In the other samples, it is replaced by chlorite pseudomorphs. Finally, the chemical composition of phengite suggests that it has partially recrystallized during retrogression but some grains preserved the HP composition with a high Si content (Fig. 3.2.4). The composition of phengite with the highest Si values is assumed to reflect the metamorphic peak P-T conditions. Fig. 3.2.12d combines results from the phase equilibria modeling approach and the phengite-quartz-water equilibria and the RSCM approaches and shows that the P-T conditions for the metamorphic peak are consistent, around 19-25 kbar and 500-570 • C for all the valleys. All these results suggest that the maximal P-T conditions recorded by the continental HP unit are comprised between 19 and 25 kbar (up to 28 kbar in the Tash-Rabat valley) and 500-570 • C all over the Atbashi range (Fig. 3.2.15). Regarding the size of the range and the error on the P-T estimates, the P-T conditions recorded by the continental HP unit are homogenous at the range scale. The T max indicated by RSCM, suggest an increase in maximal temperature toward the east of the range. This evolution in temperature does not seem correlated to an evolution of estimated pressure. However, the pressure recorded in the mineralogical assemblage is not necessary the maximal pressure as the temperature peak could have been reached after the pressure peak, and minerals forming at peak temperature may overprint minerals documenting the highest pressure. The stability field of zoisite and clinozoisite broadly constrains the P-T conditions of exhumation of the HP unit (Fig. 3.2.12a,3.2.12b,3.2.12c). Chlorite thermometry indicates temperatures of 275 to 360 • C (depending on the pressure, Fig. 3.2.11a) for a sample from the Orto-Keltebek valley supporting a late crystallization of chlorite during rock re-hydration at low-grade conditions. By combining these two results, we obtained conditions of 6-8 kbar at temperatures of 300-350 • C for the retrogression of this sample in the greenschist facies (Fig. 3.2.12a, 3.2.12d and Fig. 3.2.15).

Accretionary prism RSCM and phengite-quartz-water equilibria indicate P-T conditions of 8-12 kbar and 340 ± 25 • C for a sample of the accretionary prism in the Tash-Rabat Valley exhibiting a paragenesis coherent with a greenschist facies imprint (KG-14-58) (see section 3.2.5.2, fig. 3.2.10b and 3.2.12d). Actually, these P-T conditions are in agreement with blueschist facies conditions (Fig. 3.2.12d) and is only slightly different from P-T estimates obtained on the blueschist sample (see below). The metamorphic peak paragenese of the blueschist sample of the Tash-Rabat valley is modeled for a broad P-T field, i.e. >10 kbar at 300 • C and >20kbar at 450 • C (Fig. 3.2.13). However, this broad field can be reduced by assuming that the rocks followed a geothermal gradient warmer than 6.5 • C/km during subduction (e.g. [START_REF] Guillot | Exhumation Processes in Oceanic and Continental Subduction Contexts : A Review[END_REF]. The reduced P-T field is shown in red in Fig. 3.2.13 and indicates pressures between 10 and 13 kbar at 300 • C and 18 and 20 kbar at 450 • C. As for the HP unit, the corresponding assemblage was partially overprinted during exhumation, with omphacite being replaced by albite and lawsonite by epidote, while Na-amphibole was partially recrystallized into Na-Ca and Ca-amphibole (Fig. 3.2.7). Therefore peak P-T conditions recorded by the "greenschist" and blueschist facies samples both correspond to the blueschist facies metamorphic field. The relatively large P-T field of the blueschist samples is not incompatible with those of the greenschists. Therefore two hypotheses can be considered to explain the presence of both blueschist and greenschist facies rocks in the accretionary prism (Fig. 3.2.15) :

1. Both the greenschist and blueschist facies rocks underwent similar P-T path, with a peak in the blueschist facies, around 10-12 kbar and 300-350 • C. In this case, the differences in preserved mineralogy during retrogression result from differences in 122 3.2 Short-lived and large-scale continental subduction along South Tien-Shan the sample chemical compositions as the blueschists have a volcano-sedimentary protolith and the greenschist have a pelitic protolith.

2. The blueschists underwent higher grade metamorphism, up to 450 • C and 18-20 kbar, at the upper boundary of the blueschist facies, while the greenschists underwent lower grade metamorphism, around 10-12 kbar and 300-350 • C. In this case, the accretionary prism unit would be made of different sub-units, reflecting different parts now juxtaposed in the prism. It is improbable that this reflects a continuous transition from greenschist to blueschist facies metamorphism as both rock types are juxtaposed in the field. This implies a tectonic contact, which was however not observed in the field.
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Ar/ 39 Ar dating of phengite and significance for HP units metamorphic peak and exhumation

The 40 Ar/ 39 Ar ages of phengite grains from the continental HP unit range between 317 and 339 Ma, with various shapes of spectra from large plateau to small 'pseudoplateau' in the high-temperature part following decreasing apparent ages in the lowtemperature part. This wide range of results can be explained by the variable phengite chemical compositions, which probably reflects different degrees of recrystallization during retrogression (Fig. 3.2.4) :

• For the sample KG-12-74, from Bash-Qaïyndy Valley, isochron ages were calculated and the corresponding 40 Ar/ 36 Ar intercepts are consistent with an atmospheric value for trapped argon and therefore no excess argon in the grains of this sample (Fig. 3.2.14e). As these grains are from the same sample, they followed the same P-T-t path and therefore the variability in the obtained ages probably reflects different stages of phengite crystallization during exhumation. Consequently we suggest that Bash-Qaïyndy Valley sample age range reflects the continental HP unit exhumation between 328.3 and 322.6 Ma (Fig. 3.2.14d,3.2.14e) and thus lasted at least for 5 myr.

• Phengite grains from the sample KG-12-51, from Ak-Talaa Valley, are slightly younger, between 319.1 and 322.8 Ma (Fig. 3.2.14c). The grains from sample KG-12-58a coming from the HP sedimentary mélange cropping out in the same valley [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF] give ages in the same range, between 319.8 and 321.0 Ma (Fig. (Simonov et al., 2008) and cooling (Hegner et al., 2010) ages, respectively. However, the cooling age of Hegner et al. (2010) is undistinguishable within errors from their Sm-Nd age interpreted as the metamorphic peak age. Further, the similar ages obtained in both the HP sedimentary mélange and the HP continental unit, suggest that all the HP units were exhumed together. Consequently, we suggest that 40 Ar/ 39 Ar ages of Ak-Talaa Valley samples reflect recrystallization during exhumation after the HP peak between 325 and 316 Ma.

Thus in this area the exhumation of the continental HP unit lasted at least for 9 myr.

• For Tash-Rabat Valley, the obtained 40 Ar/ 39 Ar phengite ages range between 339.3 Ma (grain 02, sample KG-14-52) and 316.9 Ma (grain Mp, sample KG-14-52) (Fig. 3.2.14a,3.2.14b). The spectrum showing the oldest age (grain 02) exhibits a U-shape (concave upward) pattern which is characteristic of excess argon in the analyzed grain (e.g. [START_REF] Mcdougall | Geochronology and thermochronology by the 40Ar/39Ar method[END_REF]. Consequently the age indicated by such spectrum has to be interpreted as a maximum age. Incorporation of excess Ar in phengite crystallized at high-pressure is a common process that has been documented in several cases (e.g. [START_REF] Arnaud | Evidence for excess argon during high pressure metamorphism in the dora maira massif (Western Alps, Italy), using an ultra-violet laser ablation microprobe 40Ar-39Ar technique[END_REF][START_REF] Li | Excess argon in phengite from eclogite : Evidence from dating of eclogite minerals by Sm/Nd, Rb/Sr and 40Ar/39Ar methods[END_REF][START_REF] Ruffet | Plateau ages and excess argon in phengites : an 40Ar/39Ar laser probe study of Alpine micas (Sesia Zone, Western Alps, northern Italy)[END_REF] Therefore the spread in 40 Ar/ 39 Ar ages is interpreted as reflecting the exhumation history of the HP units of the Atbashi Range. These results highlight that, as a whole, the continental HP unit was exhumed directly after the HP metamorphic peak between 328 and 316 Ma all along the Atbashi range (Fig. The first hypothesis is geodynamically inconsistent as the sedimentary mélange contains oceanic eclogites, which were buried first in the subduction zone. In addition, the Sm-Nd age is also similar within error to the phengite 40 Ar/ 39 Ar ages in the HP sedimentary mélange which supports the second hypothesis. However, a more detailed, multi-method, geochronological study of the timing of HP peak is needed, especially for the HP sedimentary mélange where different mafic boudins could have different HP ages. (2008). For the accretionary prism, two hypotheses are shown to explain the differences between blueschists and greenschists (see details in text). Metamorphic facies grid after [START_REF] Evans | Phase relations of epidote-blueschists[END_REF] 

P-T-t path and geodynamic implications

The P-T-t path that we obtained for the HP continental unit indicates that this unit was buried down to ∼70-75 km depth implying a continental subduction setting at 330 Ma, before being exhumed since 328 Ma together with the HP sedimentary mélange, which underwent slightly lower pressure conditions (Fig. 3.2.15). This mélange contains mafic eclogite boudins representing a former oceanic crust that has been subducted down to ∼70 km depth before to be exhumed among the HP sedimentary mélange (Fig. 3.2.15) (Hegner et al., 2010;[START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]Simonov et al., 2008;[START_REF] Tagiri | Mineral parageneses and metamorphic PtT paths of ultrahigh-pressure eclogites from Kyrghyzstan Tien-Shan[END_REF]. This suggests that in the Atbashi Range, the exhumation of eclogitic oceanic crust started when the continental unit subducted. Then the subsequent exhumation of both the continental unit and the HP prism started at the end of the subduction history when a major change in buoyancy forces occurred. occurredThe continental subduction likely ceased due to slab detachment process as is proposed for most HP continental units (e.g. [START_REF] Chemenda | Continental subduction and a mechanism for exhumation of high-pressure metamorphic rocks : new modelling and field data from Oman[END_REF]. Structural data suggest that the HP continental unit was finally exhumed within the accretionary prism. The obtained P-T paths for the accretionary prism indicate that it reached a thickness of 30 to 35 km. Therefore, following [START_REF] Burov | Mechanisms of continental subduction and exhumation of HP and UHP rocks[END_REF], we infer that the HP units exhumation was first driven by buoyancy forces at the deepest levels, from ∼70km up to 30-35 km depth, and then from 30-35 km depth up to the surface, by the accretionary prism dynamics (top-tothe-north thrusting) and associated erosion processes. The exhumation up to shallow crustal levels of the continental HP unit was a short-lived process, less than 10 myr long. Even if the Atbashi continental unit did not reach UHP conditions, its size and timing are in agreement with the assumptions of [START_REF] Kylander-Clark | Size and exhumation rate of ultrahigh-pressure terranes linked to orogenic stage[END_REF], who proposed that small and thin UHP terranes were subducted and exhumed rapidly during early stages of continental subduction while large terranes exhumed slowly in later stages of collision, e.g. the Western Gneiss Region of Norway [START_REF] Kylander-Clark | Slow exhumation of UHP terranes : titanite and rutile ages of the Western Gneiss Region, Norway[END_REF]. In general, the size and timing of Atbashi HP unit exhumation is in agreement with similar HP-UHP units, as in the Himalaya for instance (e.g de [START_REF] De Sigoyer | Dating the Indian continental subduction and collisional thickening in the northwest Himalaya : Multichronology of the Tso Morari eclogites[END_REF]. The geodynamic scenario in which the HP oceanic unit exhumation is triggered by the buoyant HP continental unit is also proposed in the Western Alps where the Monviso oceanic eclogitic unit was exhumed together with the UHP continental unit of Dora-Maira (e.g. [START_REF] Agard | Exhumation of oceanic blueschists and eclogites in subduction zones : Timing and mechanisms[END_REF]. Another similarity with the Alpine Dora Maira HP-UHP unit is the size of the At-Bashi continental HP unit, i.e. around 500 km 2 [START_REF] Gebauer | 35 Ma old ultrahigh-pressure metamorphism and evidence for very rapid exhumation in the Dora Maira Massif[END_REF]. The similar mode of exhumation of HP-UHP terranes both in collisional belts (Alps, Himalaya) and in an accretion/collision system as in the South Tien-Shan support the idea that burial (to mantle depth) and rapid exhumation (> 1cm.yr -1 ) of continental crust is a normal part of early (∼10 Ma) continental collision [START_REF] Beaumont | Crustal structure : A key constraint on the mechanism of ultra-high-pressure rock exhumation[END_REF][START_REF] Warren | Modelling tectonic styles and ultrahigh pressure (UHP) rock exhumation during the transition from oceanic subduction to continental collision[END_REF]. 126 3.2 Short-lived and large-scale continental subduction along South Tien-Shan

Inferences for the final closure of the Turkestan Ocean and docking of Tarim craton and Kazakh microcontinent

These new results obtained on the Atbashi Range shed light on the Late Carboniferous history of the South Tien-Shan (Fig. 3.2.16). The characteristics of the subduction processes leading to the closure of the Turkestan Ocean between the Tarim and the Kazakh microcontinent, such as the polarity and the timing of accretion, are still debated. About the polarity of the subduction, two types of models are opposed : either a northdirected subduction of the Turkestan Ocean under the Middle Tien-Shan (e.g. [START_REF] Allen | Palaeozoic collisional tectonics and magmatism of the Chinese Tien Shan, central Asia[END_REF][START_REF] Biske | Late Paleozoic collision of the Tarimskiy and Kirghiz-Kazakh paleocontinents (English translation)[END_REF][START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF][START_REF] Han | Late Carboniferous collision between the Tarim and Kazakhstan-Yili terranes in the western segment of the South Tian Shan Orogen, Central Asia, and implications for the Northern Xinjiang, western China[END_REF]Hegner et al., 2010;[START_REF] Makarov | Underthrusting of Tarim beneath the Tien Shan and deep structure of their junction zone : Main results of seismic experiment along MANAS Profile Kashgar-Song-Köl[END_REF][START_REF] Windley | Paleozoic accretion and Cenozoic redeformation of the Chinese Tien Shan Range, central Asia[END_REF], or a south-directed subduction of the Turkestan Ocean under the Tarim Craton (e.g. [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF][START_REF] Lin | International Field Excursion and Workshop on Tectonic Evolution and Crustal Structure of the Paleozoic Chinese Tianshan[END_REF][START_REF] Loury | Late Paleozoic evolution of the South Tien Shan : Insights from P-T estimates and allanite geochronology on retrogressed eclogites (Chatkal range, Kyrgyzstan)[END_REF][START_REF] Ma | The Paleozoic evolution of Central Tianshan : Geochemical and geochronological evidence[END_REF]Wang et al., 2010a[START_REF] Wang | Paleozoic tectonics of the southern Chinese Tianshan : Insights from structural, chronological and geochemical studies of the Heiyingshan ophiolitic mélange (NW China)[END_REF]. Hegner et al. (2010) and [START_REF] Rojas-Agramonte | Detrital and igneous zircon ages for supracrustal rocks of the Kyrgyz Tianshan and palaeogeographic implications[END_REF] have shown from a detrital zircon U-Pb study, that the recycled sedimentary component in the paragneiss protoliths of the Atbashi Range HP unit originated from the North Tien-Shan granitoids and were deposited around 430-450 Ma when the Turkestan Ocean was already open (Filippova et al., 2001). Considering these results, a north-dipping subduction would require either (1) the subduction of the upper plater margin or (2) that the HP continental unit reflects an accretionary prism and not the thinned continental margin of MTS. In the first case, some numerical modeling suggest that some parts of the upper plate can be dragged into the subduction [START_REF] Gerya | Transient hot channels : Perpetrating and regurgitating ultrahigh-pressure, high-temperature crust-mantle associations in collision belts[END_REF][START_REF] Warren | Modelling tectonic styles and ultrahigh pressure (UHP) rock exhumation during the transition from oceanic subduction to continental collision[END_REF], however in this case, no low-temperature HP rocks are exhumed [START_REF] Warren | Modelling tectonic styles and ultrahigh pressure (UHP) rock exhumation during the transition from oceanic subduction to continental collision[END_REF]. In the second case, the homogeneity in lithologies and P-T-t paths all along the HP continental unit do not agree with a paleo-accretionary prism to which one would expect flysch type alternations and strong P-T-t paths heterogeneity. Consequently, it is most likely that the Atbashi Range HP unit formed part of the southern Kazakh margin which was buried in a south-dipping subduction. Moreover, we show that these paragneisses underwent HP metamorphism during continental subduction and were subsequently exhumed in the Late Carboniferous, within a south-dipping lower-grade accretionary prism along top-to-the-north thrust and topto-the-south detachment (Fig. 3.2.16). This structure fits with the field based studies in modern orogens and numerical models developed for the exhumation of HP-UHP massifs with continental HP rocks being exhumed along foreland-directed thrust-faults and synexhumation normal faults among a lower-grade accretionary wedge, implying a pressure gap between the two units (e.g. [START_REF] Beaumont | Crustal structure : A key constraint on the mechanism of ultra-high-pressure rock exhumation[END_REF]. Such a structure supports a south-dipping subduction model and is incompatible with a north-dipping subduction model. Therefore we favor a south-dipping subduction leading to the closure of the Turkestan Ocean as suggested by consistent south-dipping thrusts and top-to-the-North kinematics in the Atbashi Range (Fig. 3.2.16a) and in the Western Chinese Tien-Shan [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]. It is thus likely that in its final stages, this subduction led to the underthrusting of the Kazakh (Middle Tien-Shan) continental passive margin beneath the Tarim craton (Fig. 3.2.16b). In the Kyrgyz part of STS, the addition of our 40 Ar/ 39 Ar dating to other available geo-chronological data suggests a short time span between oceanic and continental HP metamorphism and subsequent exhumation (see previous section). Consequently, continental subduction, exhumation of oceanic and continental HP units, and therefore docking of the Tarim craton to the Kazakh microcontinent occurred at around 330-320 Ma. In the Chinese part of STS, the HP rocks crop out in a sedimentary mélange composed of HP metasediments and mafic eclogite boudins and are interpreted as a paleo-accretionary wedge (e.g. [START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF][START_REF] Lin | International Field Excursion and Workshop on Tectonic Evolution and Crustal Structure of the Paleozoic Chinese Tianshan[END_REF][START_REF] Meyer | An ( in-) coherent metamorphic evolution of high-P eclogites and their host rocks in the Chinese southwest Tianshan ?[END_REF]Wang et al., 2010a) and are the equivalent the HP sedimentary mélange cropping out in Ak-Talaa Valley of the Atbashi Range [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. Therefore it seems that there is still no identified equivalent to the HP continental unit of the Atbashi Range on the Chinese side. For the The different HP units were stacked together at about 310 Ma at the Upper-Lower Crust transition, and were exhumed as a whole by (i) top-to-the north thrusts on the northern side of the belt, and a top-to-the-south detachments to its southern side [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. Collisional deformation propagated on both sides of the suture zone and resulted in crustal thickening.

HP sedimentary mélange of western China, a wide range of ages was obtained for the final closure of the Turkestan Ocean and the accretion of the Tarim craton with the Kazakh microcontinent, ranging from Late Devonian to Late Carboniferous. A widespread Visean unconformity led some authors to argue for a Late Devonian/Early Carboniferous collision (e.g. [START_REF] Carroll | Late Paleozoic Tectonic Amalgamation of Northwestern China-Sedimentary Record of the Northern Tarim, Northwestern Turpan, and Southern Junggar Basins[END_REF][START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF][START_REF] Lin | International Field Excursion and Workshop on Tectonic Evolution and Crustal Structure of the Paleozoic Chinese Tianshan[END_REF]Wang et al., 2010a) supported by an imprecise Sm-Nd isochron age of 343 ± 44 Ma for a mafic eclogite boudin and 40 Ar/ 39 Ar plateau ages of 344 ± 1 Ma (crossite from blueschist) and 331 ± 2 Ma (phengite from blueschist) [START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF]. However more recent data suggest a younger collision, in Upper Carboniferous times : Lu-Hf isochron dating of garnet in mafic eclogites indicates ages of ca. 315 Ma [START_REF] Klemd | Metamorphic evolution of (ultra)-high-pressure subduction-related transient crust in the South Tianshan Orogen (Central Asian Orogenic Belt) : Geodynamic implications[END_REF]. [START_REF] Soldner | Metamorphic P-T-t-d evolution of (U)HP metabasites from the South Tianshan accretionary complex (NW China) -Implications for rock deforma-tion during exhumation in a subduction channel[END_REF] obtained a garnet-whole rock-amphibole Lu-Hf isochron age of ca. 326.0 ± 2.9 Ma and a Sm-Nd isochron age of 318.4 ± 3.9 Ma, interpreted as prograde and metamorphic peak ages, respectively. [START_REF] Su | U-Pb zircon geochronology of Tianshan eclogites in NW China : implication for the collision between the Yili and Tarim blocks of the southwestern[END_REF] and [START_REF] Liu | Paleozoic subduction erosion involving accretionary wedge sediments in the South Tianshan Orogen : Evidence from geochronological and geochemical studies on eclogites and their host metasediments[END_REF] obtained U-Pb ages on eclogite metamorphic zircon rims comprised between 318.7 ± 3.3 and 321.4 ± 2.4 Ma and Li et al. (2011) acquired a U-Pb age on rutile from the same eclogite at 318 ± 7 Ma. Accordingly, 40 Ar/ 39 Ar dating on white mica from blueschists and eclogites indicates ages between 323 and 312 Ma [START_REF] Klemd | New Age Constraints on the Metamorphic Evolution of the High-Pressure / Low-Temperature Belt in the Western Tianshan Mountains , NW China[END_REF]. These slightly younger geochronological data for western China suggest that the final closure of the Turkestan Ocean to the east of STS occurred at the same time, or shortly after, its western Kyrgyz equivalent, 320 Ma ago. To the west, on the other side of the Talas Fergana Fault (TFF), slightly younger HP metamorphism and exhumation ages in the Kassan (Chatkal) Metamorphic Complex at 317-301 Ma [START_REF] Loury | Late Paleozoic evolution of the South Tien Shan : Insights from P-T estimates and allanite geochronology on retrogressed eclogites (Chatkal range, Kyrgyzstan)[END_REF][START_REF] Mühlberg | Late Carboniferous high-pressure metamorphism of the Kassan Metamorphic Complex (Kyrgyz Tianshan) and assembly of the SW Central Asian Orogenic Belt[END_REF] agree for a slightly delayed Turkestan Ocean closure and with a north-dipping polarity of the subduction [START_REF] Loury | Late Paleozoic evolution of the South Tien Shan : Insights from P-T estimates and allanite geochronology on retrogressed eclogites (Chatkal range, Kyrgyzstan)[END_REF]. These differences are interpreted as reflecting the transform-type nature of the TFF, which may have been active before the Tarim-Kazakh accretion [START_REF] Loury | Late Paleozoic evolution of the South Tien Shan : Insights from P-T estimates and allanite geochronology on retrogressed eclogites (Chatkal range, Kyrgyzstan)[END_REF].

Conclusion

This study brings new constraints on the metamorphic history of the Atbashi Range, along the South Tien-Shan suture allowing for a better understanding on the end of the Turkestan Ocean closure and the accretion of the Kazakh microcontinent and the Tarim craton. The following points can be emphasized :

1. The accretionary prism unit underwent blueschist facies metamorphism at 300-350 • C and 10-12 kbar for metapelites and potentially up to 450 • C and 18-20 kbar for volcano-sedimentary metaconglomerates. The occurrence of both blueschist and greenschist facies samples does not necessary imply different metamorphic conditions.

2. The HP continental unit has an upper continental crust chemical composition and underwent eclogite facies metamorphism all along the Atbashi Range. Metamorphic peak conditions were between 500-550 • C and 19-25 kbar, which can be considered as homogeneous P-T conditions regarding the size of the unit. This unit was thus buried down to 60-80 km depth during a continental subduction stage.

3. 40 Ar/ 39 Ar dating on phengite from the metasediments of the HP continental unit indicates exhumation ages comprised between 328 and 317 Ma for the Atbashi Range. The slight differences in the dating record from one valley to another is attributed to the partial and heterogeneous recrystallization of phengites during the early stages of retrogression, or to a sligth difference in the timing of exhumation onset from east to west. Exhumation recorded by phengites was a short-lived process that lasted less than 10 Ma at the scale of the whole range 4. Comparison with available geochronological data highlights a very short time span between the oceanic HP metamorphism and the exhumation of the continental HP unit, suggesting that the exhumation of HP units was triggered by the continental subduction, in a way similar as the Western Alps. The exhumation was driven by buoyant forces up to 30-35 km depth and by accretionary prism dynamics and erosion up to the surface.
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. Finally, all these data are in agreement with a preferentially south-dipping subduction of the Kazakh thinned continental margin beneath the Tarim craton around 320-330 Ma, at the end of the Turkestan Ocean closure, in a similar timing as in Western China. ª Cet article présente des nouvelles données pétrochronologiques sur amphibolites à grenat du massif de Chatkal, à l'ouest de la faille de Talas-Fergana. Une microcartographie chimique combinée à de la modélisation thermobarométrique permet de déterminer le trajet P-T de ces amphibolites à grenat et montre qu'il s'agit d'éclogites rétromorphosées.

ª Des datations U-Pb sur des allanites de haute-pression permettent de compléter le trajet P-T avec des données temporelles (P-T-t) et montrent que ces roches de HP se sont formées à la fin du Carbonifère.

Introduction

The understanding of subduction, collision and accretion dynamics relies on the reconstruction of precise Pressure-Temperature (P-T) paths of high-pressure (HP) rocks having undergone a complete burial-exhumation cycle. Dating successive stages (-t) of the evolution of such rocks is essential to estimate the timing and rates of such mechanisms [START_REF] Rubatto | Exhumation as fast as subduction ?[END_REF]. Constraining the age of the HP metamorphic peak in continental unit and the onset of exhumation is particularly important as it generally corresponds to the subduction-collision transition with continental subduction [START_REF] Agard | Exhumation of oceanic blueschists and eclogites in subduction zones : Timing and mechanisms[END_REF]. If the P-T-t paths of HP rocks of the most studied collisional orogens, as the Alps or the Himalayas, are quite well constrained (e.g. [START_REF] Berger | Subduction-related metamorphism in the Alps : review of isotopic ages based on petrology and their geodynamic consequences[END_REF][START_REF] Guillot | Tethyan and Indian subduction viewed from the Himalayan high-to ultrahigh-pressure metamorphic rocks[END_REF], it is not the case for other accretionary orogens such as the Central Asia Orogenic Belt (CAOB) where a lack of petrochronological data prevents a good understanding of the geodynamic evolution of the area. The CAOB results from multiple collages of Precambrian microcontinents, Paleozoic volcanic arcs, ophiolites and accretionary complex from the Neoproterozoic to the Late Paleozoic times (e.g. [START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF]Windley et al., 2007;[START_REF] Xiao | Paleozoic multiple accretionary and collisional tectonics of the Chinese Tianshan orogenic collage[END_REF]. The most widely accepted accretion model for the CAOB is an archipelago-type model, similar to that of the circum-Pacific Mesozoic-Cenozoic accretionary orogens [START_REF] Coleman | Continental growth of northwest China[END_REF]Filippova et al., 2001;[START_REF] Jolivet | Tectonic setting of Western Pacific marginal basins[END_REF][START_REF] Rojas-Agramonte | Detrital and igneous zircon ages for supracrustal rocks of the Kyrgyz Tianshan and palaeogeographic implications[END_REF]Windley et al., 2007;[START_REF] Xiao | Paleozoic multiple accretionary and collisional tectonics of the Chinese Tianshan orogenic collage[END_REF]. During the late Carboniferous to Early Permian, these multiple accreted blocks, constituting the Kazakh microcontinent, collided with the Siberia, Baltica, Tarim and Alai cratons (Filippova et al., 2001;[START_REF] Heubeck | éditeurs : Paleozoic and Mesozoic Tectonic Evolution of Central Asia : From Continental Assembly to Intracontinental Deformation[END_REF]Windley et al., 2007). The collision of the Tarim Craton and Alai microcontinent with the Kazakh continent led to the formation of the South Tien Shan fold-and-thrust belt during Late Carboniferous (e.g. Biske et Seltmann, 2010). From the Late Permian to the Early Mesozoic times, during the post-collisional evolution, the CAOB was affected by transcurrent tectonics along major ENE and NW striking strike-slip faults (Fig. 4.1.1) (e.g. [START_REF] Allen | Fault reactivation in the Junggar region , northwest China : the role of basement structures during Mesozoic -Cenozoic compression[END_REF]Laurent-Charvet et al., 2003;Wang et al., 2009Wang et al., , 2010a)). In the Tien Shan range, the largest of these faults, the Talas-Fergana fault (TFF), cross-cuts the southwestern Kazahkstan and western Kyrgyzstan for over 2000 km (Burtman, 1964(Burtman, , 1980)). The TFF was initiated in Late Carboniferous and Permian times and was reactivated several times [START_REF] Konopelko | U-Pb-Hf zircon study of two mylonitic granite complexes in the Talas-Fergana fault zone, Kyrgyzstan, and Ar-Ar age of deformations along the fault[END_REF]Rolland et al., 2013, and references therein). It is currently reactivated due to the India-Asia collision since at least 10 Ma. Consequently, the structures formed prior to the fault activation, especially the South Tien Shan suture (STSs), between Middle Tien Shan and South Tien Shan, are offset on both sides of the fault (Fig. 4. 1.1). It is therefore difficult to reconstruct the pre-Permian evolution of the Tien Shan and more particularly the last collisional event leading to the STSs formation. To the east of the TFF, HP rocks are exposed along the STSs in the Atbashi range and in Chinese Western Tien Shan [START_REF] Bakirov | Tectonic position of metamorphic complexes in Tianshan (in russian)[END_REF][START_REF] Bakirov | Eclogite-bearing metamorphic complexes as indicator of the ancient continent collision zone (in russian). In Precambrian and lower paleozoic of Tianshan[END_REF][START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF]Hegner et al., 2010;[START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]Simonov et al., 2008;[START_REF] Tagiri | Mineral parageneses and metamorphic PtT paths of ultrahigh-pressure eclogites from Kyrghyzstan Tien-Shan[END_REF][START_REF] Tian | Metamorphism of ultrahigh-pressure eclogites from the Kebuerte Valley, South Tianshan, NW China : phase equilibria and P-T path[END_REF]. Petrological and geochronological data available for these rocks show a coherent Late Carboniferous P-T evolution with HP peak ranging from ca. 330-340 Ma in the east (Kekesu river, China) to ca. 320 Ma in the west (Atbashi range, Kyrgyzstan) and exhumation at the surface at ca. 300 Ma (e.g. Hegner et al., 2010;[START_REF] Liu | Paleozoic subduction erosion involving accretionary wedge sediments in the South Tianshan Orogen : Evidence from geochronological and geochemical studies on eclogites and their host metasediments[END_REF]Simonov et al., 2008;[START_REF] Tian | Metamorphism of ultrahigh-pressure eclogites from the Kebuerte Valley, South Tianshan, NW China : phase equilibria and P-T path[END_REF]Wang et al., 2010a). To the west of the TFF, relicts of oceanic rocks, such as serpentinites or gabbros, are exposed along the STSs (Alexeiev et al., 2015a;Burtman, 1975;[START_REF] Khristov | Geosynclinal basement of the crust of the Fergana-Kokshaal Hercynides[END_REF]Tursungaziev et Petrov, 2008). In this area there are no preserved HP rocks (similar to the eclogites found to the east of the TFF) exposed along the STSs. However, relicts of HP rocks are suspected in the Chatkal range (Bakirov et al., 2003), tens of kilometers west of the STSs (Fig. 4.1.1). However, only few structural data are available and the P-T-t history of such HP rocks remains unknown. The geodynamic history of this range is difficult to decipher as geochronological data for surrounding rocks are scarce and controversy [START_REF] Bakirov | On the age of the Kasan metamorphic complex[END_REF][START_REF] Rojas-Agramonte | Detrital and igneous zircon ages for supracrustal rocks of the Kyrgyz Tianshan and palaeogeographic implications[END_REF]. In this study we provide new data on garnet amphibolite of the Chatkal range, which have been identified as strongly-retrogressed eclogite. As they underwent subduction before collision their metamorphic history brings insights 4.1 Retrogressed eclogites of the Chatkal Range for the subduction and the following collision history of the Middle and the South Tien Shan blocks. To decipher the P-T path of these retrogressed HP rocks we used a micromapping approach which is particularly relevant for this kind of texturally complex rocks (Lanari et al., 2013). We obtained a P-T path from the HP peak to the late exhumation stages. This study was complemented by allanite U-Pb in-situ LA-ICPMS dating to constrain the timing of the HP stage corresponding to the onset of exhumation. The obtained petrological and geochronological data can be combined to obtain a P-T-t path for the HP rocks of the Chatkal range. These new petrochronological data improve our understanding of the Chatkal range in the context of the CAOB and provide significant constraints for lateral correlations on both sides of the TFF.

Geological setting

General framework

The Tien Shan range constitutes the southwestern part of the CAOB (Fig. 4. 1.1). It extends for 2500 km from Uzbekistan to the Xinjiang Province in western China. In Kyrgyzstan, the Tien Shan range is divided into three parts : the North Tien Shan (NTS), the Middle Tien Shan (MTS) and the South Tien Shan (STS) (Fig. 4.1.1). The NTS is made of two domains : the Kokchetav-North Tien Shan and the Karatau-Talas domain. The Kokchetav-North Tien Shan consists of Precambrian continental fragments, early Paleozoic island arcs, ophiolites and HP metamorphic complexes that were amalgamated prior to the Middle Ordovician (Alexeiev et al., 2011;[START_REF] Ghes | Terrane Structure and Geodynamic Evolution of the Caledonides of the Tian Shan (in russian)[END_REF]Kröner et al., 2011;Maksumova et al., 2001;Mikolaichuk et al., 1997). During Middle Ordovician to Early Silurian, this domain was intruded by a large volume of granitoids firstly in a continental arc setting and then in a collisional setting [START_REF] De Grave | Late Palaeozoic and Meso-Cenozoic tectonic evolution of the southern Kyrgyz Tien Shan : Constraints from multi-method thermochronology in the Trans-Alai, Turkestan-Alai segment and the southeastern Ferghana Basin[END_REF][START_REF] Degtyarev | Tectonic evolution of the early Paleozoic island arcs and continental crust formation in the Caledonides of Kazakhstan[END_REF]Konopelko et al., 2008;[START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF]Maksumova et al., 2001;Mikolaichuk et al., 1997). The Karatau-Talas domain is mainly made of unmetamorphosed shallow marine and continental sediments of Neoproterozoic age, Cambrian to Ordovician carbonates, and of low-grade turbidites and shales probably Cambrian to Ordovician in age [START_REF] Ghes | Terrane Structure and Geodynamic Evolution of the Caledonides of the Tian Shan (in russian)[END_REF]Maksumova et al., 2001;Tursungaziev et Petrov, 2008). The origin of the Karatau-Talas domain is debated : it could represent either the marginal part of the MTS [START_REF] Kröner | Mesoproterozoic (Grenville-age) terranes in the Kyrgyz North Tianshan : Zircon ages and Nd-Hf isotopic constraints on the origin and evolution of basement blocks in the southern Central Asian Orogen[END_REF] or a microcontinent, between KNT and MTS (Maksumova et al., 2001). The MTS represents the southern part of a 2000 km long Precambrian microcontinent, called the Ishim-Middle Tien Shan, which extends to the western part of northern Kazakhstan [START_REF] Avdeev | Ophiolites and Evolution of the Southwestern Part of the Ural-Mongolia Folded Belt[END_REF]. It was accreted to the NTS during the Early Ordovician following the closure of the Terksey Ocean [START_REF] Burtman | The Tien Shan Early Paleozoic tectonics and geodynamics[END_REF][START_REF] Lomize | The Kyrgyz-Terskey Paleoceanic Basin, Tien Shan[END_REF]Mikolaichuk et al., 1997). Detrital zircon ages suggest that the MTS was rifted from the Tarim, which itself derived from the northern margin of Gondwana [START_REF] Rojas-Agramonte | Detrital and igneous zircon ages for supracrustal rocks of the Kyrgyz Tianshan and palaeogeographic implications[END_REF]. The oldest rocks are gneisses and amphibolites exposed in the Kuilyu complex and dated at 2.4-1.8 Ga (Bakirov et Maksumova, 2001;[START_REF] Glorie | Tectonic history of the Kyrgyz South Tien Shan (Atbashi-Inylchek) suture zone : The role of inherited structures during deformation-propagation[END_REF]Kiselev, V.V. et al., 1993;Maksumova et al., 2001). This basement is overlain by Neoproterozoic to Middle Ordovician sedimentary series, similar to those of the Tarim craton (Eganov et Sovetov, 1979;Maksumova et al., 2001;[START_REF] Osmonbetov | Stratified and intrusive formations of Kirgiziya, book 1[END_REF]Tursungaziev et Petrov, 2008). From the Late Ordovician to the Upper Carboniferous, thick sedimentary series mainly made of carbonates were deposited (e.g. Alexeiev et al., 2015a;Maksumova et al., 2001). In the Chatkal range, the southwestern part of the MTS is characterized by arc-related magmatic rocks cross-cutting this sedimentary cover and by a metamorphic complex (e.g. Alexeiev et al., 2009;Bakirov et al., 2003;Biske, 1996;Filippova et al., 2001;Seliverstov et Ghes, 2001;Seltmann et al., 2011). The STS is a fold-and-thrust belt formed during the Late Paleozoic. It is mainly composed of Silurian to Late Paleozoic marine deposits as well as oceanic and continental eclogites and ophiolites exhumed along top-to-the-north thrusts [START_REF] Bakirov | Tectonic position of metamorphic complexes in Tianshan (in russian)[END_REF][START_REF] Bakirov | Eclogite-bearing metamorphic complexes as indicator of the ancient continent collision zone (in russian). In Precambrian and lower paleozoic of Tianshan[END_REF][START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. The STS resulted from the Late Carboniferous collision of the early Paleozoic Kazakhstan microcontinent to the north with the Alai block and Tarim craton to the south-west and south-east respectively (e.g. [START_REF] Biske | Late Paleozoic collision of the Tarimskiy and Kirghiz-Kazakh paleocontinents (English translation)[END_REF]Biske, , 1996;;Filippova et al., 2001). The polarity of the subduction leading to this collision is debated : either south-directed (e.g. [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF][START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF][START_REF] Wang | 40Ar/39Ar analyses on Quaternary K-Ar standard BB-24 : Evaluations[END_REF] or north-directed (e.g. Biske, 1996;[START_REF] Makarov | Underthrusting of Tarim beneath the Tien Shan and deep structure of their junction zone : Main results of seismic experiment along MANAS Profile Kashgar-Song-Köl[END_REF][START_REF] Windley | Paleozoic accretion and Cenozoic redeformation of the Chinese Tien Shan Range, central Asia[END_REF]. Another model, with two antithetic subductions under the Kazakhstan microcontinent and under the Tarim, is also proposed (Alexeiev et al., 2015b;[START_REF] Ge | The Paleozoic northern margin of the Tarim Craton : Passive or active ?[END_REF]. In western Kyrgyzstan, the Tien Shan range is cross-cut by the 2000 km long NW striking TFF. This fault is still active and has a long and complex history. Although the apparent slip is dextral (Fig. 4.1.1), some evidence for left-lateral displacement during the earliest phases of deformation is also documented (Alexeiev et al., 2009;Allen et al., 2001;Galitskiy, 1967). The maximum total offset along this fault from its activation during the Late Carboniferous (c.a. 312 Ma, Rolland et al., 2013) to its current activity is of about 200 km (Burtman, 1964(Burtman, , 1980)). The TFF seems to represent a major discontinuity between east and west Tien Shan as suggested by the distribution of arc magmatism in the MTS : to the west, in the Chatkal Range, a magmatic arc is welldeveloped whereas to the east the MTS is characterized by a lack of arc magmatism (Fig. 4.1.1) (Tursungaziev et Petrov, 2008).

The Chatkal range

The Chatkal Range lies in the MTS to the west of the TFF and to the north of the Fergana basin (Fig. 4.1.1). The range is thrusted towards the south upon the Fergana basin along a Cenozoic thrust. The Chatkal Range is mainly made of Upper Paleozoic sediments and metamorphic rocks intruded by Carboniferous arc-related granites and granodiorites (Fig. 4.1.2). During the Silurian, Early and Middle Devonian and during the Pennsylvanian, shortlived arcs evolved in the Chatkal and adjacent areas east of the Talas-Fergana Fault (e.g. Alexeiev et al., 2009;Biske, 1996;Filippova et al., 2001;Seliverstov et Ghes, 2001) whilst, from the Givetian to the Late Mississippian, the area represented a passive margin of the Kazakhstan continent (Alexeiev et al., 2015a;Cook et al., 2002;Maksumova et al., 2001). The metamorphic rocks of the Chatkal Range are divided into four units described as follows by Bakirov et al. (2003) :

• The Shaldyr unit is made of schists, gneisses and amphibolites exposed in the core of an anticline. The amphibolites occur as lenses and could contain eclogite facies mineral relics. This unit is thought to be Archean in age (Bakirov et al., 2003) and thus to constitute the continental basement.

• The Tereksai formation lies upon the Shaldyr unit along a sedimentary unconformity [START_REF] Turbin | On the lower paleozoic stratigraphy of the western central Tien Shan. Tr. Upravleniya geologii i okhrany nedr pri SM KirgSSR[END_REF]. This formation is made of 600 m thick marbles with rare lenses of quartzite, which were probably deposited in a passive margin setting.

• The Tereksai unit is overthrusted by the Semizsai unit. It is a 4000 m thick unit made of mafic and ultramafic rocks, metapelitic schists and migmatites. Bakirov et al. (2003) interpreted this unit as a metamorphosed ophiolitic sequence reflecting an ancient ocean floor despite the alkaline chemical signature of the metabasites. The migmatites were initially dated at 1920 ± 20 Ma by U-Pb on zircon [START_REF] Bakirov | On the age of the Kasan metamorphic complex[END_REF]. However new U-Pb data on detrital zircon grains in a volcanic-derived schist of this unit yield an age of 460.6 ± 1.4 Ma which constrains the maximum age of the protolith to the Middle Ordovician [START_REF] Rojas-Agramonte | Detrital and igneous zircon ages for supracrustal rocks of the Kyrgyz Tianshan and palaeogeographic implications[END_REF]. These authors ascribed this volcano-sedimentary unit to volcanic arc activity in this part of the MTS at the end of the Middle Ordovician.

• Finally, the Semizsai unit is overlain by the Ishtanberdy unit, which is made of lowto medium-grade schists. The base of this unit is made of conglomerates containing pebbles of the underlying Semizsai unit (Bakirov et al., 2003). As geochronological and petrological data are scarce and controversial, the geodynamic evolution of the Chatkal range remains poorly constrained, especially the tectonic significance of the presence of the metamorphic rocks. This study aims to provide new structural, geochemical, petrological and geochronological data for the metamorphic rocks of the Chatkal range, especially for the HP relicts of the Shaldyr unit, in order to better understand the geodynamic history of the range.

Structure and geochemistry of geological units

Results of structural and geochemical analysis

Based on previous work (Bakirov et al., 2003), field investigations were carried out and provided new structural data. Representative rocks of each unit were sampled in order to obtain petrological and geochemical data to characterize these units. Fresh samples were crushed and powdered in an agate mill. Bulk-rock analyses were performed at the CRPG of Nancy following the procedure of [START_REF] Carignan | Routine Analyses of Trace Elements in Geological Samples using Flow Injection and Low Pressure On-Line Liquid Chromatography Coupled to ICP-MS : A Study of Geochemical Reference Materials BR, DR-N, UB-N, AN-G and GH[END_REF]. Major-element concentrations were obtained by ICP-OES analyses. The analytical uncertainties are lower than 1% for SiO 2 and Al 2 O 3 , 2% for Fe 2 O 3 , MgO and CaO, 5% for MnO, K 2 O, Na 2 O and TiO 2 , and 10% for and P 2 O 5 . Trace-element concentrations were obtained by ICP-MS analyses. The analytical uncertainties are lower than 5% except for Th, Pb, Zr, Hf and Tm (<10%) and U and Ta (<15%). Results are presented in Table 4. 1.1 and Fig. 4.1.4. The results lead to revise the geological map and the geodynamic significance of the Chatkal units as follows (Fig. 4.1.2) :

• The lower unit, referred as the Shaldyr unit by (Bakirov et al., 2003), crops out in the core of a WNW-ESE trending anticline (Fig. 4.1.3a). It is made of pelitic schists containing quartz, white and black micas, feldspar and millimeter-scale garnet. These schists are strongly foliated in a WNW-ESE direction. Micaschists contain stretched boudins of garnet amphibolites. They contain garnet with amphibole corona and plagioclase, which is typical of retrogressed eclogites (Figs. 4.1.3b,4.1.3d).

Lenses are about 10 m in width and are several decameters in length. The contact of this unit with the overlying marbles is underlined by a greenschist facies high strain shear zone. Shear criteria at the contact suggest a top-to-the-north sense of shear (Fig. 4. 1.3c). It indicates that if the initial contact was an unconformity, as suggested by (Bakirov et al., 2003), it has been later reactivated as a thrust. The marbles, i.e. the Tereksai formation of Bakirov et al. (2003) • The volcano-sedimentary unit or Semizsai unit (Bakirov et al., 2003) is made of an alternation of amphibolites, micaschists and leptynites. In some places, the schists are migmatized (Fig. 4. 1.3e). This unit does not represent a full ophiolite sequence.

In contrast, alternations of feldspar-rich leptynites with more mafic metric layers composed of amphibole and plagioclase could correspond to a volcanic environment with a bimodal source. These volcanic layers alternate with detrital layers of micarich metasediments. Such volcano-sedimentary deposits may suggest a volcanic arc setting. In addition, the chemical composition of the amphibolites is in agreement with a volcanic arc setting. Total alkali-silica diagram suggests that the protoliths were basaltic to andesitic in composition (45% < SiO 2 < 58%), which is consistent with a calc-alkaline magmatic affinity (Fig. 4 • The uppermost unit, referred to as the Ishtanberdy unit (Bakirov et al., 2003), is made of micaschists containing various proportions of quartz, plagioclase, biotite, muscovite, chlorite, garnet and staurolite (Fig. 4. 1.3f). This mineralogy indicates a typical Barrovian type metamorphism linked to a collisional context [START_REF] Brown | P-T-t evolution of orogenic belts and the causes of regional metamorphism[END_REF].

Following these results, the garnet amphibolites lenses wrapped in the micaschists from the HP unit are excellent targets for a detailed petrological and geochronological investigation as they are the unique lithology to preserve both subduction-and collision-related metamorphic imprints.

Garnet amphibolite description

As described above, the garnet amphibolites crop out as boudins in a micaschist matrix and have a typical texture of retrogressed eclogites. The degree of retrogression varies depending on the samples. The most retrogressed samples contain millimeter-scale plagioclase and green amphibole, garnet with strongly irregular rims, quartz, ilmenite, rutile and local occurrences of clinozoisite. No clinopyroxene was found. Transitional samples contain plagioclase and green amphibole in a first symplectite and clinopyroxene, amphibole and plagioclase associated in a second finer symplectite. Others minerals are garnet, K-feldspar, quartz, rutile, ilmenite and clinozoisite (Figs. 4.1.5a,4.1.5b,4.1.5c). The well-preserved samples exhibit fine symplectites of clinopyroxene and plagioclase around garnet, clinozoisite and rutile porphyroblasts. Garnet is surrounded by a thin corona of green amphibole (Figs. 4.1.5d,4.1.5e). Two samples were chosen for further investigations : in the well-preserved samples, the small size of the symplectite makes it difficult to perform accurate microprobe analysis, especially micro-mapping. Consequently they are not the best suited for petrologic study despite being the best preserved. However, in one of these samples (sample KG-12-16), allanite was found in the core of clinozoisite porphyroblasts (Sample Fig. 4.1.5f). Allanite is a rare earth element rich end-member of the epidote solid solution series : [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF]. Open and black triangles are for amphibolites from the volcano-sedimentary unit. The depletion in Nb-Ta is typical of subduction context magmas. linked to P-T conditions based on textural associations with rock-forming minerals in order to obtain P-T-t paths (e.g. [START_REF] Cenki-Tok | Direct dating of mid-crustal shear zones with synkinematic allanite : new in situ U-Th-Pb geochronological approaches applied to the Mont Blanc massif[END_REF][START_REF] Janots | Metamorphic rates in collisional orogeny from in situ allanite and monazite dating[END_REF]. In the studied rocks, allanite contains omphacite inclusions suggesting that it is a HP phase. A transitional sample with thicker symplectite was chosen for petrologic and thermobarometric investigations (sample KG-12-13). This kind of sample is well suited to decipher the P-T path of the garnet amphibolites as they contain relicts of the HP paragenesis and also minerals of the retrogression stages. Samples are localized on Fig. 4.1.2.

P-T estimates for garnet amphibolites

Mineral compositions

X-ray maps have been acquired in order to measure the mineral compositions in two dimensions, to constrain the relationships of the different phases and to decipher the P-T path of garnet amphibolites. A JEOL JXA-8230 electron probe micro-analyzer at ISTerre laboratory (Grenoble, France) was used to acquire X-ray compositional maps and the spot analyses required for the analytical standardization of the images following the procedure [START_REF] De Andrade | De l ' imagerie chimique à la micro-cartographie Pression-Température-Déformation : évolution minéralogique et transport de matière dans des systèmes en déséquilibre thermomécanique[END_REF]. Analytical conditions for mapping were 15 keV accelerating voltage and 100 nA specimen current. The conditions for spot analyses were 15 keV accelerating voltage and 12 nA specimen current. The maps of 135,000 pixels with and amphibolites from the Chatkal range. La/Yb and Nb/Ce ratios are normalized to primitive mantle compositions [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF]. Samples are located on Fig. 4 Figs. 4.1.5c). Dwell times were set at 100 ms per pixel. These X-ray maps were processed using the program XMAPTOOLS 1.6.5 [START_REF] Lanari | XMapTools : A MATLAB c -based program for electron microprobe X-ray image processing and geothermobarometry[END_REF]. Each pixel is assigned to a mineral phase (classification) and then the raw X-ray map is standardized using the spot analyses as internal standards. The intensity maps are converted into maps of weight-percentage composition for each oxide. Then structural formulae maps were calculated on the basis of 12 oxygen for garnet, 6 for clinopyroxene, 23 for amphibole and 8 for feldspar. Fe 3+ contents were estimated using the method of [START_REF] Holland | Non-ideal interactions in calcic amphiboles and their bearing on amphibole-plagioclase thermometry[END_REF] for amphibole and using the acmite end-member proportion for clinopyroxene and charge-balance. All Fe in garnet is assumed to be Fe 2+ (as suggested by charge balance computations). Representative analyses of garnet, clinopyroxene, feldspar and amphibole are reported in Tables 2, 3, 4 and5 ). Plagioclase has a homogeneous and nearly pure albitic composition (Ab 94-98 ). Amphibole is pale green and has a magnesio-hornblende composition following the classification of [START_REF] Leake | Nomenclature of amphiboles[END_REF]. Minor Ti-oxides occur in this symplectite such as rutile or ilmenite. A second symplectite (symplectite 2), wider than the first one (lamellae of 20-40µm), is made of amphibole and plagioclase (Fig. 4.1.5c) without any clinopyroxene. Amphibole has a similar magnesio-hornblende composition as the one of symplectite 1 and plagioclase has also a nearly pure albitic composition (Ab 94-98 ). Amphibole nearby garnet has a different chemical composition with higher Al (∼3.0 pfu) and Fe (∼2.5 pfu) contents indicating a chemical interaction with the garnet (Fig 7a,b). Consequently, for the following thermobarometric calculations implying amphibole, only the compositions of amphibole "away" from the garnet were taken into account as those close to the garnet may have been strongly affected by the interactions with it. Based on the textural relationships, the two different symplectites may thus represent two stages of retrogression. Symplectite 1, with preserved clinopyroxene, was probably formed during early stages of exhumation while symplectite 2, without clinopyroxene, may have formed at a later stage. Thus, the garnet and the two symplectites represent three different assemblages corresponding to distinct stages along the P-T path. The compositional maps also highlighted a K-feldspar corona around the garnet (Fig. 4.1.5c). Although K-Feldspar is rare in mafic lithologies, it might have crystallized here because of a local excess of potassium due to the alkaline composition of that rock. 

Thermobarometry

In order to reconstruct the P-T path of the garnet amphibolite, rock-specific equilibrium phase diagrams (elsewhere called pseudosection) and empirical and semi-empirical calculations were used. The P-T equilibrium phase diagram was calculated with the Theriak-Domino software (De Capitani et Petrakakis, 2010) using the internally consistent thermodynamic data set of Berman (1988) and subsequent updates (JUN92.bs). The chemical system considered was NCFMASHTO (Na 2 O, CaO, FeO, MgO, Al 2 O 3 , SiO 2 , TiO 2 , H 2 O, O). As K-feldspar is the only K-rich phase and only occurs as the result of ultra-local equilibria, the system was simplified by excluding K 2 O. The same simplification was done for MnO, which has negligible amount in all measured phases. The solid solution models used were those of Berman (1988) in JUN92.bs except for omphacite (Meyre et al., 1997), chlorite (Hunziker, 2003) and white micas (Keller et al., 2005). In a first step, the effective bulk composition used for phase diagram calculation was supposed to be the bulk-rock composition measured by ICP-OES. However, the model did not match the observations, especially concerning the garnet compositions. Therefore we used another composition based on mineral abundance and their composition of each local assemblages (Lanari et al., 2013;[START_REF] Warren | Oxidized eclogites and garnet-blueschists from Oman : P-T path modelling in the NCFMASHO system[END_REF]. The modal abundance of garnet (∼20%), fine symplectite (∼45%) and wide symplectite (∼35%) were calculated by a thin-section optical image analysis and their composition was calcula- ). The corresponding stable assemblage at these conditions is garnet, omphacite, chlorite, rutile, quartz, paragonite and H 2 O. However, only rutile was preserved as inclusions in garnet.

During a first stage of retrogression, omphacite was retrogressed into diopside, amphibole and plagioclase forming symplectite 1. The temperature conditions for the crystallization of this symplectite were estimated using the calibration of [START_REF] Holland | Non-ideal interactions in calcic amphiboles and their bearing on amphibole-plagioclase thermometry[END_REF] based on the distribution of Na and Ca between plagioclase and amphibole. Calculations were performed for each amphibole pixel with a fixed plagioclase composition determined from the map (Ab 97 -An 03 ). The obtained temperature is 560 ± 40 • C (Fig. 4.1.7c). The higher temperatures (>620 • C) obtained at the garnet rim are explained by the compositional variability in amphibole caused by its chemical diffusion exchange with garnet. The pressure was then estimated for the average temperature of 560 • C using the calibration of [START_REF] Waters | Clinopyroxene-amphibole-plagioclase symplectites in Norwegian eclogites : Microstructures, chemistry and the exhumation P-T path[END_REF][START_REF] Waters | [END_REF] based on the reaction jadeite + tremolite = albite + edenite. Activities of involved end members were calculated following the models of [START_REF] Dale | Hornblende-garnet-plagioclase thermobarometry : A natural assemblage calibration of the thermodynamics of hornblende[END_REF] for amphibole and [START_REF] Holland | Activities of components in omphacitic solid solutions -An application of Landau theory to mixtures[END_REF] for clinopyroxene and were considered as ideal for plagioclase. Calculations were performed for each clinopyroxene pixel with a fixed plagioclase and amphibole compositions determined from the map (details in Lanari et al. (2013)). Pressure estimates range from 11 to 8 kbar from clinopyroxene core to rim (Fig. 4.1.7d). In complement, the isopleths of jadeite content in clinopyroxene were modeled in the P-T section (Fig. 4.1.8). The jadeite content of clinopyroxene varies from 0.19 to 0.09 at 11 and 8 kbar, respectively. This result is in line with observations (Jd 18→7 from core to rim) and with the pressure estimates from the calibration of [START_REF] Waters | Clinopyroxene-amphibole-plagioclase symplectites in Norwegian eclogites : Microstructures, chemistry and the exhumation P-T path[END_REF][START_REF] Waters | [END_REF]. Symplectite 2 was formed during a second stage of retrogression. The absence of clinopyroxene in this symplectite prevents the estimation of pressure using the calibration of [START_REF] Waters | Clinopyroxene-amphibole-plagioclase symplectites in Norwegian eclogites : Microstructures, chemistry and the exhumation P-T path[END_REF][START_REF] Waters | [END_REF]. However the temperature can also be estimated with the calibration of [START_REF] Holland | Non-ideal interactions in calcic amphiboles and their bearing on amphibole-plagioclase thermometry[END_REF]. Similar to symplectite 1, calculations were performed for each amphibole pixel with a fixed plagioclase composition (Ab 97 -An 03 ). The estimated temperatures of 560 ± 30 • C, are similar to those obtained for amphibole of symplectite 1. The pressure cannot be directly estimated. However, the rim of amphibole 2 (Fe tot = 2.3, Al tot =1.8) is slightly enriched in Fe and Al compared to its core (Fe tot = 1.9, Al tot = 1.2,Figs. 4.1.7a,4.1.7b). This suggests that the rim of amphibole 2 crystallized during garnet breakdown, precisely when more Al and Fe are available, which corresponds to pressure lower than 7 kbar according to the P-T section (Fig. 4.1.8). [START_REF] Holland | Non-ideal interactions in calcic amphiboles and their bearing on amphibole-plagioclase thermometry[END_REF] with fixed composition of plagioclase. The temperature estimates in the area of chemical interaction between garnet and amphibole seem to be higher and are thus considered as no relevant. (d) Pressure map for clinopyroxene obtained with the calibration of [START_REF] Waters | Clinopyroxene-amphibole-plagioclase symplectites in Norwegian eclogites : Microstructures, chemistry and the exhumation P-T path[END_REF][START_REF] Waters | [END_REF] with fixed composition of amphibole and plagioclase.

Allanite dating

Methods

Allanite is a rare earth element (REE) rich end-member of the epidote solid solution series ([Ca, REE, T h] 

2 [F e, Al] 2 Si 3 O 12 [OH]
). The mineral is key to the storage and mobility of REE, Th and U [START_REF] Giere | Allanite and other REE-rich epidote-group minerals[END_REF][START_REF] Hermann | Allanite : thorium and light rare earth element carrier in subducted crust[END_REF], and offers geochronological information that can be linked with physico-chemical conditions (e.g., pressure, temperature conditions), based upon petrological observations. LA-ICPMS U-Pb dating of allanite was performed in-situ on ca. 100 µm thick thin sec- 

25) O( ?). The numbered gray areas represent P-T estimates for the three paragenesis represented on the right (only the phases used for P-T estimations are shown) : 1-garnet, 2-clinopyroxene-amphibole-plagioclase symplectite, 3-amphibole-plagioclase symplectite (P conditions are not constrained directly).

The obtained P-T path is drawn in bold black line. Pyrope and grossular content in garnet and jadeite content in clinopyroxene isopleths are represented in red, blue and green dashed lines, respectively. Feldspar-in and garnet-out reactions are shown in light blue and red solid lines, respectively. Numbered fields : 1-Grt Omp Chl Lws Rt Coe Gln, 2-Grt Omp Chl Lws Rt Qz H2O, 3-Grt Omp Rt Tlc Qz H2O, 4-Grt Omp Cld Lws Rt Qz, 5-Grt Opx Omp Gln Rt Qz H2O, 6-Omp Chl Cld Ilm Rt Gln, 7-Grt Omp Chl Qz Pg Ilm, 8-Grt Opx Amp Omp Rt Qz H2O, 9-Grt Fsp Opx Amp Omp Rt Qz H2O, Opx Amp Ol Ilm H2O . Abbreviations used are after Whitney and Evans (2010) : Amp-amphibole, Chl-chlorite, Cld-chloritoid, Coe-coesite, Fprg-fero-pargasite, Fsp-feldpar, Gln-glaucophane, Grt-garnet, Ilmilmenite, Lws-lawsonite, Ol-olivine, Omp-omphacite, Opx-orthopyroxene, Pg-paragonite, Qzquartz, Rt-rutile.

tions. Allanite was analysed at the University of Montpellier 2 (Géosciences Montpellier, AETE regional facility) using a Thermo-¬Finnigan Element XR sector field ICPMS (ThermoFisher Scientific, Germany and USA) coupled to a GeoLas Q+ CompEx-102 193 nm ArF excimer laser ablation system (Lambda Physik, Germany). Analytical protocols and instrument conditions followed those described in detail by [START_REF] Darling | Allanite U-Th-Pb geochronology by laser ablation ICPMS[END_REF]. Key points of the methodology are : (a) 40-µm long line-raster ablation, in order to minimize time-dependent elemental fractionation ; (b) external normalisation of the 206 Pb/ 238 U ratios using the zircon standard 91500 [START_REF] Wiedenbeck | Further Characterisation of the 91500 Zircon Crystal[END_REF]. The laser was generally operated at a repetition rate of 6 Hz, beam diameter of 26 µm with a density of c. 10 J/cm 2 . Each analysis was preceded by a pre-ablation of the surface using a beam diameter of 77 µm. He was used as a cell gas. The ThO+/Th+ ratio was optimised to be < 1.0%. The acquisition times for the background and the ablation interval amounted to about 15 and 45 s, respectively. Data were reduced using the Glitter program [START_REF] Jackson | The application of laser ablation-inductively coupled plasma-mass spectrometry to in situ U-Pb zircon geochronology[END_REF]. Intervals of 30 s were selected in the signal and checked before the integration of time-resolved signals to avoid possible contamination by mineral inclusions. As allanite is generally enriched in common Pb, Tera-Wasserburg diagrams [START_REF] Tera | U-Th-Pb systematics in three Apollo 14 basalts and the problem of initial Pb in lunar rocks[END_REF] were employed and generated by Isoplot version 3.41 [START_REF] Ludwig | Isoplot 3.00 a geochronological toolkit for Microsoft Excel[END_REF]. Because we used a non-matrix-matching standard for allanite, accuracy of the results was monitored by several analyses of a secondary reference material BONA [START_REF] Gregory | Allanite micro-geochronology : A LA-ICP-MS and SHRIMP U-Th-Pb study[END_REF]. During the course of this study, analyses of the BONA reference material yielded a Tera-Wasserburg regression age of 39.9 ± 5.3 Ma (MSWD = 3.5), which is within uncertainties of reference values (see [START_REF] Darling | Allanite U-Th-Pb geochronology by laser ablation ICPMS[END_REF]. Common lead uncorrected 238 U/ 206 Pb and 207 Pb/ 206 Pb ratios obtained for the BONA allanite standard during the past 2 years are 31.056 ± 1.074% and 0.691 ± 1.318% (n = 32), respectively.

Age of the HP stage

The sample chosen for U-Pb geochronology (KG-12-16) is a very fine-grained garnet amphibolite composed of a matrix made of clinopyroxene-albite symplectite as well as garnet, clinozoisite and Ti-oxides porphyroblasts. The clinopyroxene and albite symplectite is very fine grained (5-10 µm). Clinopyroxene has a diopside composition (Di 79 -Jd 08 -Hd 11 ). In this matrix garnet and clinozoisite occur as porphyroblasts. Garnet is 0.5 to 2 mm in width and has an almandine composition (Alm 67 -Grs 23 -P yr 09 , Fig. 4. 1.6b, table 4.1.2). It contains inclusions of green amphibole and omphacite with a jadeite content ranging from 32 to 40 % (Fig. 4. 1.6d, table 4.1.3). Garnet is surrounded by a green amphibole corona of 0.1 to 0.3 mm in width. Clinozoisite occurs as porphyroblasts 1 to 2 mm in length and 0.5 to 1 mm in width. Allanite occurs in the core of clinozoisite crystals and sometimes as inclusions in garnet (Figs. 4.1.5d,4.1.5f). These are brownish crystals, 50-80 µm long and 30-60 µm wide. Allanites included in garnet are generally too small to be dated, thus only one such allanites was analyzed. Both clinozoisite and allanite contain omphacite inclusions with jadeite contents ranging from 30 to 40 %. Empirical thermobarometry was performed on this sample in order to link geochronological data with the more detailed P-T estimates obtained from the other sample. The garnet-clinopyroxene thermometer of [START_REF] Ravna | The garnet -clinopyroxene Fe2 + -Mg geothermometer : an updated calibration[END_REF] yields temperature ranging from 440 to 524 • C. A minimum pressure can be estimated from the reaction albite = jadeite + quartz [START_REF] Holland | The experimental determination of activities in disordered and short-range ordered jadeitic pyroxenes[END_REF]. In the absence of prograde albite, the maximum jadeite content of omphacite included in allanite and garnet of 40% indicates minimum pressure of 11 and 12 kbar at 440 and 525 • C respectively. These P-T estimates are consistent within errors with previous P-T estimates for the sample KG-12-13 (490 ± 50 • C and 18.5 ± 2 kbar). These results suggest that the allanite crystallized during the high-pressure stage. In-situ U-Pb dating of these allanite grains yield a lower intercept Tera-Wasserburg age of 301 ± 15 Ma (MSWD = 2.8 ;n=33 ;Fig. 4.1.9 ;Table 4.1.6). The data points are scattered along a discordant line in the Tera-Wasserburg diagram because the allanite grains could have incorporated variable amounts of common Pb upon crystallization or variable amounts of U leading to variable amounts of radiogenic Pb and thus variable fractions of common Pb. The only analysis of allanite included in garnet is on the same line as the allanites included in clinozoisites (Fig. 4.1.9). Moreover, as the MSWD is lower than 3, from a statistical point of view we can assume that the analyses can all be modeled with two end-members. Consequently it suggests that the allanite have crystallized at the same time and from a well homogenized common lead composition at the sample scale. The regression of the analyses in a Tera-Wasserburg diagram yields an initial 207 P b/ 206 P b ratio of 0.8646. This result is in accordance with the ratio predicted by [START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF] at 300 Ma indicating that the allanite crystallized from a Pb composition close to the Earth Pb evolution model. It strengthens the hypothesis that data scattering is due to incorporation of variable amounts of common Pb upon crystallization rather than opening of the system during retrogression. The omphacite inclusions with high jadeite contents in allanite and the results of empirical thermobarometry suggest that allanite growth is related to the HP stage. We therefore consider this Tera-Wasserburg lower intercept U-Pb age obtained for allanite as the age for the HP stage.

Discussion

Deciphering the P-T-t path of retrogressed eclogites

Deciphering the P-T-t path of HP rocks brings important information about vertical motions in the lithosphere during subduction and collision processes (e.g. [START_REF] Duchêne | Exhumation of eclogites : insights from depth-time path analysis[END_REF]. However, when these rocks subsequently suffer a collisional event, the HP metamorphism can be strongly overprinted by amphibolite or granulite facies metamorphism (e.g. Lanari et al., 2013;[START_REF] Mercier | On the tectonic significance of retrograde P-T-t paths in eclogites of the French Massif Central[END_REF]. In this case it remains difficult to determine both (i) the P-T conditions that affected the rock before its retrogression and (ii) the age of the HP stage. The micro-mapping approach (Lanari et al., 2012[START_REF] Lanari | XMapTools : A MATLAB c -based program for electron microprobe X-ray image processing and geothermobarometry[END_REF] combined with in-situ dating of preserved HP phases [START_REF] Rubatto | Exhumation as fast as subduction ?[END_REF] is well adapted to solve these problems. 

P-T path obtained from micro-mapping

In this study, micro-mapping of garnet amphibolites highlights textural relationships between different parageneses and allows to constrain the P-T conditions of the HP stage and of the subsequent retrogression stages (see section 4.1.4.2). The metamorphic peak conditions are estimated at 490 ± 50 • C and 18.5 ± 2 kbar, which corresponds to the lower temperature boundary of eclogite facies following [START_REF] Evans | Phase relations of epidote-blueschists[END_REF]. The HP paragenesis was characterized mainly by garnet and omphacite (± chlorite, rutile, quartz), which is a typical eclogite facies assemblage. During exhumation, the eclogite was retrogressed into garnet amphibolite. Two successive stages of retrogression were preserved in the rock. A first stage, marked by the breakdown of omphacite into diopside, amphibole and Na-plagioclase, occurred between 11 and 8 kbar at 560 ± 50 • C. A second stage, marked by the crystallization of amphibole and plagioclase without clinopyroxene, occurred at lower pressures and probably ended at pressure less than 7 kbar at a similar temperature of 560 ± 50 • C. The P-T path obtained from these P-T estimates (Figs. 4.1.8,4.1.11) implies a burial along a cold geothermal gradient of ∼ 8 • C/km, assuming lithostatic pressure, which is typical for subduction zones (e.g. [START_REF] Peacock | Thermal and Petrologic Structure of Subduction Zones[END_REF]. During the exhumation following the pressure peak until the first retrogression stage, the temperature increased from 490 to 560 • C, and remained at 560 • C until at least 7 kbar implying a geothermal gradient of ∼ 24 • C/km at the second retrogression stage assuming lithostatic pressure. This increase of geothermal gradient from 8 to 24 • C/km between the subduction and exhumation stages suggests that the HP rocks were probably exhumed when a significant change in geodynamic setting occurred, such as the transition from subduction to collision (see discussion section 4.1.6.3 below).

Dating HP metamorphism with allanite In the case of preserved eclogites, the HP stage can be dated by different systems implying garnet or phengite such as Sm-Nd, Lu-Hf, Rb-Sr or Ar-Ar or by in-situ geochronology such as U-Pb in zircon [START_REF] De Sigoyer | Dating the Indian continental subduction and collisional thickening in the northwest Himalaya : Multichronology of the Tso Morari eclogites[END_REF]Duchêne et al., 1997a;[START_REF] Hacker | Ar-Ar geochronology of ultrahigh pressure metamorphism in central China[END_REF][START_REF] Rubatto | Dating of eclogite-facies zircons : the age of Alpine metamorphism in the Sesia-Lanzo Zone (Western Alps)[END_REF]. When the subduction-related metamorphic assemblages are partially overprinted, garnet and other HP phases are generally retrogressed and cannot be used for geochronology [START_REF] Schneider | Individualization of textural and reactional microdomains in eclogites from the Bergen Arcs (Norway) : Consequences for Rb/Sr and Ar/Ar radiochronometer behavior during polymetamorphism[END_REF]. The in-situ dating of preserved HP phases is thus the only way to date the HP stage, even if it remains difficult due to generally zoned minerals [START_REF] Riel | SHRIMP zircon ages of eclogites in the Stak massif, northern Pakistan[END_REF]. Allanite is a useful and robust chronometer to date HP metamorphism in eclogites and felsic gneisses [START_REF] De Sigoyer | Exhumation of the ultrahigh-pressure Tso Morari unit in eastern Ladakh (NW Himalaya) : A case study[END_REF][START_REF] Parrish | Plate velocity exhumation of ultrahigh-pressure eclogites in the Pakistan Himalaya[END_REF][START_REF] Regis | Multiple Metamorphic Stages within an Eclogite-facies Terrane (Sesia Zone , Western Alps) Revealed byTh-U-Pb Petrochronology[END_REF][START_REF] Smye | Rapid formation and exhumation of the youngest Alpine eclogites : A thermal conundrum to Barrovian metamorphism[END_REF], as well as to date prograde Barrovian metamorphism in metapelites [START_REF] Janots | Metamorphic rates in collisional orogeny from in situ allanite and monazite dating[END_REF][START_REF] Janots | U-Th-Pb dating of collision in the external Alpine domains (Urseren zone, Switzerland) using low temperature allanite and monazite[END_REF] or mylonites formed under greenschist facies conditions [START_REF] Cenki-Tok | Direct dating of mid-crustal shear zones with synkinematic allanite : new in situ U-Th-Pb geochronological approaches applied to the Mont Blanc massif[END_REF]. In this study, we used allanite texturally associated with om-phacite in order to date HP metamorphism in retrogressed mafic eclogites. Located in the core of clinozoisite, or more rarely in garnet, allanite has been preserved from retrogression. Chemical and mechanical shielding of allanite allowing for the preservation of the age record of early metamorphic events has already been reported [START_REF] Cenki-Tok | Preservation of Permian allanite within an Alpine eclogite facies shear zone at Mt Mucrone, Italy : Mechanical and chemical behavior of allanite during mylonitization[END_REF]. Our results show the potential of allanite to date HP events even when subduction-related metamorphism has been overprinted by a significant high temperature event. In this case, allanite has been enclosed in the core of clinozoisite and was thus preserved from reaction with apatite to form monazite. The P-T and time constraints were acquired on two different samples. However these samples came from the same geological unit. Moreover, the two samples underwent the same P-T condition as suggested by empirical thermobarometry on the sample used for geochronology. This suggests that even if P-T and time constraints were obtained on two different samples, the results can be combined to reconstruct a P-T-t path (Fig. 4. 1.11). This study brings key information for the geodynamic history of the area. In the case of the Chatkal range, this is the first report of HP metamorphism. The obtained age of 301 ± 15 Ma is a Tera-Wasserburg lower intercept age and other datings with different isotopic systems could strengthen this age for the HP stage. Moreover the obtained P-T-t path considerably improves the understanding of the area. Our data show that the HP metamorphism is significantly younger than previously suggested (Bakirov et al., 2003) and that it can be correlated with the Late Carboniferous accretion of the Tarim Craton, which is well established to the east of TFF (Hegner et al., 2010), as discussed below.

Geodynamic evolution of the Chatkal range

The obtained petrological and geochronological data provide further information in order to constrain the Chatklal range history in the Late Paleozoic times. Combined with previously published data, they allow to propose a new geodynamic evolution model for the Middle and South Tien Shan blocks, to the west of the TFF (Fig. 4.1.10). The northward subduction of the Turkestan Ocean under the southern margin of Kazakh Platform probably began in the Late Silurian-Early Devonian (Fig. 4.1.10a) (Alexeiev et al., 2009;Biske, 1996;Filippova et al., 2001;Seliverstov et Ghes, 2001;Seltmann et al., 2011) leading to the formation of a continental volcanic arc in the Middle Tien Shan. The volcano-sedimentary unit observed in the Chatkal range is dated at 460 Ma [START_REF] Rojas-Agramonte | Detrital and igneous zircon ages for supracrustal rocks of the Kyrgyz Tianshan and palaeogeographic implications[END_REF]. It is therefore not linked to the Turkestan Ocean closure. Rather, it might have formed in a previous volcanic arc, when the Middle Tien Shan was still attached to the North-Tarim or North-East Gondwana margin (e.g. [START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF][START_REF] Rojas-Agramonte | Detrital and igneous zircon ages for supracrustal rocks of the Kyrgyz Tianshan and palaeogeographic implications[END_REF][START_REF] Von Raumer | Organization of pre-Variscan basement areas at the north-Gondwanan margin[END_REF][START_REF] Von Raumer | The birth of the Rheic Ocean -Early Palaeozoic subsidence patterns and subsequent tectonic plate scenarios[END_REF]. However, the age of the high-temperature metamorphic stage and partial melting of this former arc unit is still unconstrained. It could be either linked to this Ordovician event or to the collision of the Alai block with the Middle-Tien Shan following the closure of the Turkestan Ocean. Allanite dating performed in this study gives a first constraint on the age of the HP stage recorded by the garnet amphibolites of the Chatkal range, which is of 301 ± 15 Ma (MSWD = 2.8). The alkaline chemical composition of the garnet amphibolites (retro-4.1 Retrogressed eclogites of the Chatkal Range gressed eclogites) and their geometry of mafic lenses intercalated in micaschists suggest that they could be former alkaline magmatic dykes cross-cutting a tectonically thinned continental margin during a rifting event (OCT, [START_REF] Manatschal | A type sequence across an ancient magma-poor ocean-continent transition : the example of the western Alpine Tethys ophiolites[END_REF]). These results suggest that the Turkestan Ocean subduction ended during the Late Carboniferous, when the OCT entered the subduction zone (Fig. 4. 1.10b). This transition from oceanic subduction to collision is also marked by the end of the magmatic activity in the arc (e.g. Seltmann et al., 2011). The P-T estimates for the HP stage suggest that the OCT was buried at a depth of about 60 km (assuming a lithostatic pressure of 1kbar ∼3.3 km) before its exhumation within the accretionary prism (Fig. 4.1.10c). Then, the collision continued and resulted into crustal thickening, characterized by nappe stacking and huge isoclinal vertical folds. Barrovian metamorphic stage (staurolite-bearing schists), partial melting, and granitic magmatism occurred during this collisional stage suggesting that the geothermal gradient increased significantly (Fig. 4. 1.10d). This stage of collision is responsible for ∼ 25 km of vertical ascent of the former eclogite, as suggested by their P-T path showing a low pressure-high temperature retrogression at 7-11 kbar. These HP rocks were exhumed at the back of the suture as suggested by their geographical location tens of kilometers northwest of the suture front. This exhumation path is observed in many orogens such as in the Alps or in the Himalayas [START_REF] De Sigoyer | Dating the Indian continental subduction and collisional thickening in the northwest Himalaya : Multichronology of the Tso Morari eclogites[END_REF][START_REF] Yamato | HP-UHP exhumation during slow continental subduction : Self-consistent thermodynamically and thermomechanically coupled model with application to the Western Alps[END_REF]. This complex Late Carboniferous evolution on the western side of the TFF could explain the actual distribution of ophiolites along the South Tien Shan suture (Tursungaziev et Petrov, 2008). These ophiolites are not aligned contrary to the eastern side of TFF, but follow a 'S-shape'. This shape is ascribed to late-collisional post-nappe folding. As a result, it is difficult to constrain the initial position of the subduction front. Later, during the Permian, transcurrent tectonics affected the entire CAOB, resulting in a dextral motion of the TFF mainly at 260-290 Ma [START_REF] Konopelko | U-Pb-Hf zircon study of two mylonitic granite complexes in the Talas-Fergana fault zone, Kyrgyzstan, and Ar-Ar age of deformations along the fault[END_REF][START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF]. Consequently, the total offset of the TFF using the position of the suture could be overestimated.

Comparison with the Atbashi eclogites

The P-T-t path obtained for HP rocks from the Chatkal range, to the west of the TFF, can be compared with previously published data from the Atbashi range, to the east of the TFF. Both areas lie along the STSs. Following [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF], we define the STSs as the suture resulting from the collision of the Tarim and Alai block with the South Kazakhstan margin following the Turkestan Ocean closure. It differs from the literature on the Chinese side [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF], where the South-Tien Shan suture term generally refers to the closure of a small back-arc domain to the south of the STSs that we consider. Considering their P-T conditions, the Chatkal eclogites were exhumed along a relatively warm geothermal gradient (24 • C/km) explaining the strong amphibolite facies overprint. On the contrary the eclogites from the Atbashi range were exhumed along a cold geothermal gradient similar to the prograde gradient (8-10 • C/km), as shown by slight blueschist facies retrogression (Fig. 4. 1.11) [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. This difference of geothermal gradients during the exhumation reflects differences in geological histories. In the Chatkal range, before its collision with the Alai block, the south margin of the Middle Tien Shan was an active continental margin. Moreover, the collision was marked by nappe-stacking, folding and thickening of the upper plate. Such a collision is 4.1 Retrogressed eclogites of the Chatkal Range generally characterized by a hot geothermal gradient of 30-40 • C/km associated with Barrovian metamorphism and fluid circulation along shear zones (e.g. [START_REF] Faure | A review of the pre-Permian geology of the Variscan French Massif Central[END_REF][START_REF] Fort | Metamorphism and magmatism during the Himalayan collision[END_REF]. These features increase the kinetics of metamorphic reactions and thus favor the retrogression. The HP rocks of the Chatkal range were thus exhumed in a collisional context that reworked an already 'hot' Andean-type active margin, which explains the overprint of the subduction metamorphism by a higher temperature -lower pressure metamorphism. This type of mid-to high-temperature exhumation is described in many areas such as in the Himalayas [START_REF] Guillot | Tethyan and Indian subduction viewed from the Himalayan high-to ultrahigh-pressure metamorphic rocks[END_REF]Lanari et al., 2013;[START_REF] Fort | HP metamorphic belt along the Indus suture zone of NW Himalaya : new discoveries and significance[END_REF], in the European Variscan belt [START_REF] Mercier | On the tectonic significance of retrograde P-T-t paths in eclogites of the French Massif Central[END_REF][START_REF] Schulmann | An Andean type Palaeozoic convergence in the Bohemian Massif[END_REF] or in the Andes [START_REF] Riel | Metamorphic and geochronogical study of the Triassic El Oro metamorphic complex, Ecuador : Implications for high-temperature metamorphism in a forearc zone[END_REF]. In contrast, to the east of the TFF, in the Atbashi range, the structure of the subduction prism is well-preserved [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. The Atbashi range comprises a blueschistfacies accretionary prism unit, overthrusted by an ophiolite, itself thrusted by a HP sedimentary unit containing mafic boudins of well-preserved eclogites and then by a continental eclogitic unit exhumed to its south along a detachment. The preservation of this subduction complex and the preservation of eclogites without any high temperature retrogression suggest a rapid exhumation along a cold geothermal gradient up to the surface or sub-surface. This is also supported by a very short age difference between the HP peak, dated at 319 ± 4 Ma (Sm-Nd whole rock, (Hegner et al., 2010)) or 323-327 Ma ( 40 Ar-39 Ar on phengite, (Simonov et al., 2008)) and the blueschist retrogression, dated at 316 ± 3 Ma ( 40 Ar-39 Ar on phengite, (Hegner et al., 2010)). The occurrence of eclogite pebbles in conglomerates dated at 295-303 Ma [START_REF] Baslakunov | Two modes of occurrence of eclogites from the Atbashy Range, southern Tien-Shan, Kyrgyzstan[END_REF] provides minimum age estimation for the final exhumation at the surface. The deformation and metamorphic history are linked to the subduction and subsequent exhumation, but do not feature any collisional nappe-stacking nor any high-temperature metamorphism like in the Chatkal range. Furthermore, the structures indicate a south-dipping subduction in Atbashi [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF] and a north-dipping subduction in Chatkal. Consequently, the contexts of exhumation of HP rocks are different on both sides of the TFF : subduction stacking to the east and collisional to the west. Moreover, the age of HP metamorphism appears to be slightly different. Allanite in garnet amphibolites of the Chatkal range yields an age of 301 ± 15 Ma. In the Atbashi range, ages obtained for the HP stage range from 319 ± 4 (Hegner et al., 2010) to 323-327 Ma (Simonov et al., 2008). If we consider the younger age obtained in Atbashi, the ages for HP stage are the same within errors on both side of the TFF. However, the important error on the age obtained for the Chatkal range and the older ages for the Atbashi range suggest that the HP stage could be slightly younger to the west as compared to the east of the TFF. Consequently, it suggests that the Tarim collided with Kazakhstan 5 to 20 Ma before the Alai block.

Implications for the evolution of the South Tien-Shan suture in the context of CAOB

On the basis of these new results and previous published works (Biske et Seltmann, 2010;Filippova et al., 2001;Windley et al., 2007), we propose a schematic evolution [START_REF] Evans | Phase relations of epidote-blueschists[END_REF]

, abbreviations : GS-greenschist, A-amphibolite, LBS-lawsonite blueschist, EBS-epidote blueschist, LE-lawsonite eclogite, E-eclogite.

model for the evolution of the STSs in the Late Paleozoic in the context of CAOB (Fig. 4.1.12). During the Early Carboniferous times (Fig. 4.1.12a), the Kazakh microcontinent was surrounded by the Ob-Zaisan, Junggar-Balkhash, Turkestan and Uralian oceans, which were all subducting beneath Kazakhstan. All the continents and microcontinents migrated northward and rotated clockwise (Filippova et al., 2001). The oblique collision between the Tarim and the South Kazakh margin leading to the formation of the STSs could have begun in its northernmost part but the age of this collision remains debated [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF][START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF][START_REF] Li | SIMS U-Pb rutile age of low-temperature eclogites from southwestern Chinese Tianshan, NW China[END_REF][START_REF] Liu | Paleozoic subduction erosion involving accretionary wedge sediments in the South Tianshan Orogen : Evidence from geochronological and geochemical studies on eclogites and their host metasediments[END_REF][START_REF] Su | U-Pb zircon geochronology of Tianshan eclogites in NW China : implication for the collision between the Yili and Tarim blocks of the southwestern[END_REF][START_REF] Xiao | Tectonic evolution of the Northern Xinjiang and its adjacent regions (in chinese with english abstract)[END_REF][START_REF] Zhang | The timing of UHP-HP eclogitic rocks in western Tianshan, NW China : the new SIMS U-Pb zircon dating, Lu-Hf and Sm-Nd isochron ages[END_REF]. During the Upper Carboniferous times, the Uralian and Ob-Zaisan Oceans were closed to the west and north of Kazakhstan, respectively. At c. 320 Ma (Fig. 4.1.12b), the Turkestan Ocean continued to close with the collision between the Tarim and the South Kazakh margin extending the STSs toward the southwest. The HP rocks from the Atbashi range were formed at that time (Hegner et al., 2010;Simonov et al., 2008). The Tarim craton was entirely accreted to the Kazakhstan but a part of the Turkestan Ocean probably remained open to the west between the Alai block and the Kazakh margin. It led to the activation of the TFF as a transform fault between the Tarim craton and the Alai block. This is in agreement with the minimum initiation age of the TFF constrained at 312 ± 4Ma by 40 Ar/ 39 Ar on muscovite in mylonites [START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF]. Around 5 to 20 Ma later (Fig. 4.1.12c), the Alai block collided with the South-West margin of Kazakhstan, prolonging the STSs toward the southwest. This study provides a first estimation for the age of this collision but it remains to be refined. The HP rocks of the Chatkal range were probably exhumed rapidly after 300 Ma. This collision led to nappe-stacking, crustal thickening and Barrovian metamorphism during which the eclogites were retrogressed. The TFF propagated inside the continent toward the north-west and joined an older early Paleozoic fault corresponding to the boundary between the Kyrgyz North and Middle Tien Shan (Nikolaev, 1933). In the Early Permian times (Fig. 4.1.12d), all the Oceans were closed and the continents were amalgamated. The Junggar-Balkhash Ocean was closed in the Late Carboniferous or Early Permian [START_REF] Charvet | Paleozoic Continental Accretions in Central Asia Around Junggar Block : New Structural and Geochronological Data[END_REF]. Paleomagnetic data indicates a strong decrease of northward drifting and clockwise rotation of amalgamated continents [START_REF] Didenko | Paleomagnetism and geodynamic evolution of the Urals-Mongolia foldbelt[END_REF]Filippova et al., 2001). A general transcurrent tectonic context affected the CAOB, which evolved as a single continental block (e.g. Burtman, 1980;Buslov et al., 2004;Suvorov, 1968). For example, in the Tien Shan, the TFF began to offset the STSs, the major offset of which occurred at 260-290 Ma [START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF].

Conclusion

In this study, we present new petrochronological data for highly retrogressed HP rocks in the Chatkal range. A micro-mapping approach was used to decipher the P-T path of garnet amphibolites (retrogressed eclogites) from the pressure peak to the late stages of exhumation. The micro-mapping allowed to extract local chemical compositions to calculate a local effective bulk composition used for P-T section calculation. This forward modelling approach was combined with thousands of P-T estimates obtained with empirical and semi-empirical thermobarometry applied to the maps. The results show a HP peak at 490 ± 50 • C and 18.5 ± 2 kbar. Two exhumation stages were preserved, at a constant temperature of 560 ± 50 • C and decreasing pressure from 11 to 7 kbar implying an exhumation along a relatively hot geothermal gradient (∼24 • C/km). These petrological data were complemented with allanite geochronology in order to date the HP stage. Allanite grains associated with the HP mineral assemblages yield a Late Carboniferous age of 301 ± 15 Ma for the metamorphic peak which is 5 to 20 Ma younger than the age of HP metamorphism east of the TFF. These data allow us to improve the understanding of the geodynamic evolution of South Tien Shan to the west of the TFF. The northward subduction of Turkestan Ocean ended around 300 Ma, when the thin continental margin entered in subduction. HP rocks cor- 

2). Red lines represent major strike-slip faults and thrusts or subductions (with red triangles). Bold black line represents the South Tien Shan Suture (STSs). Abbreviations used : EUF-East Urals

Fault, KAF-Kuznetsky Alatau Fault, TFF-Talas-Fergana Fault. responding to this stage were then exhumed in a collisional setting, in which they were retrogressed into garnet amphibolites. These results highlight some significant differences for the South Tien Shan evolution on both sides of the TFF :

1. The contexts of exhumation of HP rocks are different, with subduction stacking to the east and collision to the west.

2. To the west, the north-dipping subduction and subsequent collision with the arc generated strong folding, crustal thickening and regional Barrovian metamorphism.

3. This collisional phase considerably deformed the suture making it difficult to decipher the initial position of the subduction front, while the collisional phase is less developed to the east of the TFF.

4. To the east, the Turkestan Ocean closure ended around 320 Ma when the Tarim craton collided with the Kazakhstan microcontinent, while to the west, a branch of the Turkestan Ocean probably remained open at that time. Final closure of the remaining oceanic basin occurred around 300 Ma when the Alai block collided with the Kazakhstan microcontinent. However this timing remains to be refined, as the error on the age obtained for the HP stage in the Chatkal range is too important to fully distinct differences in the HP stage age on both sides of the fault.

Finally, this study shows that the use of a micro-mapping approach combined with insitu geochronology is highly relevant to study retrogressed eclogites. The understanding of this kind of rocks is important to reconstruct the history of orogens as they generally are the marker of the subduction-collision transition.

La micro-cartographie chimique combinée à de la modélisation thermobarométrique a été utilisée pour déterminer le trajet pression-température d'amphibolites à grenats et montre qu'il s'agit d'éclogites rétromorphosées. Les conditions P-T du pic métamorphique sont d'environ 490±50 ª L'évolution post-collisionelle permienne du Sud Tien-Shan est étudiée à travers l'étude de l'unité de haute-température du massif du Pobeda, à l'est du Kirghizistan.

ª Cette évolution post-collisionelle est caractérisée au permien par un magmatisme important ainsi que par une tectonique décrochante qui affecte toute la CAOB. Le magmatisme est marqué par l'intrusion de nombreux granitoïdes le long de grands décrochements lithosphériques dans le Tien-Shan . Un autre évènement magmatique majeur est l'activité sous le nord du Tarim, d'un panache mantellique au Permien inférieur. Les liens éventuels entre ces différents processus restent largement débattus.

ª La zone du Pobeda est une zone clé pour l'étude des interactions entre ces différents processus car elle se trouve au sud du Tien-Shan sud, à la limite avec le craton du Tarim.

Abstract

The Permian history of the Central Asian Orogenic belt is marked by widespread alkaline magmatism and large-scale strike-slip tectonics, which reactivate former Paleozoic structures. The genetic link between the syn-kinematic granitoids emplaced in the Tien-Shan range and magmas emplaced within the Tarim large igneous province (LIP) is still a matter of debate. We investigated the Pobeda massif, in the eastern Kyrgyz Tien-Shan, located at the boundary between the Tien-Shan range and the Tarim craton, which exhibits a high-temperature (HT) unit. In this unit, Permian magmatism resulted in the emplacement of alkaline charnockites at mid-crustal levels. The primary mineralogical assemblage is anhydrous and made of ortho-and clino-pyroxenes, fayalite, K-feldspar, plagioclase and quartz. These charnockites are associated with partially-molten paragneisses and marbles. Thermobarometry on these rocks indicates that the charnockites emplaced following the intrusion of a melt at a temperature > 1000 • C and pressure of around 6 kbar, corresponding to depth of 20 km, where the resulting thermal anomaly triggered the partial melting of paragneisses. Bulk composition suggests that charnockites fit into the Tarim LIP magmatic series. U-Pb datings on zircon of charnockites and surrounding paragneisses indicate that charnockites intruded and triggered partial melting of the gneisses at 287, 275 and 265 Ma. 40 Ar/ 39 Ar dating on amphibole gives a similar age as the U-Pb age at 276.2 ± 2.0 Ma. 40 Ar/ 39 Ar dating on biotite from the marbles of the HT unit give ages at ca. 256-265 Ma show that exhumation onset directly follows the HT history, and is tentatively correlated to top-to-the-North thrusting of the HT unit in a transpressive context. Additional 40 Ar/ 39 Ar datings on syn-kinematic white micas from an adjacent transpressive shear-zone indicate continuation of the strike-slip tectonics at shallow crustal levels, after the HT unit exhumation, at 248-257 Ma. The

Introduction

The Permian history of Central Asia is marked by a phase of intense magmatism, which occurred in different tectonic settings. Mantle-plumes led to the emplacement of the large igneous provinces of the Tarim, in NW China ( 280-290Ma) (e.g. [START_REF] Xu | The Early Permian Tarim Large Igneous Province : Main characteristics and a plume incubation model[END_REF]Yang et al., 2007a), Emeishan, in SW China ( 259Ma) [START_REF] Ali | Emeishan large igneous province, SW China[END_REF], and references therein), and Siberia in Russia ( 248 Ma) (e.g. [START_REF] Renne | Rapid Eruption of the Siberian Traps Flood Basalts at the Permo-Triassic Boundary[END_REF][START_REF] Saunders | A mantle plume origin for the Siberian traps : uplift and extension in the West Siberian Basin, Russia[END_REF] whereas in the Tien-Shan and Altai orogens, magmatism mostly emplaced along large lithospheric scale strike-slip faults (e.g [START_REF] Allen | Palaeozoic collisional tectonics and magmatism of the Chinese Tien Shan, central Asia[END_REF][START_REF] Biske | Geodynamics of late Paleozoic magmatism in the Tien Shan and its framework[END_REF]Wang et al., 2009). The relationships between these transcurrent tectonics and the emplacement of large igneous provinces are still debated. The formation of the Central Asia Orogenic Belt (CAOB) ended in the Late Carboniferous with the collision of the Kazakhstan-Yili microcontinent with the Junggar block to the north and with the Tarim craton to the South (e.g [START_REF] Allen | Palaeozoic collisional tectonics and magmatism of the Chinese Tien Shan, central Asia[END_REF]Biske, 1996;[START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]Windley et al., 2007) Then a phase of intense magmatism affected the Tien-Shan belt and the northern Tarim during early-middle Permian times (290-260 Ma) (e.g. [START_REF] Biske | Geodynamics of late Paleozoic magmatism in the Tien Shan and its framework[END_REF][START_REF] Chen | Closing history of the southern Tianshan oceanic basin, western China : an oblique collisional orogeny[END_REF][START_REF] Chen | Spatial and temporal characteristics of Permian large igneous province in Tarim Basin (in Chinese with English abstract)[END_REF][START_REF] Konopelko | Hercynian postcollisional A-type granites of the Kokshaal Range, Southern Tien Shan, Kyrgyzstan[END_REF][START_REF] Konopelko | Possible source dichotomy of contemporaneous post-collisional barren I-type versus tin-bearing A-type granites, lying on opposite sides of the South Tien Shan suture[END_REF]Wang et al., 2009;[START_REF] Wang | A preliminary investigation on formative phase and rifting of Tarim Basin[END_REF]Yang et al., 2007a,b;[START_REF] Yu | Permian flood basalts from the Tarim Basin, Northwest China : SHRIMP zircon U-Pb dating and geochemical characteristics[END_REF]Zhang et al., 2010a). Several hypotheses were proposed to explain the origin of this magmatism. Some authors ascribed the Permian magmatism to a regional-scale strike-slip tectonic regime, as suggested by the spatial extent of plutons, which are elongated along the strike-slip faults (e.g. [START_REF] Konopelko | Hercynian postcollisional A-type granites of the Kokshaal Range, Southern Tien Shan, Kyrgyzstan[END_REF][START_REF] Konopelko | Possible source dichotomy of contemporaneous post-collisional barren I-type versus tin-bearing A-type granites, lying on opposite sides of the South Tien Shan suture[END_REF][START_REF] Shu | A Large-scale Palaeozoic Dextral Ductile Strike-Slip Zone : the Aqqikkudug-Weiya Zone along the Northern Margin of the Central Tianshan Belt, Xinjiang,NW China[END_REF]Wang et al., 2014aWang et al., , 2009)). However, the large area of magmatism, especially in the northern Tarim, led other authors to involve a mantle plume activity [START_REF] Wei | Plume-lithosphere interactions in the generation of the Tarim large igneous province, NW China : geochronological and geochemical constraints[END_REF][START_REF] Xu | The Early Permian Tarim Large Igneous Province : Main characteristics and a plume incubation model[END_REF][START_REF] Yang | Early Permian Tarim Large Igneous Province in northwest China[END_REF]). An intermediate model is that the Permian magmatism in the Tien-Shan belt reflects the Tarim mantle plume activity, but the location of intrusions in the Tien-Shan range was controlled by lithospheric-scale strike-slip faults (e.g. [START_REF] Biske | Geodynamics of late Paleozoic magmatism in the Tien Shan and its framework[END_REF][START_REF] Pirajno | Intracontinental strike-slip faults, associated magmatism, mineral systems and mantle dynamics : Examples from NW China and Altay-Sayan (Siberia)[END_REF]. Finally, it has been suggested that the Permian Tien-Shan magmatism was a consequence of continental rifting [START_REF] Xia | Petrogenesis of Carboniferous rift-related volcanic rocks in the Tianshan, northwestern China[END_REF]. Due to the importance of Permian strike-slip tectonics and to the vast area impacted by the Permian magmatism, highly diversified in terms of geochemistry, age, and tectonic setting, it is still a major issue to understand the post-collisional evolution of the Tien-Shan range and its adjacent areas. Especially, (i) the relationships between tectonics and mantle-plume on one hand, and (ii) between Tien-Shan and Tarim magmatism, which are looked either as resulting from a unique or from two distinct processes, 5.1 Interaction between Permian Tarim mantle plume and strike-slip tectonics are a matter of debate. Due to its inconvenient accessibility, the Pobeda area, located in the southern part of the South Tien-Shan, at the boundary with the Tarim basin (Fig. 5.1.1) was poorly studied. In this area, a high-temperature unit (HT) is exhumed, along a major fault showing evidence of associated magmatism [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. Therefore, it is a suitable area to investigate the Permian magmatism in the Tien-Shan range and the Tarim craton and to identify the possible interactions between mantle plume magmatism and strike-slip tectonics. The aim of this study is to provide the first petrological, geochemical and geochronological dataset on this HT unit in order to constrain the origin of magmatism and the timing of its emplacement. Additional 40 Ar/ 39 Ar dating on syn-kinematic white mica from an adjacent shear zone brings constraints on the timing of strike-slip tectonics in the study area and on the exhumation of this HT unit. These data coming from the boundary between the Tien-Shan range and the Tarim, clarify the relationship between the Tien-Shan and the Tarim magmatism, the mantle-plume activity and the strike-slip tectonics during Permian times.

Geological setting

General framework

The Tien-Shan range, located in the southwestern part of the CAOB extends for 2500 km from Uzbekistan to western China. It results from the amalgamation of different blocks during Paleozoic times. In Kyrgyzstan, the Tien-Shan range is classically divided into three main units : the North, Middle and South Tien-Shan (NTS,MTS and STS respectively,Fig. 5.1.1). The NTS itself is an amalgamation of different continental fragments, island arcs and ophiolites that were accreted prior to the Middle Ordovician (e.g. Alexeiev et al., 2011;[START_REF] Kröner | Mesoproterozoic (Grenville-age) terranes in the Kyrgyz North Tianshan : Zircon ages and Nd-Hf isotopic constraints on the origin and evolution of basement blocks in the southern Central Asian Orogen[END_REF]Mikolaichuk et al., 1997). Emplacement of large volumes of calc-alkaline granitoids from Middle Ordovician to Early Silurian in the NTS suggests that it initially represents a continental active margin context related to the northward subduction of the Terksey Ocean (e.g. [START_REF] Degtyarev | Tectonic evolution of the early Paleozoic island arcs and continental crust formation in the Caledonides of Kazakhstan[END_REF]Konopelko et al., 2008;[START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF]. This subduction ended in Early Ordovician times with the accretion of MTS to NTS [START_REF] Burtman | The Tien Shan Early Paleozoic tectonics and geodynamics[END_REF][START_REF] Lomize | The Kyrgyz-Terskey Paleoceanic Basin, Tien Shan[END_REF]Mikolaichuk et al., 1997). The Kyrgyz MTS constitutes the southern extremity of the 2000-km long Precambrian Ishim-Middle Tien-Shan continent, which extents up to northwestern Kazakhstan [START_REF] Avdeev | Ophiolites and Evolution of the Southwestern Part of the Ural-Mongolia Folded Belt[END_REF]. The MTS basement is overlain by Neoproterozoic to Upper Carboniferous sedimentary series (Tursungaziev et Petrov, 2008). The STS is a Late Paleozoic fold-and-thrust belt resulting from the collision of the MTS to the north with the Tarim craton to the south in the Late Carboniferous times following the closure of the Turkestan Ocean [START_REF] Biske | Late Paleozoic collision of the Tarimskiy and Kirghiz-Kazakh paleocontinents (English translation)[END_REF]Hegner et al., 2010). The orientation of the subduction is still a matter of debate : structural evidences along the STS suture suggest that the subduction of the Turkestan Ocean was probably south-dipping (e.g. [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF][START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF] although other authors proposed a north-dipping subduction (e.g. [START_REF] Makarov | Underthrusting of Tarim beneath the Tien Shan and deep structure of their junction zone : Main results of seismic experiment along MANAS Profile Kashgar-Song-Köl[END_REF][START_REF] Windley | Paleozoic accretion and Cenozoic redeformation of the Chinese Tien Shan Range, central Asia[END_REF]. In eastern Kyrgyzstan, there is no magmatism associated to the subduction (Tursungaziev et Petrov, 2008). In contrast, an Ordovician-early Devonian magmatic arc is well developed in China [START_REF] Yang | Earlier Devonian active continental arc in Central Tianshan : Evidence of geochemical analyses and zircon SHRIMP dating on mylonitized granitic rocks (in Chinese with english abstract)[END_REF]. The collision of the Tarim craton with the Kazakhstan microcontinent is the last event of accretion/collision in the Tien-Shan range. From the Late Carboniferous to Permian times (312-250 Ma), the post-collisional history is marked by a transition toward a strike-slip tectonic regime throughout the CAOB, related to the rotations of different blocks in the Tien-Shan with respect to Siberia and Tarim [START_REF] Allen | Fault reactivation in the Junggar region , northwest China : the role of basement structures during Mesozoic -Cenozoic compression[END_REF][START_REF] Allen | Palaeozoic collisional tectonics and magmatism of the Chinese Tien Shan, central Asia[END_REF]Laurent-Charvet et al., 2003;[START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF]Wang et al., 2007a). 40 Ar/ 39 Ar dating of syn-kinematic white mica along the Talas-Fergana dextral strike-slip fault indicated that this ductile shearing initiated in the late Carboniferous time, around 312-317 Ma and was followed by several episodes of shearing around 290 Ma and 256-250 Ma with brittle reactivation during the Triassic and Jurassic [START_REF] Konopelko | U-Pb-Hf zircon study of two mylonitic granite complexes in the Talas-Fergana fault zone, Kyrgyzstan, and Ar-Ar age of deformations along the fault[END_REF][START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF]. Other radiochronological data, such as U-Pb dating of zircon in syn-kinematic granitoids or 40 Ar/ 39 Ar dating of syn-kinematic white mica, agree for the initiation of strike-slip tectonics, mainly along the Paleozoic sutures zones, ca. 290 Ma ago and further until 245 Ma (e.g. [START_REF] Konopelko | Possible source dichotomy of contemporaneous post-collisional barren I-type versus tin-bearing A-type granites, lying on opposite sides of the South Tien Shan suture[END_REF]Laurent-Charvet et al., 2003;[START_REF] Wang | 40Ar/39Ar Thermochronology on Central China Orogen : Cooling, uplift and implications for orogeny dynamics[END_REF]. Coeval with this wrench tectonics, a widespread intracontinental magmatism affected the Tien-Shan range and the northern Tarim craton. This magmatism is ascribed either directly to the strike-slip tectonics [START_REF] De | New 40 Ar/ 39 Ar age constraints on the late Palaeozoic tectonic evolution of the western Tianshan (Xinjiang, northwestern China) with emphasis on Permian fluid ingress[END_REF][START_REF] Shu | A Large-scale Palaeozoic Dextral Ductile Strike-Slip Zone : the Aqqikkudug-Weiya Zone along the Northern Margin of the Central Tianshan Belt, Xinjiang,NW China[END_REF]Wang et al., 2014aWang et al., , 2009) ) or to a mantle plume activity unrelated to tectonics (e.g. [START_REF] Yang | Early Permian Tarim Large Igneous Province in northwest China[END_REF]Zhang et Zou, 2013b;[START_REF] Zhou | OIB-like, heterogeneous mantle sources of Permian basaltic magmatism in the western Tarim Basin, NW China : Implications for a possible Permian large igneous province[END_REF]. In the Tien-Shan range, the magmatism is characterized mainly by calc-alkaline to alkaline granitoids (I-and A-types), and by various volcanic or hypo-volcanic rocks such as andesite, rhyolite, trachyte or basalts (e.g. [START_REF] Hongliang | China Geological Map of the Tianshan and adjacent areas : 1 :1000000[END_REF][START_REF] Konopelko | Hercynian postcollisional A-type granites of the Kokshaal Range, Southern Tien Shan, Kyrgyzstan[END_REF][START_REF] Konopelko | Possible source dichotomy of contemporaneous post-collisional barren I-type versus tin-bearing A-type granites, lying on opposite sides of the South Tien Shan suture[END_REF]Tursungaziev et Petrov, 2008;Wang et al., 2009[START_REF] Wang | 40Ar/39Ar Thermochronology on Central China Orogen : Cooling, uplift and implications for orogeny dynamics[END_REF]. The Tarim magmatism is characterized by a large volume of flood basalts, ultramafic, mafic and felsic dykes complexes and occasional diamandiferous kimberlites [START_REF] Wei | Petrogenesis of the Xiaohaizi syenite complex from the Bachu area , Tarim (in chinese with english abstract)[END_REF][START_REF] Xu | The Early Permian Tarim Large Igneous Province : Main characteristics and a plume incubation model[END_REF]Yang et al., 2007a,b;[START_REF] Zhang | Permian basaltic rocks in the Tarim basin, NW China : Implications for plume-lithosphere interaction[END_REF] 

The Pobeda area : synthesis of knowledge and new data

The study area lies in the South Tien-Shan, in eastern Kyrgyzstan, close to the border with China. We refer to this area as the Pobeda area, because it is near from the Pobeda Peak, the highest summit (7439m) of the Tien-Shan range. The area exhibits a nappe stack of Paleozoic metamorphic sediments, Devonian to Carboniferous in age (Fig. 5.1.2) [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF][START_REF] Mikolaichuk | quaternary removed geological map of the Khan Tengri massif (ISTC project {#}KR-920)[END_REF]. The maximal temperatures recorded by similar metamorphic sedimentary series in the Khan-Tengri massif, just north of the Pobeda are of 570-600 • C (Jourdon et al., submitted). The deformation of these nappes indicates a first top-to-the-South deformation phase, which is reworked by a second top-to-the-North deformation phase (Jourdon et al., submitted). In the Pobeda area, this nappe system is intruded by a leucocratic peraluminous granite, mainly made of K-feldspar, quartz and tourmaline (Fig. 5.1.2) [START_REF] Konopelko | Possible source dichotomy of contemporaneous post-collisional barren I-type versus tin-bearing A-type granites, lying on opposite sides of the South Tien Shan suture[END_REF][START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. This intrusion age was not directly determined. However it is part of the Inylchek complex of intrusions, which is dated at 289-299 Ma [START_REF] Konopelko | Possible source dichotomy of contemporaneous post-collisional barren I-type versus tin-bearing A-type granites, lying on opposite sides of the South Tien Shan suture[END_REF]. To the south, the low-metamorphic grade sedimentary series are overthrus- Tursungaziev et Petrov (2008) and [START_REF] Hongliang | China Geological Map of the Tianshan and adjacent areas : 1 :1000000[END_REF] and Tarim magmatism after [START_REF] Xu | The Early Permian Tarim Large Igneous Province : Main characteristics and a plume incubation model[END_REF] and [START_REF] Wei | Plume-lithosphere interactions in the generation of the Tarim large igneous province, NW China : geochronological and geochemical constraints[END_REF]. 1-Atbashi-Nalati suture ; 2-Terksey suture ; TFF : Talas Fergana fault, kSTS : Kyrgyz South Tien Shan.

ted toward the north by a HT unit, composed of two-pyroxene bearing charnockites, migmatized paragneisses and marbles (Fig. 5.1.3a) [START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF], along a major fault (that is recalled the 'Pobeda thrust'). These high-temperature (HT) rocks are the focus of this study. The HT unit crops out in a remote zone of the Pobeda Massif, and constitutes the highest part of the mountain range, partly hidden below steep glacial slopes (Fig. 5. 1.3a). The steep slopes are washed away by frequent avalanches, which provide fresh samples of the different lithologies. The paragneisses (Fig. 5.1.3) contain mainly feldspar, quartz, biotite and pyroxene. They show a typical migmatite texture with leucosomes and residues (Fig. 5. 1.3b). The product of partial melting are locally segregated to form dm-to m-scale granitic dykes (Fig. 5. 1.3c). The second main lithology is composed by clino-and orthopyroxene and olivine-bearing charnockites. The contact between the migmatites and the charnockites is systematically sharp (Fig. 5. 1.3b) suggesting an intrusive contact. The charnockites can also be associated with the granitic dykes and in this case the contact is more diffuse (Fig. 5. 1.3c). Mafic enclaves, of a few centimeters in width, are observed in the charnockites (Fig. 5. 1.3d). The third lithology of the HT unit is epidote-tourmaline EVOLUTION POST-COLLISIONELLE bearing marbles (Fig. 5.1.3e), which appear to form recumbent isoclinal folds within the metasediments in the landscape (Fig. 5.1.3a). These observations suggest that the charnockites constitute a bimodal intrusion in the paragneisses. This magmatic intrusion was emplaced in a meta-sedimentary continental crust and then recrystallized in granulite facies conditions. The intrusive nature of the charnockites protolith indicates an igneous origin. Therefore, we used the term 'charnockite' following [START_REF] Frost | On charnockites[END_REF] who defined charnockites as orthopyroxene-or fayalite-bearing quartzo-feldspathic igneous rocks to avoid confusion with "granulite facies metamorphism". In the Pobeda area, there is no structural evidence of the Permian strike-slip event, well described all over the Tien-Shan range. However, to the north of the Khan-Tengri summit, 30 km north-east of the studied area, a large east-west shear zone featured by mylonitic marbles is observed. The associated crenulation lineation is 10 • E and shear criteria indicate a strong dextral strike-skip component with a top-to-the-south thrust component (Fig. 5.1.4).

Petrography of the HT unit

EPMA data acquisition

Mineral compositions of the different studied lithologies were acquired using a JEOL JXA-8200 electron probe micro-analyzer (EPMA) at the Institute of Geological Sciences of the University of Bern and a JEOL JXA-8230 EPMA at Institut des Sciences de la Terre of the Grenoble Alpes University. All measurements were acquired in wavelengthdispersive mode with the following setup : 15 KeV accelerating voltage, 12 nA specimen current for all minerals except olivine which was analyzed at 300 nA.

Charnockites

Two samples of charnockites were analyzed with EPMA : KG-13-29B and KG-13-31, which contains a mafic enclave. Charnockites are medium to coarse grained with a porphyro-granoblastic texture (Fig. 5. 1.5a,5.1.5d). The characteristic mineral assemblage is anhydrous with K-feldspar + plagioclase + quartz + olivine + clinopyroxene + orthopyroxene + ilmenite ± zircon ± apatite. Amphibole occurs as a secondary phase. K-feldspar occurs as porphyroblasts up to 1-2 mm length and is generally perthitic. Plagioclase occurs as smaller grains, generally of 0.2 to 0.5 mm and is oligoclase to andesine in composition with up to 26% of anorthite (Fig. 5. 1.7a, table 5.1.1). Intergrowths of plagioclase and quartz forming myrmekites frequently crystallized around K-feldspar. Olivine, pyroxene and ilmenite are grouped in small granoblastic areas among feldspar and quartz (Fig. 5. 1.5a-5.1.5c). Grains are 0.2 to 0.4 mm in size. Olivine has a fayalite composition (94%) (Table 5.1.2). Clinopyroxene is light green and has an augite or hedenbergite composition (Fig. 5. 1.7b,5.1.7c,Table 5.1.3). It frequently shows orthopyroxene exsolutions (Fig. 5. 1.5b, 5.1.5d). Orthopyroxene also occurs as distinct grains (Fig. 5. 1.5c, 5.1.5d) with a ferrosilite composition (80%) (Table 5.1.3). Dark green calcic amphibole crystallized around clinopyroxene and has a ferro-tschermakitic to hastingsitic hornblende composition depending on the amount of Na+K (Fig. 5. 1.8,Table 5.1.4). Similarly, orthoamphibole crystallized around orthopyroxene and has an anthophyllite composition (Table 5.1.4). Biotite is occasionally associated to secondary amphibole.

The mafic enclaves found in charnockites have a fine-grained texture and are made of amphibole + biotite + plagioclase + clinopyroxene + titanite ± ilmenite ± calcite ± apatite (Fig. 5. 1.5e,5.1.5f). Plagioclase occurs as small grain, < 0.1 mm in size. Two types of calcic amphiboles are found (Fig. 5.1.5f). Amphibole 1 is a dark green anhedral amphibole, which replaced clinopyroxene and has an actinolite composition (Fig. 5. 1.8,Table 5.1.4). Amphibole 2 is more abundant and occurs as light green to brownish subhedral grains, 0.1 to 0.4 mm in size. It is more alkaline than amphibole 1 and has a ferroan pargasitic hornblende composition. Clinopyroxene is retrogressed and associated with amphibole 1. This association forms pseudomorphs of the primary clinopyroxene grains, Biotite is euhedral with an elongated shape of 0.3-0.7 mm in length. The M g/M g +F e 2+ ratio (XMg) of biotite is 0.66 (Table 5.1.5).

Paragneisses

Two samples of paragneisses were analysed using EPMA : KG-13-24 and KG-13-30 (see Fig. 5.1.3 for samples location). Sample KG-13-24 has a very fine-grained hornfelsic texture (Fig. 5.1.6c) and sample KG-13-30 has a fine-grained grano-lepidoblastic texture (Fig. 5. 1.6a, 5.1.6b), characteristic of granulite facies metamorphism (Turner, 1981). Both are made of K-feldspar + plagioclase + quartz + clinopyroxene + amphibole + biotite + titanite + calcite. KG-13-24 contains also some pyrite inclusions. The grain size ranges from 0.05-0.1 mm in sample KG-13-24 to 0.1-0.3 mm in sample Plagioclase has an oligoclase to andesine composition with up to 38% of anorthite in table 5.1.1). Clinopyroxene has a diopside composition (Fig. 5. 1.7b, table 5.1.3). In sample KG-13-24, clinopyroxene is strongly retrogressed and replaced by calcic amphibole whereas in KG-13-30, only few grains show a small amphibole corona (Fig. 5. 1.6a-5.1.6c). In both samples, amphibole has an actinolite composition (Fig. 5. 1.8, table 5.1.4). Biotite is magnesian in both sample (XMg = 0.67-0.71) and is more aluminous in KG-13-24, with an eastonite composition, than in KG-13-30, which show a phlogopite composition (table 5.1.5).

The granite resulting from partial melting of paragneisses is either undeformed (sample KG-13-28), or slightly foliated (sample KG-13-27). Undeformed granite shows a fine to medium grained porphyroblastic texture and contains K-feldpar + plagioclase + quartz + amphibole + biotite + ilmenite ± zircon ± allanite. K-feldspar occurs as porphyroblast of 0.1 to 1 cm in size with a perthitic texture (Fig. 5.1.6d). It is almost pure orthoclase (96%) (Fig. 5. 1.7a,Table 5.1.1). Plagioclase occurs as smaller grains, 0.3 to 0.5 mm in size, and as exsolutions in K-feldspar porphyroblasts. It has an oligoclase composition, with 11% anorthite (Fig. 5. 1.7a,Table 5.1.1). Amphibole is dark green and grains are 0.1 to 1 mm in size. It has a composition of hastingstitic hornblende (Fig. 5. 1.8,Table 5.1.4). Biotite occurs as grain of 0.2 to 0.6 mm length or is associated with quartz in symplectites, which is a typical magmatic texture (Fig. 5. 1.6d (Ridley, 1992)). These symplectites generally occur at the contact with K-feldspar. Biotite is ferrous (XMg = 0.09) with a siderophyllite composition. 

Marbles

The marbles have a fined-grained hornfelsic texture. Sample KG-13-22 contains calcite + epidote + muscovite + biotite + tourmaline + titanite + plagioclase ± quartz (Fig. 5. 1.6e,5.1.6f). Calcite grains are 0.5 to 3 mm in size and are uncolored to light gray. Epidote grains are variable in size, from 0.1 to 3 mm wide.

Geochemistry : major and trace elements

Fresh samples of charnockite, mafic enclave and granite were crushed and powdered in an agate mill. Bulk-rock analyses were performed at the CRPG of Nancy (France) following the procedure of [START_REF] Carignan | Routine Analyses of Trace Elements in Geological Samples using Flow Injection and Low Pressure On-Line Liquid Chromatography Coupled to ICP-MS : A Study of Geochemical Reference Materials BR, DR-N, UB-N, AN-G and GH[END_REF]. Major-element concentrations were obtained by ICP-OES analyses and trace-element concentrations were obtained by ICP-MS analyses (Table 5.1.6). Charnockites (samples KG-13-29A and B) have a SiO 2 -rich (62-63 wt.%) alkaline chemical composition with N a 2 O + K 2 O comprised between 8.6 and 9.3 wt.% (Fig. 5.1.9a). They are potassic, with K 2 O = 5-5.6 wt.% and ferroan with a F eO T /(F eO T + M gO) ratio of 0.95 which explains the presence of both K-feldspar and Fe-rich phases such as pyroxene or olivine. They are rather poor in T iO 2 (0.26-0.65 wt.%). Finally, they are [START_REF] Holland | Non-ideal interactions in calcic amphiboles and their bearing on amphibole-plagioclase thermometry[END_REF]. Amphibole name is given following the classification of [START_REF] Leake | Nomenclature of amphiboles[END_REF]. weakly peraluminous with an aluminum saturation index (ASI) of 1.05, suggesting a small Al excess after feldspar crystallization and thus explaining the presence of rare biotite grains associated to pyroxene and olivine [START_REF] Frost | A geochemical classification for granitic rocks[END_REF] 

-Photomicrographs of charnockite (samples KG-13-29A and B). Mineral abbreviations are after Whitney et Evans (2010). (a) A pyroxene + olivine melanosom is surrounded by a leucosom formed of feldspar + quartz (plane polarized light). (b) Pyroxene and olivine aggregate with clinopyroxene showing orthopyroxene exsolutions (crossed-polar light). (c) Back-scattering-electron (BSE) image showing olivine, clinopyroxene and orthopyroxene. The box indicates the area of image (d). (d) BSE image of clinopyroxene showing orthopyroxene exsolutions. (e) Mafic enclave (sample KG-13-31) photomicrographs showing clinopyroxene retrogressed and replaced by amphibole 1 (plane polarized light). (f) Same as (e) in BSE image.

enclave is metaluminous with an aluminum saturation index of 0.52 and N a + K < Al [START_REF] Frost | A geochemical classification for granitic rocks[END_REF]. This could explain the crystallization of calcic phases such as diopside or calcic amphibole (amphibole 2). In terms of trace elements, as compared to the charnockites, the mafic enclave has higher REE contents (Fig. 5.1.9b). It is globally enriched 

P-T conditions

In order to determine the pressure and temperature conditions of charnockite emplacement, forward modelling was used to model phase relationships. The P-T equilibrium phase diagram was calculated with Perple_ X (version 6.7.1, [START_REF] Connolly | The geodynamic equation of state : What and how[END_REF]) using the internally consistent thermodynamic data set of [START_REF] Holland | An internally consistent thermodynamic data set for phases of petrological interest[END_REF] and subsequent updates. The chemical system considered was NKCFMASTi (N a 2 O, K 2 O, CaO, FeO, MgO, Al 2 O 3 , SiO 2 and T iO 2 ). As the only hydrous phases observed in the charnockites are secondary, the chemical system was considered as anhydrous to model the peak temperature assemblage. MnO was excluded as it has a negligible amount in all [START_REF] Leake | Nomenclature of amphiboles[END_REF].

the measured phases as in the bulk rock composition. The solid solution models used [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF].

were those of [START_REF] Holland | Thermodynamics of order-disorder in minerals : I. Symmetric formalism applied to minerals of fixed composition[END_REF] for ortho-and clino-pyroxene (Opx(HP) and Cpx(HP)), [START_REF] Holland | An internally consistent thermodynamic data set for phases of petrological interest[END_REF] for olivine (O(HP)) and garnet (Gt(HP)), [START_REF] White | Calculation of partial melting equilibria in the system Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O (NCKFMASH)[END_REF] for melt (melt(HP)) and Fuhrman et Lindsley (1988) for feldspar (feldspar). Cordierite solution model was ideal (hCrd). The phase equilibria diagram (Fig. 5.1.10) indicates that melt is stable at temperatures greater than 960 • C at 1kbar and greater than 1050 • C at 12kbar. The assemblage observed in charnockites (clinopyroxene -orthopyroxene -olivine -K-feldspar -plagioclase -quartz -ilmenite) is stable at temperature lower than 960 • C and pressure lower than 9kbar. The phase equilibria diagram thus indicates that the temperature of the melt resulting in charnockites crystallization was >960 • C and that it emplaced at a pressure <9kbar. The pressure conditions of secondary amphibole crystallization in the charnockites were determined using the barometer of [START_REF] Schmidt | Amphibole composition in tonalite as a function of pressure : an experimental calibration of the Al-in-hornblende barometer[END_REF] based on the Al content in hornblende. This calibration was developed for a granitic assemblage containing hornblende, biotite, K-feldspar, plagioclase and quartz, all of which are present in our charnockites. The amphiboles of the charnockites have an Al content of 1.82 to 2.05 pfu, indicating pressure conditions between 5.6 and 6.7 kbar. P-T conditions of the KG-13-28 granite resulting from paragneiss partial melting was estimated using the calibration of [START_REF] Holland | Non-ideal interactions in calcic amphiboles and their bearing on amphibole-plagioclase thermometry[END_REF] based on amphibole-plagioclase equilibrium, at a pressure determined with the barometer of [START_REF] Schmidt | Amphibole composition in tonalite as a function of pressure : an experimental calibration of the Al-in-hornblende barometer[END_REF] based on the hornblende Al content, both of which are well adapted to this kind of rock. Calculations were done for all the amphibole analyses with the mean composition of plagioclase of this sample (Ab 88 -An 11 ). The results indicate that the granite crystallized at pressures between 5.7 and 6.6 kbar and temperatures between 550 and 650 • C. Quartz, for Plagioclase + K-feldspar), Ilm -Ilmenite, Spn -Titanite.

U-Pb geochronology

Analytical methods

LA-ICPMS U-Pb dating of zircon was performed on the charnockites and on the granite resulting from partial melting the paragneisses. For charnockites KG-13-29A and KG-13-29B, analyses were done in situ on 30µm thick thin sections. The granites KG-13-27 and KG-13-28 were crushed and sieved to less than 500 µm. Zircons were separated based on density and magnetic properties before to be handpicked. Selected grains where then mounted in epoxy and polished down to near equatorial sections. SEM imaging was carried out on all zircon grains before analyses. Zircon U-Th-Pb isotope and trace-element analyses were performed at the Institute of Geological Sciences of the University of Bern, Switzerland, using a GeoLas-Pro 193 nm ArF Excimer laser system (Lambda Physik, Germany) combined with an Elan DRC-e quadrupole mass spectrometer (Perkin Elmer, USA). The laser was operated at a repetition rate of 9 Hz and energy density of 2.5J.cm -2 . For aerosol transport, a mixture of He (1L.min -1 ) and H 2 (0.008L.min -1 ) was used. The instrument was tuned before each analytical session to optimize the sensitivity of the heavy masses and the oxide production (T hO + /T h + ) was always suppressed to <0.5%. The spot size was 24 µm for charnockites and 32 µm for granites. Samples were bracketed by zircon standards GJ1 [START_REF] Jackson | The application of laser ablation-inductively coupled plasma-mass spectrometry to in situ U-Pb zircon geochronology[END_REF] and the synthetic SRM612 glass from the National Institute of Standards and Technology that was used as standard reference material to calculate the trace element concentrations. Accuracy and long term reproducibility was monitored using zircon standard Plešovice (337.13 ± 0.37 Ma ; [START_REF] Sláma | Plešovice zircon -A new natural reference material for U-Pb and Hf isotopic microanalysis[END_REF]). The Iolite 2.5 software [START_REF] Paton | Iolite : Freeware for the visualisation and processing of mass spectrometric data[END_REF][START_REF] Paton | Improved laser ablation U-Pb zircon geochronology through robust downhole fractionation correction[END_REF] using [START_REF] Petrus | VizualAge : A Novel Approach to Laser Ablation ICP-MS U-Pb Geochronology Data Reduction[END_REF] VizualAge data reduction scheme and the error propagation method built into Iolite was used to calculate the 206 Pb/ 238 U, 207 Pb/ 235 U, 207 Pb/ 206 Pb and 208 Pb/ 232 Th ratios and final ages. Concordia diagrams and age calculations were made with Isoplot 3.0 [START_REF] Ludwig | Isoplot 3.00 a geochronological toolkit for Microsoft Excel[END_REF]. As ages are younger than 1000 Ma, the 206 Pb/ 238 U ages were preferred. Uncertainties are quoted at 2σ. A detailed table of results is given in Appendix A1. The compilation of U-Pb ages is presented in table 5.1.7.

Dating results

Charnockites Zircon grains from the charnockites are euhedral to subhedral and some grains show oscillatory zoning in BSE images (Fig 5.1.11a,5.1.11b). High Th/U ratios, between 0.35 and 1, with a mean value of 0.59, are consistent with a magmatic origin [START_REF] Rubatto | Zircon trace element geochemistry : partitioning with garnet and the link between U-Pb ages and metamorphism[END_REF]. Zircon grains from the sample KG-13-29A yield a concordant age of 286.2 ± 3.1 Ma (MSWD = 0.7, n=14) and a consistent weighted mean age of 285.8 ± 3.2 Ma (MSWD = 0.82) (Fig. 5. 1.11a). The sample KG-13-29B yields similar results with a concordant age of 289.2 ± 2.5 Ma (MSWD = 2.5, n=18) and a weighted mean age of 288.1 ± 2.5 Ma (Fig. 5.1.11b).

Migmatized paragneisses Zircon grains from the granite resulting from partial melting of paragneisses (samples are euhedral and show an oscillatory zoning varying from one grain to another. They have relatively high Th/U ratios comprised between 0.15 and 0.72, with a mean value of 0.41, also consistent with a magmatic origin [START_REF] Rubatto | Zircon trace element geochemistry : partitioning with garnet and the link between U-Pb ages and metamorphism[END_REF]. On the basis of the relative probability of the age plot (inset in Fig. 5. 1.11c), two groups of ages are determined from the zircon grains of sample KG-13-27. The first group yields a concordant age of 287.2 ± 0.9 Ma (MSWD = 1.8, n=28) and a consistent weighted mean age of 287.0 ± 0.9 Ma (MSWD = 0.65). The second group is younger and yields a concordant age of 275.0 ± -13-29B (b) and granites resulting from partial melting of paragneisses d) and In order to constrain the cooling history of the HT unit, 40 Ar/ 39 Ar dating was performed on the marble sample KG-13-22 and granite sample KG-13-27. In order to precise the timing of the HT event with respect to the strike-slip event, an additional sample of mylonitized marble, from the Khan-Tengri area was dated as well (Fig. 5.1.2). Samples were crushed down to 500-800 µm in size fraction and cleaned in an ultrasonic bath. The sample KG-13-22 biotite grains, and the sample KG-13-27 amphibole grains were carefully handpicked under a binocular microscope to select only grains without trace of alteration or inclusions. For the mylonitic marble, phengite aggregates formed as elongated syn-kinematic pressure-shadows less than 800µm in size were handpicked. Selected grains and aggregates were packed in aluminum foils and irradiated for 40 hours in the Triga Mark II nuclear reactor of Pavia University in Italy together with Fish Canyon sanidine grains as flux monitor (28.03 ± 0.08 Ma, (Jourdan et Renne, 2007)). For this reactor, the following correction factors for argon nuclear interferences were applied after irradiation of pure salts of KF and CaF 2 : ( 36 Ar/ 37 Ar) Ca = 0.000288 ± 0.000016 ; ( 39 Ar/ 37 Ar)Ca= 0.000727 ± 0.000041 ; ( 40 Ar/ 39 Ar) k = 0.00969 ± 0.00038 ; ( 38 Ar/ 39 Ar) k = 0.01297 ± 0.00045. All samples were analyzed by single-grain infrared CO 2 laser fusion analysis, and isotopic ratios were measured using ARGUS VI multi-collector mass spectrometers at Geoazur institute of the University of Nice and at Geosciences Montpellier. Acquisition parameters are summarized in Appendix A2. System blanks were measured every three experiments. Mass discrimination for the mass spectrometer was monitored by regularly analyzing air pipette volumes. The ArArCalc software v2.5.2 was used for data processing. Decay constants are those given by Steiger et Jäger (1977). Uncertainties on apparent and plateau ages are given at the 1σ level including the error on the 40 Ar * / 39 Ar k ratio of the monitor. The criteria we used for defining a plateau age are : [START_REF] Ma ; Weldon | MSWD = 1.5, n=7) and a weighted mean age of 274.6 ± 1.9 Ma (MSWD = 0.5). The sample KG-13-28 yields a concordant age of 265.6 2.1 Ma (MSWD = 2.8, n=8) and a weighted mean age[END_REF] it should contains at least 70% of total 39 Ar released, (2) it should contains at least three successive step-heating fractions, (3) the integrated age of the plateau, calculated by a weighted average of apparent ages of individual fractions comprising the plateau, should be consistent with each apparent age of the plateau within a 2σ uncertainty. Ages referred below as 'pseudo-plateau' are those satisfying the statistical conditions of a plateau age with less than 70% released 39 Ar. A detailed table of results is given in Appendix A3. Synthesis of ages is presented in table 5.1.7.

40

Ar/ 39 Ar results KG-13-22 This is a sample of marble, which is associated with the paragneisses. 5 duplicates of biotite grains were analyzed (Fig. 5.1.12). The grain 1 shows a steep staircase shape in the first stages, corresponding to low-temperature stages. Then the apparent age continues increasing gently. A real plateau age cannot be calculated from this grain, however a 'pseudo-plateau' is estimated at 260.6 ± 2.5 Ma (MSWD = 2.14), corresponding to 39.1% of total 39 Ar released in 4 steps. The grain 2 shows a slight concave downward shape, with a peak at 254 Ma, interpreted as a minimum age, and a total fusion age at 244.3 ± 1.18 Ma (31 steps, 626 fA of 39 Ar released in total). The grain 4 also shows a steep staircase shape in the lowest temperature part of the spectrum. Then a plateau is defined with an age of 256.1 ± 1.7 Ma (MSWD = 1.11) corresponding to 81% of 39 Ar released in 17 steps. However, even if conditions to define a plateau are reached, this plateau shows a smooth concave downward shape with an age of 259.9 ± 2.0 (MSWD = 0.45) interpreted as a minimum age. The absolute error on the apparent age of this grain is greater than for previous grains due to a lower total amount of total 39 Ar released (410 fA). The grain 05 shows a concave downward shape, as grain 02. However for this grain a 'pseudo-plateau' age is obtained at 263.0 ± 2.4 Ma (MSWD = 1.75), corresponding to 35.6 % of total 39 Ar released in 5 steps. Finally the grain Mp shows a continuous staircase shape. The higher temperature steps yield an age of 265.3 ± 3.2 Ma (MSWD = 4.82) corresponding to 30% of total 39 Ar released in 6 steps.

KG-13-27

Results are presented on Fig. 5.1.12. The first steps, corresponding to the low temperature part of the spectrum show great error bars due to a very low amount of released gas. Then a plateau is obtained at 276.2 ± 2.0 Ma (MSWD = 2.04) corresponding to 84% of 39 Ar released in 4 steps. KG-14-29 4 phengite aggregates from the KG-14-29 marble were analyzed (3 in Geoazur institute of Nice and one in Geosciences Montpellier). Results are presented on Fig. 5.1.13. The aggregate 1 yields a well-defined plateau age of 249.5 ± 1.7 Ma (MSWD = 1.44) including 10 steps and 91% of 39 Ar released. An inverse isochron age of 251.6 ± 1.6 Ma (MSWD = 1.58) is calculated which is consistent within errors with the plateau age. Aggregate 3 shows a disturbed spectrum in the low-temperature steps. At higher temperatures, a plateau age is obtained at 254.0 ± 2.1 Ma (MSWD = 0.54) corresponding to 77% of 39 Ar released in 8 steps. The aggregate 4 shows increasing apparent ages for the low-temperature steps. Then a plateau age is obtained at 248.0 ± 1.7 Ma (MSWD = 1.45) including 6 steps and 67% of released 39 Ar. Finally the last phengite aggregate shows a staircase shape with apparent ages continuously increasing. However, a pseudoplateau age is obtained for high-temperature steps, at 257.4 ± 1.2 Ma (MSWD = 1.00) including 44% of 39 Ar released in 9 steps. 

Discussion

P-T-t conditions of charnockites emplacement and migmatization

Phase equilibrium models suggests that charnockites emplaced at a pressure lower than 9 kbar, deriving from a HT melt, higher than 1000 • C (Fig. 5.1.10). Al-in hornblende barometry indicates a pressure of 5.6 to 6.7 kbar for secondary amphibole crystallization during cooling of charnockites (Fig. 5.1.10). Moreover, semi-empirical thermobarometry on plagioclase and hornblende gives temperatures between 550 and 650 • C and pressures between 5.7 and 6.6 kbar for granite resulting from partial melting of paragneisses. The textural relationships between migmatites and granites point toward a partial melting of paragneisses and granite crystallization at the same structural level, i.e. there was no large scale melt extraction (Fig. 5. 1.3b). This suggests that the partial melting of paragneisses occurred at similar pressure conditions of ∼ 6kbar as for the crystallization of secondary amphibole in charnockites. U-Pb dating of zircon of charnockites yields ages of 286.2 ± 3.1 Ma and 289.2 ± 2.5 Ma with Th/U ratios indicating a magmatic origin. The oldest age obtained on granite zircon resulting from partial melting is 287.2 ± 0.9 Ma. These ages, which are similar within errors, are consistent with paragneisses partial melting triggered by the intrusion of the charnockitic melt. Considering the thermobarometry results, indicating that (1) partial melting and granite crystallization occurred at a pressure of 5.7-6.6 kbar and that (2) beginning of charnockites cooling took place at the same pressure conditions, and geochronology results indicating that (3) the partial melting of paragneisses was triggered by the intrusion of charnockite melt, it is suggested that the charnockites emplaced at pressures of 5.7 to 6.6 kbar at around 286-289 Ma. These results suggest that charnockites were reequilibrated at sub-solidus conditions from a magma emplaced at middle continental crust conditions (corresponding to depth of 19-22 km considering a lithostatic gradient of 0.3 kbar.km -1 ) when it intruded the metapelitic gneisses and triggered their migmatization. Three groups of U-Pb ages were obtained on the granites resulting from partial melting of the paragneisses ( 287, 275 and 265 Ma,. 287 and 275 Ma old zircons were found in the same sample (KG-13-27). However only one grain shows a clear zonation in age from the core (290.4 ± 4.4 Ma) to the rim (280.7 ± 4.5 Ma). The analyzed grains show typical features of magmatic zircons (high Th/U ratios, oscillatory zoning). 40 Ar/ 39 Ar dating of amphibole allows dating the cooling or recrystallization of igneous rocks at 500-550 • C (e.g. [START_REF] Harrison | Diffusion of 40Ar in hornblende[END_REF]. Amphibole grain from the same sample yields a 40 Ar/ 39 Ar plateau age of 276.2 ± 2.0 Ma. This age is the same within errors as the 275 Ma age obtained on zircon. It is thus suggested that partial melting of paragneisses and crystallization of granite occurred in a short time range, undistinguishable from the errors on the ages. It has been shown that mantellic melts intruded in continental crust can result in partial melting followed by a very fast crystallization (<<1Ma, [START_REF] Huppert | The Generation of Granitic Magmas by Intrusion of Basalt into Continental Crust[END_REF]). Therefore, we suggest that the three groups of ages reflect different partial melting episodes, potentially induced by different magmatic intrusions, rather than a continuous process. 40 Ar/ 39 Ar ages and their significance for HT unit exhumation and onset of strike-slip tectonics 40 Ar/ 39 Ar dating on biotite grains from a marble sample brings information on the cooling history of the HT unit, as the marbles are associated with the paragneisses (Fig. 5. 1.1). Only the grain 04 yields a plateau age of 256.1 ± 1.7 Ma. All the grains show disturbed 39 Ar releasing pattern with staircase (at least in the low-temperatures steps) or concave downward shapes. These features are typical of grains that have experienced radiogenic argon loss (e.g. [START_REF] Berger | 40Ar/39Ar step heating of thermally overprinted biotite, hornblende and potassium feldspar from Eldora, Colorado[END_REF][START_REF] Mcdougall | Geochronology and thermochronology by the 40Ar/39Ar method[END_REF]. The ages obtained for these grains, range between 256 and 265 Ma and are interpreted as a minimum age for biotites cooling. This cooling age for biotite could either reflect isobaric cooling after the end of magmatism and partial melting, or the onset of the HT unit exhumation. The closure temperature for argon in biotite is of about 300-350 • C (e.g. [START_REF] Grove | 40Ar* diffusion in Fe-rich biotite[END_REF][START_REF] Harrison | Diffusion of 40Ar in biotite : Temperature, pressure and compositional effects[END_REF]. This range of temperature is largely lower than the temperature required for partial melting of paragneisses ( 650 • C at 6kbar ; [START_REF] Thompson | Dehydration melting of pelitic rocks ans the generation of H2O undersaturated granitic liquids[END_REF]) which occurred at least until 265 Ma. An isobaric cooling until 300-350 • C would require a minimal cooling rate of 300 • C/Ma which is highly far from expected at such a depth (e.g. [START_REF] Chapman | Regional geotherms and lithospheric thickness[END_REF]. Consequently, the cooling age for biotite, of 256-265 Ma rather reflects the age of exhumation of the HT unit. This phase is tentatively ascribed to a N-S shortening phase according to the activity of the Pobeda thrust. 40 Ar/ 39 Ar dating of the mylonitic marble of the Khan-Tengri area brings time constraints for strike-slip tectonics in the area. This technique has been widely used to date deformationinduced neo-crystallized K-white mica (e.g. [START_REF] Dunlap | Neocrystallization or cooling ? 40Ar/39Ar ages of white micas from low-grade mylonites[END_REF][START_REF] Rolland | Late Palaeozoic to Mesozoic kinematic history of the Talas-Ferghana strike-slip fault (Kyrgyz West Tianshan) as revealed by 40Ar/39Ar dating of syn-kinematic white mica[END_REF]Sanchez et al., 2011;[START_REF] West | Dating mylonitic deformation by the 40Ar-39Ar method : An example from the Norumbega Fault Zone, Maine[END_REF]. Three phengite aggregates yield plateau ages comprised between 248 and 254 Ma. A fourth one shows a staircase shape, with a pseudo-plateau at 257 Ma, which is interpreted as a minimum age for phengite crystallization. Shear criteria and crenulation lineation on this shear zone are compatible with a strike-slip regime with a thrusting component (Fig. 5.1.4). These results suggest that this shear zone was active at least since 257 Ma and was likely reactivated or reset by fluid hydrothermal activity (e.g. Lanari et al., 2014a;[START_REF] Tartèse | Simultaneous resetting of the muscovite K-Ar and monazite U-Pb geochronometers : A story of fluids[END_REF] until 248 Ma. Therefore its initiation age is consistent with the exhumation age obtained for the Pobeda HT unit. We thus propose that the N-S shortening phase responsible for the exhumation of the HT unit was initiated in the Late Permian, between 257 and 265 Ma when a transpressive tectonic regime affected the whole studied area [START_REF] De | New 40 Ar/ 39 Ar age constraints on the late Palaeozoic tectonic evolution of the western Tianshan (Xinjiang, northwestern China) with emphasis on Permian fluid ingress[END_REF]Laurent-Charvet et al., 2003). Such a fast cooling rate due to exhumation during transcurrent tectonics at that time is also described in the Chinese Tien-Shan and Altai along the Main-Tien-Shan and Erqishi shear zones (Laurent- Charvet et al., 2003). A similar exhumation scheme is described in the still active Peri-Himalayan transcurrent faults such as along the Ailao Shan-Red River shear zone, in southeastern Asia (e.g. [START_REF] Leloup | New constraints on the structure, thermochronology, and timing of the Ailao Shan-Red River shear zone, SE Asia[END_REF] or the Karakorum fault in western Tibet (e.g. Rolland et al., 2009). There is no constraint available to estimate the depth at which the HT unit was finally exhumed at the end of Permian times, and what the corresponding exhumation is during the Cenozoic reactivation of STS. However, as the HT unit currently constitutes the highest summit of the Tien-Shan range, it is suggested that a significant Cenozoic component is involved in the uplift and exhumation.

Biotite and mylonite phengite

Geodynamic model for the Pobeda area

Geochemistry of magmatic rocks of the Pobeda area Geochemical data on the charnockites and associated mafic enclaves bring information about the origin of these rocks. Structural relations between charnockite and the enclosed mafic enclave suggest that the magma of mafic enclave formed prior or during the charnockitic magmatism (Fig. 5. 1.3d). Charnockites are SiO2 rich (62-63 wt. %) and alkaline in composition (Fig. 5. 1.3a). They are FeO rich, with a Fe/(Fe+Mg) ratio of 0.95 and HFSEs show positive anomalies (Fig. 5. 1.3c). As compared to charnockites, the mafic enclave has an alkaline basalt composition (Fig. 5.1.9a), it is richer in MgO with a Fe/(Fe+Mg) ratio of 0.61 and HFSEs (Nb, Ta, Zr and Hf) show a negative anomaly. These geochemical features suggest an influence of subduction-derived fluids in the generation of the mafic magma, or some mixing with continental crust (e.g. [START_REF] Pearce | Trace element geochemistry of volcanic rocks : applications for massive sulphide exploration : geological association of Canada, short course notes[END_REF]. However they are not calc-alkaline, as expected in a subduction setting, and structural and geochronological data from all over the Tien-Shan range agree for the end of subduction tectonics by the Late Carboniferous time [START_REF] Biske | Geology and evolution of the Central Asian Orogenic Belt in Kazakhstan and the western Tianshan[END_REF][START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]Hegner et al., 2010;[START_REF] Konopelko | Hercynian postcollisional A-type granites of the Kokshaal Range, Southern Tien Shan, Kyrgyzstan[END_REF][START_REF] Li | SIMS U-Pb rutile age of low-temperature eclogites from southwestern Chinese Tianshan, NW China[END_REF][START_REF] Liu | Paleozoic subduction erosion involving accretionary wedge sediments in the South Tianshan Orogen : Evidence from geochronological and geochemical studies on eclogites and their host metasediments[END_REF][START_REF] Su | U-Pb zircon geochronology of Tianshan eclogites in NW China : implication for the collision between the Yili and Tarim blocks of the southwestern[END_REF]Wang et al., 2009). Consequently, the subduction components of the mafic magma could be inherited from a metasomatized subcontinental lithospheric mantle and, compatible with a post-collisional setting. In this case, the inherited subduction component of the enclaves could be linked to the Carboniferous southward subduction of Middle Tien-Shan under the Tarim craton (e.g. [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF][START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. In contrast, the charnockites do not show any evidence of subduction inheritance in the magma source. Similar features have already been shown for the Chinese western Tien-Shan magmatism where a transition from calcalkaline toward alkaline magmatism is described from Carboniferous to Permian times and ascribed to a transition from a subduction setting toward a post-collision setting dominated by transcurrent tectonics (Wang et al., 2014a(Wang et al., , 2009)).

Comparison of Tien-Shan and Tarim magmatism

Both the Tien-Shan range and the Tarim craton are affected by an intense magmatism during Permian times (e.g [START_REF] Biske | Geodynamics of late Paleozoic magmatism in the Tien Shan and its framework[END_REF]Seltmann et al., 2011;Wang et al., 2009;[START_REF] Xu | The Early Permian Tarim Large Igneous Province : Main characteristics and a plume incubation model[END_REF][START_REF] Zhou | OIB-like, heterogeneous mantle sources of Permian basaltic magmatism in the western Tarim Basin, NW China : Implications for a possible Permian large igneous province[END_REF]. In the Tien-Shan range, numerous granitoid plutons are elongated along strike-slip faults and are syntectonic (Fig. 5. 1.1). In this context, magmatism is ascribed to asthenospheric upwelling along shear-zones [START_REF] De | New 40 Ar/ 39 Ar age constraints on the late Palaeozoic tectonic evolution of the western Tianshan (Xinjiang, northwestern China) with emphasis on Permian fluid ingress[END_REF][START_REF] Konopelko | Possible source dichotomy of contemporaneous post-collisional barren I-type versus tin-bearing A-type granites, lying on opposite sides of the South Tien Shan suture[END_REF]Wang et al., 2007aWang et al., , 2014a)). In contrast, [START_REF] Wei | Plume-lithosphere interactions in the generation of the Tarim large igneous province, NW China : geochronological and geochemical constraints[END_REF] and [START_REF] Xu | The Early Permian Tarim Large Igneous Province : Main characteristics and a plume incubation model[END_REF] proposed a 'plumeincubation' model to explain the chemical and temporal evolution of the Permian Tarim magmatism. In this model, the first episode of magmatism is marked by the emplacement of kimberlites around 300 Ma, following partial melting of the deep subcontinental lithospheric mantle by conductive heating from a subjacent mantle plume. Then melt from the plume interacted with the partially molten subcontinental lithospheric mantle leading to the emplacement of a large volume of basalt around 290 Ma. Finally, melting of the plume by adiabatic decompression led to the emplacement of small ultramafic, mafic and felsic complexes at about 280 Ma at the northern margin of the Tarim craton. In this framework, the magmatic rocks of the Pobeda area can be compared with the Tien-Shan and Tarim magmatism. In terms of major elements composition, the charnockites from the Pobeda area tend to be more alkaline than the south Tien-Shan granitoids (Fig. 5.1.14a). However, compositions of magmatic rocks of the Tarim craton, both the mafic enclaves and the charnockites display an alkaline series trend (Fig. 5.1.14a). In terms of REEs composition, they are also very similar to the Tarim basalts (Fig. 5. 1.14b). In terms of mineralogy and geochemistry (Fig. 5.1.14a), the charnockites are equivalent to the fayalite-bearing syenites of Bachu area described by [START_REF] Wei | Petrogenesis of the Xiaohaizi syenite complex from the Bachu area , Tarim (in chinese with english abstract)[END_REF].

indicate that the transition from convergent to transcurrent tectonics may have occurred slightly prior to the Pobeda magmatism, at 295-290 Ma (e.g. [START_REF] Konopelko | Possible source dichotomy of contemporaneous post-collisional barren I-type versus tin-bearing A-type granites, lying on opposite sides of the South Tien Shan suture[END_REF]Laurent-Charvet et al., 2003). Therefore, the influence of lithospheric-scale faults of the Tien-Shan range in the ascent of mantle-derived magmas originating from the Tarim mantle plume is likely (Fig. 5.1.15) (e.g. [START_REF] Pirajno | Intracontinental strike-slip faults, associated magmatism, mineral systems and mantle dynamics : Examples from NW China and Altay-Sayan (Siberia)[END_REF] although strike-slip tectonics in the Khan-Tengri area, just north of the Pobeda, initiated around 257-265 Ma, 21 to 32 Ma after the onset of the Pobeda magmatism. The Pobeda area is located between the Tarim basalt, and the South Tien-Shan granitoids (Fig. 5. 1.1). Therefore, we suggest that the source of magmatism of the Pobeda area is linked to the activity of the Tarim mantle plume, which is also supported by similar geochemical features in charnockites and Tarim magmatic rocks (see previous sections). In the framework of the plume-incubation model for the Tarim magmatism, explained in the section 8.3.2, the mafic enclaves in the charnockites could be the deep equivalent of the basalt resulting from mixing of mantle-plume derived melts and subcontinental lithospheric mantle [START_REF] Wei | Plume-lithosphere interactions in the generation of the Tarim large igneous province, NW China : geochronological and geochemical constraints[END_REF][START_REF] Xu | The Early Permian Tarim Large Igneous Province : Main characteristics and a plume incubation model[END_REF]. Then, decompression melting of the mantle plume beneath the Pobeda area led to the emplacement of charnockites at 20 km depth. A mantle plume origin for the charnockitic magma could also explain the high geothermal gradient needed to emplace such a hot magma (>1000 • C) at a mid-crustal level.

Conclusion

This study brings new data on the metamorphism and magmatism of Kyrgyz South Tien-Shan. For the first time, the HT unit of the Pobeda area has been investigated for its age and geochemical composition, which sheds some light into the tectono-magmatic evolution of STS and lateral comparisons between the Tarim and Tien-Shan regions :

1. The HT unit of the Pobeda area is made of fayalite-bearing charnockites of magmatic origin, which resulted from the intrusion of a >1000 • C melt at a pressure of around 6 kbar, corresponding to a depth of ∼ 20 km.

2. The emplacement of charnockites at a mid-crustal level led to the partial melting of the surrounding paragneisses. U-Pb datings on zircon and 40 Ar/ 39 Ar dating of amphibole show that at least three episodes of partial melting occurred, which suggests several intrusions at 287, 275 and 265 Ma.

3. Geochemistry of the charnockites indicates that they were derived from the Tarim mantle plume. They can be compared to fayalite syenites of the Bachu area in Tarim, which are derived from adiabatic decompression partial melting of the mantle plume. A mafic enclave found in the charnockites likely represents a more primitive melt, similar to the Tarim flood basalts, which resulted from interaction between mantle plume and the metasomatized lithospheric mantle.

4. 40 Ar/ 39 Ar dating of biotites showed that the onset of the HT (charnockites) unit exhumation occurred in the late Permian, at 256-265 Ma, along a top-to-the-north thrust system, during a phase of North-South shortening. As this age post-dates the initiation of strike-slip tectonics in other places of Tien-Shan, it is likely related to a phase of transpressive strike-slip tectonics in the Khan-Tengri area. 40 Ar/ 39 Ar dating of shear zone phengites at 248-257 Ma features ongoing strike-slip tectonics at low-temperature corresponding to shallow crustal levels, after the exhumation of the HT unit.

5. The tectonic control of lithospheric scale strike-slips faults like in other areas the Tien-Shan is ascribed for the lateral magmatic flow from the Tarim mantle-plume toward the Tien-Shan range.

The Pobeda area is thus located at the boundary between two areas and two systems :

(1) the Tien-Shan range, where strike-slip tectonics directly controlled the emplacement of granitoids, and (2) the Tarim Craton where a mantle plume led to the emplacement of a large igneous province. The Tien-Shan strike-slip faults could have been the locus of lateral flow of the Tarim mantle plume melts toward the Pobeda area. Les différentes études présentées dans cette thèse apportent de nouveaux éléments pour comprendre l'évolution du sud Tien-Shan kirghize au Paléozoïque. Ainsi, la faille de Talas-Fergana, qui est une structure majeure dans la tectonique actuelle de l'Asie Centrale, semble aussi jouer un rôle important dans l'histoire Paléozoïque du Tien-Shan puisque l'évolution de part et d'autre de cette faille présente des différences importantes. Une des problématiques majeures liées à l'évolution du Sud Tien-Shan est la vergence de la subduction ayant conduit à la fermeture de l'océan Turkestan et à la collision entre les cratons Alai/Tarim/Chine du Nord et le Kazakhstan (e.g. Biske et Seltmann, 2010;[START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF][START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF]Windley et al., 2007).

A l'ouest de la faille de Talas-Fergana, une subduction vers le nord

A l'ouest de la faille de Talas-Fergana, la présence d'un arc magmatique, l'arc de Chatkal, dans le Middle Tien-Shan, permet de contraindre la polarité de la subduction vers le nord. Cet arc a été actif du Silurien au Dévonien moyen et au Carbonifère supérieur tandis que du Dévonien supérieur à la fin du Carbonifère inférieur, le Middle Tien-Shan constituait une marge passive (Alexeiev et al., 2015b;Cook et al., 2002;Maksumova et al., 2001). L'étude des roches métamorphiques de haute-pression du massif de Chatkal présentée dans le chapitre 4 a montré que la collision du bloc Alai avec le Kazakhstan a eu lieu vers 301±15 Ma (datations U-Pb sur allanites). Suite à la fermeture de l'océan Turkestan, un raccourcissement important associé à des chevauchements, des plissements intenses et du métamorphisme barrovien a affecté la région. Cependant l'âge du métamorphisme de HP dans ce massif est sujet à controverse. En effet, Rojas-Agramonte et al. (2014) et [START_REF] Alexeiev | Middle to Late Ordovician arc system in the Kyrgyz Middle Tianshan : From arc-continent collision to subsequent evolution of a Palaeozoic continental margin[END_REF] proposent un âge Ordovicien supérieur basé sur des âges U-Pb de zircon de différents granitoïdes dont les relations avec les unités de HP sont incertaines. [START_REF] Alexeiev | Middle to Late Ordovician arc system in the Kyrgyz Middle Tianshan : From arc-continent collision to subsequent evolution of a Palaeozoic continental margin[END_REF] proposent un modèle pour l'Ordovicien avec un bassin arrière-arc ouvert entre le Middle Tien-Shan et l'arc de Chatkal suite à la subduction vers le nord de l'océan Turkestan. Ce bassin arrière-arc se serait ensuite refermé par une subduction vers le sud à l'origine des roches de HP du massif de Chatkal (Fig. 6.1.1). Mais plus récemment, [START_REF] Mühlberg | Late Carboniferous high-pressure metamorphism of the Kassan Metamorphic Complex (Kyrgyz Tianshan) and assembly of the SW Central Asian Orogenic Belt[END_REF] ont obtenu des âges Sm-Nd sur grenat et roche totale de 317±4 et 316±3Ma pour les éclogites rétromorphosées. En comparant avec l'âge de 319±4 Ma pour la HP des éclogites du massif d'Atbashi Hegner et al. (2010) ils proposent donc un modèle de collision synchrone entre le massif de Chatkal et le massif d'Atbashi (Fig. 6.1.2b). 

A l'est de la faille de Talas-Fergana, une subduction vers le sud

A l'est de la faille de Talas-Fergana, du côté kirghize, l'absence de magmatisme d'arc rend la détermination de la vergence de la subduction plus délicate. Une subduction à vergence nord est proposée sur la base de l'âge des chevauchements qui sont Carbonifère au nord du Sud Tien-Shan et Permien au sud (e.g. [START_REF] Biske | Late Paleozoic collision of the Tarimskiy and Kirghiz-Kazakh paleocontinents (English translation)[END_REF]Biske et Seltmann, 2010;[START_REF] Burtman | Nappes of the southern Tien Shan[END_REF]. Du côté chinois, la présence d'un arc magmatique important dans le bloc du Central Tien-Shan (alors considéré comme l'équivalent du Nord Tien-Shan au Kirghizistan) a conduit de nombreux auteurs à proposer une subduction vers le nord de l'océan Turkestan (Fig. 6.1.3a) (e.g. [START_REF] Allen | Palaeozoic collisional tectonics and magmatism of the Chinese Tien Shan, central Asia[END_REF][START_REF] Chen | Closing history of the southern Tianshan oceanic basin, western China : an oblique collisional orogeny[END_REF][START_REF] Gao | Formation of HP-LT rocks and their tectonic implications in the western Tianshan Orogen, NW China : geochemical and age constraints[END_REF][START_REF] Han | Late Carboniferous collision between the Tarim and Kazakhstan-Yili terranes in the western segment of the South Tian Shan Orogen, Central Asia, and implications for the Northern Xinjiang, western China[END_REF][START_REF] Windley | Paleozoic accretion and Cenozoic redeformation of the Chinese Tien Shan Range, central Asia[END_REF]. Cependant des études plus récentes ont montré (1) que la mise en place des nappes ophiolitiques du Sud Tien-Shan s'est faite du sud vers le nord [START_REF] Charvet | Paleozoic Continental Accretions in Central Asia Around Junggar Block : New Structural and Geochronological Data[END_REF]Charvet et al. ( , 2007)); [START_REF] Lin | Palaeozoic tectonics of the south-western Chinese Tianshan : new insights from a structural study of the high-pressure/low-temperature metamorphic belt[END_REF]; [START_REF] Wang | Evolution géodynamique du Bloc de Yili (nord-ouest Chine) au Paléozoïque[END_REF]; [START_REF] Wang | 40Ar/39Ar analyses on Quaternary K-Ar standard BB-24 : Evaluations[END_REF] et (2) que la marge nord du Tarim a été active du Silurien au Carbonifère inférieur [START_REF] Ge | Neoproterozoic to Paleozoic long-lived accretionary orogeny in the northern Tarim Craton[END_REF][START_REF] Ge | The Paleozoic northern margin of the Tarim Craton : Passive or active ?[END_REF][START_REF] Jiang | Petrology and geochemistry of active continental margin intrusive rock belt on the northern margin of the Tarim (in Chinese with english abstract)[END_REF][START_REF] Lin | Geochronological and geochemical constraints for a middle Paleozoic continental arc on the northern margin of the Tarim block : Implications for the Paleozoic tectonic evolution of the South Chinese Tianshan[END_REF]. Un nouveau modèle a donc été proposé, dans lequel une subduction vers le sud de l'océan Turkestan a conduit à la séparation du bloc du Central Tien-Shan du Tarim par l'ouverture d'un bassin arrière-arc (l'océan Sud Tien-Shan) qui s'est ensuite refermé par une subduction vers le sud sous le craton du Tarim (Fig. 6.1.3b) [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF][START_REF] Lin | Geochronological and geochemical constraints for a middle Paleozoic continental arc on the northern margin of the Tarim block : Implications for the Paleozoic tectonic evolution of the South Chinese Tianshan[END_REF][START_REF] Lin | Palaeozoic tectonics of the south-western Chinese Tianshan : new insights from a structural study of the high-pressure/low-temperature metamorphic belt[END_REF][START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF] 6.1 Evolution Paléozoïque du Sud Tien-Shan 2011, 2008). Des variations de ce modèle proposent une subduction de l'océan Turkestan bi-directionelle, à la fois vers le sud et vers le nord (Fig. 6.1.3c) [START_REF] Ge | Neoproterozoic to Paleozoic long-lived accretionary orogeny in the northern Tarim Craton[END_REF][START_REF] Ma | The Paleozoic evolution of Central Tianshan : Geochemical and geochronological evidence[END_REF]. Les études présentées dans les chapitres 3 et 5, concernant le Sud Tien-Shan kirghize, ont apporté plusieurs arguments qui permettent de proposer une subduction vers le sud :

1. Arguments structuraux -Le massif d'Atbashi, situé le long de la suture du sud Tien-Shan, représente un paléo-prisme de subduction. Il a été montré dans la sec-tion 3.1 que la structure de ce prisme est caractérisée par des chevauchements à vergence nord au nord, et des détachements à vergence sud au sud. Des unités de haute pression, océanique et continentale, sont exhumées le long de ces chevauchements et détachements (chapitre 3). Une unité de haute-pression exhumée le long de chevauchements à vergence nord est également observée plus à l'est le long de la suture, dans le massif d'Akeyazi-Kekesu dans le Tien-Shan chinois (Wang et al., 2010a). Cette structuration le long de la suture du Sud Tien-Shan suggère une subduction vers le sud de l'océan Turkestan. Une subduction vers le nord impliquerait un rétro-charriage cylindrique tout le long de la suture (sur plusieurs centaines de kilomètres de long). 3. Argument géochimique -On a vu dans le chapitre 5 que le massif du Pobeda présente une intrusion magmatique post-collisionelle permienne mise en place dans des niveaux de croûte intermédiaire et caractérisée par des charnockites. Des enclaves mafiques dans ces charnockites représentent un magma plus primitif. La composition chimique de ces enclaves montre une composante calco-alcaline impliquant un manteau métasomatisé sous le Tarim. La métasomatisation du manteau a lieu lors d'une phase de subduction, quand des fluides sont libérés par la croûte océanique subduite et les sédiments sus-jacents (e.g. [START_REF] Pearce | Trace element models for mantle melting : application to volcanic arc petrogenesis[END_REF]. La présence, au Permien, d'un manteau métasomatisé sous le craton du Tarim implique donc qu'une subduction a eu lieu avant cette période. S'il n'y a pas de contrainte temporelle directe pour l'âge de cette métasomatisation, il est peu probable qu'elle soit issue d'une autre phase de subduction plus ancienne, car l'épisode de rifting ayant conduit à l'ouverture de l'océan Turkestan, au Néoprotérozoïque supérieur [START_REF] Biske | Structure of the northern margin of Tarim Massif (eastern Kokshaal area, Tien Shan)[END_REF][START_REF] Carroll | éditeurs : Paleozoic and Mesozoic tectonic evolution of central Asia : From continental assembly to intracontinental deformation[END_REF], a probablement oblitéré toute trace d'une éventuelle subduction antérieure. La composition chimique de ces enclaves mafiques est donc un autre argument qui renforce l'hypothèse d'une subduction vers le sud, sous le craton du Tarim, de l'océan Turkestan.

S'il semble donc qu'à l'est de la faille de Talas-Fergana, la subduction de l'océan Turkestan était dirigée vers le sud du côté kirghize comme du côté chinois, les modèles d'évolution présentent tout de même une différence quant à la présence d'un bassin d'arrière-arc. En effet, en Chine, des nappes ophiolitiques dans le Sud Tien-Shan, au sud de la suture, sont le témoin d'un ancien plancher océanique, interprété comme un bassin d'arrière-arc (e.g. [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF][START_REF] Wang | 40Ar/39Ar analyses on Quaternary K-Ar standard BB-24 : Evaluations[END_REF]. Au Kirghizistan, il n'y a pas de trace d'un bassin océanique au sud de la suture (e.g. Tursungaziev et Petrov, 2008). Cependant l'hypothèse de la présence d'un bassin d'arrière-arc lié à la subduction 6.1 Evolution Paléozoïque du Sud Tien-Shan de l'océan Turkestan ne peut pas être totalement écartée. En effet, des métagabbros en éboulis sont présents dans une unité de schistes de bas degré dans la région du Pobeda (section 3.1.3.2) et pourraient constituer un bassin embryonnaire, de type marginal, même si des assemblages ophiolitiques complets n'ont pas été décelés au cours de nos missions de terrain. De même plus à l'ouest, une unité de gabbros et roches ultrabasiques [START_REF] Mikolaichuk | quaternary removed geological map of the Khan Tengri massif (ISTC project {#}KR-920)[END_REF] a été décrite mais aucune donnée géochimique et géochronologique n'existe sur ces roches. De plus, les chevauchements liés à la réactivation Cénozoïque ont pu masquer d'éventuelles traces de ces ophiolites. Une autre différence entre le Sud Tien-Shan kirghize (à l'est de la faille de Talas-Fergana) et chinois concerne la subduction continentale. En effet, le massif d'Atbashi est le témoin d'une phase de subduction continentale de la marge amincie du Kazakhstan sous le craton du Tarim (section 3.2). Cette phase de subduction continentale n'est pas décrite du côté chinois, l'unité de HP représentant les parties profondes d'un prisme d'accrétion [START_REF] Meyer | An ( in-) coherent metamorphic evolution of high-P eclogites and their host rocks in the Chinese southwest Tianshan ?[END_REF].

Diachronisme dans la fermeture de l'océan Turkestan

Du côté chinois, l'âge de la fermeture de l'océan Turkestan ainsi que du bassin d'arrière-arc reste discutée, entre le Dévonien supérieur et le Carbonifère supérieur (voir discussion de la section 3.2.7.4). Dans le massif d'Atbashi, des datations 40 Ar/ 39 Ar ont permis de contraindre l'âge de l'exhumation des roches de HP continentales entre 319 et 328 Ma dans un intervalle de temps très court après la subduction continentale et la fermeture de l'océan Turkestan (sections 3.2.7.2 et 3.2.7.4). Dans le massif de Chatkal, les datations U-Pb des allanites indiquent un âge de 301±15 Ma [START_REF] Loury | Late Paleozoic evolution of the South Tien Shan : Insights from P-T estimates and allanite geochronology on retrogressed eclogites (Chatkal range, Kyrgyzstan)[END_REF] pour le métamorphisme de HP. Plus récemment, [START_REF] Mühlberg | Late Carboniferous high-pressure metamorphism of the Kassan Metamorphic Complex (Kyrgyz Tianshan) and assembly of the SW Central Asian Orogenic Belt[END_REF] ont obtenu un âge plus vieux, qui reste toutefois cohérent dans les barres d'erreur, de 317±4 Ma. Ces derniers auteurs ont également obtenu des âges 40 Ar/ 39 Ar sur phengite de 314±2 Ma et 313±2Ma interprétés comme des âges de refroidissement liés à l'exhumation des unités de HP. Il semble donc qu'il y ait bien un diachronisme d'est en ouest dans la fermeture de l'océan Turkestan entre les massifs d'Atbashi et de Chatkal (Fig. 6.1.2a). Cependant plus de contraintes temporelles sont requises pour déterminer précisément l'ampleur de ce diachronisme.

Une première phase de réactivation permienne

Dès le début du Permien, toute la région est affectée par une tectonique décrochante qui reprend les sutures majeures formées au Paléozoïque (e.g. Laurent-Charvet et al., 2003). De même dans l'ensemble du Tien-Shan de nombreuses intrusions magmatiques se sont mises en place à cette période. L'étude du massif du Pobeda, présentée en chapitre 5, a montré qu'en bordure de la chaîne des interactions peuvent exister entre cette tectonique décrochante et le panache mantellique du Tarim. Ainsi les zones de suture réactivées en failles décrochantes, servent de conduit à l'ascension de magmas asthénosphériques. Cet épisode a d'une part modifié la structuration paléozoïque en décalant certaines structures (e.g. la suture du Sud Tien-Shan de part et d'autre de la faille de Talas-Fergana) et d'autre part à modifié la structure thermique de la lithosphère sous le Tien-Shan et le Tarim. La tectonique décrochante a engendré des régimes en transpression à certains endroits de la chaîne (Laurent- Charvet et al., 2003), notamment dans le massif du Pobeda (chapitre 5). Ce régime tectonique est probablement à l'origine des chevauchements à vergence sud permiens, au sud du Sud Tien-Shan. Cela explique donc la différence d'âge entre les chevauchements à vergence nord, au nord, liés à la collision et les chevauchement permiens à vergence sud, au sud, liés à une première phase de réactivation de la chaîne et non à une subduction vers le nord.

Evolution du Sud Tien-Shan kirghize dans le cadre de la CAOB

Parmi les synthèses disponibles sur l'histoire de la CAOB Lehmann et al. (2010); [START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF]; Windley et al. (2007); Xiao et al. (2010a[START_REF] Xiao | A Tale of Amalgamation of Three Permo-Triassic Collage Systems in Central Asia : Oroclines, Sutures, and Terminal Accretion[END_REF], [START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF] proposent un modèle d'évolution pour toutes les Altaïdes, de la formation du microcontinent Kazakh et de la plateforme péri-sibérienne, de la fin du Néoprotérozoïque au Paléozoïque inférieur, à la formation du Tien-Shan au Paléozoïque moyen et supérieur. Cette partie s'appuie sur ce modèle d'évolution et montre en quoi les résultats de cette thèse permettent de le compléter ou modifier. Du Vendien à l'Ordovicien (-650 à -443 Ma), de multiples épisodes d'accrétion d'arcs volcaniques, plateau océaniques et monts sous-marins autour du craton de Sibérie conduisent à la formation de la partie péri-sibérienne des Altaïdes (Fig. 6.2.1). De même, du Cambrien à l'Ordovicien, une série d'accrétion de différentes unités océaniques et continentales le long de la marge est-gondwanienne a conduit à la formation du microcontinent du Kazakhstan (Fig. 6.2.1). Au Kirghizistan, la suture de Terksey, entre le Nord Tien-Shan et le Middle Tien-Shan, résulte de cette période [START_REF] Lomize | The Kyrgyz-Terskey Paleoceanic Basin, Tien Shan[END_REF]Mikolaichuk et al., 1997). Le Kazakhstan se sépare ensuite du Gondwana au Silurien inférieur et commence une migration vers l'ouest (coordonnées actuelles) vers les cratons de Sibérie et du Tarim et Chine du Nord. Dès la fin du Silurien, ces différents continents et microcontinents commencent leur interaction, principalement par des processus de collision oblique entre Kazakhstan et Tarim/Chine du Nord au sud et Kazakhstan et Sibérie (et Baltique) au nord. Ces collisions obliques mènent à la formation de la virgation du Kazakhstan qui se referme sur lui-même avec la fermeture de l'océan Junggar (Fig. 6.2.1). C'est la collision entre le Kazakhstan et les cratons Alai/Tarim/Chine du Nord, suite à la fermeture de l'océan Turkestan, qui est à l'origine de chaîne plissée du Sud Tien-Shan au sens large. [START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF] ont proposé un modèle pour la fermeture de l'océan Turkestan le long du transect Tien-Shan kirghize/Mongolie interne (en rouge sur la figure 6.2.1). La figure 6.2.2 reprend ce modèle pour les parties Mongolie et Beishan. Pour le Tien-Shan chinois, le modèle est complété d'après [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]. Pour le Tien-Shan kirghize, le modèle est modifié d'après les résultats de cette thèse [START_REF] Loury | Late Paleozoic evolution of the South Tien Shan : Insights from P-T estimates and allanite geochronology on retrogressed eclogites (Chatkal range, Kyrgyzstan)[END_REF][START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF], et section 3.2). 

Du Tien-Shan chinois à la Mongolie interne

Au Paléozoïque inférieur, l'océan Turkestan bordait la marge nord des cratons du Tarim et de Chine du Nord. Au niveau de Beishan, le bloc de Dunhuang se situe entre le craton du Tarim et la Chine du Nord (Fig. 6.2.2)(e.g [START_REF] Xiao | Paleozoic multiple accretionary and collisional processes of the Beishan orogenic collage[END_REF]. De nombreuses dénominations existent pour cet océan. On parle ainsi de l'océan Central Tien-Shan dans le Tien-Shan chinois ou de l'océan Ondor Sum en Mongolie interne. A l'Ordovicien, ce domaine océanique commence à se refermer. En Mongolie interne, cette subduction a probablement été à vergence nord dans un premier temps, puis rapidement l'accrétion d'un arc volcanique a inversé la vergence de la subduction [START_REF] Jian | Time scale of an early to mid-Paleozoic orogenic cycle of the long-lived Central Asian Orogenic Belt , Inner Mongolia of China : Implications for continental growth[END_REF]. Les marges nord du Tarim et de la Chine du Nord étaient alors actives (arc du Central Tien-shan/Hanshan pour le Tien-Shan chinois et Beishan, arc de Bainaimiao pour la Mongolie interne) (e.g. [START_REF] Jian | Time scale of an early to mid-Paleozoic orogenic cycle of the long-lived Central Asian Orogenic Belt , Inner Mongolia of China : Implications for continental growth[END_REF][START_REF] Xiao | Accretion leading to collision and the Permian Solonker suture, Inner Mongolia, China : Termination of the central Asian orogenic belt[END_REF]. Côté kirghize, il n'y a pas de traces de magmatisme d'arc lié à la fermeture de l'océan Turkestan avant le [START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF] et la partie Tien-Shan chinois et d'après [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF][START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF]. Le modèle de la partie Tien-Shan kirghize est proposé d'après les résultats de cette thèse.

1). Les parties Mongolie interne et Beishan sont d'après

golie interne, l'arrêt provisoire du magmatisme d'arc entre le Silurien supérieur et le Dévonien inférieur marque probablement un épisode de collision [START_REF] Xiao | Accretion leading to collision and the Permian Solonker suture, Inner Mongolia, China : Termination of the central Asian orogenic belt[END_REF][START_REF] Yue | Tectonic correlation of Beishan and Inner Mongolia orogens and its implications for the palinspastic reconstruction of North China[END_REF]. [START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF] attribuent cet épisode à la collision oblique entre le Kazakhstan et la Chine du Nord. L'océan Ondor Sum est alors refermé. Rapidement la subduction, toujours à vergence sud, reprend avec la fermeture de l'océan Solonker qui ne s'achève qu'au Permien. En revanche, au niveau du Tien-Shan chinois et de Beishan, la subduction de l'océan Turkestan (ou Central Tien-Shan ou Hashaat) à entraîné l'ouverture d'un bassin d'arrière-arc dans la marge nord du Tarim et de Chine du Nord et ainsi la séparation des blocs Central Tien-Shan (Tien-Shan chinois) et Hanshan (Beishan) au Silurien inférieur (e.g. Charvet et al., 2007;[START_REF] Xiao | Paleozoic multiple accretionary and collisional processes of the Beishan orogenic collage[END_REF][START_REF] Zuo | Plate tectonic characteristics during the early paleozoic in Beishan near the Sino-Mongolian border region, China[END_REF]. Le Kazakhstan continue sa dérive vers l'ouest et dès le Dévonien inférieur il entre en collision avec le micro-bloc Dunhuang entraînant ainsi la fermeture des domaines océaniques au niveau de Beishan (océan Hashaat et arrière-arc) [START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF]. Au niveau du Tien-Shan chinois, l'ouverture du bassin arrière-arc (on parle de l'océan du Sud Tien-Shan ou encore Turkestan 2) se poursuit pendant le Dévonien inférieur. Au dévonien moyen, la collision entre le bloc du Central Tien-Shan et le Kazakhstan (Yili, North Tien-Shan) marque la fermeture de l'océan Turkestan (Charvet et al., 2007). Cependant l'âge de cette collision est largement débattu (voir discussion de la section 3.2.7.4). Dès lors, le bassin arrière-arc commence à se refermer, toujours par une subduction vers le sud (e.g. [START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]Charvet et al., , 2007;;[START_REF] Lin | Geochronological and geochemical constraints for a middle Paleozoic continental arc on the northern margin of the Tarim block : Implications for the Paleozoic tectonic evolution of the South Chinese Tianshan[END_REF][START_REF] Lin | Palaeozoic tectonics of the south-western Chinese Tianshan : new insights from a structural study of the high-pressure/low-temperature metamorphic belt[END_REF][START_REF] Shu | A Large-scale Palaeozoic Dextral Ductile Strike-Slip Zone : the Aqqikkudug-Weiya Zone along the Northern Margin of the Central Tianshan Belt, Xinjiang,NW China[END_REF]Wang et al., 2010a). Certains modèles proposent cependant une subduction à la fois vers le sud sous le Tarim et vers le nord sous le Central Tien-Shan (e.g. [START_REF] Ge | Neoproterozoic to Paleozoic long-lived accretionary orogeny in the northern Tarim Craton[END_REF][START_REF] Ge | The Paleozoic northern margin of the Tarim Craton : Passive or active ?[END_REF], ou encore uniquement une subduction vers le nord (e.g. [START_REF] Chen | Closing history of the southern Tianshan oceanic basin, western China : an oblique collisional orogeny[END_REF][START_REF] Han | Late Carboniferous collision between the Tarim and Kazakhstan-Yili terranes in the western segment of the South Tian Shan Orogen, Central Asia, and implications for the Northern Xinjiang, western China[END_REF]Windley et al., 2007[START_REF] Windley | Paleozoic accretion and Cenozoic redeformation of the Chinese Tien Shan Range, central Asia[END_REF]. La fermeture du bassin d'arrière-arc, et donc la fermeture définitive de tout domaine océanique entre le Kazakhstan et le Tarim au niveau du Tien-Shan chinois a lieu probablement au Carbonifère inférieur (Charvet et al., 2007). Il ne reste alors que l'océan Nord Tien-Shan (ou Junggar) qui se ferme au Carbonifère supérieur ou au Permien inférieur (e.g. [START_REF] Carroll | Late Paleozoic Tectonic Amalgamation of Northwestern China-Sedimentary Record of the Northern Tarim, Northwestern Turpan, and Southern Junggar Basins[END_REF]Charvet et al., 2007;[START_REF] Han | Late Carboniferous collision between the Tarim and Kazakhstan-Yili terranes in the western segment of the South Tian Shan Orogen, Central Asia, and implications for the Northern Xinjiang, western China[END_REF][START_REF] Wang | 40Ar/39Ar analyses on Quaternary K-Ar standard BB-24 : Evaluations[END_REF]. On voit donc que de la Mongolie interne au Tien-Shan chinois, les marges nord du Tarim et de Chine du Nord ont principalement été actives pendant la subduction du domaine océanique les séparant du Kazakhstan.

Le Sud Tien-Shan kirghize

Dans le Tien-Shan kirghize, à l'est comme à l'ouest de la faille de Talas-Fergana, de nombreux auteurs ont considéré que l'océan Turkestan s'est fermé par une subduction vers le nord sous le Kazakhstan principalement sur la base de la présence de l'arc magmatique de Chatkal (à l'ouest de la faille de Talas-Fergana) et de la migration des chevauchements vers le sud de la chaîne du Sud Tien-Shan (e.g. [START_REF] Alekseev | Late Paleozoic subductional and collisional igneous complexes in the Naryn segment of the Middle Tien Shan (Kyrgyzstan)[END_REF][START_REF] Biske | Late Paleozoic collision of the Tarimskiy and Kirghiz-Kazakh paleocontinents (English translation)[END_REF][START_REF] Biske | Geology and evolution of the Central Asian Orogenic Belt in Kazakhstan and the western Tianshan[END_REF]Biske et Seltmann, 2010;Windley et al., 2007). Cependant à l'est de la faille de Talas-Fergana, il n'y a aucune trace de magmatisme d'arc liée à cette subduction (Tursungaziev et Petrov, 2008). De plus la marge sud du Kazakhstan à l'ouest de la faille de Talas-Fergana montre une évolution complexe avec des périodes de marge active au Silurien/Dévonien moyen et Carbonifère supérieur séparée par une longue période de marge passive du Dévonien supérieur à la fin du Carbonifère inférieur (e.g. Alexeiev et al., 2015b). Un tel modèle impliquerait une discontinuité majeure, telle qu'une faille décrochante, entre le Tien-Shan kirghize et le Tien-Shan chinois pour accommoder ce changement de polarité de subduction. Or il n'y a pas de trace d'une telle discontinuité. Comme détaillé dans la section précédente (section 6.1.1), les résultats de ce travail de thèse ont montré qu'à l'est de la faille de Talas-Fergana, la subduction était vers le sud et s'est achevée par la subduction de la marge amincie du Kazakhstan sous le Tarim. Un nouveau modèle d'évolution Paléozoïque du Tien-Shan kirghize est donc proposé (6.2.2) qui tient compte de ces différentes observations et qui s'intègre dans le modèle d'évolution générale présenté dans la figure 6.2.2. La subduction de l'océan Turkestan s'est probablement initiée au Silurien, sous le Kazakhstan (i.e. à vergence nord), comme en témoigne le premier épisode de magmatisme d'arc de Chatkal. Cependant, dès le Dévonien moyen ce magmatisme s'arrête et la marge sud du Kazakhstan devient passive jusqu'au Carbonifère supérieur (Alexeiev et al., 2015b). L'entrée en subduction d'un micro-bloc (micro-continent, plateau océanique, arc) a pu provoquer l'arrêt de la subduction vers le nord. Ainsi bloquée au nord, la subduction de l'océan Turkestan a pu reprendre, cette fois-ci vers le sud, sous le Tarim, de manière similaire au Tien-Shan Chinois. Une telle inversion dans la vergence de subduction est également proposée en Mongolie interne avec l'accrétion de l'arc de Tulinkai à l'Ordovicien (Fig. 6.2.2, [START_REF] Jian | Time scale of an early to mid-Paleozoic orogenic cycle of the long-lived Central Asian Orogenic Belt , Inner Mongolia of China : Implications for continental growth[END_REF]). Cette subduction vers le sud de l'océan Turkestan aboutit au Carbonifère moyen (c.a. 330-320 Ma) à la subduction de la marge amincie du Kazakhstan sous le craton du Tarim et à la collision Tarim/Kazakhstan dans le segment à l'est de la faille de Talas-Fergana comme en témoigne le massif d'Atbashi. C'est suite à cet évènement que (1) la faille de Talas-Fergana s'initie (c.a. 317 Ma, Rolland et al. (2013)) et que (2) l'activité magmatique reprend dans l'arc de Chatkal (Alexeiev et al., 2015b). De plus la collision Alai (continuité du Tarim vers l'ouest)/Kazakhstan semble avoir lieu plus tard au niveau de l'arc de Chatkal, à la fin du Carbonifère supérieur (chapite 4.1) [START_REF] Loury | Late Paleozoic evolution of the South Tien Shan : Insights from P-T estimates and allanite geochronology on retrogressed eclogites (Chatkal range, Kyrgyzstan)[END_REF]. Il est donc proposé qu'à l'est la collision Tarim/Kazakhstan bloque la subduction sous le Tarim. Plus à l'ouest la subduction vers le nord sous le Kazakhstan reprend et accommode la fermeture de la partie restante de l'océan Turkestan. La faille de Talas-Fergana accomode ce mouvement à la manière d'une faille transformante. Dès la fin du Carbonifère l'océan Turkestan est totalement fermé. Un tel modèle 6.3 Le Sud Tien-Shan kirghize : de la chaîne de collision Carbonifère à la chaîne intracontinentale actuelle s'intègre mieux dans l'évolution générale du Tien-Shan qu'un modèle proposant uniquement une subduction vers le nord. Le rôle majeur de la faille de Talas-Fergana permet d'expliquer le passage d'une subduction vers le sud, comme dans le Tien-Shan chinois, à une subduction vers le nord dans la partie occidentale. La fermeture diachrone vers l'ouest de l'océan Turkestan est ainsi également documenté dans le segment kirghize du Tien-Shan.

Le Sud Tien-Shan kirghize : de la chaîne de collision Carbonifère à la chaîne intracontinentale actuelle

L'évolution de la CAOB au Paléozoïque inférieur est donc marquée par des processus de subduction et d'accrétion qui aboutissent à la constitution du microcontinent Kazakh et de la marge péri-sibérienne. Pendant cette période, le magmatisme d'arc engendre une croissance crustale importante. Il a été estimé que 50% de la croûte continentale de la CAOB était juvénile (e.g. [START_REF] Jahn | The Central Asian Orogenic Belt and growth of the continental crust in the Phanerozoic[END_REF][START_REF] Sengör | Evolution of the Altaids tectonic collage and Palaeozoic crustal growth in Eurasia[END_REF]. Cependant, même si elle reste importante, cette valeur a probablement été surestimée en raison de l'importance du magmatisme permien post-collisionel qui n'est donc pas lié à la formation de la CAOB [START_REF] Kröner | Reassessment of continental growth during the accretionary history of the Central Asian Orogenic Belt[END_REF]. Le Paléozoïque supérieur est marqué par la fermeture de l'océan Turkestan (section 6.2, Fig. 6.2.2). Si cette fermeture est associée à l'accrétion de petits blocs tels que des arcs volcaniques ou plateaux océaniques, elle est principalement marquée par la collision finale entre le Kazakhstan et les cratons Alai/Tarim/Chine du Nord. A l'ouest de la faille de Talas-Fergana, cette collision est associée à un raccourcissement important et du métamorphisme barrovien dans le massif de Chatkal (chapitre 4). La zone de suture est reprise dans cette collision et les roches de HP sont partiellement rétromorphosées. A l'est de la faille de Talas-Fergana, la subduction de l'océan Turkestan aboutit à une subduction continentale. Le massif d'Atbashi a préservé les marqueurs de la subduction océanique et continentale. La structure de ce massif, constitué d'un prisme d'accrétion métamorphisé dans le faciès des schistes bleus (section 3.2) et des éclogites (section 3.1) contenant des fragments de croûte océanique et d'une unité éclogitique continentale (section 3.2), est similaire à la structure des Alpes occidentales le long de la transversale Schistes Lustrés/Mont Viso/Dora Maira [START_REF] Agard | Exhumation of oceanic blueschists and eclogites in subduction zones : Timing and mechanisms[END_REF][START_REF] Schwartz | La zone piémontaise des Alpes occidentales : un paléo-complexe de subduction. Arguments métamorphiques, géochronologiques et structuraux[END_REF]. Dès la fin du Paléozoïque, au Permien, la structuration liée à cet épisode de collision est réactivée. Les zones de suture sont au moins partiellement reprises en décrochement ou transpression. Ainsi comme l'a montré l'étude du massif du Pobeda (chapitre 5), les chevauchements à vergence nord liés à la phase de subduction/collision sont réactivés et des roches de niveaux crustaux moyens à profonds sont exhumées. C'est également au Permien que les chevauchements à vergence sud, i.e. du Tien-Shan sur le Tarim, ont été activés [START_REF] Biske | Late Paleozoic collision of the Tarimskiy and Kirghiz-Kazakh paleocontinents (English translation)[END_REF]Biske et Seltmann, 2010;[START_REF] Burtman | Nappes of the southern Tien Shan[END_REF] et donc que la double vergence de la chaîne a été acquise. La mise en évidence de cette structure à double vergence dès la fin du Paléozoïque montre donc que la phase de réactivation Cénoïque réactive des structures Paléozoïques et que le rôle des structures néo-formées est probablement faible. En effet les reliefs du Sud Tien-Shan, qui sont les plus impor-DISCUSSION tants de la CAOB avec des sommets de plus de 7000 m au dessus de plateaux de 2000 à 4000 m côté Kirghizistan et de 1000 à 2000 m côté Tarim (Fig. 1.7 se forment le long de chevauchements à vergence nord au nord, sur les bassins intramontagneux du Tien-Shan et des chevauchements à vergence sud au sud, sur le bassin du Tarim (Fig. 1.8b). De plus, la phase de magmatisme permien qui a affecté le Tarim a probablement contribué à l'épaississement de la lithosphère favorisant ainsi la localisation de la déformation à ses bordures. Les modèles existants pour la réactivation du Tien-Shan depuis le Cénozoïque proposent que la formation des reliefs est accommodée par des failles sub-verticales à jeu chevauchant en sub-surface et décrochant en profondeur (e.g. [START_REF] Jolivet | Mesozoic and Cenozoic tectonic history of the central Chinese Tian Shan : Reactivated tectonic structures and active deformation[END_REF][START_REF] Macaulay | Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan[END_REF]. Ces modèles ne sont pas compatibles avec la structure Paléozoïque mise en évidence ici, principalement constituée de chevauchements à vergence nord hérités d'une subduction et d'une collision, et donc à faible pendage (figure 3.1.13). Si le rôle de la structuration Paléozoïque dans la réactivation Cénozoïque et actuelle est évident, les processus précis de cette réactivation restent à comprendre, notamment sur la déformation en profondeur et les liens entre la première phase de réactivation permienne, transpressive, et la réactivation Cénozoïque, compressive.

CONCLUSIONS ET PERSPECTIVES

CONCLUSION ET PERSPECTIVES

Ce travail de thèse a permis d'apporter de nouvelles données structurales, pétrologiques, géochronologiques et géochimiques sur le métamorphisme de la chaîne du Sud Tien-Shan au Kirghizistan. Comparées aux nombreuses données existantes pour la partie chinoise de la chaîne, elles permettent d'avoir une vision globale de son évolution dans le cadre de la CAOB, de la collision Paléozoïque à la réactivation Cénozoïque. Ainsi plusieurs points importants peuvent être retenus : 5. Le permien a ensuite été marqué par une première phase de réactivation importante avec la mise en place d'un régime tectonique décrochant et transpressif dans tout le Tien-Shan. Dans le massif du Pobeda, à la bordure entre le Sud Tien-Shan et le craton du Tarim, des interactions entre cette tectonique décrochante et un panache mantellique sous le craton du Tarim ont été mises en évidence. En effet, les grands décrochements d'échelle lithosphérique servent de conduits pour la remontée de magmas asthénosphériques provenant de ce panache.

6. La structuration carbonifère à l'est de la faille de Talas-Fergana, issue de la subduction de l'océan Turkestan vers le sud, et la première phase de réactivation permienne, associée à des chevauchements vers le sud et une modification de la structure thermique de la lithosphère, ont permis une pré-structuration de la lithosphère et contrôlent la réactivation tertiaire de la chaîne suite à la collision himalayenne.

Le modèle ainsi proposé pour l'évolution du Sud Tien-Shan kirghize s'intègre mieux que ceux précédemment proposés dans un schéma d'évolution globale de la CAOB au Paléozoïque. En effet plutôt que de proposer une limite majeure entre le Tien-Shan kirghize et le Tien-Shan chinois, ces résultats ont montré que c'est la faille de Talas-Fergana qui délimitait deux régions à l'évolution différente.

Si le rôle de la structuration Paléozoïque dans la réactivation Cénozoïque et actuelle est évident, les processus précis de cette réactivation restent à déterminer, notamment sur la déformation en profondeur et les liens entre la première phase de réactivation permienne, transpressive, et la réactivation tertiaire, compressive. Les modalités de cette réactivation pourraient être mieux comprises d'une part avec des méthodes de thermochronologie basse-température pour contraindre les vitesses d'exhumation dans les niveaux superficiels de la lithosphère et d'autre part avec des modèles numériques thermomécaniques pour définir les processus de déformation en profondeur.

Enfin, au delà de la compréhension de l'évolution géodynamique du Sud Tien-Shan au Paléozoïque, ces travaux de thèse ont montré l'intérêt de coupler la micro-cartographie chimique à la modélisation thermodynamique pour l'étude des roches métamorphiques et donc pour caractériser les processus impliqués dans des zones de subduction et de collision. L'étude des éclogites basiques du massif d'Atbashi a permis de montrer que cette approche peut être particulièrement adaptée à la caractérisation des processus de déshydratation au cours de la subduction en quantifiant le volume d'eau relâché au cours de l'éclogitisation. Ces résultats renseignent sur l'évolution rhéologique de la lithosphère plongeante et permettent d'apporter des éléments de réponse à des problématiques majeures liées aux processus de subduction. Un autre exemple d'application de cette approche a été donné avec l'étude des éclogites rétromorphosées du massif de Chatkal en calculant une composition chimique effective à partir d'une micro-cartographie qui est ensuite utilisée pour de la modélisation thermobarométrique. Dans ce cas, couplée à de la géochronologie ponctuelle, cette approche permet de considérer une échelle locale, tant d'un point de vue pétrologique que d'un point de vue chimique, ce qui est particulièrement adapté à l'étude des éclogites rétromorphosées qui ont enregistré une histoire complexe. Enfin l'utilisation de la micro-cartographie chimique combinée à la modélisation thermobarométrique permet considérer ce processus rarement pris en compte qu'est la résorption des minéraux. The Ar-Ar mineral ages and structural data argue for a major phase of dextral shearing, affecting the entire region from the West Tianshan to Mongolia in the late Permian and leading to formation of almost equally spaced major NW-trending dextral strike-slip faults. The uniform character of this deformation indicates that the process of amalgamation in this part of the CAOB ended prior to the late Permian, and Central Asia evolved as a single coherent continental block since that time.

Ó 2013 Elsevier Ltd. All rights reserved.

Introduction

The western part of the predominantly Neoproterozoic to late Palaeozoic Central Asian Orogenic Belt (CAOB) within Kazakhstan and the Kyrgyz and Chinese Tianshan represents a complex amalgamation of Precambrian microcontinents, early Palaeozoic arc terranes, ophiolitic units and accretionary wedges (e.g., [START_REF] Xiao | Orogenic belts in Central Asia: correlations and connections[END_REF]Fig. 1). These were welded together during the early and middle Palaeozoic and were incorporated into Eurasia as a single continent named Kazakhstan after collisions with Siberia, Baltica, Tarim and Turan in the late Carboniferous and Permian [START_REF] Zonenshain | Geology of the USSR. A Plate Tectonic Synthesis[END_REF]Mossakovsky et al., 1993;Filippova et al., 2001;Windley et al., 2007). During the latest phases of collisional shortening in the late Permian to early Mesozoic, convergence of the above cratons was accommodated by displacements along major strike-slip faults, leading to lateral escape of large crustal blocks within Kazakhstan and the Tianshan. The large strike-slip faults form two major groups, namely (1) ENE-striking and mainly sinistral, and (2) NW-striking and mainly dextral. The kinematics of the entire fault system implies shortening in a north-south direction (Suvorov, 1968;Burtman, 1980;[START_REF] Zaitsev | Evolution of Geosynclines (Oval, Concentric Type)[END_REF][START_REF] Chitalin | Variscian structural evolution of Central Kazakhstan[END_REF]Buslov et al., 2004a,b).

Recent structural and geochronological studies revealed complicated patterns and multistage deformation histories for many of these faults. In particular, it was shown that the largest NWstriking Irqiz and Talas-Ferghana faults were initiated as sinistral strike-slip faults and were later reactivated with dextral motion (Allen et al., 2001;Laurent-Charvet et al., 2003;Alexeiev et al., 2009a). Some major NE-striking faults in the Tianshan reveal an opposite sense of motion in adjacent areas in Kyrgyzstan and China [START_REF] Bazhenov | Structural evolution of Central Asia to the North of Tibet: a synthesis of paleomagnetic and geological data[END_REF]Charvet et al., 2007;Wang et al., 2010), implying a complex history including several structural episodes. The timing and correlation of deformational events within different fault zones during the Palaeozoic and Mesozoic, as well as changes in the regional stress field, that reflect larger-scale reorganizations during lithospheric motions, remain poorly constrained.

We carried out a structural and 40 Ar/ 39 Ar geochronological study of the Talas-Ferghana Fault (TFF) in the West Tianshan of Kyrgyzstan that represents one of the largest strike-slip faults in Central Asia and is a key element for understanding the tectonic evolution of the entire region (Figs. 1 and2). We selected synkinematic phengites that crystallized at low temperature (<400 °C) and postkinematic markers to provide constraints on the timing of deformation (e.g., Rolland et al., 2009;Sanchez et al., 2011).

Tectonic overview of the Tianshan and southern Kazakhstan

Our study area consists of three major tectonic domains (a) Kazakhstan-North Tianshan, (b) Middle Tianshan and (c) South Tianshan (Figs. 1 and2) (Nikolaev, 1933;[START_REF] Kiselev | Tectonics of the Precambrian of the Middle Asia and Central Kazakhstan[END_REF]Bakirov and Maksumova, 2001).

The Kazakhstan-North Tianshan is divided into two domains, namely the Kokchetav-North Tianshan (KNT) and the Talas-Karatau (TK) (Fig. 2), that have different geological histories (Bakirov and Maksumova, 2001). The KNT represents a collage of Precambrian crustal fragments, early Palaeozoic island arcs, ophiolites and HP metamorphic complexes that were amalgamated prior to the Middle Ordovician (Mikolaichuk et al., 1997;Maksumova et al., 2001;[START_REF] Ghes | Terrane Structure and Geodynamic Evolution of the Caledonides of the Tian Shan (in russian)[END_REF]Alexeiev et al., 2011;[START_REF] Kröner | Zircon and muscovite ages, geochemistry, and Nd-Hf isotopes for the Aktyuz metamorphic terrane: evidence for an Early Ordovician collisional belt in the northern Tianshan of Kyrgyzstan[END_REF]. In the Middle and Late Ordovician the KNT was dominated by the Stepnyak-North Tianshan continental margin arc, and in the latest Ordovician and early Silurian $450-435 Ma it was intruded by major granitoid batholiths (Konopelko et al., 2008;Glorie et al., 2010) that may reflect collision of the arc with the Aktau-Junggar microcontinent in the NE [START_REF] Avdeyev | Ophiolites and Evolution of Southwest Part of the Ural-Mongolia Folded Belt[END_REF]Windley et al., 2007).

The Talas-Karatau domain (Fig. 2) consists of Precambrian shallow marine and non-marine siliciclastic rocks with subordinate carbonates and felsic tuffs that yielded zircon ages of 766-831 Ma [START_REF] Levashova | The origin of microcontinents in the Central Asian Orogenic Belt: constraints from paleomagnetism and geochronology[END_REF][START_REF] Meert | Glaciation and $770 Ma Ediacara (?) fossils from the Lesser Karatau microcontinent, Kazakhstan[END_REF]Kröner et al., 2011). These Precambrian sequences are overlain, with a low-angle unconformity and transgressive overlap, by late Neoproterozoic clastic sediments including diamictite horizons, by early Cambrian phosphorites, and Cambrian to middle Ordovician passive margin carbonates [START_REF] Ankinovich | Lower Palaeozoic of the Vanadiferous Basin of the North Tian-Shan and Western Margin of Central Kazakhstan, Part 1[END_REF]Eganov and Sovetov, 1979;[START_REF] Abdulin | Geology and Ore Deposits of Karatau 1[END_REF]Cook et al., 2002;Maksumova et al., 2001;[START_REF] Meert | Glaciation and $770 Ma Ediacara (?) fossils from the Lesser Karatau microcontinent, Kazakhstan[END_REF].

In the southwest, in the area adjacent to the TFF within Karatau and the Talas Ridges (Fig. 2), the TK consist of turbidites and shales with subordinate deeper marine carbonates that are strongly folded and were metamorphosed under phyllite and low-grade greenschist-facies conditions. These rocks were previously considered as Precambrian [START_REF] Kiselev | Tectonics of the Precambrian of the Middle Asia and Central Kazakhstan[END_REF][START_REF] Abad | The structure and the phyllosilicates (chemistry, crystallinity and texture) of Talas Ala-Tau (Tien Shan, Kyrgyz Republic): comparison with more recent subduction complexes[END_REF], but palaeontological evidence shows that some may have Cambrian and Ordovician ages [START_REF] Mambetov | Findings of small shell fossils in the Lower Palaeozoic of Talas Ala-Tou (North Tianshan)[END_REF]Maksumova et al., 2001;[START_REF] Ghes | Terrane Structure and Geodynamic Evolution of the Caledonides of the Tian Shan (in russian)[END_REF]Tursungaziev and Petrov, 2008). The main structural event in the TK occurred during the late Ordovician to early Silurian, based on the age of deformed rocks and postkinematic granitoid plutons [START_REF] Abdulin | Geology and Ore Deposits of Karatau 1[END_REF][START_REF] Alexeiev | Folded thrusts in the Malyi Karatau ridge (South Kazakhstan)[END_REF]Maksumova et al., 2001).

The Kyrgyz Middle Tianshan (MTS) represents a continental domain with Precambrian crust and late Neoproterozoic to early Palaeozoic sediments. The oldest basement rocks are amphibolitefacies metasediments and orthogneisses of the Kuilyu Complex that are exposed in the eastern part of the MTS and yielded Palaeoproterozoic ages of 2.3-1.7 Ga (Kröner et al., 2009, 2011 andunpubl. data). Neoproterozoic granites and felsic volcanic rocks, ranging in age from 900 to 740 Ma, are widely developed in the MTS and in its continuation in Kazakhstan (Kiselev et al., 1993;[START_REF] Kröner | New zircon, Sm-Nd, and Ar-Ar ages for Precambrian and Palaeozoic rocks from the Tianshan orogenic belt in Kyrgyzstan and disappearance of the Archaean[END_REF]Kröner et al., , 2011[START_REF] Kröner | Zircon and muscovite ages, geochemistry, and Nd-Hf isotopes for the Aktyuz metamorphic terrane: evidence for an Early Ordovician collisional belt in the northern Tianshan of Kyrgyzstan[END_REF]. These basement rocks are overlain by latest Neoproterozoic diamictites, Cambrian and Middle Ordovician shales, carbonates and cherts that change up-section into uppermost Middle-and Late Ordovician turbidites. Similarities in depositional facies may imply possible tectonic links between the MTS, Talas-Karatau and Tarim microcontinents during the early Palaeozoic (Eganov and Sovetov, 1979).

The southwestern part of the MTS in the South Chatkal Ridge (Fig. 2) consists of metamorphic rocks that were previously interpreted as a Precambrian microcontinental basement (Bakirov et al., 2003), though they have Ordovician ages [START_REF] Rojas-Agramonte | Detrital zircon ages from metasediments of the Kyrgyz Tianshan and significance for the Evolution of the Central Asian Orogenic Belt[END_REF] and apparently represent an early Palaeozoic accretionary complex or collisional belt.

A continental margin arc evolved in the latest Silurian to middle Devonian and Pensylvanian on the southwestern part of the MTS (Fig. 2) in response to northward subduction of the Turkestan Ocean (Biske, 1996;Seliverstov and Ghes, 2001;Filippova et al., 2001;Alexeiev et al., 2009b;Seltmann et al., 2011). The MTS represented a passive margin of the Kazakhstan continent during the Givetian to earliest Pennsylvanian, and between two episodes of arc magmatism, and up to 4.5 km of carbonates accumulated there during the Famennian to early Bashkirian (Cook et al., 2002). In the early Permian the area was a site of syncollional granitoid magmatism (Seliverstov and Ghes, 2001;Alexeiev et al., 2009b;Seltmann et al., 2011).

The South Tianshan (STS, Fig. 2) constitutes a late Palaeozoic thrust-and-fold belt that formed due to convergence and collision of the Kazakhstan continent in the North with the Alai, Afghan-Tajik (Turan) and Tarim microcontinents in the South (Biske, 1995(Biske, , 1996;;Bakirov and Maksumova, 2001;Filippova et al., 2001). The STS consists mainly of sedimentary rocks, ranging in age from Silurian to early Permian, with subordinate early Palaeozoic sedimentary formations. Depositional facies in the STS broadly range from shallow-marine carbonates that accumulated on isolated seamounts, to clastic and carbonate slope turbidites and deep marine cherty deposits. Rare volcanic rocks are composed of intraplate basalts with minor proportions of felsic components that were emplaced in the early and middle Devonian. Ophiolites and metamorphic rocks delineate a major suture zone along the northern margin of the STS (Burtman, 1975;[START_REF] Kurenkov | Tectonics of the Ophiolite Complexes of South Tianshan (Alai and Atbashi Ridges)[END_REF]Biske, 1995Biske, , 1996)). The metamorphic rocks consist of low grade greenschists and higher grade amphibolite-facies paragneisses with HP eclogite boudins. An eclogite from the Atbashe Ridge yielded a late Carboniferous Sm-Nd isochron age of 319 ± 4 Ma (Hegner et al., 2010) and Ar-Ar ages of 327-317 Ma (Simonov et al., 2008;Hegner et al., 2010). Predominantly top-to-the-south direction of thrusting in the Kyrgyz STS imply N-directed subduction. The age of subduction is defined as late Mississippian and Pennsylvanian, based on the ages of turbidites and sedimentary mélanges (Biske, 1995), and this is also in agreement with Sm-Nd and Lu-Hf ages of subduction-related UHP metamorphic rocks both in the Kyrgyz and Chinese South Tianshan (Hegner et al., 2010;[START_REF] Klemd | Changes in dip of subducted slabs at depth: petrological and geochronological evidence from HP-UHP rocks (Tianshan, NW-China)[END_REF].

Thrust deformation continued during the latest Pennsylvanian to earliest Permian in a collisional setting and was accompanied by formation of major olistostromes [START_REF] Biske | Structures of the Late Palaeozoic thrust belt in the Chinese South Tian Shan[END_REF]. Postkinematic granite plutons, ranging in age from 295 to 275 Ma (Seltmann et al., 2011), constrain thrusting to the early Permian. Deformation in the Permian and Triassic was dominated by folding and strikeslip motions (Burtman, 1975).

Talas-Ferghana Fault

The Talas-Ferghana Fault (TFF) extends from the western Tarim craton in the SE to the Tourghai basin in the NW (Figs. 1 and2). It exceeds 2000 km in length and represents one of the largest intracontinental strike-slip faults on Earth. Kinematic indicators along the fault reveal a right-lateral sense of motion, but evidence for left-lateral displacement during the early phases of deformation was also noted at some localities (Galitskiy, 1967;Allen et al., 2001;Alexeiev et al., 2009a). The maximum overall dextral dis- (Burtman, 1964(Burtman, , 1980)).

In the northwest, on the Karatau and Talas Ridges (Fig. 2), the late Palaeozoic and Cenozoic TFF renewed an older, early Palaeozoic major fault system that corresponds to the boundary between the Kyrgyz North and Middle Tianshan (Nikolaev, 1933). Major fault motion in the early Palaeozoic is suggested by juxtaposition of the Talas-Karatau and Middle Tianshan terranes that have different early Palaeozoic geological histories and are both overlain by similar middle and late Devonian redbeds of the Tyul'kubash Formation. This early Palaeozoic precursor of the TFF apparently did not extend into the South Tianshan, which represented an oceanic basin at that time, but continued eastwards along the boundary of the North and Middle Tianshan, i.e. the Nikolayev Line (Nikolaev, 1933;[START_REF] Lomize | Nikolayev Line: Sixty Years After[END_REF].

A sub-parallel orientation of the TFF with fold axes in early Palaeozoic rocks of the Talas-Karatau terrane implies that the Fault evolved in a compressional tectonic regime in the early Palaeozoic and apparently represented a thrust or reverse fault [START_REF] Khudoley | Structural and strain analyses of the middle part of the Talassian Alatau ridge (Middle Asia, Kyrgyzstan)[END_REF]. Thrust motion can be also inferred, based on the occurrence of early Palaeozoic thrusts in the adjacent KT terrane [START_REF] Alexeiev | Folded thrusts in the Malyi Karatau ridge (South Kazakhstan)[END_REF]Alexeiev et al., 2009a;[START_REF] Khudoley | Morphology and evolution of folding and fractures structures of Talas Alatau (Northern Tien Shan)[END_REF][START_REF] Khudoley | Structural and strain analyses of the middle part of the Talassian Alatau ridge (Middle Asia, Kyrgyzstan)[END_REF][START_REF] Voytenko | Structural evolution of metamorphic rocks in the Talas Alatau, Tien Shan, Central Asia: implication for early stages of the Talas-Ferghana Fault evolution[END_REF] and on a difference in the early Palaeozoic depositional facies in the KT and MTS terranes, implying significant lateral shortening between them (Burtman, 1964;[START_REF] Abdulin | Geology and Ore Deposits of Karatau 1[END_REF]Alexeiev et al., 2009a;[START_REF] Voytenko | Structural evolution of metamorphic rocks in the Talas Alatau, Tien Shan, Central Asia: implication for early stages of the Talas-Ferghana Fault evolution[END_REF]. Minor NW-directed strike-slip motion during the early Palaeozoic is indicated by steeply plunging intrafolial folds that locally occur in schists and were not observed in the Devonian and younger rocks, though this structural episode remains poorly studied [START_REF] Voytenko | Structural evolution of metamorphic rocks in the Talas Alatau, Tien Shan, Central Asia: implication for early stages of the Talas-Ferghana Fault evolution[END_REF]. The early Palaeozoic time of deformation is constrained by a pre-Devonian regional unconformity and late Ordovician to early Silurian postkinematic granitoid plutons in the eastern part of the KT terrane [START_REF] Abdulin | Geology and Ore Deposits of Karatau 1[END_REF][START_REF] Alexeiev | Folded thrusts in the Malyi Karatau ridge (South Kazakhstan)[END_REF][START_REF] Alexeiev | New data on the age of granitoids in the Malyi Karatau range according to results of Rb-Sr and K-Ar dating[END_REF]Alexeiev et al., , 2009a;;Tursungaziev and Petrov, 2008).

Late Palaeozoic uplift and deformation in the Middle Tianshan began in the middle Bashkirian ($315 Ma) as shown by synchro-nous cessation of marine sedimentation in the entire region from the Urals to the Middle Tianshan and the widespread occurrence of conglomerates at this stratigraphic level in the adjacent Chu-Sarysu basin of southern Kazakhstan [START_REF] Abdulin | Geology and Ore Deposits of Karatau 1[END_REF]Allen et al., 2001;Alexeiev et al., 2009a). During the first phase of deformation in the early Pennsylvanian, the Karatau and Kyrgyz Middle Tianshan were dominated by top-to-northwest and topto-north thrusts, respectively. The NW-trending faults in Karatau were later renewed with sinistral strike-slip motion, presumably in the latest Carboniferous or early Permian (Alexeiev et al., 2009a). Deformation within the TFF zone occurred only in the NW in the Karatau and Talas areas, during the Pennsylvanian and earliest Permian (Fig. 2). Apparently the fault did not extend to the South Tianshan at that time where a continuous thrust-andfold belt with coherent structures developed from Uzbekistan to northwestern China (Burtman, 1975;[START_REF] Biske | Structures of the Late Palaeozoic thrust belt in the Chinese South Tian Shan[END_REF].

Initiation of the TFF within the South Tianshan and western Tarim and onset of dextral motion along the entire fault likely reflects a major tectonic reorganization, following docking of the Tarim and Turan microcontinents along the southern margin of the Kazakhstan continent. The youngest rocks displaced right-laterally by the TFF to a maximum distance of 200 km are Asselian turbidites and early Permian granites, indicating that dextral motion post-dated the early Permian (Burtman, 1964). The oldest displacement proven by geological data is latest Triassic and early Jurassic in age, based on the age of pull-apart basins associated with the TFF in southern Tourghai, Karatau, South Ferghana and western Tarim (Burtman, 1964(Burtman, , 1980;;[START_REF] Burtman | Late Cenozoic slip on the Talas-Ferghana fault, the Tien Shan, Central Asia[END_REF]Sobel, 1999;[START_REF] Moseley | Evolution and hydrocarbon habitat of the South Turgay Basin, Kazakhstan[END_REF]. Smaller-scale structural patterns and Z-shaped folds in Palaeozoic rocks of Karatau also suggest N-S shortening in pre-Jurassic times, consistent with possible dextral motion along the TFF in the latest Palaeozoic or Triassic (Alexeiev et al., 2009a); however, the age of this deformation remains uncertain. More precise dating of the onset of dextral motion along the TFF is one of the targets of our study and is discussed below.

There is no evidence for displacement along the TFF in the Cretaceous and early Palaeogene, but numerous observations point to deformation during the late Tertiary to Quaternary. The latter reflect an increase in tectonic activity and mountain uplift in the Tianshan since the Miocene at 24-20 Ma (Sobel et al., 2006) that occurred as a distant response to the India-Eurasia collision (e.g., Argand, 1924;Burchfield and Royden, 1991 and references therein). The TFF was renewed as a reverse fault during the Tertiary and Quaternary, with an uplifted SW side everywhere from western Tarim to southern Tourghai. The maximum amplitude of uplift is ca. 2 km on the Ferghana Ridge and in NW Karatau of southern Kazakhstan.

Dextral strike-slip motion along the TFF in the late Cenozoic only occurred in the central and southern parts of the fault on the Ferghana Ridge. Overall separation during the Cenozoic is estimated at up to $60 km, based on the offset of conglomerates of probable Cretaceous age [START_REF] Verzilin | On the Talas-Fergana fault[END_REF]) and palaeomagnetic reconstructions [START_REF] Bazhenov | Permian and Triassic paleomagnetism of the south-west Tien Shan: the timing and mode of tectonic rotations[END_REF]. About 12-14 km of this displacement occurred during the last 0.7-1.8 Ma as evidenced by offsets in river valleys and mountain ranges [START_REF] Rantsman | First results of the geomorphic investigations of horizontal displacements of the earth crust along the Talas-Ferghana Fault[END_REF]Burtman, 1964Burtman, , 1980;;[START_REF] Makarov | Neotectonic Structure of the Central Tien Shan[END_REF][START_REF] Makarov | About lateral displacements along the Talas-Fergana Fault at the recent tectonic stage[END_REF][START_REF] Burtman | Talas-Fergana fault: recent displacements in the Chatkal region of Tien Shan[END_REF][START_REF] Trifonov | Talas-Fergana active right-lateral strike-slip fault[END_REF]). An estimate of the average TFF strike-slip motion rate in the Quaternary is 5-15 mm a À1 [START_REF] Burtman | Talas-Fergana fault: recent displacements in the Chatkal region of Tien Shan[END_REF][START_REF] Trifonov | Talas-Fergana active right-lateral strike-slip fault[END_REF][START_REF] Korjenkov | Evidence for Strong Paleoearthquakes along the Talas-Fergana Fault Near the Kök-Bel Pass, Kyrgyzstan[END_REF]. Dextral displacement along the TFF in the Tertiary and Quaternary was compensated by two top-to-the south thrust belts, namely one that juxtaposes the Chatkal Ridge against the northern part of the Ferghana Basin and the other juxtaposing the Kokshaal Ridge against western Tarim (Fig. 2) [START_REF] Burtman | Talas-Fergana fault: recent displacements in the Chatkal region of Tien Shan[END_REF][START_REF] Trifonov | Talas-Fergana active right-lateral strike-slip fault[END_REF][START_REF] Bazhenov | Permian and Triassic paleomagnetism of the south-west Tien Shan: the timing and mode of tectonic rotations[END_REF].

Structural features

Addressing the question of timing of deformation along the TFF, we undertook Ar-Ar mineral dating along two segments of the fault with presumed different geological histories: [START_REF] Ma ; Weldon | MSWD = 1.5, n=7) and a weighted mean age of 274.6 ± 1.9 Ma (MSWD = 0.5). The sample KG-13-28 yields a concordant age of 265.6 2.1 Ma (MSWD = 2.8, n=8) and a weighted mean age[END_REF] in the NW part on the Talas Ridge (Fig. 3a) where a precursor of the TFF was active since the early Palaeozoic, and (2) in the central part on the Ferghana Ridge (Fig. 3b) where the fault is not older than Permian according to geological data. A comparison of these two fragments provides a more complete reconstruction and better understanding of the kinematic history of the TFF. A detailed description of rock units and detailed cross-sections can be found in [START_REF] Khudoley | Morphology and evolution of folding and fractures structures of Talas Alatau (Northern Tien Shan)[END_REF], [START_REF] Khudoley | Structural and strain analyses of the middle part of the Talassian Alatau ridge (Middle Asia, Kyrgyzstan)[END_REF], [START_REF] Abad | The structure and the phyllosilicates (chemistry, crystallinity and texture) of Talas Ala-Tau (Tien Shan, Kyrgyz Republic): comparison with more recent subduction complexes[END_REF] and [START_REF] Voytenko | Structural evolution of metamorphic rocks in the Talas Alatau, Tien Shan, Central Asia: implication for early stages of the Talas-Ferghana Fault evolution[END_REF], which we refer to for a complete analysis of the fold-and-thrust structures. The main features are summarized below.

The TFF is geomorphologically well expressed in both areas and traced by linear ravines and topographic lows following the base of the uplifted SW wall. The fault zone represents a high-strain corridor, about 100 m wide, that consists of yellowish, brittle cataclastic rocks, breccias and mylonites that may have been reactivated in the Late Tertiary to Quaternary (Fig. 3). This narrow zone of brittle deformation is surrounded by a wider zone of ductile deformation in Palaeozoic rocks, ranging from hundreds of metres to one kilometre in width. Deformation is mainly expressed by mylonitization and dextral ductile shearing. These are accompanied by N-and S-vergent thrusting which implies a transpressional tectonic regime. Ductile deformation in the study area was not observed in Tertiary deposits and thus reflects motion along the TFF in pre-Cenozoic time.

Ductile deformation is mainly developed in Palaeozoic sedimentary, volcanic and plutonic rocks on the SW limb of the TFF (Figs. 5a, b and 6a-f) that were not previously metamorphosed. The intensity of deformation decreases rapidly with distance from the fault zone, and a connection between ductile shearing and motion along the TFF is obvious. To the NE, both at Talas and in the Toktogul area (Fig. 3a andb), the TFF borders on low-grade metamorphic terranes that were supposedly formed in the early Palaeozoic and Precambrian and may have been reactivated by later motions of the TFF (Bakirov et al., 2003). However, we have not observed superposed structures in the soft lithologies, and most of the structures in the vicinity of the fault may therefore have formed during the main deformation event in the late Palaeozoic.

The rocks on the SW wall of the TFF, on the Talas Ridge at the Karabura Pass (Fig. 3a), consist of deformed late Palaeozoic granites that are cross-cut by numerous ductile to brittle shear zones and consistently demonstrate combined dextral and top-to-thesouth motion (Fig. 6a-c). The sense of motion in metagranite is also clearly dextral in thin section (Fig. 7a andc). Brittle-ductile deformation of quartz and brittle strain of K-feldspar are indicative of temperature conditions during shearing close to 300 °C. The orientation of shear zones and related mineral and stretching lineations corresponding to the direction of motion along shear zones in granites at Karabura Pass are shown in the stereograms of Fig. 8a andb. Shear zones have a NW-SE strike (N120°E) with variable top-to-the-north/top-to-the-south sense of shear and also variable down-dip to slightly dipping mineral and stretching lineations. The orientations of shear bands indicate an average direction close to that of the TFF orientation (N121 SW 74). This pattern is in agreement with a positive flower structure that may have formed in a transpressive regime.

On the NE wall of the fault, metasediments of the Karabura and Uzunakhmat Formations in the Talas-Karatau terrane are deformed in tight and subisoclinal folds, overturned to the NE and cut by top-to-NE thrust. Structural cross-sections of this terrane can be found in [START_REF] Abad | The structure and the phyllosilicates (chemistry, crystallinity and texture) of Talas Ala-Tau (Tien Shan, Kyrgyz Republic): comparison with more recent subduction complexes[END_REF] and [START_REF] Voytenko | Structural evolution of metamorphic rocks in the Talas Alatau, Tien Shan, Central Asia: implication for early stages of the Talas-Ferghana Fault evolution[END_REF]. The metamorphic grade as recorded by the crystallinity of white mica indicates low-grade metamorphic conditions, below 300 °C, decreasing from the centre of TFF to its surroundings, from SW to NE [START_REF] Abad | The structure and the phyllosilicates (chemistry, crystallinity and texture) of Talas Ala-Tau (Tien Shan, Kyrgyz Republic): comparison with more recent subduction complexes[END_REF]. Accordingly, the style of deformation becomes progressively more penetrative.

According to previous studies and own structural data (Fig. 8) the Precambrian to early Palaeozoic metasediments are folded in directions of stretching and mineral lineations imprinted on foliations plotted on stereonet E. These ahave relatively shallow plunges on average (N115 SE 13). Crenulations and stretching/mineral lineations have a similar orientation and are relatively shallow on average at about 14°East, similar to the main fold axis, These data are in agreement with a stretching direction parallel to the fold axis during transpressional deformation and with compression oriented NNE-SSW. Wulff nets in lower hemisphere.

a direction parallel to the TFF with a vertical foliation also parallel to the fault (N110°E on average). Poles to bedding in a stereographic projection (Fig. 8c) point to an average strike of N110°E, with variable dips to NE and SW which may be interpreted as folding about a N109°E fold axis, shallowly plunging to the E (23°). Crenulation lineations imprinted on limestone beds are shown in Fig. 8d. The average lineation direction of 104.5 E 14.4 is close to the fold axis estimate defined by bedding as constructed on a stereonet. The average orientation of subvertical foliations (Fig. 8e) is N109°E and can be interpreted as the axial plane of upright folds. A slight variation in steep dip towards the north and south is ascribed to refraction of the schistosity on fold flanks as is shown by the structural style (Fig. 4). Fig. 8f shows the directions of stretching and mineral lineations imprinted on limestones. Shear bands are mainly developed in the same direction, and stretching lineations are relatively shallow (N115 SE 13 on average). In the overall structure, crenulations and mineral stretching lineations have a similar orientation and are relatively shallow on average, about 14°E, which is similar to the main fold axis, with a shortening direction oriented at N18°NE8. These data are in agreement with the stretching direction being parallel to the fold axis during transpressional deformation. A thin section of a sample of calcic metapelite of the Karabura Formation, collected some 5 km north of the TFF, also shows evidence of dextral deformation (Fig. 7e and f) that is similar to dextral deformation in metagranites on the SW wall of the fault (Figs. 7a-c and4). The similarity in structural patterns in metasediments and metagranites on both sides of the TFF is indicative of dextral motion, implying that dextral motion in the metasediments of the Talas terrane reflects an overprint related to displacement along the TFF. The kinematic direction along the fault is parallel to the fold axis and thus favours a constrictional mode of deformation. The shortening direction is almost perpendicular to the TFF, whereas the TFF itself mainly displays strike-slip motion with a right-lateral sense of motion.

5. 40 Ar/ 39 Ar geochronology

Sampling

A summary on sample locations, rock varieties and Ar-Ar ages is given in Table 1. Six samples were collected for Ar-Ar dating from various rocks in the vicinity of the TFF in two areas in the NW and in the central part of the fault (Figs. 2 and3). Samples (K10-17A and B) were taken on the Talas Ridge (Fig. 3a) from deformed late Palaeozoic granites from the Middle Tianshan terrane on the SW wall of the TFF, some 100 m south of the Karabura Pass (Figs. 6a,. Samples K10-17A and B contain fine-grained white mica (phengite) formed at the expense of plagioclase and Kfeldspar (Fig. 7a-c). Sample K10-18 was collected from lower greenschist-facies metapelites of the Precambrian Karabura Formation from the KT terrane of the North Tianshan, some 1 km north of the Karabura Pass. Sample K10-4D was collected from a mylonitized metapelite on Ferghana Ridge on the road Bishkek-Osh south of the Toktogul Reservoir (Figs. 3b, 5a andb) and belongs to the South Tianshan belt on the SW wall of the TFF. Samples K10-18 from the Talas Ridge and K10-4D from the South Tianshan are fine-grained metapelites in which phengitic white mica is strongly recrystallized from a silty sedimentary matrix (Fig. 7d). Phengitic crystallization from clay minerals is well displayed along the cleavage direction, and no detrital micas were observed; however this is does not preclude the presence of minor inherited detrital minerals. Finally, two samples were collected from the NE wall of the fault along the Karasu River on the Ferghana Ridge: Sample K10-5A is afine-grained muscovite from a sheared garnetstaurolite micaschist, and sample K10-5D is a muscovite from an undeformed pegmatite dyke cross-cutting the micaschist (Fig. 5d ande).

The above minerals are suitable for Ar-Ar dating of deformation because (1) phengite is a newly crystallized mineral during fluid-assisted shearing, resulting from the breakdown of minerals with different internal structure (feldspars), so that no excess inherited Ar is preserved from inherited minerals (e.g., [START_REF] Rolland | 40 Ar/ 39 Ar dating of syn-kinematic white mica: insights from fluid-rock reaction in low-grade shear zones (Mont Blanc Massif) and constraints on timing of deformation in the NW External Alps[END_REF]Rolland et al., , 2009;;Sanchez et al., 2011). Deformation occurred at T < 350 °C in the host rock of fine-grained phengites in the Karabura and Ferghana Ridge areas, therefore we are confident that the K-Ar isotopic system reflects the time of crystallization and not later cooling (i.e., below the closure temperature for white mica of $450 °C, [START_REF] Harrison | Diffusion of 40 Ar in muscovite[END_REF] and thus provides an age constraint for ductile shearing along the TFF. Considering the high-grade schist sample K10-5A, ductile deformation related to TFF shearing is clearly related to muscovite crystallization (Fig. 7G andH), whereas dyke sample K10-5D provides a postkinematic age for the ductile history of the TFF. 5.2. Analytical procedure of 40 Ar/ 39 Ar method Samples were analysed following procedures described in [START_REF] Rolland | 40 Ar/ 39 Ar dating of syn-kinematic white mica: insights from fluid-rock reaction in low-grade shear zones (Mont Blanc Massif) and constraints on timing of deformation in the NW External Alps[END_REF]Rolland et al. ( , 2009)). Pure white mica monograins and aggregates less than 1 mm in size were separated by handpicking under a binocular microscope to avoid altered grains or inclusions. All samples were irradiated for around 70 h (J1) and 10 h (J2, J3) in the nuclear reactor at McMaster University in Hamilton, Canada, in position 5c along with Hb3gr hornblende standard (1073.6 ± 5. 30 Ma;[START_REF] Jourdan | Intercalibration of the Hb3gr 40 Ar/ 39 Ar dating standard[END_REF] and Fish Canyon sanidine standard (28.03 ± 0.08 Ma; Jourdan and Renne, 2007) for J1 and J2, J3 respectively. Estimated errors in the 40 Ar à / 39 Ar k ratio range between 0.1% (2r), and 0.6% (2r) in the volume where the samples were included. All samples were analysed by single-grain CO 2 laser fusion analysis, and isotopic ratios were measured using a VG3600 mass spectrometer with a Daly detector system at Geoazur Laboratory of the University of Nice and using a MAP215-50 mass spectrometer at Geosciences Montpellier. Typical blank values measured at every three heating steps for extraction and purification of the laser system were in the range 4.2-8.75, 1.2-3.9 cc STP for masses 40 and 39, respectively. Mass discrimination for the mass spectrometer was monitored by regularly analysing one air pipette volume. Decay constants are those recommended by Steiger and Jäger (1977). Ar-Ar dating results are displayed on Table 2 and Fig. 10. Uncertainties on apparent ages, plateau and pseudo-plateau ages are given at the 1r level, includng the error on the 40 Ar à / 39 Ar k ratio of the standard.

Results

Talas Ridge

Three samples were dated from the Talas Ridge (Fig. 3a): (1) from mylonitized late Palaeozoic granites: samples K10-17A and K10-17B, and (2) from a sheared metapelite of the Karabura Formation: sample K10-18.

Sample K10-17A shows a staircase shape spectrum indicative of a minimum age at ca. 260 Ma. This age is ascribed to crystallization of phengite in the shear bands. Phengite compositional homogeneity is shown by high K/Ca ratios. Lower ages and K/Ca ratios in the lower temperature steps are ascribed to K-Ar system re-opening, due to fluid circulation and/or phengite crystallization at a maximum age of ca. 200 Ma. (Fig. 10).

Sample K10-17B also shows a complex spectrum staircase shape spectrum indicative of a minimum age at ca. 290 Ma and an abrupt decrease in ages in the lower temperature steps at ca. 200 Ma (Fig. 10). This spectrum is interpreted as a mixing effect of two events, a high temperature event at 289 Ma, being a minimum age, whereas the second low temperature event at 242 Ma age should be regarded with caution because it may be influenced by partial resetting of the HT age by the LT event. For this later event, the age of 200 Ma is a maximum age.

Sample K10-18 shows a staircase shape spectrum with a HT step of ca. 400 Ma, featuring some inheritance from the pelitic sediment, as also suggested by a low K/Ca ratio. More than 50% of the released 39 Ar signal corresponds to age steps >300 Ma, with two aligned steps at high temperature, indicating initial equilibration of the sample at 317 ± 4 Ma, which is regarded as a minimum age. The remaining spectrum shows an irregular staircase, ascribed to mixing with some younger age components. The age of the younger component may be ca. 210 Ma (Fig. 10).

Ferghana Ridge

Sample K10-5A provides a flat Ar-Ar spectrum, represented by an age of 312 ± 4 Ma (95% of released 39 Ar signal). This age is associated with the high-grade top-to-south and dextral shear fabric, and muscovite crystallization occurred during the main event of right-lateral transpressional shearing.

One sample of fine-grained phengite from a sheared pelite (sample K10-4D) within the TFF south of the Toktogul Reservoir (Fig. 3b) provided a complex Ar-Ar spectrum, characerized by a staircase shape indicative of a minimum age at ca. 270 Ma. This date is ascribed to the main phase of phengite crystallization in the shear zone, coherent with pure white mica composition as shown by very high K/Ca ratios. A discrepancy in the last step, providing an age of 270 Ma, is ascribed to inheritance from the pelitic host sediment material, whereas a discrepancy towards younger ages in the lower temperature steps is ascribed to reopening of the K/Ar system during a later phase of fault activity and fluid circulation. This is also suggested by progressive lowering of the K/Ca ratios from the high to low temperature steps.

Sample K10-5D from a pegmatite leucogranite dyke in the NE part of the TFF provides a flat Ar-Ar spectrum with an age of 195 ± 3 Ma. This clearly reflects the time of low-temperature melt crystallization because the magmatic texture is preserved. The dyke cross-cuts the main fabric in the TFF border area but is kinematically coherent with N140°E transtensional strain.

Discussion

The above Ar-Ar ages reveal long-lived multi-phase ductile deformation along the TFF and indicate that phengite growth in mylonites mainly occurred in the Permian. In particular, the data elucidate different geological histories for the NW and central parts of the fault, which can also be inferred from geological evidence. The oldest well-constrained ages point at a tectonic event during the late Carboniferous. One age of 312 ± 4 Ma suggest that the earliest deformation along the TFF already occurred in the Pennsylvanian, whereas a major episode of dextral motion along the entire length of the TFF is Permian. Finally, ductile deformation and white mica crystallization terminate during transtensional faulting at 195 ± 3 Ma.

Oldest (inherited) component

The oldest Ar-Ar age component found in the TFF shear zone is a ca. 400 Ma minimum age for metapelite sample K10-18 from Karabura Pass (Fig. 10). This inherited age component corresponds to an early Palaeozoic tectonic event that is documented in southern Kazakhstan, as well as in the Kyrgyz North and Middle Tianshan. The main deformation in these areas is constrained as late Ordovician to early Silurian [START_REF] Abdulin | Geology and Ore Deposits of Karatau 1[END_REF][START_REF] Alexeiev | Folded thrusts in the Malyi Karatau ridge (South Kazakhstan)[END_REF]Bakirov and Maksumova, 2001), based on zircon ages of ca. 450-435 Ma for postkinematic granite plutons that cut thrust-and-fold structures [START_REF] Kiselev | Uranium-Lead (on Zircon) Geochronology of Magmatic Complexes of North Tianshan[END_REF]Bakirov and Maksumova, 2001;Konopelko et al., 2008;Glorie et al., 2010). Thus, this age component apparently does not reflect the time of deformation but Ar inheritance from the protolith that was further deformed along the TFF. More likely, this age characterizes the minimum time of cooling of the basement rocks and closure of the Ar isotopic system that occurred after termination of granitoid magmatism. Such an interpretation is also supported by similar Ar-Ar cooling ages of 427 ± 18 and 414 ± 8 Ma, obtained on Late Ordovician granite plutons, and by zircon emplacement ages of 446 ± 7 and 443 ± 8 Ma in an adjacent area to the East that was unaffected by TFF deformation (Glorie et al., 2010).

Carboniferous and early Permian events

Carboniferous events are recorded by HT spectra ages of 312 ± 4 Ma (sample K10-5A), and ca. 317 Ma in metapelite sample K10-18 from Talas Ridge from the Karasu River on Ferghana Ridge (Table 1, Fig. 3a andb). These ages may be ascribed to the earliest phases of late Palaeozoic deformation related to the TFF in this region. As discussed above, active deformation in the Carboniferous began at $320-315 Ma. At this time, a north-dipping subduction zone was initiated along the southwestern margin of the Kazakhstan continent, and a magmatic arc extended from Kurama and Chatkal in the west to the Naryn area in the east, and antithetic thrusts, facing the continental block in the NE, formed behind the arc, mainly along the boundary between the Middle and North Tianshan (Burtman, 1975;Biske, 1995Biske, , 1996;;Seliverstov and Ghes, 2001;Alexeiev et al., 2009a). Subduction in the South Tianshan was accompanied by eclogite metamorphism at 319 ± 4 Ma, followed by rapid exhumation of HP rocks at $316 ± 3 Ma as suggested by a Sm-Nd isochron and 40 Ar/ 39 Ar isotopic ages for eclogites (Hegner et al., 2010).

Deformation in the Middle Tianshan at that time was dominated by top-to-northeast thrusting and folding [START_REF] Abdulin | Geology and Ore Deposits of Karatau 1[END_REF]Allen et al., 2001;Alexeiev et al., 2009a), and similar structures due to late Carboniferous folding could also have developed in the low-grade metasediments in adjacent areas of the North Tianshan within the TK terrane. Ar-Ar ages of ca. 317-312 Ma obtained in this study are consistent with such interpretation and are direct evidence for middle-late Carboniferous deformation of Precambrian and early Palaeozoic metasediments in the southwestern part of the TK terrane.

Similarly, an inherited protolith component is likely to occur in deformed late Palaeozoic granite sample K10-17B. The Ar-Ar minimum age shown in the HT steps of ca. 290 Ma corresponds to an episode of post-collisional magmatism at 295-275 Ma (Seltmann et al., 2011 and references therein) that followed collision of the Kazakhstan continents with Tarim and Turan (Biske, 1995;Biske and Seltmann, 2010). At that time the Tianshan was affected by ENE-striking major trike-slip faulting (Burtman, 1975;Biske, 1995;[START_REF] Bazhenov | Permian paleomagnetism of the Tien Shan fold belt, Central Asia: post-collisional rotations and deformation[END_REF][START_REF] Bazhenov | Structural evolution of Central Asia to the North of Tibet: a synthesis of paleomagnetic and geological data[END_REF] that may have provided suitable conduits for ascending asthenospheric material and heat influx into the crust [START_REF] Bazhenov | Permian paleomagnetism of the Tien Shan fold belt, Central Asia: post-collisional rotations and deformation[END_REF]Biske and Seltmann, 2010;Seltmann et al., 2011). An early Permian granite was dated at 279 ± 5 Ma at two sites in the vicinity of the TFF on the Karasu River south of area 2 (Fig. 2) (Seltmann et al., 2011). On a larger scale, granitoids with ages of ca. 290 Ma are common in the Tianshan from Uzbekistan to northwestern China and record peak activity during the above magmatic episode.

The occurrence of white mica in K10-17B, formed at the expense of plagioclase and K-feldspar, indicates that the minerals grew during deformation that apparently occurred well after crystallization of the granite pluton. Structural data for this rock show that deformation was strongly transpressional, reflecting a pop-up structure in the core of the TFF, but this does not enable us to clearly distinguish whether the deformation was connected to sinistral or dextral motion.

Late Permian to Mesozoic evolution

Permian age could be ascribed to minimum ages of 270-260 Ma obtained on phengites in two studied localities of the TFF (Fig. 10). These are interpreted as crystallization ages because phengite grew at temperatures of ca. 300 °C and thus below the closure temperature of white mica. Therefore, it is clear from the Ar-Ar composition of the dated phengites that crystallization occurred in the late Permian. Syn-crystallization kinematic patterns in the studied shear zones indicate a dextral sense of motion for this main phengite growth episode. We therefore ascribe the above late Permian ages to the main phase of dextral motion along the TFF. Low temperature resetting with ages <210 Ma, as also seen in the Ar-Ar spectra, may be ascribed to later brittle deformation and fluid circulation. [START_REF] Konopelko | Crustal evolution along the Talas-Fergana fault and Triassic thermal event in Kyrgyzstan[END_REF] similarly recorded resetting of Ar-Ar ages at ca. 217 and 199 Ma in two mylonite samples and ca. 241 and 227 Ma in a Permian granite that yielded a zircon emplacement age of 279 Ma. The youngest Ar-Ar age of 195 ± 3 Ma in our collection was obtained for muscovite from a pegmatite dyke cross-cutting micaschist on the Karasu River at the Ferghana Ridge. The dyke is undeformed and only affected by brittle offset, therefore the Ar plateau most likely reflects a cooling age close to the crystallization age because pegmatite melts are generally emplaced at about 600 °C. Although Jurassic magmatism was not previously reported from this region, emplacement of the dyke along the N140°E strike of the TFF implies a transtensional sense of motion, in agreement with pull-apart basins that opened in the Jurassic (Burtman, 1964;[START_REF] Kobzyrev | Structure of Aryskum trough in South Turgay depression from seismic prospecting data[END_REF]Fig. 2). Hydrothermal activity and fluid flow related to this magmatic activity may explain partial resetting in the LT part of the phengite spectrum and similar younging in ages as observed in altered granites.

Pre-Cenozoic displacement along the TFF

The available geological data suggest that the maximum offset along the TFF may have reached 60 km in the Tertiary and Quaternary and up to 140 km during pre-Cenozoic time (Burtman, 1964(Burtman, , 1980;;[START_REF] Burtman | Late Cenozoic slip on the Talas-Ferghana fault, the Tien Shan, Central Asia[END_REF][START_REF] Bazhenov | Paleomagnetism of Tertiary deposits and Alpine kinematics of the Tien Shan[END_REF]. A lack of geological markers, however, does not allow to estimate the displacement during various periods with higher precision. Recent exploration and seismic data for the South Tourghai region reveal that the opening of Jurassic pull-apart basins was linked to the NW termination of the TFF and a major horse-tail splay (Fig. 2), and individual basins are controlled by listric normal faults, shallowing at depth [START_REF] Kobzyrev | Structure of Aryskum trough in South Turgay depression from seismic prospecting data[END_REF]. The geometry of these listric faults suggests that finite extension in these pull-apart grabens may reach up to 5 km, and kinematic reconstructions (not included here) show that about 40-50 km of oblique dextral motion along the TFF would be required to produce such opening. The latter provides an estimate of the dextral displacement that may have occurred in the Early and Middle Jurassic near the NW termination of the fault. However, displacement could even have been larger in the central part of the TFF. Thus, a dextral offset of about 90-100 km during the late is estimated, implying a relatively slow average displacement rate of ca. 1.5 mm a À1 during this earliest phase of dextral motion.

Regional correlations

The TFF is one of several NW-striking dextral strike-slip faults that constitute a regional system and dominate the entire area from the Kopet Dagh Ridge in the SW to Sayans in the NE (Fig. 1) (Suvorov, 1968). The largest faults such as the North Kopet Dagh, North Nuratau, Talas-Ferghana, Djalair-Naiman, Central Kazakhstan, Junggar (Chingiz-Main Tianshan shear zone), Irtysh (Erqishi, Irqiz), Hars-Usnuur and some others (Figs. 1 and2) are spaced at approximately similar distances of about 300 km on average. The present day pattern of the entire system reflects deformation in the Tertiary and Quaternary, and some faults such as the North Kopet Dagh are entirely late Cenozoic in age. Others have complex kinematic histories and were already active in the early and/or late Palaeozoic. Geological and geochronological data indicate that many of these structures evolved as right-lateral strike-slip faults during the Permian to early Mesozoic (Suvorov, 1968;[START_REF] Chitalin | Variscian structural evolution of Central Kazakhstan[END_REF][START_REF] Laurent-Charvet | Late Paleozoic collisional strike-slip deformations in Tianshan and Altay, Eastern Xinjiang, NW China[END_REF], 2003;Buslov et al., 2004a,b;[START_REF] De | New 40 Ar/ 39 Ar age constraints on the late Palaeozoic tectonic evolution of the western Tianshan (Xinjiang, northwestern China) with emphasis on Permian fluid ingress[END_REF]Wang et al., 2009).

Ar-Ar dating carried out on rocks in some of these faults reveal major episodes of dextral motion during the Permian, Triassic and Early Jurassic. In particular, ductilely deformed rocks with kinematic indicators suggesting dextral offset along the Main Tianshan shear zone yielded Permian (285-255 Ma, 275-263 Ma;see De Jong et al., 2009) and Early Triassic (250-245 Ma;see Laurent-Charvet et al., 2002, 2003) Ar-Ar ages. An even more complex history is apparent in the Irtys-Erqishi Fault zone where dextral motion in the late Permian to early Triassic at $265-245 Ma was pre-dated by sinistral motion with ductile deformation in the early Permian at 290-280 Ma (Laurent-Charvet et al., 2003 and references therein) and brittle shearing in the Carboniferous at ca. $340-320 Ma [START_REF] Glorie | Tectonic history of the Irtysh shear zone (NE Kazakhstan): new constraints from zircon U/Pb dating, apatite fission track dating and palaeostress analysis[END_REF]. Late Permian to Jurassic ages are also evident along the TFF [START_REF] Konopelko | Crustal evolution along the Talas-Fergana fault and Triassic thermal event in Kyrgyzstan[END_REF]this study).

Similar kinematic patterns and similar ages for these faults indicate that the entire region from the western Tianshan to Mongolia was affected by north-south compression and dextral shearing at approximately the same time, beginning from the middle and late Permian. This tectonic phase followed a phase of apparently mantle-derived plume-induced magmatism between 292 and 272 Ma [START_REF] Zhang | Source, evolution and emplacement of Permian Tarim Basalts: evidence from U-Pb dating, Sr-Nd-Pb-Hf isotope systematics and whole rock geochemistry of basalts from the Keping area, Xinjiang Uygur Autonomous region, northwest China[END_REF] that may have led to crustal weakening. The uniform character of shearing that led to formation of equally spaced major NW dextral strike-slip faults in the above region indicates that the process of terrane amalgamation in this part of the CAOB was completed prior to the middle Permian, and much of Central Asia evolved as a single, coherent continental block since that time.

Conclusions

Our 40 Ar/ 39 Ar study of the mylonitic white micas formed in the Talas-Ferghana Fault system, documents several deformational episodes. These conclusions and literature data are in favour of post-collisional dextral shearing that affected the entire region from the western Tianshan to Mongolia at approximately the same time in the late Permian. The uniform character of this deformation that led to formation of equally spaced major NW dextral strike-slip faults in the above region indicates that terrane amalgamation in this part of the CAOB was completed prior to the middle Permian, and northern Eurasia evolved as a single, coherent continental block since that time.

1) Introduction

An inverse approach to a scientific problem involves the determination of the causal factors that satisfy a set of observations. In metamorphic rocks of a given bulk rock composition (CBR), pressure (P) and temperature (T) conditions determine the stable mineral assemblage, thus they constitute the causal factors. In this case, observations are the coexisting phases defining the mineral assemblage, their compositions and volume proportions. However, Gibbs free energy minimization, the method classically used to model such assemblage, is a forward technique (e.g. de Capitani & Petrakakis, 2010). Resulting equilibrium phase diagrams are strictly based on assemblages predicted by Gibbs free energy minimization for a given bulk rock composition, i.e. the composition of a rock volume devoid of compositional heterogeneities. Such diagrams combined with mineral isopleths have been intensively used to estimate P-T conditions in metamorphic rocks by comparing results of the model with observations.

Porphyroblasts are large crystals surrounded by a matrix of finer-grained minerals and are of central interest because they often preserve a chemical and textural record of metamorphic processes and conditions. For instance, garnet porphyroblast in low-to moderate-grade metamorphic rocks often are compositionally zoned, and in favorable cases such zoning can be used to infer the part of the P-T history during which garnet grew in a sample (e.g. Spear & Silverstone 1983;[START_REF] Spear | P-T paths from garnet zoning; a new technique for deciphering tectonic processes in crystalline terranes[END_REF]Spear et al. 1991a;[START_REF] Konrad-Schmolke | Thermodynamic modelling of diffusion-controlled garnet growth[END_REF][START_REF] Gaidies | Characterisation of polymetamorphism in the Austroalpine basement east of the Tauern Window using garnet isopleth thermometry[END_REF][START_REF] Gaidies | Prograde garnet growth along complex P-T-t paths: results from numerical experiments on polyphase garnet from the Wölz Complex (Austroalpine basement)[END_REF][START_REF] Cheng | Protracted garnet growth in high-P eclogite: constraints from multiple geochronology and P-T pseudosection[END_REF]. This method works for relatively large garnet crystals provided that metamorphic duration is not unusually long and that thermal maximum reached by the sample was below ~700°C. In such cases, intracrystalline diffusion is slow enough [START_REF] Yardley | An empirical study of diffusion in garnet[END_REF][START_REF] Caddick | Preservation of garnet growth zoning and the duration of prograde metamorphism[END_REF][START_REF] Stowell | Garnet sector and oscillatory zoning linked with changes in crystal morphology during rapid growth, North Cascades, Washington[END_REF] to preserve fine composition differences, and compositional zoning in garnet is likely to reflect growth conditions. However, variations in P-T conditions and isolation of early garnet growth zones imply a gradual change in bulk composition (CBR) of the reactive part of the rock (Evans, 2004). In cases where a significant amount of compositionally zoned garnet is preserved (> 2-3 vol-%), a single equilibrium phase diagram cannot be used to retrieve successive P-T stages. During the last 25 years four main approaches were developed to overcome this problem, all of them essentially based on thermodynamic equilibrium theory:

1. DIFFGIBBS program [START_REF] Spear | Computer programs for petrologic P-T-t path calculations[END_REF] allows predicting the chemical-zoning pattern of garnet. It accounts for intragranular diffusion in garnet operating simultaneously with net transfer and exchange reactions during garnet growth. Along a specific P-T trajectory garnet is assumed to be in equilibrium with a given set of phases. The limit of this approach is that it does not test the stability of the assemblage for the given CBR.

2. The second type of approach consists of successive forward models for which the bulk rock composition is manually altered to account for material sequestered in garnet crystal cores, as analyzed and mapped by electron microprobe (Marmo et al. 2002;[START_REF] Tinkham | Estimating P-T conditions of garnet growth with isochemical phase diagram sections and the problem of effective bulk composition[END_REF][START_REF] Caddick | Burial and exhumation history of a Lesser Himalayan schist: Recording the formation of an inverted metamorphic sequence in NW India[END_REF].

3. Forward modeling of garnet zoning and coexisting phases (including mineral modes) is realized for an arbitrary P-T path using Gibbs free energy minimization, eventually comparing at each stage the composition of garnet predicted with its zoning observed in a sample (e.g. [START_REF] Konrad-Schmolke | Garnet growth at high-and ultra-high pressure conditions and the effect of element fractionation on mineral modes and composition[END_REF][START_REF] Robyr | Matrix-dependent garnet growth in polymetamorphic rocks of Sesia zone, Italian Alps[END_REF]. Garnet compositions and volumes produced at each step are fractionated from the bulk rock composition, thus providing a new effective bulk composition. That composition refers to the volume domain in the rock over which thermodynamic equilibrium is established during one increment of garnet growth. The first limitation of such models is the arbitrary choice of the P-T trajectory. To improve the results of such models, Moynihan & Pattison (2013) provided an automated inverse strategy to derive the "best" P-T trajectory by minimizing a misfit parameter, basically the weighted differences between measured and model compositional profiles. Once a P-T point is found, a search begins for the next P-T point, with a model composition that best matches the next point on the garnet transect. Similarly [START_REF] Vrijmoed | Determining P-T paths from garnet zoning using a brute-force computational method[END_REF] proposed a brute-force computational method (inverse technique as well) to determine the best P-T trajectory by minimizing the differences between predicted and measured garnet compositional profiles along different trajectories. The fundamental limit of both Moynihan & Pattison (2013) and [START_REF] Vrijmoed | Determining P-T paths from garnet zoning using a brute-force computational method[END_REF] approaches is that garnet growth is assumed to occur continuously, and no garnet resorption is taken into account. In reality, part of the fractionating garnet may continue to react during the next P-T point and being dissolved. Evidence of garnet resorption is often visible in compositional maps (see for example Fig. 3a.c and 4a in Moynihan & Pattison 2013). Again, this may produce significant changes in effective composition, depending on the amount resorbed, which is typically not visible in a sample.

4. The program THERIA_G (Gaidies et al. 2008a) allows numerical simulation of porphyroblast nucleation and garnet growth in a given volume of rock for any defined pressure-temperature-time path. Two major modules are used by THERIA_G, (1) the Gibbs free energy minimization routine of THERIAK [START_REF] De Capitani | The computation of chemical equilibrium in complex systems containing non-ideal solutions[END_REF] and (2) a model describing intragranular multi-component diffusion. By contrast to the previous techniques, THERIA_G simulates the formation of an entire population of garnet with variable grain size using a forward model. The arbitrary choice of the P-T trajectory is again a severe limitation of this model. However, Moynihan & Pattison (2013) used the approach described above to derive the best P-T trajectory that is defined further on as input in THERIA_G models.

Addressing some of the limitations of existing approaches, the purpose of this study is to propose an alternative strategy and a computer program, GRTMOD (available at http://grtmod.petrochronology.org), to model garnet growth during successive P-T stages based on natural compositional records. To improve the control data, garnet compositions of successive growth zones are characterized from standardized X-ray maps (details in Lanari et al. 2014). P-T conditions as well as proportions of garnet resorption are optimized by GRTMOD at each step to match the modeled and measured compositions. The model presented in this report differs from those reviewed above in that it is strongly based on the observation of preserved garnet growth zones in natural rocks; no provision for intracrystalline diffusion is made. GRTMOD is written in MATLAB © and interacts with THERIAK (de Capitani & Brown, 1987) using the extension THERIAK_D (Duesterhoeft et al., 2013).

2) GRTMOD strategy

The strategy behind GRTMOD consists of using unconstrained nonlinear optimization to find the minimum of an objective function in n-dimensional space (N ≥ 2). The variables to be optimized are Pressure, Temperature (P, T) and, for stages S i (i > 1), the volume fractions of all previous garnet growth zones that are fractionated from the bulk rock composition. These volume fractions may decrease in the course of modeling because of garnet resorption, and this may affect the earlier growth zones to variable extents. The objective-function used reflects the deviation of the model composition to the measured compositions. This approach critically relies on the characterization of the composition of successive garnet growth zones.

2.1) Growth stages of garnet and corresponding variables

As discussed in the introduction, in low-to moderate-grade metamorphic rocks (T<700°C), for relatively large garnet crystals and assuming that metamorphic duration is not unusually long, intracrystalline diffusion is slow and the successive garnet compositions are likely to reflect changes in equilibrium conditions only. Basically, the absence of zoning caused by intracrystalline diffusion can be verified by sharp compositional boundaries between the successive growth zones (Fig. 1 &2).

In the present study, the growth history of garnet is divided into discrete events defined as "growth stages" (S i , i=1…n). An individual growth stage is a short event occurring at given P i and T i conditions during which a garnet volume fraction 𝑣 𝑖 grows with a homogeneous composition 𝐶 𝑔𝑟𝑡 𝑖 .

For any growth stage S i , the variables to be optimized are its specific pressure and temperature (P i and T i ) as well as the volume fraction of previous garnet to be fractionated from the bulk rock composition (𝑣 𝑖,𝑗=1 ,… 𝑣 𝑖,𝑗=𝑖-1 ). The number of variables at stage i thus is:

𝑁 𝑖 = 2 + (𝑖 -1) (1) 
For the first stage, the bulk rock composition 𝐶 𝐵𝑅 of the sample is assumed to be equal to the composition of the reactive part of the system; hence 𝐶 𝐵𝑅 serves as input for the forward models. For subsequent stages (i > 1), the local effective bulk composition 𝐶 𝐿𝐸𝐵 As some garnet of stage i is preserved in the present-day sample despite possible resorption, the following condition is applied by GRTMOD at each growth zone:

0 < 𝑣 𝑖,𝑗 ≤ 𝑣 𝑖-1,𝑗 (3) 
The resorption of garnet j at stage i (i>j) is expressed in volume percentage of garnet in the bulk rock and is given by: 𝑟 𝑖,𝑗 = (𝑣 𝑖-1,𝑗 -𝑣 𝑖,𝑗 ) × 100 (4)

The total resorption of garnet 𝑟 𝑔𝑟𝑡 is defined as 

𝑟 𝑔𝑟𝑡 = ∑ ∑
The volume fractions used in this study are expressed as fractions of the entire system, i.e. the rock sample. Consequently the volume of garnet predicted by GRTMOD to be stable for stages i>1 must be corrected for the size of the subsystem being considered at each stage by the model (in Fig. 3 this corresponds to the blue, green, and red domains for stages 1, 2, and 3). where 𝑓 𝑘 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 and 𝑓 𝑘 𝑚𝑜𝑑𝑒𝑙𝑒𝑑 are the proportions of end-member k, as measured or modeled, and 𝜔 𝑘 is the weighting factor of the corresponding element. The end-member proportions of grossular (fGrs), pyrope (fPrp), almandine (fAlm), and spessartine (fSps) are calculated from Ca, Fe, Mg, and Mn abundances, expressed in number of atoms per formula unit (apfu). However, the proportions fGrs, fPrp, fAlm and fSps are not known with the same precision, hence a weighting factor is required. It takes into account the relative analytical uncertainty of each end-member proportion by its variance 𝜎 𝑘 2 (k: standard deviation), hence the weighting factor is defined as

𝜔 𝑘 = 1 𝜎 𝑘 2 (8) 
In mapping conditions, the precision (1𝜎) of the electron microprobe measurement of one pixel composition is estimated using a Poisson law (e.g. Lanari et al. 2014)

𝑝 = 1 √𝑛 (9)
with n the number of photons reaching the detector during a single measurement. The number of recorded counts n is corrected for dead time bias of the detector. For multiple independent measurements fk of the same X-ray flux f the variance is close to

𝜎 𝑘 2 = 𝑛 (10)
This obvious relationship is derived from Eq. ( 9) and may be tested by calculating the variance of single measurements of the same composition. For a large set of measurements of a homogeneous materialsuch as a set of pixels of X-ray mapsthe precision calculated from the variance matches the precision of the single pixel estimate made using Eq. ( 9). By combining Eq. ( 8) and ( 10), it is possible to estimate the weighting factor of an end-member k using the number of recorded counts nk of the corresponding element using the relationship

𝜔 𝑘 = 1 𝑛 𝑘 (11) 
Consequently, the loss function used in this study is 𝐿 𝑜 (𝑃 𝑖 , 𝑇 𝑖 , 𝑣 𝑖,𝑗=1 , … , 𝑣 

The number Lo generated by the loss function is minimized to derive the best set of variables (maximum likelihood solution). However, this number is not intuitively representing the deviation between model and measured compositions because of the weighting factor. This is the reason why a cost function is also part of the objective function. In contrast to the loss function, the cost function generates the number Co that is intuitively representing the quality of the solution. The cost function is defined as:

𝐶 𝑜 (𝑃 𝑖 , 𝑇 𝑖 , 𝑣 𝑖,𝑗=1 , … , 𝑣 𝑖,𝑗=𝑖-1 ) = √∑(𝑓 𝑘 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 -𝑓 𝑘 𝑚𝑜𝑑𝑒𝑙 ) 2 𝑚 𝑘=1

(13)

Co is the least square of the deviations between the model and measured end-member proportions without taking into account the uncertainty on the measurement. For garnet with four end-members a value of Co < 0.04 indicates a good fit of the model. For garnet showing low Mn-content (basically < 1 wt-%), only three end-members may be used to describe its composition. In such case, a threshold value of 0.03 is set for Co (see application example below).

2.3) Minimization procedure

The problem addressed in this study is a nonlinear optimization problem for which the derivatives are not known. Consequently a heuristic search method has to be used; the Nelder-Mead technique [START_REF] Nelder | A simplex method for function minimization[END_REF] implemented in the MATLAB © function fminsearch was selected. It is critical for the user to understand the technique of minimization in order to evaluate the limits of this approach. A complete method description is available in 

2.4) Toward an automated optimization strategy

The optimization strategy depends on the number of variables being optimized. For instance, for the first stage S 1 only two variables (P 1 and T 1 ) are optimized, and the procedure is straightforward. For all subsequent stages (S i>1 ) the problem is more complex because of the additional compositional variables (Fig. 3). The procedure is divided into three phases:

optimization1, optimization2 and auto-refinement. During optimization1 successive P-T minimizations are carried out from different starting guesses in order to determine the global minimum within the P-T window (Fig. 4a). The optimization2 refines the garnet fraction variables (𝑣 𝑖,𝑗=1→𝑖-1 ), as well as P-T (Fig. 4b). The starting guess for optimization2 is the best P-T couple obtained during optimization1. A go fast mode is available to begin directly optimization2 from user's favorite P-T initial guess. Finally, the auto-refinement phase checks the local variability of the cost function (Co value) in order to provide a relative uncertainty on the P-T estimate (Fig. 5). A complete description of these three phases is presented in the Appendix 1.

2.5) Compositional characterization of growth zones

As discussed above, during a single growth stage the fractionation of the effective composition caused by garnet growth as well as small changes in P and T conditions are neglected. These two assumptions are critical and demand extensive characterization of the compositional variations of the studied sample. It is strongly recommended to use highresolution quantitative compositional maps of garnet end-members to define the successive growth zones (see for example areas used in Fig. 1). The quantitative X-ray mapping technique is useful to measure the compositional variability of metamorphic minerals at the thin section scale (e.g. Lanari et al. 2012;2013). Local compositional variations caused by surface crystal defects, late re-equilibration with inclusions or fractures are not taken into account; any analyses showing mixed analyses close to the contact between two growth zones are discarded. For example in figure 2, the intermediate compositions between the defined growth stages are not being considered. It is not excluded that they may result from protracted growth with a minor change in P-T conditions or kinetic-controlled growth. This approach critically relies on the chemical information stored in natural sample and therefore on the quality of the microprobe measurements. No a priori assumption is made on the P-T conditions of each stage. However some garnet compositions from some growth stages may have been totally resorbed during later stages. If the composition is not preserved in the present-day specimen, it is obvious that P-T conditions cannot be retrieved using this approach.

3) Benchmarking test for a sample showing typical prograde garnet zoning

To benchmark GRTMOD, P-T conditions of a garnet in the San Emigdio Schist (sample 06SE23 from Chapman et al. 2011) were estimated in a system simplified to SiO2-Al2O3-FeO-MnO-MgO-CaO-Na2O-K2O-H2O using the same thermodynamic dataset (TC321p2.txt) and bulk rock composition as in that study. This example was selected because (i) the authors demonstrated that the effects of intracrystalline diffusion were limited to narrow zones (~10 µm; Fig. 7 in Chapman et al., 2011), and (ii) there is no clear evidence of resorption (see Fig. 6a,b in Chapman et al., 2011). Thus the automated optimization strategy of GRTMOD is expected to predict incremental growth of garnet along the prograde P-T history without resorption.

The zoning profile reported in figure 5b of Chapman et al. (2011) was divided into Optimization1 is carried out in P-T space (red), optimization2 in P-T-v space (blue). In this example Co of 𝑆 1,2 𝑖 is smaller than Co of 𝑆 1,1 𝑖 and is selected as the best P-T couple obtained during optimization1. produced. This estimate was based on the compositional maps reported in figure 1 and on maps of other porphyroblasts from the same sample [START_REF] Giuntoli | Assembly of continental fragments during subduction at HP: Metamorphic history of the central Sesia Zone (NW Alps)[END_REF].
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 1 Figure 1 -Carte tectonique schématique de l'Asie montrant la situation de la chaîne du Tien-Shan entre le système d'accrétion de la CAOB et l'ensemble Himalaya-Karakorum-Tibet. Image satellite issue du Blue Marble Next Generation[START_REF] Stöckli | The Blue Marble Next Generation-A true color earth dataset including seasonal dynamics from MODIS[END_REF].
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 2 Figure 2 -Diagramme illustrant la démarche multi-méthodologique adoptée dans cette thèse pour comprendre l'évolution de la chaîne du Sud Tien-Shan. Les détails liés aux différentes méthodologies employées seront présentés au cours des différents chapitres.
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 11 Figure 1.1 -Carte tectonique situant les Altaïdes, Ouralides et Balkaides (CAOB) dans l'Eurasie (modifiée d'après Xiao et al. (2010a)).
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 22112 Figure 1.2 -Carte tectonique de la CAOB montrant les différentes unités accrétées entre 1Ga et 250Ma[START_REF] Xiao | A Tale of Amalgamation of Three Permo-Triassic Collage Systems in Central Asia : Oroclines, Sutures, and Terminal Accretion[END_REF].
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 13 Figure 1.3 -Carte du "Vertex" de l'Eurasie proposée par[START_REF] Suess | The Face of the Earth[END_REF] 
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 14 Figure 1.4 -Schéma illustrant le modèle de l'arc de Kipchak reconstruit à partir de la distinction des unités actuelles basée sur la répartition des fronts d'arc magmatiques. Modifié par[START_REF] Choulet | Mécanismes et évolution des chaînes d'accrétion. Exemple des chaînes paléozoïques d'Asie Centrale[END_REF]) d'après Sengör et Natalin (1996b) 
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 15 Figure 1.5 -Reconstruction tectonique de la CAOB au Paléozoïque moyen selon un modèle d'accrétions multiples impliquant plusieurs unités et bassins océaniques à l'origine de la structure complexe de la chaîne(Xiao et al., 2010a) 
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 16 Figure 1.6 -Carte palinspatique de la CAOB au Dévonien inférieur (390 Ma) montrant le microcontinent Kazakhstan entouré de l'océan Paléo-Asiatique divisé en 4 (océans Ob-Zaisan, Junggar-Balkhash, Turkestan et Ouralien). Modifiée par Windley et al. (2007) d'après Filippova et al. (2001). Abréviations : AM-Altai-Mongol ; BL-Barlyk arc ; BS-Beishan ; ChTS-Chinese Tien Shan ; CK-Central Kunlun ; CTS-Central Tien Shan ; EJ-East Junggar ; ES-East Sayan ; GA-Gorny Altai ; K-Kokchetav ; KHM-Khanty-Mansi ; MG-Magnitogorsk ; NTS-North Tien Shan ; NU-North Urals ; PC-bassin Pre-Caspian ; S-Salym ; SJ-Southern Junggar ; STS-South Tien Shan ; TP-Timan-Pechora ; WS-West Sayan ; U-Ubagan.
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 17 Figure 1.7 -Profil topographique du nord du Tien-Shan au plateau du Tibet illustrant le comportement rigide du Tarim qui est bordé par les haut-reliefs du Tien-Shan et du plateau du Tibet.
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 1 Figure 1.8 -(a) Image satellite de la chaîne du Tien-Shan (Localisation de l'image dans l'insert en haut à droite) et (b) Carte tectonique correspondante (sans la couverture sédimentaire Cénozoïque). Abbréviations : TFF-Talas-Fergana Fault ; NL-Nikolaev Line ; STS-South Tien Shan ; NTS-North Tien Shan. Modifiée d'après[START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF] 
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 211 Figure 2.1.1 -(a) Simplified structural map of the Tien-Shan range and location of the Atbashi range. NTS, MTS and STS are respectively North, Middle and South Tien-Shan. Others abbreviation : TFF-Talas-Fergana fault. Black lines are for Paleozoic structures and blue lines for Cenozoic structures. Modified after Loury et al. (2015). Bottom right insert : location of study area in Asia, to the north of Himalaya, Tibet and Tarim system. (b) Geological crosssection of the Atbashi range (location in Fig. 2.1.1a) and location of the studied sample in the HP unit (red star). General metamorphic conditions are indicated below each unit. P-Pressure, T-Temperature, H-High, M-Middle, L-Low, Unm.-Unmetamorphosed. Modified after Loury et al. (2015).
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 212 Figure 2.1.2 -CaO (wt.%) compositional maps of the studied sample at different scales. (a) The "huge" map. (b)The "large" map. (c) The "small" map. See Table1for acquisition parameters of each map.
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 213 Figure 2.1.3 -Illustrations of the garnet area of the small map. The garnet core is to the left side of the figures. (a) BSE image of the mapped area. (b) Identification of phases and different groups (white dashed lines, see the text for explanations of groups distinction). (c,d,e) Garnet end-members compositional maps ((c) Almandine, (d) Pyrope, (e) Grossular) and different groups (white dashed lines). (f) Scheme of the studied garnet and its surrounding matrix with the different groups. The hashed area were ignored in the model (hashed areas).

Figure 2

 2 Figure 2.1.4 -(a) Difference between Grt1 measured and modeled composition (residue) depending on the H 2 O content for different values of garnet volume fraction in the initial composition (y parameter) varying between 0.5 (proportion observed in the rock) and 1 (100 vol.% of garnet in the initial composition). The residue is minimal for y=1 and H 2 O = 0.3 wt. %. (b) Same plot, at y = 1 with different P-T conditions to test the impact of the error on the initial P-T conditions (±50 • C, ±2kbar).
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 215 Figure 2.1.5 -Stability fields of Grt2a, 2b and 2c depending on pressure, H20 content and temperature. For Grt2a and 2b, the isopleth corresponding to their measured composition are shown. For Grt2c, the isopleth the closest from the measured composition are shown.
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 21 Figure 2.1.6 -(a) Obtained P-T path for the studied sample and sketch of reactions implied in garnet crystallization (detailed in the text). Reactions for Grt1 and 2 lead to water release. Numbers in circles refer to number of garnet. Metamorphic facies grid is after Evans (1990). (b) Synthesis of P-T conditions for exhumed oceanic HP rocks in subduction context worldwide. Modified after Agard et al. (2009) and Guillot et al. (2009). Color legend and references are in table S6. (c) Fraction of crystallized garnet (compared to the final size of garnet) and evolution of water content in LEBC depending on the depth. The dehydration is correlated to the garnet growth and the complete dehydration occurred at a depth around 80 km. Phases indicated in black reacted to crystallize garnet. The red band along (a), (b) and (c) highlights the depth at which the complete dehydration of the studied sample occurred which is consistent with the maximum depth reached by exhumed HP oceanic rocks.
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 217 Figure 2.1.7 -Sketches illustrating processes of subducting slab dehydration and fracturing at different scales. (a) Subduction scale. The subducting mantle is represented peridotitic as the studying system is poorly altered. Seismicity is after Hacker et al. (2003). (b) Metric scale : at 80-90 km depth dehydration of eclogite lead to slab fragmentation and exhumation of metric size eclogitic fragments. In this case, the eclogite are exhumed in sediment. (c) Mineral scale : the reaction leading to grt2 crystallization implies a volume decrease less important than the volume of water released (dV>0) leading to pore pressure excess and hydraulic fracturing in the surrounding medium.
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 311 Figure 3.1.1 -Tectonic sketch showing the different units distinguished in the Tien Shan and the intervening sutures. Only major boundaries are shown. Compiled from Charvet et al. (2011); Windley et al. (2007). Top-left insert : Sketch map of national boundaries in the study area. Bottom-right insert : schematic diagram showing the correspondence of main tectonic units and sutures between the Kyrgyz, Chinese and Kazakh Tien Shan, highlighting the major correlation problems. Abbreviations used : Kyrgyzstan (k) : kNTS, Kyrgyz North Tien Shan ; kMTS, Kyrgyz Middle Tien Shan ; kSTS, Kyrgyz South Tien Shan ; TFF, Talas-Fergana Fault ; China (c) : cNTS, Chinese North Tien Shan ; cCTS, Chinese Central Tien Shan ; cSTS, Chinese South Tien Shan.

Figure 3 . 1

 31 Figure 3.1.2 -(a) Satellite image of Tien Shan belt showing study areas. Insert : geographical situation of Tien Shan in Central Asia (Map data : Google, Image Landsat). (b) Tectonic map of Tien Shan (Cenozoic cover removed). Location of detailed maps and geological crustal scale cross-sections is shown. Abbreviations used : TFF, Talas-Fergana Fault ; NL, Nikolaev Line ; STS, South Tien Shan (kSTS + cSTS + cCTS) ; NTS, North Tien Shan (kNTS + cNTS). Modified after Chang et al. (2012); Macaulay et al. (2013);Tursungaziev et Petrov (2008);[START_REF] Wei | Metamorphism of High/ultrahighpressure Pelitic-Felsic Schist in the South Tianshan Orogen, NW China : Phase Equilibria and P-T Path[END_REF] 
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 31 Figure 3.1.3 -(a) Geological map of Atbashi Range with location of the samples described in the text. GPS coordinates are presented in tables 3.1.4.1 and 3.1.4. Modified after Tursungaziev et Petrov (2008). (b) Cross-section of Atbashi Range.
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 314 Figure 3.1.4 -Panoramic photograph of Atbashi Range and interpretation. The point of view of photographs is shown on Fig. 3.1.3. Letters in boxes indicate location of kinetic criteria photographs in Fig. 3.1.5.
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 315 Figure 3.1.5 -Field photographs of Atbashi Range. (a) Block of greenschist facies metabasite in the shallow accretionary prism, showing top-to-north sense of shear, consistent with thrusting motion of the ophiolite on top of the greenschist facies accretionary prism. (b) Flasergabbro showing hornblende corona around magmatic pyroxene, with a slight greenschist facies overprint. These characteristics are typical of ductile deformation of mid-oceanic ridges. (b) Prominent boudins of outcropping mafic eclogites within a soft metasedimentary matrix (which is covered by grassy vegetation) in the metasedimentary mélange of HP unit. (d) Sample of mafic eclogite showing euhedral millimetre-scale garnet, omphacite and phengite, collected from the sedimentary mélange of HP unit. (e) Centimetre-scale omphacite (Omp) and (f) garnet (Grt) in the sedimentary mélange of HP unit. (g) Quartz veins showing multiple folding phases in a paragneiss of the continental HP unit. (h) Quartz veins exhibiting drag folds with topto-south sense of shear in greenschist facies metasediments of the upper unit, consistent with a top-to-south detachment of the upper unit above the HP unit. (i) View to the west of the strike-slip fault in the carbonates of the upper unit.
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 316 Figure 3.1.6 -Geological map (a) and cross-section (b) of Pobeda Massif. Modified after[START_REF] Mikolaichuk | quaternary removed geological map of the Khan Tengri massif (ISTC project {#}KR-920)[END_REF];Tursungaziev et Petrov (2008) 
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 317 Figure 3.1.7 -Field photographs of Pobeda Massif. (a) Top-to-the north thrust(Pobeda Thrust) of Pobeda crystalline basement over the volcano-sedimentary rocks of presumed Carboniferous age, according to the Geological map of Kyrgyzstan(Tursungaziev et Petrov, 2008). (b) Block of granulite facies rocks showing the relation between the migmatised paragneisses and the granulite s.s. (c) Kilometre-scale granite intrusion in the Devonian-Carboniferous sediments of the STS. (d) Tourmaline (Tur), feldspar (Fd), quartz (Qtz) rich leucocratic granite from the rim of the intrusion, showing a more differentiated composition than in the central part of the intrusion. (e) Mesocratic granite from the central part of the intrusion, with rounded enclaves of a fine-grained dioritic (amphibole + plagioclase) composition. This more mafic calc-alkaline component may reflect a mantle source, which interacted and mixed with a crustal component. (f) Volcano-sedimentary rocks showing folded alternations of dark schists (comprising metavolcanics and metagabbros) and yellow sandy limestones. The whole unit was metamorphosed under the greenschist facies (actinolite-epidote-chlorite-sericite). (g) Picture of the same thrust as in picture (a), 30 km to the west in Inylchek area. Here, the Tertiary basin, deposited above the Jurassic peneplain is folded and overthrust by the top-to-north Pobeda Thrust.
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 318 Figure 3.1.8 -Microphotographs of the granulites from the Pobeda massif. (a) Clinopyroxene (Cpx), orthopyroxene (Opx), plagioclase (Pl) and K-feldspar (FK) showing a textural equilibria with triple-junctions (plane polarized light). (b) Amphibole (Amp) overgrowths over clinopyroxene (Cpx) indicating a partial retrogression (plane polarized light). (c) K-Feldspar surrounded by myrmekite (intergrowth between quartz (Qtz) and albite (Ab) typical of high-temperature conditions (crossed polars). (d) Association of orthopyroxene (Opx) and clinopyroxene (Cpx) with a few amphibole (Amp) overgrowths.
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 319 Figure 3.1.9 -Spider diagram of an unmetamorphosed basalt of the ophiolite and of mafic eclogites plotted along with typical N-MORB[START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF]. Concentrations are normalized to primitive mantle concentrations[START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF].
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 151 Synthesis of geological and seismic data : crustal-scale geometry of STSMetamorphic evolution of STS (Kyrgyzstan and China)The similar metamorphic rocks found along the northern side of the STS in China and Kyrgyzstan (i.e. the kSTS and the cCTS + cSTS) are of prime importance for the reconstruction of crustalscale sections and lateral correlations in the belt. The study of metamorphic rocks from Atbashi shows that oceanic (mafic eclogites) and continental (gneisses) units underwent relatively similar HP conditions of about 20 kbar and 500 • C. The preservation of the HP mineral assemblage in the mafic eclogite without any retrogression in greenschist facies
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 31 Figure 3.1.11 -Synthetic P-T path of mafic eclogites of Atbashi (black line) and comparison with results (P-T conditions and ages) ofSimonov et al. (2008) andHegner et al. (2010) for Atbashi and of[START_REF] Tian | Metamorphism of ultrahigh-pressure eclogites from the Kebuerte Valley, South Tianshan, NW China : phase equilibria and P-T path[END_REF] and[START_REF] Klemd | New Age Constraints on the Metamorphic Evolution of the High-Pressure / Low-Temperature Belt in the Western Tianshan Mountains , NW China[END_REF] for Chinese South Tien Shan (gray lines). Facies grid is after[START_REF] Evans | Phase relations of epidote-blueschists[END_REF]. Facies abbreviations : GS, greenschist ; A, amphibolite ; LBS, lawsonite blueschist ; EBS, epidote blueschist ; E, eclogite. albite (Ab) = jadeite 20 (Jd) + quartz (Qtz) reaction is after[START_REF] Holland | The reaction albite = jadeite + quartz determined experimentally in the range 600-1200[END_REF]. Quartz (Qtz) -coesite (Coe) reaction is after[START_REF] Bohlen | The quartz = coesite transformation : A precise determination and the effects of other components[END_REF] 
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 31 Figure 3.1.12 -P-T path of the HP continental unit gneiss. Sample is located on Fig. 3.1.3a. Pseudosection is computed from the effective bulk composition of the KG-12-74 sample (moles) : Si(1.12) Al(0.180) Fe(0.06) Mg(0.05) Ca(0.11) Na(0.06) Ti(0.01) K(0.02) H(0.53) O(?), in the system NKCFMASTiHO using Theriak-Domino software(De Capitani et Petrakakis, 2010) with the thermodynamic database of(Berman, 1988). Si-in-phengite (per formula unit) and XMg (Mg/(Fe+Mg)) of phengite isopleths are added as red dashed lines and blue dashed lines, respectively. The field of phengite + quartz + H2O equilibria is calculated with the method of[START_REF] Dubacq | Dehydration of dioctahedral aluminous phyllosilicates : thermodynamic modelling and implications for thermobarometric estimates[END_REF] and shown in green. The black dashed box represents the range of pressuretemperature conditions obtained for the metamorphic peak of the gneisses from the continental HP unit. Abbreviations used : Grt, Garnet ; Omp, Omphacite ; Qtz, Quartz ; Coe, Coesite ; Pl, Plagioclase ; Gln, Glaucophane ; Amp, Amphibole ; Chl, Chlorite ; Lws, Lawsonite ; Rt, Rutile ; Sph, Titanite. 1 : White mica Lws Rt Coe Gln H2O -2 : White mica Omp Chl Lws Rt Coe H2O -3 : Grt White mica Omp Chl Lws Rt Qtz Gln H2O -4 : Grt White mica(2) Omp Lws Rt Qtz Gln H2O -5 : Grt White mica Omp Sph Qtz H2O -6 : White mica(2) Omp Czo Sph Qtz H20 -7 : White mica(2) Omp Sph Qtz H20 -8 : Fd White mica(2) Omp Czo Sph Qtz H2O -9 : Fd White mica(2) Omp Chl Lws Sph -10 : Fd White mica(2) Omp Chl Sph Qtz H20 -11 : Grt Fd Bt White mica Omp AmpSph Qtz H20 -12 : Fd Bt White mica Omp Sph Qtz H20 -13 : Grt White mica(2) Omp Lws Sph Qtz H20 -14 : Grt White mica Omp Lws Rt Sph Qtz H20.

  10 in[START_REF] Makarov | Underthrusting of Tarim beneath the Tien Shan and deep structure of their junction zone : Main results of seismic experiment along MANAS Profile Kashgar-Song-Köl[END_REF]). In this new cross-section, we follow the original interpretation made by these authors for the southern part of the kSTS, i.e. where the Tarim block is crosscut by several active south-verging thrusts uplifting the Upper Protezoic to Paleozoic sedimentary series of the STS (Fig.3.1.2). Based on surface geological data presented in this paper and the south dipping reflectors, we propose a north-vergent thrust stack to the north of the STS. These thrusts were reactivated during Recent tectonicism, as shown by uplifted alluvial terraces along the northern side of Atbashi Range (Fig.3.1.3).

Figure 3 . 1 .

 31 Figure 3.1.13 -(a) Crustal-scale cross-section of western South Tien Shan after reinterpretation of crustal-scale Manas seismic profile (Makarov et al., 2010). (b) Crustal-scale cross-sections of eastern Kyrgyz South Tien Shan crossing the highest part of the belt, the Pobeda Khan-Tengri massif. Abbreviations used : Ar, Archean ; Pz, Paleozoic ; Cz, Cenozoic. Cross-sections are located on Fig. 3.1.2b.
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 31 Figure 3.1.14 -Geodynamic evolution of the South Tien Shan in Carboniferous times, based on the model of Vogt et Gerya (2014). The blue and red paths in the P-T grid represent characteristic paths for rocks from the external (frontal) part (blue point in the illustration represent the Atbashi Range HP rocks) and from the internal part (red point in the illustration) of the upper plate, respectively. See comments in text.

ª

  Cet article est soumis à la revue Tectonophysics. ª La subduction continentale est un évènement important dans l'évolution d'un orogène car elle marque la transition entre la subduction océanique et la collision continentale. Comme nous l'avons déjà vu, la chaîne du Sud Tien-Shan résulte de l'accrétion du craton du Tarim et du microcontinent Kazakh suite à la fermeture de l'océan Turkestan au Carbonifère. Le massif d'Atbashi est situé le long de la zone de suture correspondante et son étude permet donc de retracer une des dernières étapes d'accrétion de la CAOB. Dans le massif d'Atbashi, présenté au chapitre 2, deux unités de HP sont exhumées au sein d'un paléo-prisme d'accrétion. La première consiste en un mélange sédimentaire de HP contenant des boudins d'éclogite basique. Cette unité a déjà été étudiée dans les chapitres 2 et 2.1. L'autre unité de HP est une unité continentale. Les conditions P-T subies par cette unité ont été estimées à 19±2.5 kbar et 525±50 • C dans le chapitre 2. Cependant cette unité mesure plus de 100 km de long et une étude systématique tout au long du massif est nécessaire pour la caractériser dans son ensemble en terme d'évolution P-T-t. De même, les conditions P-T du prisme d'accrétion dans lequel sont exhumées ces unités de HP ne sont pas connues.
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 321 Figure 3.2.1 -(a) Tectonic sketch of the Tien-Shan belt showing the location of the Atbashi range. Modified after Loury et al. (2015). (b) Geological map of the Atbashi Range showing the location of samples. Modified after Loury et al. (2015). (c) Cross-section of the Atbashi range along the Ak-Talaa valley, modified after Loury et al. (2015) and Jourdon et al. (2016). (d) Name of the different valleys and relative proportion of metamorphic studies highlighting the need of a study at the scale of all the Atbashi range (colored circles, green for mafic eclogites and purple for continental unit).

  3.2.1b), at 19 ± 2.5 kbar and 525 ± 50 • C[START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF].Hegner et al. (2010) constrained the deposition age of the HP continental unit paragneiss protoliths as younger than 427 Ma and concluded that these paragneisses are the high-grade equivalents of the low-grade Silurian-Devonian sediments exposed in the southern part of the Atbashi Range. Rojas-Agramonte et al. (2014) dated metamorphic overgrowths of detrital zircons from a sample of the continental HP unit of the Tash-Rabat valley (west of the Atbashi Range, Fig.3.2.1b) and obtained two U-Pb ages of 329 ± 5 and 336 ± 6 Ma. The abundance of detrital zircons with ages in the range 430-450 Ma in the metasediments of the HP continental unit ledHegner et al. (2010) and[START_REF] Rojas-Agramonte | Detrital and igneous zircon ages for supracrustal rocks of the Kyrgyz Tianshan and palaeogeographic implications[END_REF] to conclude that their source provenance lies in the North Tien-Shan, where 430-450 Ma old batholiths are widespread. The work carried out so far on the metamorphism of the Atbashi range was thus focused on specific areas, generally the Ak-Talaa valley (Fig.3.2.1d). In order to have a global understanding of the geodynamic evolution of the range during the Late Paleozoic, a petrological and geochronological study at the scale of the whole range is proposed in this paper.

Figure 3

 3 Figure 3.2.2 -Photography of the continental HP unit lithologies. (a) Block of micaschist showing folds and millimeter-size secondary albite. (b-c) Paragneisses exhibiting superimposed folds suggesting several stages of deformation. (d) Micaschist showing a strong lineation marked by phengite.

Figure 3

 3 Figure 3.2.3 -Photomicrographs of samples from the continental HP unit showing different degrees of retrogression in the greenschist facies : (a) Quartzite (KG-11-43) of the Tash-Rabat valley showing a weak foliation marked by chlorite (crossed-polarized light) ; (b) Micaschist (KG-14-46) of the Tash-Rabat valley (crossed-polarized light) ; (c) Micaschist (KG-14-64) of the Orto-Keltebek valley showing secondary albite (plane-polarized light) ; (d) Back-scattering electron (BSE) image of paragneiss (KG-12-50) of the Ak-Talaa valley showing a relic of garnet ; (e) Paragneiss (KG-12-51) of the Ak-Talaa area showing millimeter-size phengite (planepolarized light) ; (f) Micaschist (KG-12-74) of the Bash Qaïyndy valley, showing relics of garnet (plane-polarized light).

Figure 3

 3 Figure 3.2.4 -Triangular diagram showing the composition of K-white micas from the continental HP unit (colored circles) and from the accretionary prism (gray levels circles) with phengite and interlayer-deficient micas fields.

Figure 3

 3 Figure 3.2.5 -Photography of the Tash-Rabat valley blueschists. (a) Conglomerate with undeformed metabasite pebbles. (b) Conglomerates with elongated metabasite pebbles. (c) Conglomerate showing a deformed marble pebble. (d) Slates showing alternations of greenish and blueish beds.

Figure 3

 3 Figure 3.2.6 -Photomicrographs of Tash-Rabat valley blueschists. (a) Thin section photography of a conglomerate (sample KG-14-61) showing deformed metabasite pebbles pluri-millimeter in size. Red boxes indicate location of (b) and (c). (b) Clinopyroxene in a metabasite pebble showing fractures filled by blue amphibole sealed by green amphibole. The matrix is very fine grained. (c) BSE image showing the very fine-grained texture of the matrix (plane-polarized light). A clinopyroxene grain shows fractures filled by Na-amphibole. (d) Thin section photography of a slate (sample KG-14-62) showing alternations of bluish and greenish beds. Red boxes indicate location of (e) and (f). (e) Alternations of blueish amphibole + calcite beds with albite + epidote + green amphibole beds (plane-polarized light). (f) BSE image of a greenishbed showing a very fine-grained texture made of epidote + albite + Ca-amphibole.

Figure 3

 3 Figure 3.2.7 -Si vs. Na(B) diagram illustrating the variation in composition of the blueschist amphiboles (classification after[START_REF] Leake | Nomenclature of amphiboles[END_REF]).

Figure 3

 3 Figure 3.2.8 -(a) ACF diagram showing the aluminous composition of samples of the continental HP unit suggesting a metapelitic protolith. (b) Spider diagram of the HP continental unit metasediments compared to the average Upper Continental Crust (UCC) composition[START_REF] Rudnick | Composition of the continental crust[END_REF]. (c) REE spectrum of the blueschists from the accretionary prism compared to typical OIB and E-MORB (after[START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF]). Spectra of (b) and (c) are normalized to primitive mantle and chondrite (respectively) values after[START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF].

Figure 3

 3 Figure 3.2.9 -Raman spectra of carbonaceous material of the continental HP unit samples. The grey area represents the spectra of the accretionary prism samples after Jourdon et al.(2016) 

Figure 3

 3 Figure 3.2.10 -P-T diagram showing the location of phengite equilibria (Dubacq et al., 2010) for (a) the continental HP unit samples and for (b) a sample of the accretionary prism. For each sample a field corresponding to all phengites analyzed by EPMA is represented. The maximal temperature obtained by RSCM is shown by a bold line.

Figure 3

 3 Figure 3.2.11 -Histogram of chlorite temperature obtained with the method of Vidal et al.(2006, 2005) for (a) the continental HP unit sample the accretionary prism sample KG-14-58 at two different pressures.

Figure 3

 3 Figure 3.2.12 -(a-c) P-T phase equilibria diagrams calculated with Perplex for three samples of the continental HP unit from Orto-Keltebek Valley, and. Chemical compositions used as input are indicated in Table3.2.7. The fields color indicates the variance (light for low variance and dark for high variance). For each sample, the Si-in-phengite and Mg 2+ /(Fe 2+ +Mg 2+ ) ratio isopleths were calculated to constrain the P-T conditions of the metamorphic peak, which is indicated by a colored field. The bold line indicates the stability field of zoisite (under the line). In (a) the green field in the bottom left corner indicates the temperature obtained by chlorite thermometry (seeFig. 3.2.11). The insert in (b) indicates the P-T field obtained using garnet composition isopleth for the sample KG-12-50. (d) P-T diagram showing a synthesis of P-T conditions obtained by phase equilibria modeling (colored field), phengite equilibria (dotted lines) and RSCM (bold lines) for samples of the continental HP unit and for a sample of the accretionary prism. Metamorphic facies are after[START_REF] Evans | Phase relations of epidote-blueschists[END_REF].

Figure 3

 3 Figure 3.2.14 -40 Ar/ 39 Ar step-heating results for the Atbashi Range. (a)-(d) Age spectra of phengites from the HP continental unit (see location on Fig. 3.2.1b). Apparent and plateau ages are given at 1σ. Number in parenthesis before the age is for the grain reference for analyses undertaken at Géoazur Nice University, Mp is for grains analyzed at Géosciences Montpellier. (e) Isochron plot for sample KG-12-74. Squares represent individual step-heating results and circles correspond to the (bulk) total fusion point. (f) Age spectra of grains from the sample KG-12-58a from the HP sedimentary mélange described by[START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF] 

Figure 3

 3 Figure 3.2.15 -Synthesis of P-T paths of the different units of the Atbashi Range. Dashed red boxes are for the different samples of the HP continental unit : a-KG-12-64, b1-KG-12-50 (phengite), b2-KG-12-50 (garnet), c-KG-12-74. Data for the sedimentary mélange (in black) are after 1 Loury et al. (2015), 2 Hegner et al. (2010), and 3 Simonov et al.(2008). For the accretionary prism, two hypotheses are shown to explain the differences between blueschists and greenschists (see details in text). Metamorphic facies grid after[START_REF] Evans | Phase relations of epidote-blueschists[END_REF] 
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 3216 Figure 3.2.16 -Geodynamic evolution sketch of the Tarim-Kazakh collision along the Kyrgyz STS belt. The sketch illustrates the burial-exhumation history for two units and their corresponding P-T-t paths : the metasediments of the continental HP unit and the blueschists of the accretionary prism. (a) Oceanic subduction stage : this stage of South Tien-Shan Ocean subduction is featured at 350 Ma. At this stage the MTS block was already accreted to the NTS, and erosion products of the NTS granitoids were deposited onto the thinned southern passive margin of MTS (Rojas-Agramonte et al., 2014). (b) Continental subduction stage : continental subduction occurred since ca. 328 Ma. During this stage, a small part of the oceanic slab was obducted in front of the accretionary prism. The oceanic part of the slab was rapidly detached and the upper (meta-sedimentary) part of the continental margin of MTS was decoupled from the more rigid lower crust. This unit forms the HP continental unit currently exposed in the Atbashi Range. HP exhumation stage is bracketed between 328 and 319 Ma. (c) Collisional stage :The different HP units were stacked together at about 310 Ma at the Upper-Lower Crust transition, and were exhumed as a whole by (i) top-to-the north thrusts on the northern side of the belt, and a top-to-the-south detachments to its southern side[START_REF] Loury | Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reactivation[END_REF]. Collisional deformation propagated on both sides of the suture zone and resulted in crustal thickening.
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 2 Short-lived and large-scale continental subduction along South Tien-Shan Les points importants à retenir de cette étude sont les suivants :ª Le prisme d'accrétion a subi des conditions de métamorphisme correspondant au faciès des schistes bleus entre 10 et 12 kbar et 300 et 350 • C. La présence de schistes verts et de schistes bleus n'implique pas forcément des conditions de métamorphisme différentes, mais plutôt des degrés de rétromorphose différents. ª L'unité de HP continentale a une composition chimique reflétant une croûte continentale supérieure. Tout au long du massif, elle a subi des conditions métamorphiques correspondant au faciès des éclogites à 19-25 kbar et 500-550 • C. Ces conditions peuvent être considérées comme homogènes relativement à la taille de l'unité (500km 2 ). Cette unité à donc été enfouie à 60-75 km de profondeur et témoigne d'un stade de subduction continentale. ª Les datations 40 Ar/ 39 Ar montrent que l'unité continentale de HP a été exhumée entre 328 et 319 Ma tout au long du massif d'Atbashi. Des différences mineures d'une vallée à l'autre ou d'un échantillon à l'autre sont interprétées comme reflétant des recristallisations partielles et hétérogènes des phengites lors de la rétromorphose ce qui est aussi indiqué par leur composition chimique. L'exhumation de l'unité de HP est donc un processus rapide, d'une durée inférieure à 10 Ma. La comparaison de ces âges 40 Ar/ 39 Ar pour l'unité de HP continentale avec les données géochronologiques déjà disponibles pour le mélange sédimentaire de HP indique un intervalle de temps très court (dans la barre d'erreur des âges) entre le métamorphisme de HP océanique et l'exhumation de l'unité continentale. Cela suggère que l'exhumation des unités de HP a été déclenchée par la subduction continentale, de façon similaire à l'exhumation des unités de HP des Alpes occidentales. Toutes ces données disponibles pour le massif d'Atbashi indiquent une subduction vers le sud de la marge continentale amincie du microcontinent Kazakh sous le craton du Tarim entre 320 et 330 Ma à la fin de la fermeture de l'Océan Turkestan. La croûte supérieure de la marge subduite a été exhumée rapidement après son enfouissement à des profondeurs mantelliques, par des forces de flottabilité dans un premier temps puis par la dynamique interne du prisme d'accrétion.CHAPITRE 4 LE SUD TIEN-SHAN À L'OUEST DE LA FAILLE DE TALAS-FERGANA Affleurement d'amphibolites à grenat du massif de Chatkal Sommaire 4.1 Article 4 -Late Paleozoic evolution of the South Tien Shan : Insights from P-T estimates and allanite geochronology on retrogressed eclogites (Chatkal Range, Kyrgyzstan) . . . . 134 4.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 4.1.2 Geological setting . . . . . . . . . . . . . . . . . . . . . . . . . 137 4.1.3 Structure and geochemistry of geological units . . . . . . . . . 140 4.1.4 P-T estimates for garnet amphibolites . . . . . . . . . . . . . . 144 4.1.5 Allanite dating . . . . . . . . . . . . . . . . . . . . . . . . . . . 152 4.1.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155 4.1.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . Si à l'est de la faille de Talas-Fergana les roches métamorphiques de HP-BT liées à la zone de suture du STS sont bien représentées dans le massif d'Atbashi, ce n'est pas le cas à l'ouest car les bassins sédimentaires d'âge Cénozoïque recouvrent en grande partie les structures antérieures.
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 411 Figure 4.1.1 -(a) Location of map (b) in Central Asia. (b) Geotectonic map of the western Tien Shan and the southern Kazakhstan (late Mesozoic and Cenozoic cover removed) (modified after Rolland et al., 2013). The black box indicates location of (Fig. 4.1.2). Abbreviations of faults names : TFF -Talas-Fergana, NNF -North Nuratau, DNF -Djalair-Naiman, NL -Nikolaev Line.
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 412 Figure 4.1.2 -(a) Geological map of the Chatkal range (modified afterBakirov et al., 2003) and location of samples cited in the text. Location of the map in Fig.4.1.1. Grey italic names are the name of unit after[START_REF] Bakirov | The Lower Precambrian Rocks in the Tien Shan and Their Geodynamic Setting[END_REF] Schematic cross-section of the Chatkal range.

  , are folded in the same WNW-ESE anticline fold as the micaschists. Whole rock geochemical analyses of garnet amphibolites indicate an alkaline composition (Table 4.1.1). Total alkali versus silica diagram (Fig. 4.1.4a) suggests that the protolith of these metabasites is an alkaline basalt, with 43-48% of SiO 2 , 10-18% of Fe 2 O 3 and 2-4% of TiO 2 . The spider-diagram of garnet amphibolite suggests an OIB-like composition with very high concentration in Light Rare Earth Elements (LREEs) and lithophile Elements (LILEs), and a relative depletion in Heavy Rare Earth Elements (HREEs) with [(La/Yb)N = 5.97-6.09] (Fig. 4.1.4b).
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 413 Figure 4.1.3 -Field photographs of the studied area. (a) Westward view of an anticline structure with micaschists containing garnet amphibolites lenses in the core. (b) Contact between micaschists (light gray) and a garnet amphibolite lens (dark gray). The lens is pluri-metric in size and is stretched in the lineation strike. (c) Contact between greenschist, in the border of the micaschist/garnet amphibolite unit, and marble showing top north thrusting shearing criteria. (d) Sample of garnet amphibolite (KG-12-16) mainly made of garnet (brownish), and amphibole/diopside/plagioclase symplectite (green, see alsoFigs. 4.1.5d,4.1.5d). (e) Alternation of amphibolitic (dark) and quartzo-feldspatic (light) layers in the volcano-sedimentary unit indicating a bimodal source volcanism. Evidences of migmatization are seen in the top-left corner. (f) Micaschist containing biotite, muscovite, garnet and staurolite typical of a Barrovian metamorphism.

Figure 4

 4 Figure 4.1.4 -(a) Total alkali-silica diagram interpreted in terms of protoliths for the garnet amphibolites (open and black circles) and amphibolites (triangles). (b) Spider diagram of studied samples (located on Fig. 4.1.2. Open and black circles are for the garnet amphibolites in lenses in micaschists. They have an intraplate composition characterized by enrichment in LREE and depletion in HREE. For comparison, typical OIB composition is shown[START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF]. Open and black triangles are for amphibolites from the volcano-sedimentary unit. The depletion in Nb-Ta is typical of subduction context magmas.

  , respectively. The sample chosen for thermobarometry (KG-12-13) has an intermediate degree of retrogression to properly decipher the sample history from HP to low-P. It is a finedgrained garnet amphibolite mainly made of garnet (20 vol.%), clinopyroxene-plagioclaseamphibole symplectite (44 vol.%), amphibole-plagioclase symplectite (34 vol.%), ilmenite and rutile (∼2 vol.%) (Fig.4.1.5a). Garnet occurs as 0.3 to 0.5 mm large anhedral grains

Figure 4 .

 4 Figure 4.1.5 -Photomicrographs of studied retrogressed eclogites (garnet amphibolite) studied samples. (a-c) Sample KG-12-13 : intermediate degree of retrogression. (a) Garnet and symplectites in plane polarized light. Garnet is strongly retrogressed, with irregular rims. Two types of symplectites can be distinguished : amphibole and albite (small green and white grains, Sympl. 1), and diopside, albite and amphibole (dark areas, Sympl. 2). (b) Back-scattered-electron (BSE) image of a garnet with clinozoisite, amphibole and rutile inclusions. The two types of symplectites (Sympl. 1 and 2) are visible around the garnet. (c) BSE image of the selected area for micro-mapping (black frame) with garnet and the two types of symplectites. (d-f) Sample KG-12-16 : less retrogressed sample. (d) Microphotography in plane polarized light. The dark green matrix is constituted by a very fine-grained symplectite of clinopyroxene and albite. Garnet and clinozoisite occur as porphyroblasts. Garnet is surrounded by a green amphibole corona. Allanite is found in the core of clinozoisite (dark brown). (e) BSE image of a garnet, its surrounding green amphibole corona and the clinopyroxene-albite symplectite. Omphacite with high jadeite content is included in garnet. (f) BSE image of an allanite (highly reflective) in the core of a clinozoisite. Both the allanite and the clinozoisite contain omphacite inclusions with high jadeite contents (Jd 36 ) suggesting that they are HP phases.

  and contains inclusions of green amphibole, clinozoisite and rutile(Fig. 4.1.5b). Garnet has a homogeneous almandine-rich composition (Alm 66-69 -Grs 21-23 -P yr 08-09 -Sps 00-01 )(Figs. 4.1.6a,4.1.6b). The rim shows a slightly different composition (Alm 65 -Grs 24 -P yr 09 -Sps 01 ) but this is more likely due to diffusion along fractures rather than to a growth compositional zoning. Rutile included in garnet suggests that it is a HP phase. No omphacite was found in this rock, thus garnet is the only remaining HP phase. A first fine symplectite (symplectite 1) (lamellae of 10-15µm) is made of clinopyroxene, amphibole and plagioclase (Fig.4.1.5c). Clinopyroxene has a diopside composition (Di 67-70 -Jd 07-18 -Hd 22-30 ) with jadeite content decreasing from the core toward the rim (Jd 18→7 ) (Fig.4.1.6c
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 416 Figure 4.1.6 -Mineral compositions of garnet amphibolite (see section 4.1.5.2 for data for. See Table4.1.2, 4.1.3, 4.1.4, and 4.1.5 for representative analysis of garnet, clinopyroxene, albite and amphibole, respectively. (a) Map of almandine, grossular and pyrope content of garnet of the KG-12-13 sample. The composition is rather homogeneous with a slightly different rim probably due to diffusion. (b) Triangular diagram almandine-pyropehedenbergite showing the composition of garnet of the KG-12-13 (red points) and KG-12-16 samples (black points). (c) Composition of amphibole of the KG-12-13 sample following the classification of[START_REF] Leake | Nomenclature of amphiboles[END_REF]. (d) Triangular diagram diopside-jadeite-hedenbergite showing the composition of clinopyroxene in the first symplectite of the KG-12-13 sample (purple points) and of clinopyroxene included
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 1 Retrogressed eclogites of the Chatkal Range ted from the standardized X-ray map using the function local effective bulk available in XMAPTOOLS. The obtained local effective bulk composition was used for phase diagram calculation over a pressure range of 1 to 25 kbar and a temperature range of 350 to 600 • C. The equilibrium phase diagram is shown on Fig. 4.1.8. For the metamorphic peak conditions, garnet composition isopleths were calculated to determine the P-T conditions of their crystallization. The garnet composition observed on the map (Alm 66-69 -Grs 21-23 -Pyr 08-09 ) is best modeled at 490 • C and 18.5 kbar (Alm 71 -Grs 21 -Pyr 08
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 417 Figure 4.1.7 -Compositional maps of amphibole compared with temperature and pressure maps. Gray area represents the present garnet. White dashed line represents the supposed initial border of garnet. Map of total iron (a) and aluminum (b) contents in amphibole. Fe and Al contents strongly increase toward the garnet (shaded gray area) suggesting a chemical interaction between garnet and amphibole. (c) Temperature map for amphibole obtained with the calibration of[START_REF] Holland | Non-ideal interactions in calcic amphiboles and their bearing on amphibole-plagioclase thermometry[END_REF] with fixed composition of plagioclase. The temperature estimates in the area of chemical interaction between garnet and amphibole seem to be higher and are thus considered as no relevant. (d) Pressure map for clinopyroxene obtained with the calibration of[START_REF] Waters | Clinopyroxene-amphibole-plagioclase symplectites in Norwegian eclogites : Microstructures, chemistry and the exhumation P-T path[END_REF][START_REF] Waters | [END_REF] with fixed composition of amphibole and plagioclase.
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 418 Figure 4.1.8 -Pseudosection calculated in the NCFMASHTO system using the Theriak-Domino software (De Capitani et Petrakakis, 2010) from the effective composition : Si(0.823) Al(0.249) Fe(0.192) Mg(0.172) Ca(0.181) Na(0.130) Ti(0.007) H(0.25) O( ?). The numbered gray areas represent P-T estimates for the three paragenesis represented on the right (only the phases used for P-T estimations are shown) : 1-garnet, 2-clinopyroxene-amphibole-plagioclase symplectite, 3-amphibole-plagioclase symplectite (P conditions are not constrained directly). The obtained P-T path is drawn in bold black line. Pyrope and grossular content in garnet and jadeite content in clinopyroxene isopleths are represented in red, blue and green dashed lines, respectively. Feldspar-in and garnet-out reactions are shown in light blue and red solid lines, respectively. Numbered fields : 1-Grt Omp Chl Lws Rt Coe Gln, 2-Grt Omp Chl Lws Rt Qz H2O, Abbreviations used are afterWhitney and Evans (2010) : Amp-amphibole, Chl-chlorite, Cld-chloritoid, Coe-coesite, Fprg-fero-pargasite, Fsp-feldpar, Gln-glaucophane, Grt-garnet, Ilmilmenite, Lws-lawsonite, Ol-olivine, Omp-omphacite, Opx-orthopyroxene, Pg-paragonite, Qzquartz, Rt-rutile. 
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 419 Figure 4.1.9 -Tera-Wasserburg diagram for allanite grains (sample KG-12-16) dated in-situ on thick sections by LA-ICPMS.
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 4110 Figure 4.1.10 -Model of geodynamic evolution of Middle Tien Shan to the west of the Talas-Fergana fault in Late Paleozoic. Comments in the text (section 4.1.6.2).
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 41 Figure 4.1.11 -Comparison of P-T path of HP rocks from the Chatkal range (this study) and from the Atbashi range (after Hegner et al. (2010) and Loury et al. (2015)). Black dashed lines are isothermal gradients. Metamorphic facies grid after[START_REF] Evans | Phase relations of epidote-blueschists[END_REF], abbreviations : GS-greenschist, A-amphibolite, LBS-lawsonite blueschist, EBS-epidote blueschist, LE-lawsonite eclogite, E-eclogite.
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 41 Figure 4.1.12 -Schematic tectonic evolution of Central Asia in Late Paleozoic times, modified from Filippova et al. (2001), Heubeck (2001), Loury et al. (2015). (a) Early Carboniferous, (b) Upper Carboniferous, ∼320 Ma, (c) Upper Carboniferous, ∼300-315 Ma (d) Early Permian. Comments in the text (see section 4.1.6.2). Red lines represent major strike-slip faults and thrusts or subductions (with red triangles). Bold black line represents the South Tien Shan Suture (STSs).Abbreviations used : EUF-East Urals Fault,KAF-Kuznetsky Alatau Fault, TFF-Talas-Fergana Fault. 
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 511 Figure 5.1.1 -General tectonic scheme of western Tien-Shan and Tarim focusing on carboniferous and Permian magmatism. Tien-Shan magmatism is afterTursungaziev et Petrov (2008) and[START_REF] Hongliang | China Geological Map of the Tianshan and adjacent areas : 1 :1000000[END_REF] and Tarim magmatism after[START_REF] Xu | The Early Permian Tarim Large Igneous Province : Main characteristics and a plume incubation model[END_REF] and[START_REF] Wei | Plume-lithosphere interactions in the generation of the Tarim large igneous province, NW China : geochronological and geochemical constraints[END_REF]. 1-Atbashi-Nalati suture ; 2-Terksey suture ; TFF : Talas Fergana fault, kSTS : Kyrgyz South Tien Shan.
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 512 Figure 5.1.2 -Geological map of the Pobeda area (Modified after Loury et al. (2015) and Mikolaichuk et Buchroithner (2008)). Point of view of figure 5.1.3a is indicated.
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 513 Figure 5.1.3 -Field photography of the Pobeda area showing the structure, the different lithologies and samples location. (a) View toward the high-grade unit (left) and interpretation (right). The high-grade unit is overthrusted on low-grade volcano-sedimentary series. The steepness of the slope makes the area inaccessible, however marbles and paragneisses or charnockites can be distinghuised by their color and show horizontal isoclinal folds. (b) Photography of a meter scale block on the glacier (left) and interpretation (right) showing a sharp contact between a migmatized paragneiss (sample KG-13-24) and a charnockite. (c) Photography of a metric charnockites block (sample KG-13-29A and B) on the glacier (left) and interpretation (right) showing a more diffuse contact than in (b) between a dyke of granite resulting from partial melting of paragneiss and a charnockite. A restite of metasediment is visible in the granite dike (sample KG-13-30). (d) charnockites block with a mafic enclave (sample KG-13-31). (e) Marble block showing an extended sigmoid layer of quartzite.

Figure 5 . 1 . 4 -

 514 Figure 5.1.4 -Photography of the shear-zone north of the Khan-Tengri summit showing a steep foliation and top-south shearing criteria.

Figure

  Figure 5.1.5 -Photomicrographs of charnockite (samples. Mineral abbreviations are afterWhitney et Evans (2010). (a) A pyroxene + olivine melanosom is surrounded by a leucosom formed of feldspar + quartz (plane polarized light). (b) Pyroxene and olivine aggregate with clinopyroxene showing orthopyroxene exsolutions (crossed-polar light). (c) Back-scattering-electron (BSE) image showing olivine, clinopyroxene and orthopyroxene. The box indicates the area of image (d). (d) BSE image of clinopyroxeneshowing orthopyroxene exsolutions. (e) Mafic enclave (sample KG-13-31) photomicrographs showing clinopyroxene retrogressed and replaced by amphibole 1 (plane polarized light). (f) Same as (e) in BSE image.
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 516 Figure 5.1.6 -Photomicrographs of paragneiss, granite and marbles. (a) Paragneiss KG-13-30 showing a grano-lepidoblastic texture, typical of granulite facies metamorphism (crossed-polar light). (b) BSE image of sample KG-13-30. (c) BSE image of paragneiss KG-13-24 showing a hornfelsic texture. (d) BSE image of a granite resulting from partial melting of paragneiss (sample KG-13-28) showing a perthitic K-feldspar porphyroblast and a quartz-biotite myrmeckite. Muscovite, epidote and K-feldspar (plane polarized light). (e) Sample KG-13-22 of marble showing a fine-grained hornfelsic texture (crossed-polar light). (f) Area of the KG-13-22 sample containing tourmaline (plane polarized light).
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 517 Figure 5.1.7 -Mineral composition from EMPA analyses. (a) feldspar, (b) clinopyroxene, (c) orthopyroxene. Nomenclature of[START_REF] Morimoto | Nomenclature of pyroxenes[END_REF] for pyroxene.
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 518 Figure 5.1.8 -Calcic-amphibole composition ((Ca + N a) B ≥ 1.34 ; N a B < 0.67 and T i < 0.50) following the classification of[START_REF] Leake | Nomenclature of amphiboles[END_REF].
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 519 Figure 5.1.9 -Major and traces elements geochemistry of charnockite (KG-13-29A and B) and mafic enclave (KG-13-31). (a) SiO 2 vs. alkaline oxydes diagram. The alkaline/sub-alkaline line is from Irvine et Baragar (1971). (b) Chondrite normalized rare earth elements (REE) diagram. (c) Primitive mantle normalized spider diagram. An oceanic island basalt (OIB) composition is shown for comparison. Chondrite and primitive mantle data used for normalization and OIB reference are after[START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF].
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 5110 Figure 5.1.10 -Phase equilibria diagram computed with charnockite bulk rock composition of sample KG-13-29A and inferred P-T path. The red line indicates beginning of partial melting. Blue and green lines are for garnet-in and olivine-out reactions, respectively. The star indicates the field corresponding to observed assemblage. Pressure range of secondary amphibole crystallization is shown by black dashed lines. Inferred P-T path is represented by white arrow. Color of the fields indicate the variance (white for variance = 2 and black for variance = 7). Mineral abbreviation : Opx -Orthopyroxene, Cpx -Clinopyroxene, Grt -Garnet, Ol -Olivine, Qz -Quartz, Fd -Feldspar (Fd(2) for Plagioclase + K-feldspar), Ilm -Ilmenite, Spn -Titanite.
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 5111 Figure 5.1.11 -Results of zircon U-Pb dating of charnockites samples and and granites resulting from partial melting of paragneissesd) and. For each sample, the plot of Concordia age is shown and the weighted mean age is in inset. Data-point error ellipse and box heights are 2σ. Representative BSE images of zircon grains for each sample are shown with the laser spot and corresponding age. In (c) the relative probability of age plot for sample shows that two groups of ages can be identified. The first group is shown in (c) and the second group in (d).
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 51 Figure 5.1.12 -40 Ar/ 39 Ar step-heating age spectra of biotite from KG-13-22 marble and of amphibole from KG-13-27 granite. All the grains were analyzed at Geoazur (Nice) except one which was analyzed at Geosciences Montpellier (grain Mp). Dashed black line indicate 'pseudo-plateau age' ; i.e. plateau with less than 70% of 39 Ar released. Apparent, plateau and pseudo-plateau ages are given at 1σ.Comments in text.
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 51 Figure 5.1.13 -40 Ar/ 39 Ar step-heating age spectra of phengite aggregates from KG-14-29 mylonitic marble of the Khan-Tengri area (see location on Fig.5.1.1). All the grains were analyzed at Geoazur (Nice) except one which was analyzed at Geosciences Montpellier (grain Mp). Dashed black line indicate 'pseudo-plateau age' ; i.e. plateau with less than 70% of 39 Ar released. Apparent, plateau and pseudo-plateau ages are given at 1σ. Comments in text.
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 5115 Figure 5.1.15 -Schematic diagram illustrating (a) the magmatism of the Pobeda area and the relations between the Tarim mantle plume and lithospheric scale strike-slip faults of the Tien-Shan range. (b) Exhumation of the Pobeda charnockites along the 'Pobeda thrust'. STSs : South Tien-Shan suture. Structures resulting from the pre-Permian history are in gray (after Loury et al. (2015)).
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  L'activité des grands décrochements lithosphériques permet d'expliquer la migration latérale du panache mantellique du Tarim sous la chaîne du Sud Tien-Shan La zone du Pobeda est donc située à la limite entre deux systèmes : (1) la chaîne du Tien-Shan où la tectonique décrochante contrôle directement la mise en place des granitoïdes et (2) le craton du Tarim où une province magmatique se met en place suite à l
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 611 Figure 6.1.1 -Modèle d'évolution du massif de Chatkal proposé par Alexeiev et al. (2016). L'âge du métamorphisme de HP est ici interprété comme Ordovicien supérieur.
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 612 Figure 6.1.2 -Reconstruction paléogéographique pour l'Asie Centrale de (a)Loury et al. (2016) repris par (b) Mühlberg et al. (2016) qui proposent une collision synchrone de part et d'autre de la faille de Talas Fergana.
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 613 Figure 6.1.3 -Différents modèles proposés pour la fermeture de l'océan Turkestan, côté chinois. (a) Subduction vers le nord, d'après Han et al. (2011). (b) Subduction bi-directionelle, avec ouverture d'un bassin arrière-arc entre le Central Tien-Shan et le Tarim, d'après Ma et al. (2014). (c) Subduction vers le sud, avec ouverture d'un bassina arrière-arc entre le Central Tien-Shan et le Tarim, d'après Wang et al. (2008).

2.

  Argument sédimentaire -Dans la section 3.2, il a été démontré que les paragneiss et micaschistes du massif d'Atbashi représentent une unité de haute-pression continentale métamorphisée pendant la subduction. Or Hegner et al. (2010) et Rojas-Agramonte et al. (2014) ont montré par des datations U-Pb de zircons détritiques que les sédiments à l'origine de ces paragneiss et micaschistes proviennent de l'érosion du Nord Tien-Shan et se sont déposés sur la marge sud du Middle Tien-Shan. Cela implique la subduction de la marge sud du Middle Tien-Shan et donc une subduction vers le sud.
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 621 Figure 6.2.1 -Reconstruction tectonique de la CAOB à la fin du Carbonifère d'après Wilhem et al. (2012). Après avoir dérivé vers l'ouest durant le Paléozoïque, le Kazakhstan est entré en collision avec les cratons du Tarim et de la Chine du Nord au sud (suture du Sud Tien-Shan, en rouge),avec la Siberie au nord-est (suture de Chara) et avec le craton de la Baltique au nordouest (suture ouralienne). Initialement allongé dans une direction nord/sud, il commence alors sa virgation et se referme sur lui-même impliquant la fermeture des océans Junggar-Balkash et Solonker.
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 622 Figure 6.2.2 -Modèle d'évolution de la partie sud de la CAOB illustrant la fermeture du domaine océanique entre les cratons du Tarim et de Chine du Nord et le Kazakhstan le long du segment Tien-Shan kirghize/Mongolie interne (en rouge sur la figure 6.2.1). Les parties Mongolie interne et Beishan sont d'après[START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF] et la partie Tien-Shan chinois et d'après[START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF][START_REF] Wilhem | The Altaids of Central Asia : A tectonic and evolutionary innovative review[END_REF]. Le modèle de la partie Tien-Shan kirghize est proposé d'après les résultats de cette thèse.

  a b s t r a c tThe NW-trending Talas-Ferghana Fault (TFF) in Kyrgyzstan, Central Asia, is one of the largest intracontinental strike-slip faults in the world. It extends over a distance of more than 2000 km from southern Tourghai to western Tarim and exhibits a maximum dextral offset of $200 km during the late Palaeozoic to present. The history of the fault provides important insights for the understanding of the evolution of southern Central Asia but remains poorly constrained due to lack of reliable geochronological data. We present new Ar-Ar ages and structural data from the Kyrgyz West Tianshan, that elucidate the kinematic history of the TFF in the Palaeozoic and Mesozoic.40 Ar/ 39 Ar ages on mylonitic white micas document a deformational history consisting of several episodes. A late Carboniferous age of 312 ± 4 Ma point to initiation of top-to-the-south and dextral transpressional deformation during a metamorphic overprint in Precambrian and Palaeozoic rocks along the northern compartment of the TFF. The main phase of dextral motion along the entire fault occurred in the Permian as suggested by minimum ages of 260-290 Ma obtained at two different locations in the NW and central parts of the TFF. Partial isotopic resetting occurred between 240 and 210 Ma and younger ages of <200-210 Ma are ascribed to late brittle reactivation and hydrothermal fluid flow in the Late Triassic to Early Jurassic times. The Jurassic trans-tensional phase is featured by emplacement of 195 ± 3 Ma pegmatitic dykes.

Fig. 1 .

 1 Fig. 1. Sketch map of Central Eurasia: Principal fault systems and location of study area. Abbreviated names of dextral strike-slip faults, discussed in text: NK -North Kopet Dagh, NN -North Nuratau, TF -Talas-Ferghana, DN -Djalair-Naiman, CK -Central Kazakhstan, JG -Junggar (Chingiz, Main Tianshan Shear zone), IR -Irtysh (Erqishi, Irqiz), HN -Hars-Usnuur.

  Fig.3a

Fig. 2 .

 2 Fig.3b

Fig. 3 .

 3 Fig. 3. Location maps of the Talas-Ferghana Fault zone and sampling sites: (a) Talas Ridge, Karabura area, and (b) Ferghana Ridge, road Bishkek-Osh, compiled from Osmonbetov (1980), Tursungaziev and Petrov (2008), Geological Maps, scale 1:200,000, and unpublished data of A. Yu. Bekke for the Karabura Pass area. Abbreviations: TFF -Talas Ferghana Fault, NL -Nikolaev Line. A, Location of cross-section of Fig. 4.

Fig. 4 .

 4 Fig. 4. Geological cross-section along the Talas-Ferghana Fault zone, modified after Abad et al. (2003).

Fig. 5 .

 5 Fig. 5. Field photographs of deformed lithologies within the Talas-Ferghana Fault zone on the Ferghana Ridge. (A and B) Views of fault zone mylonites on Ferghana Ridge showing steeply dipping schistosity towards the NE. The shear zone comprises stretched dykes in response to vertical compression (in black) within sheared metapelites. (C) View of the fault zone looking SE in the Karasu Valley, with relationships between units. (D and E) Relationships of dated mylonitized micaschist and cross-cutting pegmatite. Note that pegmatites were injected along strike of the main foliation and were subsequently deformed along later brittle dextral faults.

Fig. 6 .

 6 Fig. 6. Field photographs of deformed lithologies within the Talas-Ferghana Fault zone in Talas (Karabura Pass) area. (A and B) Vertical walls in strained granite exhibiting shear zone structures with reverse and dextral sense of motion (plunge of lineation is 20°towards the west). (C) Dextral brittle kinematics exhibited by striated fault surface in a limestone. Vertical steps and horizontal striae are imprinted in calcite and signify pure strike-slip motion during brittle deformation related to the TFF. (D and E) Upright folds in early Palaeozoic sediments indicating a strong N-S shortening component. (F) View of the fault zone to the east from Karabura Pass. The yellow colour corresponds to marble stretched into the fault zone (i.e., Fig. 4) with dark pelites in the background. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7 .Fig. 8 .

 78 Fig. 7. Photomicrographs of shear zone samples within the Talas-Ferghana Fault zone. (A-C) Metagranite mylonite sample K10-17A at the Karabura Pass location, showing a consistent dextral sense of shear. Phengitic white mica (phe) growing at the expense of K-feldspar (Kfs) and plagioclase (Pl) in the presence of quartz (Qtz). Dextral shear sense is shown by S-C and S-C 0 fabrics. (D) Strongly sheared metapelite sample K10-18. Note orientation of phengite in the direction of the schistosity (S). (E and F) Calcic metapelite (sample K10-22) sampled 5 km north of the TFF and showing evidence of dextral deformation. (G-H) Garnet-staurolite (St) micaschist sampled on the Ferghana Ridge (sample K10-5A) and showing strongly recrystallized white mica with dextral and top-to-the-south shearing. Deformation is shown by feldspar and biotite (Bt) internal ductile deformation, development of C 0 microsurfaces, and assymmetrical pressure-shadow crystallization. The thin sections are cut parallel to lineation and perpendicular to schistosity. All photos were taken in polarized light with crossed nicols.

Fig. 9 .

 9 Fig. 9. Stereographic projections of foliation and lineation patterns in the Talas-Ferghana Fault zone across the Ferghana Ridge area. (A) Orientations of foliation and veins;note that the E-W foliation is related to the main top-to-the-south motion whereas the NW striking foliation is related to the main right-lateral motion. (B) Pattern of lineations with a spread from W-plunging related to dextral sense of motion and subvertical plunging, in agreement with top-to-the-south motion. Wulff nets in lower hemisphere.

Fig

  Fig. 10. 40 Ar/ 39 Ar stepwise heating spectra of phengite and muscovite from Talas-Ferghana Fault mylonites.

( 1 )

 1 One age of 312 ± 4 Ma reflect initiation of top-to-the-south and dextral transpressional deformation during a Pennsylvainan metamorphic event recorded in Precambrian and Palaeozoic rocks of the North and Middle Tianshan. This event closely followed initiation of subduction in the South Tianshan at 320-315 Ma. (2) The main activity and dextral motion along the entire TFF occurred in the Permian as suggested by minimum ages of 260-290 Ma obtained on micas from two different localities in the NW and central parts of the TFF at the Talas and Ferghana Ridges. (3) Partial resetting of the Ar isotopic system occurred between 240 and 210 Ma, and younger ages <200-210 Ma are ascribed to late brittle reactivation and pegmatite dyke emplacement in in a trans-tensional regime in the Late Triassic to Early Jurassic.

  composition (in oxide weight percent) of the garnet growth zone i; 𝜌 𝑔𝑟𝑡 𝑖 is its model density, and 𝜌 𝑟𝑜𝑐𝑘 𝑖-1 and 𝜌 𝑚𝑡𝑥 𝑖-1 are the average rock density and matrix density (i.e. all phases except garnet) from the previous stage; 𝑣 𝑖,𝑗 is the volume fraction of garnet crystallized during stage j that is fractionated from the bulk rock composition at stage i.

  compute the local effective bulk composition from garnet volume fractionsto fractionate the previous garnet from the bulk rock compositionthe rock density of the previous stage is required(Eq. 2). The density of the rock at stage i-1 (𝜌 𝑟𝑜𝑐𝑘 𝑖-1 ) is calculated assuming zero porosity:

2. 2 )

 2 Objective functionThe objective function is composed of a loss function generating the number Lo and a cost function generating the number Co. Both parameters are used to quantify the amount by which the predicted garnet composition deviates from the measured values. The loss function is defined as:

  [START_REF] Nelder | A simplex method for function minimization[END_REF] or using the help function in MATLAB © . This method uses the concept of simplex, a polytope of n+1 vertices in n dimensions. The n+1 values of the objective function (Lo) at the vertices are ordered and the position of the centroid is calculated of all n points except the worst point n+1. Then the algorithm computes the values of the objective function at the reflected point, the expanded point and the contracted point of the worst point.If one of the previous values is smaller, the corresponding point replaces the worst point and the optimization continues, else a reduction step of the simplex is done. This procedure is repeated until convergence to a local minimum. The best solution found is a local minimum and may differ significantly from the global minimum of the objective function, which represents the maximum likelihood solution. Consequently the optimization must be done using different initial guesses. An attempt to provide an automated procedure is proposed in the next section. Advantages and disadvantages of this automated procedure are pointed out in the discussion.

Figure 1 :

 1 Figure 1: Compositional maps of garnet in a polymetamorphic eclogitic micaschist from the

Figure 2 :

 2 Figure 2: Zoning profile of garnet end-member proportions along AB transect (see Fig 1): (a) grossular; (b) almandine; (c) pyrope; note different scales. Fractures in garnet core (Grt1) are indicated by white arrows in (a); the corresponding compositions are neglected in further calculations (black circles). Mean compositions of each garnet group are reported (solid black lines) together with standard deviation (1σ, dashed black line). Black bands show mineral inclusions in garnet.

Figure 3 :

 3 Figure 3: Sketches illustrating garnet growth during three hypothetical stages that include resorption prior to growth stages 2 and 3. The colored domains are the subsystems being considered at each stage by the model. For stages 2 and 3, two sketches are displayed; the first one (left) shows the amount of resorption of previously formed garnet that is used to estimate the local effective bulk of that specific stage. The second sketch (right) shows the growth of a new garnet rim modeled using Gibbs free energy minimization.

Figure 4 :

 4 Figure 4: Sketches illustrating the automated procedure. (a) Pressure-Temperature diagram within Tmin-Tmax, Pmin-Pmax. 𝐺 1,𝑟 𝑖 are the four initial guesses (r=1:4). (b) Pressure(P)-Temperature(T)-Composition(X) diagram describing the two-stage optimization.

Figure 5 :

 5 Figure 5: Sketch illustrating the refinement procedure, which checks the local variability of the cost function. Two hypothetic solutions 1 and 2 are found for stage i. D1(n1), D2(n2)… D8(n8) gives the directions (D) and the number of steps calculated along them (n). dP and dT are the P and T increments. The gray areas correspond to domains with Co<TCo. For a given direction D, the refinement stops if Co>TCo.

Figure 6 :

 6 Figure 6: Results of the benchmark test (see text for details). (a) P-T diagram with the solutions obtained for the four stages; best solutions are highlighted. Reported in gray is the P-T path obtained by Chapman et al. (2011). (b) Volume fraction of garnet predicted by the best model for stages 1, 2, 3, and 4. (c) Zoning profiles (thick lines) and predictions from this study (thin) for almandine and pyrope (left); grossular and spessartine (right).

Figure 7 :

 7 Figure 7: Results for the application example (eclogitic micaschist from the Sesia Zone). (a) P-T diagram where all the solutions for the three stages are reported. The best solutions (see text) are highlighted. Note that the alternative solutions for the stages 1 and 3 (not used in this model) are reported in gray. (b) Volume fraction of garnet predicted by the best model during stages 1, 2 and 3.

Figure 8 :

 8 Figure 8: 2D and 3D P-T maps of the objective function C for stage 1 (a,b) and stage 2 without any resorption (c,d). The four starting guesses are reported in the 2D diagrams only. The dashed line outlines the ridge between the two low regions that show local minima (see text).

Figure 9 :

 9 Figure 9: 3D P-T diagrams of the objective function C for stage 2 with variable resorption (a-0%, b-42%, c-84% of garnet core). The black line marks the P-T position of the best solution

Figure 10 :

 10 Figure 10: Zoning profiles (thick lines) and model compositions (thin) for almandine pyrope and grossular of the Alpine rims. The models were generated using (a) GrtMod and the strategy described in this study, (b) Theriak along a fixed P-T loop from 15.95 kbar (647 °C) and 11.01 kbar (632°C), and (c,d) GrtMod with a strategy similar to that of Moynihan & Pattison, (2011) (MP).In MP-1, successive P-T optimization is done using the garnet composition of the next point on the zoning profile (black squares in Fig.10c) without any consideration of the garnet volume produced. In MP-2, the successive P-T optimizations are done using the garnet composition of the point on the zoning profile that corresponds to the volume of garnet previously produced. For both cases ~11 vol-% of garnet is produced in three stages (labeled Grt2, Grt3 and Grt4). For each model, the P-T conditions are summarized in a small box. Zoning profiles of the Alpine rims in figure2are scaled and translated into fractional volume in order to represent the minimum volume fraction of Grt2 and Grt3

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 .

 2 

		Calculated from map		Compositions	
		Whole grt	Matrix	LEB1	LEB2	LEB3
	SiO2	41.59	49.96	41.59	41.54	39.61
	TiO2	1.63	8.52	1.63	1.62	1.08
	Al2O3	18.81	5.85	18.81	18.86	20.26
	FeO	24.39	8.02	24.39	24.44	23.91
	MnO	0.28	0.03	0.28	0.28	0.19
	MgO	4.30	8.00	4.30	4.31	5.76
	CaO	7.29	12.22	7.29	7.28	7.77
	Na2O	1.25	6.21	1.25	1.21	0.95
	H20	-	-	0.30	0.30 -> 0.0	0.00

1.1 -Chemical compositions (in oxides wt.%) of the present garnet and matrix calculated from the small map and calculated local effective bulk composition used as input in forward modeling. LEB1, LEB2 and LEB3 corresponds to the local effective bulk compositions used to model Grt1,2 and 3 respectively.

  • C et 17±2 kbar avec une teneur en H 2 O de 0.3 wt.% dans la composition chimique effective. Un deuxième stade de croissance du grenat s'initie au pic métamorphique à 500-520

• C et 26-27kbar. Cette étape conduit progressivement à la déshydratation totale de la composition chimique effective. Cela montre donc que 0.3 wt.% d'H 2 O ont été relâchés pendant la croissance du grenat à 80-90 km de profondeur.

Article 2 -Crustal-scale structure of South Tien Shan : implications for subduction polarity and Cenozoic reac- tivation

  LE SUD TIEN-SHAN À L'EST DE LA FAILLE DE TALAS-FERGANA 3.2.2 Geological setting . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.3 Petrography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.4 Geochemical analyses . . . . . . . . . . . . . . . . . . . . . . . 3.2.5 Thermobarometry . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.6 40 Ar/ 39 Ar dating . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ce premier article à fait l'objet d'une publication dans un volume spécial de la Geological Society of London sur l'évolution des bassins d'Asie Centrale et de la chaîne du Tien-Shan.

	3.1 Article 2 -Crustal-scale structure of South Tien Shan : implications for subduction
	polarity and Cenozoic reactivation
	3.1

ª Les principales problématiques du Sud Tien-Shan sont abordées : 1. La vergence de la subduction ayant conduit à l'accrétion du MTS et du Tarim qui peut être à vergence nord ou sud. 2. L'existence ou non d'un bloc distinct pour le STS (le STS est-il un bloc distinct ou la marge déformée du Tarim ?). Dans le Tien-Shan chinois, la présence d'ophiolites au sud de la suture du STS suggère l'existence d'un bassin d'arrière-arc entre le STS et le Tarim

Table 3 .1.1 -Chemical composition

 3 

	of mafic eclogites from a boudin in the sedimentary

Mafic eclogite Basalt Sample name KG-12-41 KG-12-43a KG-12-57 Sample coordinates

  

			3.1 Crustal-scale structure of South Tien Shan
		N41 • 02'28.8" E75 • 43'15.1"	N41 • 02'28.8" E75 • 43'15.1"	N41 • 01'58.3" E75 • 40'13.3"
	Major elements			
	SiO 2	45.79	48.60	46.01
	Al 2 O 3	16.85	13.00	15.50
	Fe 2 O 3	10.66	10.82	9.49
	MnO 0.20	0.16	0.14
	MgO	4.67	8.85	5.51
	CaO	14.06	8.44	7.27
	Na 2 O	2.04	4.30	5.94
	K 2 O	0.70	0.53	0.11
	TiO 2	0.83	0.75	0.93
	P 2 O 5	0.07	b.d.	0.10
	LOI 3.37	3.56	8.61
	Total 99.23	99.03	99.61
	Trace elements			
	As b.d.	3.60	3.84
	Ba	36.52	156.00	17.55
	Be	b.d.	0.71	b.d.
	Bi	b.d.	b.d.	b.d.
	Cd b.d.	b.d.	b.d.
	Ce 3.72	3.73	4.12
	Co	38.85	43.14	45.36
	Cr 447.50	206.00	447.30
	Cs 1.14	1.21	0.27
	Cu 83.93	65.34	174.80
	Dy	3.34	2.59	3.97
	Er 2.12	1.69	2.56
	Eu 0.69	0.45	0.78
	Ga	15.90	12.53	15.72
	Gd	2.63	1.82	3.13
	72			

Table 3 .1.1 -(continued) Mafic eclogite Basalt Sample name KG-12-41 KG-12-43a KG-12-57 Sample coordinates

 3 

		N41 • 02'28.8" E75 • 43'15.1"	N41 • 02'28.8" E75 • 43'15.1"	N41 • 01'58.3" E75 • 40'13.3"
	Ge	1.75	1.64	1.16
	Hf	1.14	1.03	1.27
	Ho	0.71	0.57	0.87
	In	0.08	b.d.	0.07
	La	1.00	1.34	1.29
	Lu 0.35	0.28	0.41
	Mo 3.50	3.09	2.56
	Nb 0.73	1.69	0.56
	Nd 3.85	3.51	5.04
	Ni 94.51	92.61	145.20
	Pb	1.20	2.74	4.15
	Pr	0.59	0.61	0.77
	Rb 14.90	15.86	1.79
	Sc	49.54	51.03	39.52
	Sb 0.67	b.d.	0.39
	Sm 1.68	1.22	2.03
	Sn 0.55	0.60	0.59
	Sr 134.70	43.18	77.03
	Ta	0.06	0.09	0.05
	Tb	0.48	0.36	0.58
	Th	0.09	0.11	0.07
	Tm 0.32	0.26	0.39
	U	0.09	0.06	0.09
	V	221.80	241.10	227.60
	W	3.37	3.06	2.59
	Y	19.56	15.83	24.85
	Yb 2.23	1.79	2.60
	Zn 65.67	101.40	83.09
	Zr	36.65	33.46	40.38
		Major elements in wt% -Trace elements in ppm	
		Samples are located on Fig. 3a	

3.1.4.2 Pressure-Temperature conditions of mafic eclogites Mineralogy

  Jd 31-35 ). The jadeite content decreases toward the rim (Jd 35-25 ) and is the same as the outer rim in the matrix (Jd 25 ). The few glaucophane occurrences are in the matrix

	A mafic eclogite sampled in a boudin within the HP sedimentary mé-
	lange has been studied to unravel the P-T path of the HP mélange unit (Fig. 3.1.10a).
	This eclogite is made of garnet porphyroblasts (∼50% mode) surrounded by a matrix
	containing omphacite (∼45%) and rutile (∼3%) with glaucophane and zoisite in minor
	proportion. Millimetre-size garnet porphyroblasts contain a high proportion of inclusions
	(up to 40%) of omphacite, quartz, rutile, glaucophane and in some occurrences phen-
	gite (Fig. 3.1.10b). Quartz inclusions form a corona in the garnet mantle. The garnet
	end-member proportions vary from core to rim, indicating a growth-related chemical zo-
	ning (Fig. 3.1.10c). From the core to the rim, almandine content decreases (Alm 70-50 ),
	pyrope content increases (Pyr 10-27 ) and grossular content slightly decreases from core
	to mantle (Grs 21-18 ) and then increases (Grs 18-27 ). The jadeite content in omphacite
	inclusions increases from the garnet core to the quartz rich corona in the garnet mantle
	(

.4.3 Pressure-Temperature conditions of sediments hosting mafic eclogites

  

	Figure 3.1.10 -Mineralogy and metamorphic conditions of Atbashi eclogites. Samples are
	located on Fig. 3.1.3a. (a) Microphotograph in plane polarized light of mafic eclogite from the
	metasedimentary mélange of HP unit (sample KG-11-36) with garnet (Grt), omphacite (Omp)
	and rutile (Rt). (b) Back-scattered electron image of a garnet (sample KG-11-36) showing
	minerals that were included during garnet growth. Note that the garnet core bears phengite
	(Phg) + glaucophane (Gln, blueschist facies), while the garnet mantle bears omphacite and
	quartz (Qtz), and the external garnet (rim) has only omphacite inclusions. Rutile occurs in
	the mantle and rim of garnet. (c) Garnet compositional profile (sample KG-11-36) showing
	the three zones defined above on the basis of almandine (Alm), grossular (Grs) and pyrope
	(Py) content. (d) Microphotograph of metasedimentary eclogite (sample KG-12-58A) from the
	metasedimentary mélange of HP unit showing in the upper part a nodule of omphacite + garnet,
	and in the lower part a matrix of phengite + calcite (Cal) + quartz (crossed polars). (e)
	Photograph of a gneiss from the continental HP unit, showing secondary albite pseudomorphs
	(possibly after jadeite). (f) Microphotograph of gneiss from the HP continental unit (plane
	polarized light), showing a garnet included in a secondary albite. The garnet is partly replaced
	by chlorite. (g) Microphotograph of a strongly deformed serpentinite in the shear zone between
	the HP continental unit and the greenschist facies upper unit showing sheared clinopyroxene
	(plane polarized light).
	3.1Mineralogy Metasediments hosting mafic eclogite lenses contain HP mineral relics
	such as garnet and clinopyroxene (Fig. 3.1.10d). The fine-grained foliated matrix is
	made of calcite + phengite + quartz + chlorite. This matrix contains centimeter-scale
	nodules of clinopyroxene with some occurrences of garnet and phengite. Garnet has cal-
	cite and quartz inclusions. The composition of garnet is homogeneous (Grs 35-40 Alm 55-60
	Pyr 5-10 ). Clinopyroxene in the nodules (Fig. 3.1.5e) has omphacitic composition (Jd 45
	to Jd 55 ). The individual grains do not show any chemical zoning but the jadeite content
	varies from Jd 45 to Jd 55 from grain to grain. Phengite has high Si-content ranging from
	3.36 to 3.42 p.f.u..

Table 3 .1.2 -Representative electron
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	microprobe chemical analyses (in oxide wt %) and

3.1.4.4 Pressure-Temperature conditions of continental gneisses

  

										. Abbreviations used :
	X pyr,alm,sps,grs , proportions of pyrope, almandine, spessartine and grossular (end-members) in
	garnet ;X hd,acm,jd,di proportions of hedenbergite, acmite, jadeite and diopside (end-members) in
	clinopyroxene ; inc. in grt, inclusions in garnet ; b.d., below detection. (N a + K) A , Na + K on
	crystalline site "A" in amphibole ;N a B , Na on crystalline site "B" in amphibole.
		Garnet				Omphacite	Phengite	Glaucophane
		core	mantle rim		Inc.	Inc.	Matrix	Inc.		Inc.
						in	in		in		in
						grt	grt		grt		grt
						core	mantle		core		core
	SiO 2	37.91	38.11	38.77		53.57	54.33	54.68	49.19		49.19
	TiO 2	0.08	0.08	0.06		0.11	0.05	0.05	0.34	
	Al 2 O 3	21.96	22.16	23.21		7.07	7.87	6.26	28.21	
	FeO	28.87	29.23	23.28		13.50	14.45	7.49	4.72	
	MnO	0.78	0.60	0.23		0.03	0.05	0.04	0.01	
	MgO	2.58	2.83	7.28		5.28	4.22	10.75	2.48	
	CaO	8.30	8.35	7.99		9.37	8.02	15.20	0.07	
	Na 2 O	b.d.	b.d.	b.d.		8.84	9.78	5.93	0.66	
	K 2 O	b.d.	b.d.	b.d.		b.d.	b.d.	b.d.	10.82	
	Total	100.48 101.36 100.82		97.77	98.77	100.40	96.47	
	O=12				O = 6			O=11		O=23
	Si	2.98	2.97	2.95		2.00	2.00	1.99	3.31		7.90
	Ti	0.00	0.01	0.00		0.00	0.00	0.00	0.00		0.01
	Al	2.04	2.01	2.08		0.32	0.35	0.27	2.24		1.43
	Mn	0.05	0.04	0.02		0.00	0.00	0.00	0.00		0.02
	Mg	0.30	0.33	0.83		0.30	0.24	0.58	0.25		2.00
	Ca	0.70	0.69	0.65		0.38	0.32	0.59	0.00		0.18
	Na	-	-	-		0.65	0.71	0.42	0.09		1.87
	K	-	-	-		-	-	-	0.93		0.01
	Fe 3+	1.90	1.88	1.48		0.09	0.09	0.06	0.27		1.12
	Fe 3+					0.34	0.37	0.16			0.52
	Xpyr	0.10	0.12	0.27	Xhed	0.09	0.09	0.06		(Na+K) A	0.05
	Xalm	0.64	0.64	0.50	Xacm	0.34	0.36	0.17		Na B	1.82
	Xsps	0.02	0.01	0.01	Xjd	0.32	0.35	0.25		
	Xgrs	0.24	0.23	0.22	Xdi	0.3	0.24	0.58		
	Mineralogy As described above, the continental unit is made of paragneisses with a
	paragenesis of albite + quartz + phengite + zoisite ± garnet ± chlorite. Quartz veins
	are often folded. Albite grains are millimetric to centimetric porphyroblasts with inclu-
	sions of phengite, garnet and zoisite (				

Table 3 .1.3 -Representative electron

 3 

	microprobe chemical analyses (in oxide wt %) and struc-

Table 3 .1.4 -Representative electron

 3 

	microprobe chemical analyses (in oxide wt %) and

Table 3 .1.5 -Trace

 3 

	element concentration (in ppm) measured in rutiles by LA-ICPMS (sample
	KG-11-36, N41 • 02'0,43" E75 • 42

  . Abbreviation used : inc. grt, inclusions in garnet.

				Rutile			
		inc. Grt	matrix	matrix	matrix	matrix	matrix
	Li	6.11	0.04	-	0.14	0.20	0.09
	Mg	5145	420	434	603	706	467
	Al	6902	10	12	229	157	175
	Si	8109	359	-	1165	540	-
	Ca	1395.5	2.9	77.3	231.0	340.6	87.8
	Sc	3.7	0.74	0.62	0.69	0.56	0.87
	Ti	593513	593513	593513	593513	593513	593513
	V	2087.2	1985.3	1984.5	1738.5	1778.8	1905.5
	Cr	11.3	13.99	12.16	8.9	10.59	5.4
	Mn	96.9	0.0	0.4	21.5	1.0	67.8
	Fe	38758	7410	6728	4914	5610	12229
	Rb	0.663	0.014	0.009	-	0.011	0.105
	Sr	4.74	1.51	1.45	1.56	1.70	2.59
	Yb	1.99	0.15	0.13	0.17	0.29	0.76
	Zr	45.0	46.6	41.2	41.8	40.4	43.6
	Nb	281	202	216	270	244	195
	Mo	3.1	2.1	2.2	2.5	3.6	2.3
	Ba	3.480	0.002	0.066	0.097	0.060	1.960
	La	0.910	-	0.001	0.008	0.042	0.500
	Ce	2.090	-	-	0.039	0.093	1.000
	Pr	0.320	-	-	0.005	0.007	0.127
	Nd	1.530	-	-	0.006	0.046	0.770
	Sm	0.502	-	-	-	-	0.128
	Eu	0.241	-	0.002	0.003	0.007	0.067
	Gd	0.478	-	-	0.013	0.036	0.203
	Tb	0.109	-	-			0.038
	Dy	0.559	-	-	0.011	0.043	0.218
	Ho	0.104	-	-	0.002	0.004	0.052
	Er	0.316	-	-	0.004	-	0.175
	Tm	0.028	-	-	-	-	0.024
	Yb	0.209	-	-	0.015	-	0.202
	Lu	0.035	-	-	-	-	0.016
	Hf	3.4	3.1	2.8	3.0	3.2	3.2
	Ta	24.2	13.7	15.0	21.1	14.6	10.1
	Pb206	8.900	0.012	0.021	0.200	0.195	1.660
	Pb208	8.260	0.005	0.003	0.193	0.208	1.660
	Th	0.005	-	-	-	0.003	0.001
	U	0.236	0.086	0.073	0.086	0.078	0.157
	T( • C)	512.5	514.6	507.3	508.1	506.2	510.6

and shown in green. The black dashed box represents the range of pressure- temperature conditions obtained for the metamorphic peak of the gneisses from the continental HP unit. Abbreviations used : Grt, Garnet ; Omp, Omphacite ; Qtz, Quartz ; Coe, Coesite ; Pl, Plagioclase ; Gln, Glaucophane ; Amp, Amphibole ; Chl, Chlorite ; Lws, Lawsonite ; Rt, Rutile ; Sph, Titanite. 1 : White mica Lws Rt Coe Gln H2O -2 : White mica Omp Chl Lws Rt Coe H2O -3 : Grt White mica Omp Chl Lws Rt Qtz Gln H2O -4 : Grt White mica(2) Omp Lws Rt

  

Qtz Gln H2O -5 : Grt White mica Omp Sph Qtz H2O -6 : White mica(2) Omp Czo Sph Qtz H20 -7 : White mica(2) Omp Sph Qtz H20 -8 : Fd White mica(2) Omp Czo Sph Qtz H2O -9 : Fd White mica(2) Omp Chl Lws Sph -10 : Fd White mica(2) Omp Chl Sph Qtz H20 -11 : Grt Fd Bt White mica Omp AmpSph Qtz H20 -12 : Fd Bt White mica Omp Sph Qtz H20 -13 : Grt White mica(2) Omp Lws Sph Qtz H20 -14 : Grt White mica Omp Lws Rt Sph Qtz H20.

Table 3 .2.1 -

 3 List of names, locations, types and units of samples analyzed in this study.

	Unit	Continental HP unit	Continental HP unit	Continental HP unit	Continental HP unit	STS sedimentary series	Accretionnary prism (BS)	Accretionnary prism (BS)	Accretionnary prism (BS)	Accretionnary prism (GS)	Accretionnary prism (GS)	Accretionnary prism (GS)	
	Type	Micaschist	Quartzite	Micaschist	Micaschist	Calcschiste	Metabasalt	Metabasalt	Metabasalt	Micaschist	Calcschiste	Calcschiste	
	Elevation	3099	2900	2986	2933	2976	2993	2993	2993	3032	3300	3339	
		E75 • 08'48.1"	E75 • 15.984 '	E75 • 15 '45.4"	E75 • 16 '22.2"	E75 • 16 '44.9"	E75 • 16 '47.5"	E75 • 16 '47.5"	E75 • 16 '47.5"	E75 • 17 '17.8"	E75 • 17 '57.7"	E75 • 18 '20.7"	E75 •
	Coordinates	N40 • 50'44.8"	N40 • 52.748 '	N40 • 53 '17"	N40 • 52 '15.8"	N40 • 51 '28.1"	N40 • 51 '10.7"	N40 • 51 '10.7"	N40 • 51 '10.7"	N40 • 50 '34.7"	N40 • 47 '20.8"	N40 • 46 '34.2"	N40 • 56'20.6"
	Valley	West Tash-Rabat	Tash-Rabat	Tash-Rabat	Tash-Rabat	Tash-Rabat	Tash-Rabat	Tash-Rabat	Tash-Rabat	Tash-Rabat	Tash-Rabat	Tash-Rabat	Orto-Keltebeck
	Sample	KG-14-46	KG-11-43	KG-14-52	KG-14-55	KG-14-58	KG-14-59	KG-14-61	KG-14-62	KG-14-64	KG-14-67	KG-14-66	KG-12-64

Table 3 .2.2 -

 3 Representative chemical compositions (in oxide wt.%) of garnet and corresponding structural formulae calculated on a 12 anhydrous oxygen basis.

		HP continental unit
			KG-12-50	
	Composition (ox.wt%)			
	SiO 2	37.78 37.98	37.74
	TiO 2	0.08	0.07	0.11
	Al 2 O 3	21.19 21.59	21.24
	FeO 28.54 28.75	26.91
	MnO	4.77	2.07	6.63
	MgO	0.90	1.08	0.62
	CaO	7.92	9.74	7.69
	Na 2 O	0.00	0.01	0.06
	K 2 O	0.00	0.01	0.00
	Structural formulae (pfu)			
	Si	3.01	3.00	3.01
	Al	1.99	2.01	2.00
	Fe	1.90	1.90	1.80
	Mn	0.32	0.14	0.45
	Mg	0.11	0.13	0.07
	Ca	0.68	0.82	0.66
	Na	0.00	0.00	0.01
	K	0.00	0.00	0.00
	End member proportion			
	XGrs	0.22	0.28	0.22
	XAlm	0.63	0.64	0.60
	XPrp	0.04	0.04	0.02
	XSps	0.11	0.05	0.15

between 0.29 and 0.46 (Fig.

3

.2.4,Table

3

.2.3). Chlorite has an intermediate composition between amesite, clinochlore, daphnite and sudoite (Ames 15-32 -Clin 28-41 -Daph 33-42 -Sud 1-12 ) (Table

Table 3 .

 3 

			HP continental unit		Accretionary prism
		KG-11-	KG-14-	KG-12-	KG-12-	KG-12-	KG-14-	KG-14-	KG-14-
		43	55	64	50	74	58	64	66
	Composition (ox.wt%)							
	SiO 2	51.14	51.51	50.30	49.98	50.41	51.52	51.32	50.40
	TiO 2	0.19	0.18	0.09	0.18	0.19	0.22	0.12	0.05
	Al 2 O 3	26.16	26.99	27.03	29.15	26.97	26.33	31.56	31.15
	FeO	2.57	2.95	2.86	2.99	3.05	4.75	2.84	3.35
	MnO	0.02	0.04	0.02	0.01	0.02	0.06	0.02	0.00
	MgO	3.48	3.17	3.32	2.67	2.73	4.30	2.83	2.57
	CaO	0.00	0.00	0.01	0.01	0.01	0.02	0.02	0.00
	Na 2 O	0.24	0.28	0.27	0.43	0.39	0.05	0.51	0.10
	K 2 O	10.26	10.54	10.33	10.17	10.24	7.82	6.73	7.50
	Structural formulae (pfu)						
	Si	3.46	3.43	3.40	3.33	3.42	3.43	3.32	3.31
	Al	2.09	2.12	2.16	2.29	2.16	2.07	2.41	2.41
	Fe	0.15	0.16	0.16	0.17	0.17	0.26	0.15	0.18
	Mn	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00
	Mg	0.35	0.32	0.33	0.27	0.28	0.43	0.27	0.25
	Ca	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00
	Na	0.03	0.04	0.04	0.06	0.05	0.01	0.06	0.01
	K	0.89	0.90	0.89	0.87	0.89	0.66	0.56	0.63
	End member proportion						
	XPg	0.03	0.03	0.03	0.05	0.05	0.00	0.05	0.01
	XMs	0.47	0.49	0.51	0.55	0.50	0.40	0.46	0.51
	XPrl	0.08	0.06	0.07	0.07	0.06	0.23	0.29	0.27
	XCel	0.42	0.41	0.40	0.33	0.40	0.36	0.20	0.21

2.3 -Representative chemical compositions (in oxide wt.%) of white mica and corresponding structural formulae calculated on a 11 anhydrous oxygen basis.

Table 3 .2.4 -

 3 Representative chemical compositions (in oxide wt.%) of chlorite and corresponding structural formulae calculated on a 14 anhydrous oxygen basis. The blueschists of the Tash-Rabat Valley have low SiO 2 content (46-49 wt.%) and are alkaline, with Na 2 O + K 2 O between 4.2 and 5.7 wt.%. Their Fe T /(Fe T +Mg) ratio is comprised between 0.64 and 0.70. The blueschists are enriched LREEs compared to HREEs, with a (La/Lu) N ratio between 45 and 52 (Fig.3.2.8b). They have an intermediate composition between enriched-MORB (E-MORB) and oceanic island basalt (OIB).

		HP	continental			Accretionary prism	
		unit							
		KG-11-	KG-12-	KG-14-	KG-14-	KG-14-	KG-14-	KG-14-	KG-14-
		43		64	64	66	58	59	61	62
	Composition (ox.wt%)					
	SiO 2	26.18		25.79	26.38	27.05	27.50	29.93	28.21	28.29
	TiO 2	0.05		0.04	0.03	0.03	0.04	0.00	0.02	0.07
	Al 2 O 3	21.08		20.51	22.09	22.26	19.14	17.74	17.98	18.70
	FeO 25.44		26.04	26.78	29.15	27.81	20.46	24.58	23.49
	MnO 0.28		0.28	0.44	0.13	0.45	0.50	0.44	0.43
	MgO 14.53		14.47	15.46	12.18	15.03	21.48	18.55	19.34
	CaO 0.02		0.03	0.03	0.11	0.05	0.27	0.21	0.07
	Na 2 O 0.03		0.01	0.01	0.02	0.01	0.00	0.00	0.00
	K 2 O 0.04		0.02	0.00	0.16	0.06	0.01	0.01	0.01
	Structural formulae (pfu)					
	Si 2.76		2.75	2.68	2.78	2.85	2.97	2.88	2.86
	Al 2.62		2.57	2.65	2.69	2.34	2.07	2.17	2.23
	Fe 2.24		2.32	2.28	2.50	2.41	1.70	2.10	1.98
	Mn 0.03		0.03	0.04	0.01	0.04	0.04	0.04	0.04
	Mg	2.28		2.30	2.34	1.87	2.32	3.18	2.83	2.91
	Ca	0.00		0.00	0.00	0.01	0.01	0.03	0.02	0.01
	Na	0.01		0.00	0.00	0.00	0.00	0.00	0.00	0.00
	K 0.01		0.00	0.00	0.02	0.01	0.00	0.00	0.00
	End member proportion					
	XAmes 0.24		0.25	0.32	0.22	0.15	0.03	0.12	0.14
	XClin 0.35		0.35	0.34	0.28	0.41	0.63	0.53	0.53
	XDaph 0.34		0.36	0.33	0.37	0.42	0.34	0.39	0.36
	XSud 0.07		0.03	0.01	0.12	0.02	0.01	0.00	0.00

aluminous in agreement with a pelitic protolith. Spider diagrams (Fig.

3

.2.8b) show Large Ion Lithophile Elements (LILEs) and Light Rare Earth Elements (LREEs) enrichments with respect to Heavy Rare Earth Elements (HREEs) with (La/Yb) N ratios between 8.6 and 11.1. They also show a strong negative Nb-Ta anomaly, with (Nb/La) N ratios between 0.26 and 0.29 and a strong Pb anomaly with (Pb/Ce) N ratios between 2.6 and 7. These features are representative of the Upper Continental Crust average composition

[START_REF] Rudnick | Composition of the continental crust[END_REF] 

and confirm that the HP continental unit metasediments were derived from the upper continental crust as already suggested by

Hegner et al. (2010)

.

Table 3 .2.5 -

 3 Representative chemical compositions (in oxide wt.%) of amphiboles and corresponding structural formulae calculated on a 23 anhydrous oxygen basis. Fe 3+ content was estimated using the method of

Table 3 .2.6 -

 3 Representative chemical compositions (in oxide wt.%) of epidotes and pyroxenes, and corresponding structural formulae calculated on a 12.5 and 6 anhydrous oxygen basis, respectively. For epidote, all Fe was assumed to be Fe 3+ and for pyroxene Fe 3+ content was estimated using charge-balance introducing the ferric acmite end-member.

			Accretionary prism (blueschist)	
		Epidote			Pyroxene
		KG-14-59 KG-14-61 KG-14-62		KG-14-59 KG-14-61
	Composition (ox.wt%)					
	SiO 2	37.87	37.53	37.83		51.47	51.12
	TiO 2	0.04	0.29	0.09		0.52	0.71
	Al 2 O 3	21.83	21.68	21.93		4.37	3.54
	FeO	14.85	13.97	14.48		5.19	6.16
	MnO	0.24	0.45	0.30		0.10	0.16
	MgO	0.02	0.02	0.00		16.54	16.23
	CaO	22.95	22.92	22.96		21.09	21.07
	Na 2 O	0.01	0.04	0.01		0.27	0.26
	K 2 O	0.00	0.01	0.00		0.00	0.00
	Structural formulae (pfu)				
	Si	3.23	3.23	3.23		1.89	1.89
	Ti	0.00	0.03	0.01		0.01	0.02
	Al	1.86	1.86	1.87		0.19	0.15
	Fe 2+					0.16	0.17
	Fe 3+	0.83	0.79	0.81		0.00	0.02
	Mn	0.02	0.04	0.03		0.00	0.01
	Mg	0.00	0.00	0.00		0.91	0.90
	Ca	1.96	1.97	1.96		0.83	0.84
	Na	0.00	0.00	0.00		0.02	0.02
	K	0.00	0.00	0.00		0.00	0.00
	End member proportion				
	XEp	0.83	0.79	0.81	Xen	0.48	0.47
	XCzo	0.17	0.21	0.19	Xwo	0.44	0.44
					XFs	0.08	0.09

Table 3 .2.7 -

 3 Chemical compositions of HP continental unit metasediments and of blueschists of the accretionary prism.

		HP continental unit			Blueschist (accretionary prism)	
		KG-12-	KG-12-	KG-12-	KG-12-	KG-14-	KG-14-	KG-14-	KG-14-
		50	51	74	64	60	61	62	63
	Major elements (wt. %)						
	SiO 2	63.57	61.27	67.44	58.50	48.64	46.25	47.00	46.99
	Al 2 O 3	11.60	11.29	9.38	17.26	14.06	14.36	14.17	14.65
	Fe 2 O 3	5.93	4.54	4.96	7.16	12.89	12.70	12.75	13.12
	MnO 0.14	0.14	0.16	0.11	0.19	0.18	0.17	0.18
	MgO	2.87	2.30	2.08	3.22	6.37	5.83	6.40	5.12
	CaO 4.83	7.78	6.40	2.63	5.77	10.05	7.78	8.10
	Na 2 O	2.05	1.35	1.91	2.92	5.40	3.90	4.51	5.27
	K 2 O	1.62	2.05	0.97	3.15	0.31	0.31	0.49	0.14
	TiO 2	0.52	0.55	0.47	0.91	2.49	1.78	1.97	2.04
	P 2 O 5	0.15	0.49	0.44	0.22	0.28	0.22	0.24	0.24
	PF	5.63	7.66	4.77	3.96	4.14	3.40	4.14	3.39
	Total 98.90	99.40	98.99	100.02	100.55	98.97	99.63	99.23
	Rare earth elements (ppm)						
	Cs 2.46	3.18	1.66	5.62	0.39	0.21	0.38	0.18
	Rb 54.97	73.42	35.96	120.80	5.86	5.70	9.96	2.84
	Ba	380.00	269.40	189.10	652.40	81.72	65.97	87.28	127.40
	Th	8.16	8.72	8.13	16.76	1.44	1.53	1.63	1.77
	U	1.62	1.77	1.63	2.92	0.32	0.47	0.48	0.43
	Nb 7.52	7.91	7.28	14.49	18.46	16.52	17.46	16.03
	Ta	0.60	0.61	0.59	1.28	1.41	1.24	1.31	1.21
	La	25.23	29.31	24.35	51.06	15.58	14.87	15.41	14.99
	Ce 47.59	54.55	45.44	98.90	36.05	32.40	32.87	32.53
	Pb	20.11	39.74	21.71	26.94	0.97	2.78	1.69	2.10
	Pr	5.29	6.07	4.96	10.98	4.96	4.19	4.41	4.40
	Sr 460.00	423.50	407.80	279.40	103.20	385.40	252.80	556.10
	Nd 21.86	25.39	20.13	45.55	22.61	17.78	19.35	19.37
	Zr	156.70	217.20	156.80	192.30	148.10	112.40	121.30	121.40
	Hf	4.03	5.37	4.01	5.01	3.91	3.04	3.29	3.29
	Sm 4.33	4.91	4.03	9.35	5.81	4.17	4.67	4.84
	Eu 1.22	1.22	0.90	2.29	2.00	1.60	1.54	1.62
	Gd	3.95	4.30	3.49	8.60	5.97	4.18	4.62	4.84
	Tb	0.60	0.63	0.55	1.31	0.95	0.65	0.73	0.77
	Dy	3.44	3.62	3.32	7.88	5.70	4.06	4.41	4.77
	Y	19.62	21.34	20.68	47.27	33.61	21.58	23.34	25.30
	Ho 0.66	0.70	0.68	1.53	1.18	0.83	0.93	0.99
	Er 1.85	1.94	1.98	4.34	2.82	2.06	2.29	2.48
	Tm 0.28	0.29	0.30	0.64	0.37	0.28	0.31	0.35
	Yb 1.83	1.89	2.02	4.06	2.28	1.82	2.00	2.25
	Lu 0.28	0.29	0.31	0.60	0.33	0.27	0.30	0.33

Table 3 .
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	Sample	Rock	n	R2	Std	Tmax(˚C) ±1σ
	KG-11-43	Quartzite	20 0.21 0.04	547	4
	KG-12-64	Micaschist	19 0.18 0.06	559	6
	KG-12-51 Paragneiss 19 0.17 0.06	564	6
	KG-12-74 Paragneiss 18 0.16 0.08	572	7

2.8 -Results of RSCM thermometry. T max is calculated following the method of

Beyssac et al. (2002a)

.

  3.2.14f). For the mafic eclogite from this HP sedimentary mélange,Hegner et al. (2010) obtained a Sm-Nd isochron age of 319 ± 4 Ma (whole rock, garnet core and rim, omphacite, glaucophane) and interpreted it as a metamorphic peak age. In this area, 40 Ar/ 39 Ar ages on phengite of 327 ± 4 Ma and 316 ± 3 Ma are interpreted as crystallization

  (2014) of 330-334 Ma is consistent with our Ar-Ar data and with a short time lapse between HP peak and exhumation. Considering the metamorphic peak of mafic eclogites in the HP sedimentary mélange, the Sm-Nd isochron age ofHegner et al. (2010) of 319 ± 4 Ma is 10 Ma younger than the HP peak age of the HP continental unit, and is younger than most 40 Ar/ 39 Ar ages. This could be due to (i) a distinct age for the HP peak in the mélange, (ii) a major deformation stage in the mélange during exhumation.

3.2.15)

. Some slight differences in ages might reflect a slight difference in the exhumation onset from East to West or might be due to partial and heterogeneous recrystallization of phengites during retrogression. Considering the age of the HP peak, the U-Pb age obtained by Rojas-Agramonte et al.

  .1.4a). Spider diagrams show clear negative Nb-Ta anomalies [(Nb/Ce)N = 0.28-0.36] associated with strong LILEs and LREEs enrichments [(La/Yb)N = 4.63-7.46], which is a typical signature for volcanic arc magmas (e.g.[START_REF] Pearce | Tectonic implications of the composition of volcanic arc magmas[END_REF].

Table 4 .1.1 -

 4 Chemical composition of garnet amphibolites

  .1.2 

		Garnet amphibolite	Amphibolite
		KG-12-13 KG-12-16	KG-12-04 KG-12-08
	Major elements (ox. wt%)				
	SiO 2	44.57	44.98	57.62	44.49
	Al 2 O 3	13.21	14.085	17.59	18.178
	Fe 2 O 3	17.345	9.81	6.913	12.347
	MnO	0.29	0.1721	0.1385	0.1722
	MgO	6.683	7.274	2.552	7.544
	CaO	9.654	12.838	8.416	8.527
	Na 2 O	2.969	3.531	3.38	2.814
	K 2 O	0.219	0.645	0.652	0.983
	TiO 2	3.557	1.891	0.537	1.225
	P 2 O 5	0.66	0.17	0.18	0.42
	PF	-0.03	3.44	1.11	2.02
	Total	99.13	98.83	99.08	98.72
	Trace elements (ppm)				
	Cs	0.16	0.34	0.51	0.77
	Rb	5.60	8.73	18.43	32.25
	Ba	235.70	134.10	154.10	249.00
	Th	1.99	1.53	4.75	0.33
	U	0.62	0.47	1.28	0.20
	Nb	26.21	15.17	3.37	3.60
	Ta	2.09	0.95	0.27	0.25
	La	23.99	18.32	14.85	10.60
	Ce	52.06	39.48	29.53	24.83
	Pb	3.86	3.33	13.55	1.67
	Pr	6.50	4.91	3.39	3.52
	Sr	203.40	799.80	479.80	563.40
	Nd	30.76	22.94	14.42	17.99
	Zr	198.50	143.00	93.85	42.21
	Hf	4.71	3.58	2.35	1.17
	Sm	7.34	5.44	3.06	4.50
	Eu	2.55	2.03	0.90	1.38
	Gd	7.72	5.60	2.72	4.53
	Tb	1.18	0.85	0.40	0.65
	Dy	6.77	5.07	2.38	3.74
	Y	34.86	28.47	14.07	19.55
	Ho	1.27	0.97	0.48	0.71
	Er	3.30	2.61	1.39	1.92
	Tm	0.44	0.35	0.21	0.26
	Yb	2.83	2.20	1.43	1.64
	Lu	0.42	0.31	0.23	0.25
	La/Yb	6.09	5.97	7.46	4.63
	Nb/Ce	1.25	0.96	0.28	0.36
	1µm step size cover an area of 300 µm * 450 µm (		

  1.5 -Photomicrographs of studied retrogressed eclogites (garnet amphibolite) studied samples. (a-c) Sample KG-12-13 : intermediate degree of retrogression. (a) Garnet and symplectites in plane polarized light. Garnet is strongly retrogressed, with irregular rims. Two types of symplectites can be distinguished : amphibole and albite (small green and white grains, Sympl. Microphotography in plane polarized light. The dark green matrix is constituted by a very fine-grained symplectite of clinopyroxene and albite. Garnet and clinozoisite occur as porphyroblasts. Garnet is surrounded by a green amphibole corona. Allanite is found in the core of clinozoisite (dark brown). (e) BSE image of a garnet, its surrounding green amphibole corona and the clinopyroxene-albite symplectite. Omphacite with high jadeite content is included in garnet. (f) BSE image of an allanite (highly reflective) in the core of a clinozoisite. Both the allanite and the clinozoisite contain omphacite inclusions with high jadeite contents (Jd 36 ) suggesting that they are HP phases.

	1), and diopside, albite and amphibole (dark areas, Sympl. 2). (b) Back-scattered-electron (BSE)
	image of a garnet with clinozoisite, amphibole and rutile inclusions. The two types of symplec-
	tites (Sympl. 1 and 2) are visible around the garnet. (c) BSE image of the selected area for
	micro-mapping (black frame) with garnet and the two types of symplectites. (d-f) Sample KG-
	12-16 : less retrogressed sample. (d)
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 4 Representative electron microprobe chemical analyses (in oxide wt%) and structural formulae (in pfu) for garnet in 

	KG-12-13	KG-12-16
	SiO 2	37.57	38.15
	Al 2 O 3	21.27	22.10
	FeO	29.51	30.61
	MnO	0.55	0.35
	MgO	2.29	2.37
	CaO	8.06	7.98
	Na 2 O	0.01	0.06
	K 2 O	0.04	0.00
	Atoms site distribution (12 anhydrous
	oxygen basis		
	Si(O/T)	3.01	2.98
	Al(Y)	1.99	2.03
	Fe(X)	1.98	2.00
	Mg(X)	0.26	0.28
	Mn(X)	0.00	0.02
	Ca(X)	0.69	0.67
	XFe	0.68	0.67
	XMg	0.09	0.09
	XMn	0.00	0.01
	XCa	0.24	0.23

Table 4 .

 4 

		KG-12-13	KG-12-16
		Cpx	in	Cpx inclu-	Cpx inclu-
		symplectite	ded in czo	ded in grt
				and all
	SiO 2	52.87		55.59	54.79
	Al 2 O 3	5.29		9.28	7.37
	FeO 8.61		5.58	10.78
	MnO 0.11		0.01	0.04
	MgO	10.40		8.60	7.36
	CaO 17.93		13.90	13.42
	Na 2 O	3.31		6.81	6.78
	K 2 O	0.01		0.00	0.00
	Atoms site distribution (6 anhydrous-oxygen basis)
	Si(T1) 1.97		2.00	2.00
	Al(T1) 0.03		0.00	0.00
	Al(M1) 0.16		0.39	0.32
	Mg(M1) 0.61		0.46	0.40
	Fe(M1) 0.28		0.15	0.14
	Ca(M2) 0.76		0.54	0.53
	Na(M2) 0.18		0.48	0.48
	XMg	0.68		0.75	0.74

1.3 -Representative electron microprobe chemical analyses (in oxide wt%) and structural formulae (in pfu) for clinopyroxene in symplectite in the KG-12-13 sample and for clinopyroxene included in clinozoisite, allanite and garnet in

 

Table 4 .1.4 -

 4 Representative electron microprobe chemical analyses (in oxide wt%) and structural formulae (in pfu) for plagioclase in 

			KG-12-13
		Albite	Orthoclase
	SiO 2	62.92	58.12
	Al 2 O 3	17.6	18.04
	FeO	1.8	1.93
	MnO	0.03	0.02
	MgO	0.18	0.1
	CaO	2.93	0.44
	Na 2 O	9.98	0.55
	K 2 O	0.04	12.42
	Atoms site distribution (8 anhydrous-
	oxygen basis)	
	Si(T)	2.95	2.9
	Al(T)	0.98	1.06
	Na(M1)	0.97	0.06
	Ca(M1)	0.03	0.02
	K(M1)	0	0.89
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	KG-12-13
	SiO2	44.23
	Al2O3	10.65
	FeO	16.75
	MnO	0.14
	MgO	10.33
	CaO	10.17
	Na2O	2.29
	K2O	0.25
	Atoms site distribu-
	tion (23 anhydrous-
	oxygen basis)	
	Si(T1)	4
	Si(T2)	2.92
	Al(T2)	1.06
	Al(M2)	0.45
	Mg(M2)	0.85
	Fe(M2)	0.68
	Mg(M13)	1.74
	Fe(M13)	1.38
	Ca(M4)	1.82
	Na(M4)	0.18
	Na(A)	0.4
	Vac(A)	0.6
	XMg	0.55
	XFe	0.44

1.5 -Representative electron microprobe chemical analyses (in oxide wt%) and structural formulae (in pfu) for amphibole in KG-12-13 sample.

Table 4 .1.6 -

 4 LA-ICPMS allanite isotopic data for garnet amphibolite sample 

	Identifier Raster (µm) U 238 /Pb 206	1 σ (%) Pb 207 /Pb 206	1 σ (%)
	hc_1	26 * 40	5.933	0.665	0.622	1.068
	hc_2	26 * 40	5.436	0.669	0.645	1.067
	hc_3	26 * 40	5.536	0.670	0.643	1.069
	hc_4	26 * 40	4.652	0.693	0.675	1.084
	hc_5	26 * 40	4.869	0.677	0.660	1.072
	hc_6	26 * 40	3.876	0.674	0.695	1.065
	hc_7	26 * 40	4.537	0.685	0.679	1.075
	hc_8	26 * 40	3.682	0.685	0.720	1.071
	hc_9	26 * 40	4.092	0.692	0.702	1.075
	hc_10	26 * 40	5.244	0.687	0.646	1.074
	hc_11	26 * 40	4.020	0.687	0.703	1.070
	hc_12	26 * 40	4.319	0.713	0.707	1.086
	hc_13	26 * 40	5.403	0.686	0.640	1.070
	hc_14	26 * 40	5.195	0.691	0.665	1.071
	hc_15	26 * 40	3.986	0.702	0.703	1.075
	na_1	26 * 40	5.529	0.818	0.671	1.048
	na_2	26 * 40	5.979	0.813	0.648	1.045
	na_3	26 * 40	2.478	0.895	0.786	1.099
	na_4	26 * 40	5.801	0.806	0.664	1.041
	na_5	26 * 40	6.085	0.797	0.636	1.036
	na_6	26 * 40	4.769	0.806	0.705	1.046
	na_7	26 * 40	5.183	0.793	0.672	1.037
	na_8	26 * 40	4.753	0.794	0.683	1.037
	na_9	26 * 40	0.411	1.443	0.851	1.285
	na_10	26 * 40	0.326	2.143	0.830	1.717
	na_11	26 * 40	3.947	0.793	0.701	1.040
	na_12	26 * 40	0.366	1.130	0.864	1.109
	na_13	26 * 40	2.316	0.806	0.772	1.043
	na_14	26 * 40	4.668	0.784	0.688	1.036
	na_15	26 * 40	0.327	1.852	0.846	1.351
	na_16	26 * 40	0.422	0.976	0.847	1.071
	na_17	26 * 40	0.100	3.526	0.853	1.556
	na_18	26 * 40	0.230	1.500	0.869	1.165

  • C et 18.5±2 kbar. Deux stades d'exhumation peuvent être distingués à une température constante de 560±50 • C mais à des pressions diminuant de 11 à 7 kbar. Cela implique une exhumation le long d'un gradient géothermique apparent relativement élevé, d'environ 24 • C/km. Des datations U-Pb sur des allanites de HP indiquent un âge de 301±15 Ma pour le pic métamorphique. Ces résultats montrent des différences majeures dans l'évolution du STS de part et d'autre de la faille de Talas-Fergana :

	Cependant ce timing doit être précisé car l'erreur sur l'âge du métamorphisme de
	HP dans le massif de Chatkal est importante (±15 Ma)
	D'un point de vue méthodologique, cette étude montre également que l'utilisation de
	la micro-cartographie chimique combinée à des datations in-situ est particulièrement
	adaptée à l'étude des éclogites rétromorphosées.

ª Le contexte d'exhumation des roches de HP est différent avec un réchauffement conséquent à l'ouest et une exhumation rapide et suivant un gradient géothermique froid à l'est.

ª A l'ouest de la faille de Talas-Fergana, la subduction à vergence nord de l'océan Turkestan sous le microcontinent Kazakh a aboutit à la collision du bloc Alai (ou Karakum) avec un arc magmatique continental engendrant des plissements importants, un épaississement crustal et du métamorphisme barrovien.

ª Cette phase collisionelle a considérablement repris la zone de suture, rendant difficile de reconnaitre la position du front de subduction ce qui n'est pas le cas à l'est de la faille de Talas-Fergana.

ª A l'est de la faille de Talas-Fergana, l'océan Turkestan s'est fermé à environ 320 Ma avec la collision du craton du Tarim avec le microcontinent Kazakh. A l'ouest de la faille de Talas-Fergana, cet océan est resté ouvert plus longtemps et s'est fermé autour de 300 Ma avec la collision du bloc Alai et du microcontinent Kazakh.
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 5 Representative chemical composition (in oxide wt.%) of feldspar and corresponding structural formulae calculated on an 8 anhydrous oxygen basis.

		Charnockite		Metasediment			Gneiss	
		KG-13-31		KG-13-30		KG-13-24		KG-13-28
		K-	Plagioclase K-	Plagioclase K-	Plagioclase K-	Plagioclase
		Feldspar		Feldspar		Feldspar		Feldspar	
	Composition (ox. wt%)						
	SiO 2	64.73	61.64	64.63	61.12	64.67	58.76	64.82	65.71
	TiO 2	0.01	0.02	0.01	0.02	0.01	0.00	0.02	0.00
	Al 2 O 3	18.55	24.20	18.52	24.80	18.81	26.58	18.65	22.06
	FeO 0.16	0.29	0.13	0.14	0.27	0.05	0.13	0.12
	MnO 0.01	0.00	0.01	0.00	0.03	0.00	0.02	0.01
	MgO	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00
	CaO	0.00	5.46	0.00	5.91	0.00	7.97	0.00	2.42
	Na 2 O	0.68	8.70	0.65	8.49	0.82	7.07	0.40	10.38
	K 2 O	15.75	0.17	15.76	0.15	15.60	0.17	16.12	0.17
	Cr 2 O 3	0.00	0.02	0.00	0.01	0.00	0.01	0.00	0.00
	Structural formuluae (pfu)						
	Si	2.99	2.73	2.98	2.70	2.98	2.61	2.99	2.87
	Ti	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00
	Al 1.01	1.26	1.00	1.29	1.02	1.39	1.01	1.13
	Fe	0.01	0.01	0.00	0.01	0.01	0.00	0.01	0.00
	Mn	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00
	Mg	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00
	Ca	0.00	0.26	0.00	0.28	0.00	0.38	0.00	0.11
	Na	0.06	0.75	0.06	0.73	0.07	0.61	0.04	0.88
	K	0.93	0.01	0.92	0.01	0.92	0.01	0.95	0.01
	Cr 0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00
	End-members proportion						
	An 0.00	0.25	0.00	0.28	0.00	0.38	0.00	0.11
	Ab 0.06	0.74	0.06	0.72	0.07	0.61	0.04	0.88
	Or	0.94	0.01	0.94	0.01	0.93	0.01	0.96	0.01

of 0.1-0.3 mm in size. The latter has a diopside composition (Fig.

5

.

1.7b, table 5.1.3

).
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 5 Representative chemical composition (in oxide wt.%) of olivine and corresponding structural formulae calculated on a 4 anhydrous oxygen basis.

		KG-13-31
	Composition (ox. wt%)
	SiO 2	29.86
	TiO 2	0.01
	Al 2 O 3	0.00
	FeO	66.09
	MnO	1.70
	MgO	1.56
	CaO	0.08
	Na 2 O	0.00
	K 2 O	0.00
	Cr 2 O 3	0.01
	Total	99.31
	Structural formulae (pfu)
	Si	1.00
	Ti	0.00
	Al	0.00
	Fe	1.86
	Mn	0.05
	Mg	0.08
	Na	0.00
	Ca	0.00
	K	0.00
	Cr	0.00
	End-members proportion
	XFa	0.94
	XFo	0.04
	XTeph	0.02

Table 5 .1.3 -

 5 Representative chemical composition (in oxide wt.%) of pyroxene and corresponding structural formulae calculated on a 6 anhydrous oxygen basis. F e 3+ was estimated using charge-balance introducing the ferric acmite end-member.

				Charnockite		Metasediment
		KG-13-31 -felsic zone	KG-13-29B -	KG-13-31 -	KG-13-30	KG-13-24
				felsic zone	mafic enclave		
	Composition (ox.wt%)					
	SiO 2	49.14	47.98	48.61	53.11	52.77	52.99
	TiO 2	0.08	0.10	0.20	0.03	0.13	0.12
	Al 2 O 3	0.55	0.19	0.96	0.35	0.75	0.99
	FeO 24.40	45.52	24.71	9.17	9.23	9.40
	MnO 0.54	1.22	0.00	0.22	0.22	0.16
	MgO	4.31	5.26	3.46	12.88	12.95	12.81
	CaO	20.15	0.74	20.31	24.00	23.61	23.96
	Na 2 O	0.28	0.04	0.32	0.13	0.24	0.16
	K 2 O	0.02	0.00	0.02	0.00	0.00	0.01
	Structural formulae (pfu)				
	Si	1.98	2.00	1.98	1.99	1.98	1.98
	Ti	0.00	0.00	0.01	0.00	0.00	0.00
	Al 0.03	0.01	0.05	0.02	0.03	0.04
	Fe 2+	0.82	1.58	0.84	0.29	0.28	0.29
	Fe 3+	0.00	0.00	0.00	0.00	0.01	0.00
	Mn	0.02	0.04	0.00	0.01	0.01	0.01
	Mg	0.26	0.33	0.21	0.72	0.72	0.71
	Ca	0.87	0.03	0.89	0.97	0.95	0.96
	Na	0.02	0.00	0.03	0.01	0.02	0.01
	K	0.00	0.00	0.00	0.00	0.00	0.00
	End member proportion				
	Xen 0.13	0.16	0.11	0.36	0.37	0.36
	Xwo 0.44	0.02	0.46	0.49	0.48	0.49
	XFs 0.42	0.80	0.43	0.15	0.14	0.15

Table 5 .1.4 -

 5 Representative chemical composition (in oxide wt.%) of amphibole, corresponding structural formulae calculated on a 23 anhydrous oxygen basis and atome site distribution. F e 3+ content was estimated following the method of
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 5 Representative chemical composition (in oxide wt.%) of micas and corresponding structural formulae calculated on a 11 anhydrous oxygen basis.

		Mafic enclave (KG-13-31)	Metasediment	Gneiss
		KG-13-31	KG-13-30	KG-13-24	KG-13-28
	Composition (ox. wt%)				
	SiO 2	38.37	40.38	38.64	34.76
	TiO 2	2.61	1.88	3.47	3.51
	Al 2 O 3	14.78	13.19	15.29	15.83
	FeO	14.70	13.00	13.83	32.42
	MnO	0.04	0.11	0.07	0.22
	MgO	15.96	18.08	15.42	1.78
	CaO	0.00	0.00	0.06	0.00
	Na 2 O	0.20	0.04	0.04	0.06
	K 2 O	8.93	10.18	9.61	9.30
	Structural formuluae (pfu)				
	Si	2.84	2.93	2.83	2.76
	Ti	1.29	1.13	1.32	1.48
	Al	0.15	0.10	0.19	0.21
	Fe	0.91	0.79	0.85	2.15
	Mn	0.00	0.01	0.00	0.01
	Mg	1.76	1.96	1.68	0.21
	Ca	0.00	0.00	0.00	0.00
	Na	0.03	0.01	0.01	0.01
	K	0.84	0.94	0.90	0.94
	XMg	0.66	0.71	0.67	0.09
	End-members proportion				
	XAnn	0.11	0.18	0.08	0.06
	XPhl	0.22	0.44	0.16	0.01
	XSid	0.18	0.10	0.22	0.81
	XEas	0.36	0.24	0.45	0.08
	XWhiteMica	0.13	0.05	0.09	0.05
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 5 Chemical compositions of charnockite, mafic enclave and granite resulting from partial melting of paragneiss.

		Charnockite	Mafic enclave	Granite
		KG-13-29A KG-13-29B	KG-13-31	KG-13-27
	Major elements (ox. wt. %)		
	SiO2	62.27	62.81	42.99	74.09
	Al2O3	15.41	14.71	9.31	12.51
	Fe2O3	7.51	7.99	13.20	2.96
	MnO	0.13	0.13	0.19	0.04
	MgO	0.38	0.38	8.28	0.11
	CaO	3.08	3.22	17.03	1.56
	Na2O	3.66	3.60	1.26	2.99
	K2O	5.64	5.03	1.06	4.77
	TiO2	0.65	0.72	1.75	0.26
	P2O5	0.20	0.22	0.78	0.06
	PF	0.10	0.00	2.85	0.79
	Total	99.02	98.80	98.71	100.15
	Trace elements (ppm)			
	Cs	1.19	1.04	0.14	1.72
	Rb	147.30	137.30	31.68	152.20
	Ba	918.60	678.10	510.70	616.10
	Th	2.19	1.99	8.20	7.84
	U	1.07	1.29	2.15	1.39
	Nb	40.59	49.36	28.20	22.03
	Ta	2.17	2.68	1.88	1.48
	La	41.01	39.79	51.90	53.44
	Ce	83.19	85.81	121.30	99.99
	Pb	25.76	24.27	4.40	29.29
	Pr	10.22	10.97	15.39	10.84
	Sr	164.10	141.20	106.80	125.60
	Nd	42.41	46.42	61.79	39.57
	Zr	627.00	663.00	338.80	329.00
	Hf	14.92	15.87	8.29	7.79
	Sm	9.17	10.28	13.79	6.95
	Eu	2.76	2.44	1.97	1.41
	Gd	7.84	8.81	11.65	5.56
	Tb	1.18	1.31	1.85	0.77
	Dy	6.94	7.53	10.94	4.32
	Y	34.59	38.39	55.60	21.40
	Ho	1.39	1.52	2.20	0.83
	Er	3.60	3.88	5.62	2.14
	Tm	0.52	0.56	0.80	0.29
	Yb	3.56	3.76	5.16	1.89
	Lu	0.57	0.61	0.76	0.30

Table 5 .1.7 -

 5 Synthesis of samples location, dating results and ages interpretation.

	Interpretation		-	-		Isobaric co-	oling		-	Minimum	age for co-	oling linked	to exhuma-	tion of HT •	unit	Minimum	age for crys-	tallization in	shear zone
	40Ar/39Ar	age (Ma)	-	-		276.23±1.95	plateau	(amp)	-	256-263 Ma	(5 spectra,	bt)				248-257 Ma	(4 spectra,	phengite	aggregates)
	Interpretation		Charnockite	crystallization after	mantellic melt intrusion	Granite crystallization	after partial melting			-						-
	U-Pb age	(Ma)	286.2±3.1	289.2±2.5		287.2±0.9	275.0±1.8		265.6±2.1	-						-
			55'28"	55'28"		55'28"			55'28"	56'05"						11'54"
			E79 •	E79 •		E79 •			E79 •	E79 •						E80 •
	Coordinates		N42 • 03'54"	N42 • 03'54"		N42 • 03'54"			N42 • 03'54"	N42 • 03'70"						N42 • 15'55"
	Description Locality		Charnockite Pobeda area		Granite Pobeda area resulting from	partial melting	of paragneiss	Marble Pobeda area						Mylonitic Khan-Tengri	marble area
	Sample		KG-13-29A	KG-13-29B		KG-13-27			KG-13-28	KG-13-22						KG-14-29

  . For each sample, the plot of Concordia age is shown and the weighted mean age is in inset. Data-point error ellipse and box heights are 2σ. Representative BSE images of zircon grains for each sample are shown with the laser spot and corresponding age. In (c) the relative probability of age plot for sample shows that two groups of ages can be identified. The first group is shown in (c) and the second group in (d).

	5.1.7 40 Ar/ 39 Ar dating
	5.1.7.1 Analytical methods

  La zone du Pobeda est caractérisée par la présence d'une unité de haute-température (HT). Cette unité est constituée de charnockites formées d'orthopyroxène, clinopyroxène, olivine, feldspath potassique, quartz et plagioclase et qui résulte de l'emplacement d'une intrusion magmatique en profondeur. Ces charnockites sont associées à des paragneiss migmatitiques et des marbres. Ces unités n'avaient jamais été décrites et ce chapitre présente donc une étude pétrologique, géochimique et géochronologique des différentes lithologies. Les points importants à retenir sont les suivants : ª Le magma à l'origine des charnockites s'est formé à une température > 1000 • C et s'est mis en place à une pression d'environ 6 kbar, correspondant à une profondeur de 20 km. ª L'emplacement des charnockites dans la croûte continentale intermédiaire a engendré la fusion partielle des paragneiss. Des datations U-Pb et 40 Ar/ 39 Ar des charnockites et des produits de fusion partielle montrent qu'il y a probablement eu plusieurs intrusions à 287, 275 et 265 Ma. ª La composition chimique des charnockites est compatible avec une origine du panache mantellique et est similaire à des roches magmatiques du Tarim issues de la fusion partielle par décompression adiabatique de ce panache. ª Des datations 40 Ar/ 39 Ar sur des biotites issues des marbres montrent que l'exhumation de l'unité de HT s'est initiée vers 256-265 Ma, le long d'un chevauchement à vergence nord probablement lié à une phase de transpression. Des datations 40 Ar/ 39 Ar sur des micas blancs syn-cinématiques d'une zone de cisaillement mylonitique juste au nord de la zone du Pobeda montrent que la tectonique transpressive se poursuit au moins jusqu'à 248 Ma dans cette zone.

  1. A l'est de la faille de Talas-Fergana, le massif d'Atbashi présente une structure à pendage sud. Des unités de HP sont exhumées au sein d'un paléo-prisme d'accrétion, de plus bas degré métamorphique, le long de chevauchements à vergence nord et de détachements à vergence sud. Cette structure est compatible avec une subduction vers le sud. 2. Le massif d'Atbashi présente une unité de HP continentale correspondant à la marge amincie du Middle Tien-Shan. Elle a été exhumée entre 319 et 328 Ma dans un intervalle de temps très court après la subduction continentale. C'est cette phase de subduction continentale qui est à l'origine de l'exhumation des unités de HP du massif. 3. A l'ouest de la faille de Talas-Fergana, le massif de Chatkal présente des éclogites rétromorphosées issues de la subduction de l'océan Turkestan. Des datations ont permis de montrer que le métamorphisme de HP est d'âge Carbonifère supérieur et non Ordovicien comme il était admis auparavant. Dans ce massif, la présence d'un arc magmatique au nord de la suture permet de déterminer la polarité de la subduction vers le nord. 4. Le rôle majeur de la faille de Talas-Fergana est ainsi mis en évidence. Cette faille s'est activée à ca. 317 Ma, probablement en réponse à une collision diachrone entre le craton du Tarim et le Kazakhstan à l'est et entre le craton Alai et le Kazakhstan à l'ouest.

Phengite grain 02 -J = 0.00407000 ± 0.00002035 -Age 339.81±1.86 Ma (MSWD = 1.93)

  

	Step n°L aser power (%)	36Ar (fA)	37Ar(ca) (fA)	38Ar(cl) (fA)	39Ar(k) (fA)	40Ar(r) (fA)	(Ma)				K/Ca ± 1σ
		2.0	0.002912	b.d.l.	0.000000	b.d.l.	0.0097	-	-	1.11	-	3	11.13
		3.0	0.007912 0.005811 0.000000	b.d.l.	0.6946	-	-	22.91	-	-	-
		6.0	0.025834 0.006402 0.009213 3.060113 164.4450 357.68 ± 2.95	95.55	7.10	206 1002.68
		7.0	0.006483 0.039947 0.000000 3.262374 170.7601 349.23 ± 2.42	98.87	7.56	35	18.06
		8.0	0.006164 0.010404 0.012118 3.018186 157.8219 348.91 ± 3.29	98.84	7.00	125	371.52
		9.0	0.003980 0.011027 0.006928 4.017209 210.0997 348.97 ± 1.85	99.43	9.31	157	367.66
		10.0	0.002011	b.d.l.	0.010803 7.091559 358.1862 338.07 ± 1.51	99.82	16.44	-	-
		11.0	b.d.l.	b.d.l.	0.000000 5.872130 297.5349 339.05 ± 1.57 100.09	13.62	-	-
		12.0	b.d.l.	b.d.l.	0.000000 5.257682 268.0321 340.94 ± 1.86 100.78	12.19	-	-
	10	13.0	0.000553	b.d.l.	0.025736 0.945430	48.2785 341.46 ± 8.34	99.64	2.19	-	-
	11	14.0	0.000797	b.d.l.	0.010485 5.217224 262.6081 337.01 ± 1.80	99.89	12.10	-	-
	12	15.0	0.000724	b.d.l.	0.038490 4.496055 231.7300 344.36 ± 1.70	99.89	10.43	-	-
	13	16.0	0.003270	b.d.l.	0.007701 0.729908	37.4136 342.64 ± 10.83	97.46	1.69	-	-
	14	17.0	0.000583	b.d.l.	0.037495 0.061230	1.9543 220.85 ± 94.35	91.87	0.14	-	-
	15	18.0	b.d.l.	0.010006 0.004630 0.213595	8.9816 285.68 ± 26.49 102.99	0.50	9	27.12
	Phengite grain 04 -J = 0.00407000 ± 0.00002035 -Age 320.50±1.83 Ma (MSWD = 1.63)			
		5.0	0.014817	b.d.l.	0.002525	b.d.l.	b.d.l.	30.19 43.02	-	-	1	0.89
		6.0	0.009313 0.000084 0.000000 0.085635	2.2969 187.35 53.54	45.49	0.34	436 130306.15
		8.0	0.004611	b.d.l.	0.000000 0.059940	1.1569 136.75 67.13	45.91	0.24	-	-
		11.0	b.d.l.	0.014616 0.000000 0.010898	0.9211 534.65 1493.56	-	0.04	0	1.31
		14.0	b.d.l.	b.d.l.	0.000000 0.023615	0.1069 33.02 86.33	-	0.09	-	-
		18.0	0.014732	b.d.l.	0.000000 1.692166	81.0058 321.90 5.99	94.88	6.80	-	-
		22.0	0.007564	b.d.l.	0.000000 0.987572	46.6361 317.90 5.68	95.41	3.97	-	-
		28.0	0.023834	b.d.l.	0.000000 2.368575 109.6251 312.09 2.79	93.94	9.51	-	-
		34.0	0.002216 0.017798 0.006694 3.446197 165.3176 322.51 1.74	99.59	13.84	83	127.64
	10	40.0	0.010813 0.017246 0.000720 5.767649 273.3940 319.00 1.59	98.82	23.16	144	292.81
	11	45.0	0.014728 0.004260 0.029933 2.531688 122.2839 324.54 3.78	96.54	10.17	256 2148.30
	12	54.0	0.006644 0.025342 0.000000 2.264655 109.4118 324.61 4.19	98.22	9.09	38	41.11
	13	66.0	0.072021	b.d.l.	0.030732 5.068947 242.8643 322.15 1.75	91.93	20.36	-	-
	14	78.0	0.037021	b.d.l.	0.000000 0.533220	25.5984 322.73 14.13	70.05	2.14	-	-
	15	90.0	0.001458 0.027438 0.000000 0.087136	4.2540 327.73 95.49	90.79	0.35	1	1.46
	Phengite grain Mp -J = 0.00403560 ± 0.00001655 -Age 316.94±1.23 Ma (MSWD = 0.79)			
		3.0	0.111541 0.031267 0.084870 1.749137	88.6091 336.37 4.32	72.88	1.35	24	25.93
		3.1	0.005986 0.041015 0.005086 3.753231 183.1551 325.07 1.80	99.02	2.89	39	24.75
		3.2	0.034044 0.014650 0.008299 14.592591 697.2048 318.83 0.66	98.56	11.23	428	850.58
		3.3	0.046276 0.019254 0.009638 38.387652 1840.6262 319.87 0.50	99.24	29.54	857 1093.64
		3.3	0.014036	b.d.l.	0.007215 16.705791 792.1767 316.64 0.61	99.46	12.86	-	-
		3.4	0.004972 0.002568 0.025560 4.493621 212.0886 315.28 1.37	99.29	3.46	752 7649.63
		3.7	0.010625	b.d.l.	0.000000 19.801831 939.3080 316.74 0.58	99.65	15.24	-	-
		4.0	0.009393	b.d.l.	0.000000 20.239239 962.7675 317.56 0.61	99.69	15.58	-	-
		25.0	0.004943 0.000708 0.010905 10.214605 485.6578 317.41 0.86	99.68	7.86 6206 247297.17

Sample KG-14-46 -HP continental unit, Tash-Rabat valley

  

	Age ± 1σ 40Ar(r) 39Ar(k)
	(%)	(%)

Phengite grain Mp -J = 0.00403560 ± 0.00001655 -Age 325.39±1.34 Ma (MSWD = 2.26)

  

	Step n°L aser power (%)	36Ar (fA)	37Ar(ca) (fA)	38Ar(cl) (fA)	39Ar(k) (fA)	40Ar(r) (fA)	(Ma)		K/Ca ± 1σ
	1	3.0	0.0567746 0.0010384 0.0142181	0.98804	48.6400 327.69 6.00	74.34	0.72	409 6988.38
	2	3.1	0.0192461 0.0100508 0.0000000	9.70053 478.4720 328.27 0.81	98.81	7.06	415 1074.85
	3	3.2	0.0414248	b.d.l.	0.0000000 22.32167 1091.2055 325.60 0.59	98.87	16.25	-	-
	4	3.3	0.0777271 0.0173364 0.0110396 42.88790 2073.1087 322.25 0.46	98.88	31.22	1064 1272.95
	5	3.4	0.0222516 0.0076995 0.0024070 10.79136 525.6949 324.55 0.73	98.75	7.86	603 1499.78
	6	3.5	0.0127002 0.0182172 0.0042156	5.74465 282.5986 327.47 1.16	98.67	4.18	136 159.71
	7	10.0	0.0390767	b.d.l.	0.0000000 44.92672 2194.7571 325.39 0.45	99.46	32.71	-	-

Sample KG-12-51 -HP continental unit, Ak-Talaa valley

  

	Sample KG-12-74 -HP continental unit, Bach-Qaïyndy				
	Step n°L aser power (%) Step aser n°L power (%)	36Ar (fA) 36Ar (fA)	37Ar(ca) (fA) 37Ar(ca) (fA)	38Ar(cl) (fA) 38Ar(cl) (fA)	39Ar(k) (fA) 39Ar(k) (fA)	40Ar(r) (fA) 40Ar(r) (fA)	Age ± 1σ 40Ar(r) 39Ar(k) (%) (%) (Ma) Age ± 1σ 40Ar(r) 39Ar(k) (%) (%) (Ma)	K/Ca ± 1σ K/Ca ± 1σ
	Phengite grain 02 -J = 0.00407000 ± 0.00002035 -Age 322.82±1.51 Ma (MSWD = 4.59) Phengite grain 01 -J = 0.00407000 ± 0.00002035 -Age 324.25±1.61 Ma (MSWD = 0.36)		
		6.0 5.0	0.1632034 0.002491	b.d.l. b.d.l.	0.0000000 0.000000	3.40421 0.00457	164.832 325.27 1.69 0.0459 72.49 377.77	77.35 5.87	1.52 0.00	--	-0.39
		8.0 6.0	0.0154180 0.0342440 0.0000000 0.311539 0.000470 0.013511	2.42493 1.47283	120.587 333.30 2.85 70.8797 323.46 9.16	96.34 43.50	1.08 0.97	30 1346	29.68 51011
		10.0 7.0	0.0095028 0.0402602 0.0000000 0.003765 0.002323 0.026285	2.02775 0.43057	99.518 329.32 2.46 21.4893 334.41 19.61	97.24 95.06	0.91 0.28	22 80	17.75 700.83
		12.0 8.0	0.0130465 b.d.l.	b.d.l. b.d.l.	0.0000000 0.000000	1.69582 0.35169	83.497 330.29 3.63 16.1583 309.99 16.17	95.57 100.57	0.76 0.23	--	-4.05
		14.0 9.0	0.0098553 0.0291005 0.0080017 0.006854 b.d.l. 0.000000	1.45954 0.34966	72.323 332.22 3.32 14.4265 280.70 16.70	96.11 87.67	0.65 0.23	22 -	20.30 74.36
		16.0 10.0	0.0511338 0.0109175 0.0115493 18.10667 b.d.l. b.d.l. 0.000000 0.32681	862.821 320.55 0.42 16.3520 335.18 20.52	98.26 103.80	8.08 0.22	713 1806.02 -8.13
		18.0 11.0	0.0169958 0.0023926 0.0000000 18.61859 0.007026 0.019645 0.002161 0.66588	895.266 323.21 0.48 31.0820 314.53 15.27	99.42 93.72	8.31 3346 47924.99 0.44 15 18.01
		20.0 12.0	0.0196089 0.0384725 0.0000000 15.11133 b.d.l. b.d.l. 0.000000 0.50228	721.941 321.30 0.43 24.2776 324.75 17.56	99.18 101.17	6.75 0.33	169 -	145.31 12.71
		22.0 13.0	0.0119528 0.0106315 0.0000000 15.77062 0.001614 0.004678 0.000000 0.33050	755.705 322.19 0.49 14.4527 296.21 33.38	99.51 96.78	7.04 0.22	638 2136.91 30 214.06
	10 10	25.0 14.0	0.0015523 0.0208133 0.0265072 12.55754 b.d.l. b.d.l. 0.000000 0.16213	602.631 322.63 0.85 8.6940 356.98 40.96	99.90 105.13	5.61 0.11	259 -	223.70 0.84
	11 11	29.0 15.0	0.0489896 0.211961	b.d.l. b.d.l.	0.0163279 32.93630 1588.088 324.02 0.37 0.000000 35.72549 1721.8595 323.90 1.51	99.08 96.47	14.70 23.64	--	-808.21
	12 12	33.0 16.0	0.0387817 0.144723	b.d.l. b.d.l.	0.0044573 43.30065 2077.216 322.52 0.31 0.013640 36.79262 1780.1355 325.05 1.51	99.43 97.63	19.33 24.34	--	-239.26
	13 13	37.0 17.0	0.0372104 0.168627 0.023817 0.037500 33.65141 1622.3225 323.98 1.51 b.d.l. 0.0645820 56.59143 2719.619 323.04 0.24	99.58 97.00	25.26 22.27	-608	-760.90
	Phengite grain Mp -J = 0.00403560 ± 0.00001655 -Age 319.10±1.26 Ma (MSWD = 0.09) 14 18.0 0.058283 0.023366 0.003133 20.91195 1008.9999 324.23 1.52	98.30	13.84	385	510.60
	15	3.0 19.0	0.0916555 0.0036290 0.0335618 4.825926 239.5166 330.14 1.62 0.017191 0.044047 0.000000 7.35341 352.6647 322.44 1.73	89.83 98.56	14.30 4.87	572 4670.15 72 39.24
	16	3.3 20.0	0.0336116 0.009042 0.021193 0.004223 b.d.l. 0.0037198 16.836220 805.2242 319.13 0.57 7.54804 365.7848 325.53 1.82	98.76 99.26	49.90 4.99	-153	-195.29
	17	3.4 21.0	0.0026242 0.0515395 0.0000000 0.471120 0.034616 b.d.l. 0.000000 3.30349 159.5588 324.54 3.06 22.3359 316.58 15.31	96.63 93.96	1.40 2.19	4 -	2.05 23.10
	18	3.5 22.0	0.0019391 0.0447918 0.0195723 0.226659 b.d.l. 0.010010 0.007375 1.24991	11.7407 343.27 48.46 61.3064 329.13 6.66	95.33 102.27	0.67 0.83	2 54	1.58 101.74
	10.0 Phengite grain 03 -J = 0.00407000 ± 0.00002035 -Age 322.55±1.58 Ma (MSWD = 0.97) 0.0283516 0.0124256 0.0107280 11.378712 544.1074 319.08 0.56	98.46	33.73	394	876.86
		6.0	0.096685 0.021592 0.008848 7.069565 338.7632 322.19 1.91	92.21	7.39	141	163.85
		7.0	0.025271	b.d.l.	0.017891 5.861357 281.6452 323.00 2.11	97.40	6.13	-	12417
		8.0	0.018970 0.002640 0.028375 6.081870 291.4820 322.24 2.15	98.09	6.36	991	10355
		9.0	0.014176	b.d.l.	0.006133 6.171286 294.3000 320.77 1.88	98.58	6.46	-	593.57
		10.0	0.026307	b.d.l.	0.072180 5.914390 287.1500 326.08 2.04	97.35	6.19	-	163.18
		11.0	0.007279	b.d.l.	0.032477 6.040305 293.2382 326.05 1.87	99.25	6.32	-	80.76
		12.0	0.002423	b.d.l.	0.000299 5.480515 263.0557 322.68 1.96	99.71	5.73	-	5421.36
		13.0	0.006060	b.d.l.	0.000000 5.180986 248.2190 322.13 2.13	99.26	5.42	-	109.79
		15.0	0.007406	b.d.l.	0.000000 5.365595 255.7076 320.58 2.05	99.13	5.61	-	82.30
	10	15.0	0.036188 0.000439 0.000000 31.281996 1491.6488 320.74 1.49	99.27	32.72 30639 1424319
	11	16.0	0.001726 0.025489 0.000000 5.492592 264.7442 323.92 2.04	99.79	5.75	93	81.50
	12	17.0	0.001679 0.057598 0.000000 5.660132 270.6839 321.60 1.88	99.80	5.92	42	18.59
	Phengite grain Mp -J = 0.00403560 ± 0.00001655 -Age 328.31±1.25 Ma (MSWD = 0.31)		
		3.0	0.193498	b.d.l.	0.010859 0.347089	18.7487 356.61 21.23	24.69	0.29	-	17.51
		3.1	0.004767	b.d.l.	0.000000 0.694871	36.9712 351.74 11.67	96.31	0.59	-	583.86
		3.3	0.007417 0.014639 0.014066 1.354769	71.3322 348.41 6.12	97.00	1.15	40	72.21
		3.5	0.059034	b.d.l.	0.000000 19.107939 942.3586 328.23 0.54	98.16	16.17	-	148695
		3.6	0.035832 0.030818 0.000000 41.506993 2048.0915 328.38 0.43	99.47	35.12	579	523.85
		3.7	0.021850 0.000564 0.005876 26.582944 1309.8682 327.97 0.49	99.49	22.50 20272 890936
		3.8	0.001781	b.d.l.	0.000000 1.150842	56.0213 324.33 6.80	99.05	0.97	-	57.49
		4.1	0.000808 0.031464 0.000000 2.530015 125.5928 330.20 3.17	99.79	2.14	35	35.52
		10.0	0.017430	b.d.l.	0.000000 24.895154 1229.2830 328.60 0.51	99.56	21.07	-	9236.24

Sample KG-12-58a -HP sedimentary mélange, Ak-Talaa valley

  

	Step n°L aser power (%) 18Jund17 18Jund20 aser Step n°L power	36Ar (fA) 36Ar (fA)	Age ± 1σ 40Ar(r) 39Ar(k) (%) (%) (Ma) 0.489 266.00 14.00 264.40 K/Ca ± 1σ 5.80 0.545 257.00 34.00 260.00 11.00 K/Ca ± 1σ (Ma) Age 0.003 40Ar(r) (fA) 0.001 39Ar(k) (fA) 0.042 38Ar(cl) (fA) 0.018 0.041 0.041 0.002 0.119 38Ar(cl) 37Ar(ca) (fA) 0.305 0.290 (fA) 37Ar(ca) (fA) 39Ar(k) (fA) 40Ar(r) (fA) ± 1σ 40Ar(r) 39Ar(k) (%) (%)
	Phengite grain 04 -J = 0.00407000 ± 0.00002035 -Age 319.78±1.50 Ma (MSWD = 2.49) 18Jund21 0.313 0.026 0.042 0.001 0.033 0.717 1 10.0 % 1.374109 b.d.l. 0.117032 0.452398 b.d.l. -90.68	270.00 20.00 265.10 -0.07 -	6.30 0.003
	2 3 4	10.0 12.0 18Jund22 11.0 % 18Jund23 12.0 % 13.0 %	0.136761 0.023442 0.037657 4.795127 229.6453 322.02 2.02 0.014178 0.014185 0.003138 6.113199 295.7974 325.07 1.58 0.307 0.029 0.043 0.001 0.039 0.491 0.077964 b.d.l. 0.070307 0.719274 2.817 28.60 43.30 0.302 0.029 0.042 0.001 0.031 0.439 0.058373 b.d.l. 0.010289 0.764414 b.d.l. -57.19 0.025161 19.823523 0.066028 0.807810 6.233 55.92 40.24	85.02 98.58 273.00 23.00 270.40 6.07 88 7.74 185 10.89 0.11 -259.00 22.00 266.00 -0.12 -45.58 0.12 0.018	141 465 0.814 7.70 0.005 7.90 0.047
	5	14.0 Sample KG-13-29a 0.008072 0.014993 0.013029 2.401152 114.5459 320.87 4.00 14.0 % 0.021117 27.147367 0.070742 0.735776 7.292 71.51 43.97	97.94 53.86	3.04 0.11	69 0.012	173 0.023
	16.0 18.0 18Augc06 15.0 % 16.0 % 18.0 22.0 Phengite grain Mp -J = 0.00403560 ± 0.00001655 -Age 320.97±1.28 Ma (MSWD = 1.73) 0.034708 0.003824 0.013536 37.270304 1774.1168 320.23 0.32 0.012603 0.005774 0.028681 26.809156 1272.4882 319.39 0.28 0.345 0.044 0.045 0.002 0.101 0.767 6 0.216708 b.d.l. 0.214594 11.737202 247.659 148.99 1.99 281.00 33.00 286.00 13.00 99.41 47.21 4190 22179 99.69 33.96 1997 79.43 1.80 -0.384 7 0.246743 b.d.l. 0.120834 17.339053 520.651 208.50 2.30 87.69 2.65 -0.547 5629 0.002151 0.003269 0.027991 1.172447 57.7512 330.41 5.70 98.89 1.49 154 1276 0.003783 0.025715 0.005605 0.390177 17.0167 295.47 14.70 93.82 0.49 7 7 3.0 0.358407 b.d.l. 0.000000 0.247056 10.5609 287.79 37.61 9.07 0.14 -331.54 3.1 0.000440 0.010309 0.000000 0.191709 9.6322 333.86 44.73 98.65 0.11 8 20.72 3.2 0.003121 b.d.l. 0.000000 0.324972 17.7466 360.15 27.38 95.04 0.18 -28.47 3.4 0.008699 0.023012 0.004661 1.647727 85.0753 342.26 6.05 97.05 0.92 31 36.16 3.6 0.004034 0.004983 0.000000 1.113230 56.4749 336.81 8.27 97.91 0.62 96 600.94 3.8 0.159062 b.d.l. 0.012403 123.124 5936.2195 321.49 0.48 99.19 68.63 -7999.73 3.8 0.007468 0.010247 0.007270 9.796826 469.2353 319.56 0.97 99.51 5.46 411 1083.05 3.9 0.003003 0.022577 0.000000 2.337678 110.4871 315.68 3.10 99.18 1.30 45 58.47 4.1 0.002645 0.012567 0.008021 1.606107 76.1867 316.74 5.01 98.96 0.90 55 113.30 10 10.0 0.021569 0.017386 0.005053 39.026299 1878.1877 320.96 0.53 99.64 21.75 965 1579.13 18Juna06 0.309 0.027 0.046 0.001 0.074 0.244 268.00 21.00 290.40 18Augc07 0.304 0.054 0.046 0.002 0.071 0.589 261.00 43.00 288.00 15.00 8 17.0 % 0.107642 20.599238 0.114352 17.664376 581.625 227.41 2.09 94.79 2.70 0.369 1.131 7.30 18Juna15 0.305 0.025 0.045 0.001 0.199 0.439 267.00 20.00 282.70 6.90 18Juna16 0.316 0.025 0.046 0.001 0.020 0.470 274.00 19.00 287.50 18Augc09 0.302 0.038 0.045 0.002 0.096 0.582 9 18.0 % 0.112572 b.d.l. 0.066594 14.248470 462.681 224.47 2.74 93.27 2.18 -0.490 261.00 30.00 284.00 13.00 18Augc10 0.298 0.040 0.044 0.002 0.167 0.476 19.0 % 0.044676 1.039704 0.032995 11.570927 384.335 229.29 2.57 96.65 1.77 4.785 232.568 252.00 30.00 280.00 14.00 20.0 % 0.051544 46.334157 0.032267 10.975297 372.477 233.97 2.58 96.05 1.68 0.102 0.106 7.20 18Juna17 0.319 0.018 0.045 0.001 0.007 0.374 278.00 14.00 283.70 18Augc11 0.309 0.041 0.044 0.002 0.168 0.508 258.00 31.00 278.00 13.00 21.0 % 0.014439 78.563719 0.052786 10.072302 347.495 237.60 4.35 98.76 1.54 0.055 0.053 6.10 18Juna19 0.330 0.012 0.046 0.001 0.121 0.325 287.70 9.50 290.40 18Augd01 0.328 0.044 0.045 0.002 0.017 0.419 22.0 % 0.089350 45.123027 0.078419 10.966800 369.923 232.63 2.46 93.31 1.68 0.105 0.106 274.00 34.00 280.00 12.00 23.0 % 0.050612 27.353762 0.035242 10.856361 373.706 237.10 1.97 96.13 1.66 0.171 0.224 4.40 18Junb06 0.344 0.024 0.045 0.001 0.201 0.429 300.00 19.00 285.90 18Augd02 0.338 0.048 0.046 0.002 0.137 0.431 282.00 36.00 292.00 12.00 24.0 % 0.015403 34.122365 0.033510 9.643705 329.740 235.61 3.68 98.61 1.47 0.122 0.217 7.10 18Junb07 0.326 0.016 0.046 0.001 0.145 0.367 284.00 12.00 288.20 18Augd03 0.354 0.041 0.047 0.002 0.064 0.398 25.0 % b.d.l. 83.665657 0.045481 9.454629 342.651 248.80 2.88 100.41 1.45 0.049 0.027 291.00 30.00 293.00 12.00 5.00 18Junb09 0.333 0.017 0.045 0.001 0.106 0.327 288.00 13.00 283.40 18Augd05 0.349 0.035 0.046 0.002 0.083 1.007 26.0 % 0.039756 101.163288 0.143182 40.921868 1481.048 248.49 0.73 99.19 6.26 0.174 0.083 295.00 26.00 288.00 12.00 27.0 % 0.045042 89.401656 0.130150 45.648641 1734.388 260.01 0.67 99.21 6.98 0.220 0.125 4.30 18Junb17 0.320 0.013 0.046 0.001 0.116 0.343 279.00 10.00 287.50 18Augd07 0.348 0.040 0.044 0.002 0.104 0.450 296.00 31.00 276.00 12.00 28.0 % 0.040953 8.325724 0.096003 33.344977 1236.015 254.09 0.88 99.00 5.10 1.722 10.136 3.70 18Junb18 0.338 0.028 0.046 0.001 0.096 0.423 290.00 21.00 286.80 18Augd08 0.320 0.023 0.045 0.002 0.259 0.556 29.0 % 0.048482 b.d.l. 0.094632 29.865331 1103.745 253.39 0.95 98.69 4.57 -0.155 277.00 18.00 285.00 11.00 30.0 % 0.018458 17.343077 0.046889 25.697680 962.726 256.62 1.16 99.41 3.93 0.637 1.834 7.20 18Junb19 0.321 0.011 0.046 0.000 0.083 0.283 281.30 8.30 286.80 18Augd09 0.325 0.031 0.046 0.002 0.237 0.478 283.00 25.00 286.00 11.00 33.0 % 0.027849 b.d.l. 0.063130 24.786808 935.276 258.34 1.20 99.10 3.79 -0.326 3.00 18Junb20 0.354 0.036 0.046 0.002 0.285 0.609 301.00 27.00 292.20 18Augd10 0.329 0.031 0.045 0.002 0.309 0.514 39.0 % 0.061614 b.d.l. 0.176304 57.899073 2198.638 259.88 0.56 99.15 8.85 -0.233 280.00 23.00 286.00 11.00 9.00 18Junb21 0.358 0.036 0.046 0.001 0.066 0.527 305.00 27.00 288.10 18Augd11 0.349 0.027 0.046 0.002 0.161 0.651 297.00 20.00 292.30 45.0 % 0.049805 b.d.l. 0.087956 38.606524 1464.296 259.59 0.70 98.98 5.90 -0.125 9.10 50.0 % 0.026246 76.526797 0.117756 67.259835 2569.471 261.33 0.51 99.67 10.29 0.378 0.277 8.50 18Junb22 0.324 0.018 0.045 0.001 0.114 0.519 283.00 14.00 285.90 Sample KG-13-29b 55.0 % 0.041363 68.663902 0.210676 91.672358 3495.495 260.88 0.35 99.63 14.02 0.574 0.416 4.70 18Junb23 0.321 0.039 0.045 0.002 0.073 0.589 18Auga10 0.330 0.034 0.045 0.002 0.230 0.518 60.0 % 0.015868 80.078050 0.096776 48.832789 1900.882 265.94 0.66 99.73 7.47 0.262 0.173 281.00 26.00 286.00 11.00 70.0 % 0.057050 b.d.l. 0.000000 4.519667 171.914 260.28 7.93 91.05 0.69 -0.008 265.00 30.00 284.00 10.00 18Junb24 0.352 0.056 0.045 0.002 0.047 0.613 18Auga11 0.352 0.034 0.046 0.002 0.117 0.699 299.00 26.00 286.60 9.70 80.0 % 0.092086 120.199661 0.000000 6.793907 281.433 281.74 5.17 91.16 1.04 0.024 0.012 291.00 42.00 283.00 14.00 18Junc06 0.336 0.011 0.046 0.001 0.136 0.288 292.90 8.10 287.40 18Auga13 0.307 0.046 0.047 0.002 0.193 0.620 261.00 36.00 293.00 15.00 Biotite grain 02 -J = 0.00407000 ± 0.00002035 3.20 18Junc08 0.323 0.016 0.046 0.001 0.110 0.456 283.00 12.00 287.80 18Augb03 0.332 0.043 0.046 0.003 0.119 0.429 1 6.0 % 1.510540 b.d.l. 0.127181 0.669713 4.873 52.78 64.42 1.08 0.11 -0.008 276.00 33.00 292.00 16.00 2 7.0 % 0.178030 b.d.l. 0.000000 0.966454 3.797 28.69 33.80 6.73 0.15 -0.003 4.50 18Junc10 0.330 0.016 0.045 0.001 0.126 0.423 287.00 12.00 284.00 18Augb04 0.325 0.032 0.046 0.001 0.219 0.995 276.00 24.00 289.50 8.80 3 8.0 % 0.044462 14.078993 0.000000 1.410227 19.518 99.09 22.84 59.74 0.23 0.043 0.147 4.10 18Junc11 0.333 0.015 0.045 0.001 0.134 0.154 289.00 11.00 285.30 18Augb05 0.347 0.041 0.046 0.002 0.130 0.684 4 9.0 % 0.030402 58.550556 0.009841 0.996204 12.196 87.93 32.31 57.56 0.16 0.007 0.006 287.00 30.00 291.00 11.00 5.00 18Junc12 0.347 0.019 0.045 0.001 0.118 0.367 299.00 15.00 286.50 18Augb07 0.314 0.045 0.045 0.003 0.201 0.759 5 10.0 % 0.032170 b.d.l. 0.017120 1.380904 8.592 45.22 28.50 47.44 0.22 -0.021 275.00 36.00 285.00 15.00 6 11.0 % 0.054225 b.d.l. 0.012728 1.070442 9.559 64.56 31.10 37.35 0.17 -2.090 5.90 18Junc13 0.312 0.019 0.046 0.001 0.049 0.358 273.00 15.00 286.90 18Augb08 0.353 0.041 0.046 0.002 0.131 0.579 299.00 31.00 291.00 13.00 7 12.0 % 0.019313 0.694866 0.000000 0.877429 8.972 73.73 40.96 61.09 0.14 0.543 42.526 5.90 18Junc17 0.332 0.013 0.046 0.001 0.009 0.293 289.30 9.70 287.80 18Augb09 0.337 0.025 0.046 0.002 0.186 0.501 8 13.0 % b.d.l. 8.253980 0.000000 0.705630 7.997 81.55 48.98 102.00 0.11 0.037 0.232 290.00 19.00 291.00 11.00 9 14.0 % 0.000316 12.874614 0.000000 0.604796 7.731 91.71 57.81 98.73 0.10 0.020 0.083 3.50 18Junc18 0.344 0.016 0.046 0.001 0.097 0.394 298.00 12.00 289.50 19Auga09 0.324 0.031 0.045 0.002 0.281 0.627 275.00 23.00 285.50 9.00 15.0 % 0.138507 b.d.l. 0.039897 8.047928 178.536 156.32 5.35 81.32 1.29 -0.278 4.40 18Junc19 0.333 0.013 0.046 0.001 0.130 0.298 290.00 10.00 287.00 19Auga10 0.338 0.025 0.046 0.001 0.159 0.609 290.00 19.00 292.30 16.0 % 0.085393 b.d.l. 0.060359 18.222107 561.019 213.48 2.06 95.67 2.91 -2.717 8.20 4.10 18Junc20 0.328 0.025 0.046 0.001 0.080 0.410 283.00 20.00 287.60 19Auga11 0.346 0.050 0.045 0.002 0.044 0.611 17.0 % 0.091940 b.d.l. 0.069810 25.411482 856.990 232.59 1.46 96.90 4.06 -0.045 298.00 40.00 281.00 12.00 18.0 % 0.051292 b.d.l. 0.049156 28.298150 995.264 241.92 1.40 98.47 4.52 -0.327 6.40 18Junc23 0.325 0.016 0.045 0.001 0.029 0.313 285.00 12.00 285.80 19Auga12 0.326 0.028 0.045 0.002 0.201 0.616 280.00 21.00 282.50 9.20 19.0 % 0.013987 61.727766 0.051119 30.464837 1099.960 247.93 1.10 99.60 4.87 0.212 0.176 3.90 18Junc24 0.331 0.017 0.046 0.001 0.009 0.407 290.00 14.00 289.50 19Augb01 0.323 0.037 0.046 0.002 0.072 0.551 20.0 % 0.017821 13.276795 0.000000 29.549103 1074.595 249.60 1.14 99.49 4.72 0.957 3.785 277.00 29.00 287.00 14.00 21.0 % 0.023292 b.d.l. 0.001417 26.229067 955.593 250.03 1.25 99.26 4.19 -3.824 4.50 Sample KG-13-27 19Augb02 0.383 0.059 0.045 0.002 0.071 0.492 310.00 43.00 284.00 14.00 22.0 % 0.001599 31.522156 0.028575 24.771707 911.022 252.23 1.49 99.92 3.96 0.338 0.627
		(group 2) 19Augb07 23.0 %	0.012914	0.375 b.d.l.	0.048 0.003734	0.046 24.490470	0.002 891.853	0.068 249.92	0.573 1.26	305.00 35.00 291.00 12.00 99.55 3.91 -2.182
		18Juna08 19Augb08 24.0 % 25.0 %	0.019827 b.d.l.	0.321 0.333 b.d.l. 16.703352	0.020 0.032 0.000000 0.000000	0.044 0.045 20.919650 17.833806	0.001 0.001 768.894 658.951	0.050 0.162 252.09 253.34	0.464 0.387 1.61 1.85	278.00 15.00 275.60 287.00 25.00 284.00 99.22 3.34 -100.20 2.85 0.459	5.10 5.933 7.80 1.399
		18Juna09 19Augb09 26.0 %	0.026392	0.307 0.354 b.d.l.	0.019 0.041 0.071416	0.044 0.046 58.871171	0.001 0.002 2183.097	0.024 0.109 254.19	0.428 0.351 0.57	268.00 15.00 277.90 295.00 31.00 291.00 10.00 5.30 99.62 9.41 -4.790
		18Juna18 27.0 %	0.009033	0.311 21.044211	0.014 0.034029	0.043 42.213668	0.001 1558.812	0.063 253.19	0.321 0.87	272.00 11.00 273.30 99.80 6.74 0.863	3.90 2.353
		18Junb11 28.0 % 29.0 %	0.014111 0.004656	0.308 b.d.l. 0.672264	0.018 0.015477 0.018076	0.044 34.303840 26.822167	0.001 1260.325 983.127	0.173 252.00 251.44	0.489 0.97 1.12	268.00 14.00 274.80 99.64 5.48 -99.83 4.29 17.156	1.777 6.80 1162.144
		18Junb12 30.0 %	0.025657	0.322 b.d.l.	0.024 0.011533	0.043 21.680995	0.001 785.146	0.155 248.62	0.431 1.55	280.00 18.00 271.90 99.02 3.46 -	5.90 0.067
		18Junb13 33.0 % 39.0 %	b.d.l. 0.005936	0.315 11.063772 11.771315	0.015 0.019872 0.024270	0.044 17.818434 48.241814	0.001 653.887 1745.897	0.057 251.72 248.48	0.305 1.94 0.66	276.00 12.00 274.80 100.65 2.85 0.693 99.87 7.71 1.762	3.410 5.30 7.113
		18Junc22 45.0 %	0.029524	0.325 b.d.l.	0.018 0.000000	0.043 31.764375	0.001 1135.505	0.066 245.63	0.315 0.97	283.00 14.00 274.40 99.21 5.07 -	4.10 0.051
		Sample KG-13-28 51.0 % 0.060244	b.d.l.	0.000000	55.604030	1990.981	246.01	0.41	99.09	8.88	-	0.025
		18Jund07 55.0 % 60.0 %	0.022211 0.019001	0.301 b.d.l. b.d.l.	0.014 0.020953 0.000000	0.042 24.972753 0.692947	0.001 898.737 16.043	0.246 247.18 162.84	0.357 0.94 43.41	265.00 11.00 264.10 99.25 3.99 -74.05 0.11 -	0.059 4.30 0.001
		18Jund09		0.302	0.016	0.042	0.001	0.098	0.354	265.00 13.00 262.60	4.80
		18Jund10		0.316	0.023	0.043	0.001	0.133	0.592	274.00 18.00 268.80	6.40

Biotite grain 04 -J = 0.00407000 ± 0.00002035 -Age 256.14 ± 1.70 (MSWD=1.11)

  

	37Ar(ca) (fA) 59.648940 5.558380 Sample KG-13-27 -Granite resulting from partial melting of paragneiss 38Ar(cl) (fA) 39Ar(k) (fA) 40Ar(r) (fA) (Ma) Step n°L aser power 36Ar 5.70% 0.000000 0.000000 8.067800 315.924 265.31 2.53 5.90% 0.001592 0.000000 9.373270 364.906 263.88 4.90 6.20% 0.000000 9.428240 0.000000 5.849240 224.712 260.64 3.64 Age ± 1σ 40Ar(r) 39Ar(k) K/Ca 99.98 2.92 0.058 99.85 3.39 0.725 99.97 2.12 0.267 (fA) 6.50% 0.003138 2.496300 0.025475 11.872340 460.682 263.07 3.67 99.77 4.30 2.045 (%) (%)	± 1σ 0.083 10.000 2.366 59.511
		7.00%	0.002335	0.000000	0.019457	12.022330	465.211	262.39	4.49	99.83	4.35	-	-
	1	7.0 % 7.50%	1.557492 0.000000	7.281497 67.938950	0.131200 0.000000	0.679381 5.628210	14.973 227.905	155.34 273.71	80.14 3.90	3.15 99.98	0.17 2.04	0.040 0.036	0.495 0.045
	2	8.0 % 10.00%	0.385246 0.029565	37.562256 13.252150	0.031316 0.058948	0.914664 31.585160	4.828 1239.346	38.44 265.82	106.21 1.75	4.07 99.28	0.22 11.44	0.010 1.025	0.044 6.684
	3	9.0 %	0.023574	101.143860	0.029889	1.087627	13.326	88.00	103.08	65.64	0.27	0.005	0.009
	4	10.0 %	0.022996	101.473902	0.017597	0.727003	13.871	135.24	140.86	67.10	0.18	0.003	0.005
	5	11.0 %	0.032079	1.851234	0.035566	0.667507	5.945	64.39	160.90	38.53	0.16	0.155	14.835
	6	12.0 %	b.d.l.	236.519336	0.000000	0.446628	26.005	384.57	173.07	128.73	0.11	0.001	0.000
	7	14.0 %	0.023971	48.976524	0.037869	0.378168	8.707	161.98	218.41	55.13	0.09	0.003	0.010
	8	15.0 %	0.267651	56.733679	0.109106	11.286636	259.417	161.71	8.19	76.61	2.75	0.086	0.238
	9	16.0 %	0.123453	35.247420	0.055303	16.130903	494.212	212.50	4.60	93.10	3.93	0.197	0.719
		17.0 %	0.051051	37.470548	0.060897	15.282935	504.736	228.06	6.02	97.07	3.73	0.175	0.748
		18.0 %	0.052685	b.d.l.	0.062108	15.630971	524.384	231.44	7.88	97.09	3.81	-	0.109
		19.0 %	0.032988	b.d.l.	0.043934	14.739600	512.585	239.38	6.52	98.11	3.59	-	0.197
		20.0 %	b.d.l.	44.503378	0.021491	12.819134	467.346	250.18	12.06	101.24	3.13	0.124	0.753
		21.0 %	b.d.l.	50.433858	0.074773	11.952558	440.484	252.72	12.10	101.45	2.92	0.102	0.512
		22.0 %	b.d.l.	172.629183	0.033591	11.166141	428.726	262.56	12.34	104.07	2.72	0.028	0.039
		23.0 %	0.023053	b.d.l.	0.000000	12.105305	446.048	252.68	5.46	98.47	2.95	-	0.285
		24.0 %	0.005563	2.913228	0.000000	10.476258	389.372	254.73	8.80	99.55	2.56	1.546	85.370
		25.0 %	0.024490	b.d.l.	0.000000	8.309382	306.826	253.18	11.29	97.67	2.03	-	0.249
		27.0 %	0.054681	b.d.l.	0.083060	39.292237	1475.641	257.21	2.60	98.89	9.58	-	0.222
		29.0 %	0.038720	b.d.l.	0.063370	25.454854	964.580	259.37	4.65	98.80	6.21	-	0.273
		31.0 %	0.028821	b.d.l.	0.051844	17.713820	676.508	261.26	8.98	98.73	4.32	-	0.692
		34.0 %	0.029074	b.d.l.	0.059953	12.751784	486.467	261.00	5.40	98.24	3.11	-	0.150
		40.0 %	0.065155	b.d.l.	0.006251	27.953144	1063.979	260.45	5.49	98.20	6.82	-	0.112
		47.0 %	0.028072	b.d.l.	0.085680	35.820026	1377.263	262.91	2.89	99.38	8.74	-	106.993
		53.0 %	0.095089	b.d.l.	0.017368	15.222786	550.764	248.41	7.78	95.12	3.71	-	0.016
		60.0 %	0.116761	b.d.l.	0.041871	26.503389	966.992	250.37	4.00	96.53	6.46	-	0.023
		67.0 %	0.130486	b.d.l.	0.015702	28.164979	1003.687	244.92	5.13	96.28	6.87	-	0.025
		74.0 %	b.d.l.	57.299880	0.000000	5.830464	218.504	256.71	12.41	100.95	1.42	0.044	0.096
		90.0 %	0.792710	218.411322	0.048998	30.517497	1130.176	253.88	2.42	82.81	7.44	0.060	0.035
	Biotite grain 05 -J = 0.00407000 ± 0.00002035 -Age 263.01 ± 2.44 (MSWD=1.75)						
	1	8.0 %	0.886076	b.d.l.	0.139801	2.383230	b.d.l.	-	45.70	-	0.71	-	0.002
	2	10.0 %	0.065302	0.302814	0.040297	2.031567	7.950	28.58	54.74	29.16	0.61	2.885	1717.052
	3	12.0 %	0.066308	b.d.l.	0.027338	1.267897	10.248	58.53	94.44	34.33	0.38	-	3091.713
	4	15.0 %	0.180628	b.d.l.	0.108613	17.541348	404.773	162.32	8.81	88.32	5.23	-	0.112
	5	17.0 %	0.084127	b.d.l.	0.123929	28.058281	957.484	235.18	3.25	97.44	8.36	-	0.884
	6	19.0 %	0.016387	60.040444	0.040029	31.071989	1165.836	256.99	4.06	99.56	9.26	0.223	0.819
	7	21.0 %	0.069156	b.d.l.	0.000000	22.337823	830.576	254.83	3.76	97.57	6.66	-	0.046
	8	23.0 %	0.099934	b.d.l.	0.033905	16.650696	601.836	248.18	5.99	95.30	4.96	-	0.013
	9	25.0 %	0.074229	b.d.l.	0.000000	11.613249	421.183	248.97	8.38	95.03	3.46	-	0.017
		27.0 %	0.005777	106.669137	0.083288	51.950730	2014.724	265.02	1.88	99.89	15.49	0.209	0.334
		29.0 %	b.d.l.	109.085302	0.000000	21.671273	836.033	263.73	4.94	100.54	6.46	0.085	0.147
		33.0 %	0.002961	4.803288	0.009344	11.651630	440.609	258.87	7.27	99.78	3.47	1.043	32.219
		39.0 %	0.009534	9.631402	0.041168	22.657631	841.214	254.47	5.21	99.64	6.75	1.012	21.680
		46.0 %	0.015279	8.966587	0.036352	28.370289	1036.550	250.69	3.73	99.54	8.46	1.361	28.029
		52.0 %	b.d.l.	118.266563	0.023644	10.329513	384.867	255.32	10.16	101.44	3.08	0.038	0.058
		60.0 %	b.d.l.	b.d.l.	0.073915	25.963103	924.706	244.79	4.86	100.91	7.74	-	0.095
		67.0 %	b.d.l.	b.d.l.	0.054070	10.754193	382.468	244.46	13.77	105.73	3.21	-	2.162
		75.0 %	0.024352	b.d.l.	0.036206	13.260571	434.000	226.13	7.19	98.34	3.95	-	0.018
		80.0 %	0.197973	127.459905	0.022542	3.471027	96.145	193.17	45.61	62.16	1.03	0.012	0.025
		100.0 %	0.557314	129.044683	0.000000	2.409141	74.638	214.74	63.71	31.18	0.72	0.008	0.017
	Biotite grain Mp -J = 0.00403560 ± 0.00001655 -Age 265.30 ± 3.19 (MSWD=4.82)						
		3.00%	0.758912	56.575390	0.080352	0.122540	10.866	553.18	453.59	4.62	0.04	0.001	0.001
		3.30%	0.071335	0.000000	0.114253	2.060180	15.967	55.69	24.46	43.08	0.75	-	-
		3.60%	0.093421	0.000000	0.129752	8.829880	199.749	157.98	5.21	87.82	3.20	-	-
		3.80%	0.014305	23.326320	0.039375	17.606290	564.534	220.05	2.93	99.23	6.38	0.325	1.196
		4.00%	0.009247	0.000000	0.011677	20.767150	741.392	243.39	2.84	99.61	7.52	-	-
		4.10%	0.007605	0.000000	0.009428	15.617440	562.716	245.50	3.25	99.58	5.66	-	-
		4.20%	0.011580	10.066340	0.044232	15.711630	578.049	250.33	3.89	99.39	5.69	0.671	6.888
		4.30%	0.009998	0.000000	0.070894	17.372640	647.055	253.22	2.71	99.52	6.29	-	-
		4.40%	0.015251	0.000000	0.064128	14.768630	547.949	252.31	3.57	99.16	5.35	-	-
	10	4.60%	0.000000	34.610260	0.000000	17.412620	656.660	256.17	1.17	99.97	6.31	0.216	0.426
	11	4.80%	0.012534	11.392440	0.015896	18.555350	680.391	249.55	2.92	99.43	6.72	0.700	5.522
	12	5.00%	0.004347	6.782280	0.042700	11.729260	434.499	251.94	3.87	99.68	4.25	0.744	8.326
	13	5.20%	0.000000	27.515520	0.000000	7.167000	266.852	253.14	2.61	99.97	2.60	0.112	0.343
	14	5.40%	0.006426	0.000000	0.020988	7.727450	286.660	252.27	6.70	99.32	2.80	-	-
	15	5.60%	0.007826	11.128440	0.053939	16.276580	616.460	257.20	3.21	99.60	5.89	0.629	4.922

Amphibole grain 03 -J = 0.00407000 ± 0.00002035 -Age 276.23±1.95 Ma (MSWD = 2.04)

  

	aser Step n°L power	36Ar (fA)	37Ar(ca) (fA)	38Ar(cl) (fA)	39Ar(k) (fA)	40Ar(r) (fA)		(Ma)			K/Ca ± 1σ
	1	6.0 %	0.1330	4.8588	0.4631	0.6832	3.5042	37.36 94.78	8.19	0.43	0.060 1.311
	2	7.0 %	b.d.l	160.1465	0.1166	0.7693	17.1640 157.17 103.02	164.02	0.48	0.002 0.002
	3	8.0 %	b.d.l	244.4039	0.0415	0.1816	23.9876 777.88 490.91	522.23	0.11	0.000 0.000
	4	11.0 %	0.0521	b.d.l	0.0707	0.1492	b.d.l	-	1161.3	-	0.09	-	0.000
	5	15.0 %	0.0132	b.d.l	0.2001	3.5824	53.5173 106.74 25.70	93.15	2.24	-	0.029
	6	16.0 %	b.d.l	228.5057	0.2761	2.7235	110.9681 277.46 35.29	119.62	1.70	0.005 0.004
	7	17.0 %	b.d.l	73.8065	0.4049	3.1207	129.0407 281.27 21.45	105.31	1.95	0.018 0.029
	8	18.0 %	0.0041	b.d.l	0.3258	2.0886	81.3184 265.99 35.06	98.51	1.31	-	0.057
	9	19.0 %	0.0208	b.d.l	0.2647	1.5855	55.6484 241.45 28.87	90.04	0.99	-	0.010
		20.0 %	b.d.l	57.1296	0.2300	1.2002	52.9290 298.51 59.92	108.28	0.75	0.009 0.020
		21.0 %	b.d.l	121.2937	0.3115	1.2190	62.3362 341.91 58.33	119.55	0.76	0.004 0.004
		22.0 %	b.d.l	88.1832	0.2205	0.8626	44.7870 346.67 78.60	126.45	0.54	0.004 0.006
		23.0 %	b.d.l	58.4786	0.2562	0.8430	40.2866 321.40 104.14	111.65	0.53	0.006 0.016
		24.0 %	0.0103	b.d.l	0.3319	1.1027	38.7928 241.99 70.37	92.72	0.69	-	0.038
		25.0 %	0.0094	b.d.l	0.4993	1.3022	47.0936 248.31 66.90	94.40	0.81	-	0.033
		26.0 %	b.d.l	357.9235	21.8851	46.4088 1869.9512 274.60 2.20	100.65	29.02	0.056 0.028
		27.0 %	b.d.l	404.3424	21.4027	45.0012 1822.4157 275.89 1.46	100.78	28.14	0.048 0.013
		28.0 %	b.d.l	442.7509	13.6368	29.0237 1193.5159 279.84 2.10	101.69	18.15	0.028 0.007
		29.0 %	0.0093	5.1709	6.1949	13.8881	545.9456 268.38 4.91	99.47	8.68	1.155 26.680
		31.0 %	0.0354	b.d.l	1.0262	2.6695	88.2864 228.36 15.83	89.39	1.67	-	0.005
		33.0 %	0.0308	b.d.l	0.5723	1.5370	48.4944 218.48 42.73	84.19	0.96	-	0.007

Sample KG-14-29 -Mylonitic marble (Khan-Tengri area)

  

	Age ± 1σ 40Ar(r) 39Ar(k)
	(%)	(%)

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

  

								Age ± 1σ 40Ar(r) 39Ar(k)		
	Step n°L aser power 50.0 %	36Ar (fA) 0.025664	37Ar(ca) (fA) b.d.l.	39Ar(k) (fA) 0.031004 24.025180 888.5890 253.57 9.15 38Ar(cl) (fA) 40Ar(r) (fA) (Ma)	(%) 99.13	(%) 8.99	K/Ca ± 1σ -1.551
		55.0 %	0.077664	b.d.l.	0.000000	9.308726	331.1486 244.52 19.14	93.49	3.48	-	0.023
	1 2	10.0 % 65.0 % 12.0 % 90.0 %	0.581732 115.585175 0.104069 0.104232 b.d.l. 0.000000 0.063740 b.d.l. 0.000000 0.264560 b.d.l. 0.302744 15.145488 607.5893 273.49 9.14 1.103904 20.1488 129.58 87.44 1.270611 8.3777 47.89 153.55 0.439096 b.d.l. -269.86	10.49 21.38 -88.58	0.33 0.48 0.13 5.67	-0.004 0.006 0.001 -0.003 -0.181
	3	14.0 %	0.032541	b.d.l.	0.000000	0.293776	b.d.l.	-	419.11	-	0.09	-	0.005
	4	16.0 %	0.254684 91.719546	0.047672	9.605721	292.2656 211.11 14.27	79.50	2.85	0.045 0.117
	5	19.0 %	0.179777	b.d.l.	0.000000	4.962067	155.0178 216.44 19.11	74.46	1.47	-	0.048
	6	22.0 %	b.d.l.	503.326420 0.033420	3.358121	169.3604 337.61 39.10	119.58	1.00	0.003 0.001
	7	26.0 %	0.344411 93.869491	0.042885 20.486314 728.7720 244.51 3.84	87.73	6.08	0.094 0.137
	8	30.0 %	0.065295 139.675713 0.062492 12.976688 474.4656 250.86 7.33	96.07	3.85	0.040 0.048
		35.0%	0.102942	3.292308	0.073162 38.225050	1377.10 247.42 2.17	97.81	11.34	4.99 219.43
		39.0 %	b.d.l.	233.378071 0.040425 30.878727 1149.1418 255.03 3.78	100.58	9.16	0.057 0.050
		43.0 %	0.026350 10.875306	0.006007 23.793303 867.9512 250.32 4.16	99.08	7.06	0.941 14.955
		46.0 %	0.118546	b.d.l.	0.059917 53.662664 1978.8474 252.87 2.32	98.24	15.92	-	2.100
		50.0 %	0.132354	b.d.l.	0.000000 25.541084 884.9003 238.54 5.21	95.74	7.58	-	0.019
		55.0 %	0.007909 81.187702	0.042135 34.140903 1248.6711 250.93 2.91	99.79	10.13	0.181 0.386
		65.0 %	0.082829	b.d.l.	0.000000 23.172869 820.3922 243.42 5.58	97.08	6.87	-	0.046
		75.0 %	0.101672	b.d.l.	0.086383 44.706308 1632.7919 250.61 2.64	98.17	13.26	-	0.077
		85.0 %	0.017727	b.d.l.	0.009997	1.533747	49.2780 222.23 72.73	90.37	0.45	-	0.028
		90.0 %	0.189149	b.d.l.	0.000000	8.239181	300.2424 250.08 12.21	84.29	2.44	-	0.065
	Phengite aggregate 03 -J = 0.00407000 ± 0.00002035 -Age 254.04±2.05 Ma (MSWD = 0.54)				
	1	6.0 %	0.699295 50.004327	0.092701	2.380352	27.6761	83.61 60.71	11.81	1.00	0.020 0.098
	2	7.0 %	0.044273	b.d.l.	0.004678	0.938793	15.9248 120.72 101.98	54.88	0.39	-	0.011
	3	8.0 %	0.088820	b.d.l.	0.033419	0.862273	b.d.l.	-	98.55	-	0.36	-	0.001
	4	11.0 %	0.292816 107.610778 0.000000	0.451856	23.6748 349.55 243.38	21.48	0.19	0.002 0.003
	5	12.0 %	b.d.l.	88.614503	0.030744	0.477466	24.9971 349.30 224.43 123.18	0.20	0.002 0.005
	6	13.0 %	0.015072	b.d.l.	0.028827	0.437990	8.4489	136.67 166.26	65.46	0.18	-	0.008
	7	14.0 %	1.303559	b.d.l.	0.038820	0.463145	b.d.l.	-	224.5	-	0.19	-	0.001
	8	15.0 %	0.332955 117.556311 0.060783	9.005619	311.4196 238.12 15.25	75.98	3.77	0.033 0.067
	9	16.0 %	0.094054 125.844469 0.013902	3.697965	141.4944 261.72 28.59	83.56	1.55	0.013 0.019
		17.0 %	0.053968 46.357932	0.084686	2.716634	98.6773 249.33 39.17	86.07	1.14	0.025 0.101
		18.0 %	b.d.l.	109.583200 0.014569	2.094652	86.0392 279.55 51.29	100.38	0.88	0.008 0.014
		19.0 %	b.d.l.	116.201575 0.063680	1.795514	76.3016 288.48 64.57	106.74	0.75	0.007 0.012
		20.0 %	0.009395 24.376404	0.020067	1.505891	55.6282 253.28 83.62	95.22	0.63	0.027 0.240
		20.0 %	0.109882	b.d.l.	0.000000	2.562934	56.3402 154.96 54.81	63.42	1.07	-	0.003
		20.0 %	0.048378	b.d.l.	0.000000	2.724748	85.3498 216.98 52.06	85.63	1.14	-	0.028
		20.0 %	0.249805	b.d.l.	0.000000 21.809067 722.5003 228.73 5.87	90.71	9.13	-	0.008
		20.0 %	b.d.l.	415.317772 0.107269 20.610299 786.6858 261.13 7.09	103.41	8.63	0.021 0.013
		20.0 %	b.d.l.	75.471033	0.029776 17.693218 649.1157 251.66 7.87	100.18	7.40	0.101 0.325
		20.0 %	0.040210 70.554558	0.070644 60.954633 2242.5810 252.32 2.14	99.45	25.51	0.371 1.195
		20.0 %	b.d.l.	118.898566 0.043504 33.106904 1230.5527 254.74 4.36	100.21	13.85	0.120 0.254
		20.0 %	0.013486	6.754917	0.039787 16.946687 626.6480 253.52 7.92	99.34	7.09	1.079 37.501
		20.0 %	b.d.l.	175.740621 0.116789 22.551563 862.0675 261.49 6.47	101.12	9.44	0.055 0.080
		20.0 %	0.002083 11.111577	0.000000	1.094915	42.8979 267.55 153.20	98.56	0.46	0.042 1.122
		20.0 %	0.719236 150.781773 0.074154 12.070014 465.0949 263.44 11.57	68.62	5.05	0.034 0.056
	Phengite aggregate 04 -J = 0.00407000 ± 0.00002035 -Age 248.02±1.74 Ma (MSWD = 1.45)				
	1	10.0 %	0.016217 400.093547 0.223237	2.962511	60.1517 143.58 35.46	92.58	1.11	0.003 0.001
	2	12.0 %	b.d.l.	259.918262 0.093775	1.272267	45.7213 246.85 80.48	155.66	0.48	0.002 0.001
	3	16.0 %	0.194535	b.d.l.	0.146678 13.181266 415.4999 218.28 10.27	87.82	4.93	-	0.220
	4	19.0 %	0.182872	b.d.l.	0.027592	7.349874	246.7273 231.58 15.53	82.01	2.75	-	0.038
	5	22.0 %	0.110408	b.d.l.	0.000000	4.953843	166.2310 231.50 21.87	83.57	1.85	-	0.021
	6	26.0 %	0.252448	b.d.l.	0.246900 24.597794 903.3314 251.90 1.58	92.35	9.20	-	0.022
	7	30.0 %	0.175719	b.d.l.	0.128903 18.036497 629.4000 240.15 2.42	92.36	6.75	-	0.003
	8	35.0 %	0.238098	b.d.l.	0.312126 54.757820 1991.5344 249.63 2.03	96.56	20.48	-	0.021
	9	39.0 %	0.071371	b.d.l.	0.095691 34.828824 1267.0992 249.70 1.89	98.34	13.03	-	0.120
		43.0 %	0.095283	b.d.l.	0.000000 17.185173 591.2411 236.98 5.18	95.43	6.43	-	0.013
		46.0 %	0.108123	b.d.l.	0.000000 38.447992 1378.2383 246.27 1.88	97.71	14.38	-	0.025

Phengite aggregate Mp -J = 0.00403560 ± 0.00001655 -Age 257.38±1.19 Ma (MSWD = 0.88)

  

	Step n°L aser power	36Ar (fA)	37Ar(ca) (fA)	38Ar(cl) (fA)	39Ar(k) (fA)	40Ar(r) (fA)	(Ma)			K/Ca ± 1σ
	1	3.0 %	0.478059 41.102542	0.057680	0.481227	11.0414 160.14 61.23	7.25	0.18	0.005 0.006
	2	3.1 %	0.034048 55.532745	0.043363	0.693810	13.6941 138.59 44.13	57.63	0.26	0.005 0.005
	3	3.3 %	0.014629 30.426619	0.035705	1.590616	33.7460 148.55 17.21	88.61	0.59	0.022 0.034
	4	3.5 %	0.005063 40.401656	0.037312	6.806663	231.3691 232.46 4.23	99.33	2.50	0.072 0.087
	5	3.6 %	0.005943 13.153914	0.000000	8.795131	307.8584 238.94 4.01	99.41	3.24	0.288 1.318
	6	3.7 %	0.035583	b.d.l.	0.000000	9.188483	321.7729 239.04 3.38	96.81	3.38	-	1.390
	7	3.8 %	b.d.l.	49.166244	0.000000	4.666744	171.5134 250.09 7.06	101.06	1.72	0.041 0.046
	8	3.9 %	0.026792 52.966777	0.024182	5.840644	212.4629 247.70 5.36	96.38	2.15	0.047 0.048
	9	4.0 %	0.078985 25.952066	0.012326	3.818280	137.6353 245.60 7.37	85.48	1.41	0.063 0.116
		4.2 %	0.173914 51.056092	0.043755	5.775972	213.4030 251.32 5.19	80.57	2.13	0.049 0.048
		4.4 %	0.046916 31.736453	0.023647	9.464112	349.6155 251.29 3.80	96.16	3.48	0.128 0.249
		4.5 %	0.016857 57.630152	0.040896	6.969338	261.1889 254.69 4.13	98.10	2.56	0.052 0.043
		4.6 %	b.d.l.	85.168206	0.014229	4.670879	181.4509 263.35 6.25	101.88	1.72	0.024 0.014
		4.7 %	b.d.l.	64.317116	0.049151	9.331843	349.7367 254.69 3.12	100.61	3.43	0.062 0.047
		4.8 %	0.009942 14.169292	0.021901	8.185111	302.0710 251.06 3.83	99.01	3.01	0.248 0.928
		4.9 %	0.016371	b.d.l.	0.000000 13.757295 504.2241 249.45 2.21	99.02	5.06	-	70.024
		5.0 %	0.007731	7.970309	0.030976 13.677289 503.2823 250.37 2.32	99.52	5.03	0.738 4.930
		5.1 %	0.020497	7.130319	0.008155 31.294067 1159.2741 251.94 1.14	99.45	11.52	1.887 15.362
		5.2 %	0.000382 59.827678	0.061763 20.078247 755.6691 255.70 1.47	99.96	7.39	0.144 0.117
		5.3 %	0.017479	b.d.l.	0.008644	9.466755	354.2656 254.34 3.52	98.54	3.48	-	1.021
		5.5 %	0.024160	b.d.l.	0.001145 15.324577 576.3405 255.52 1.99	98.75	5.64	-	0.812
		5.7 %	0.034521 12.511135	0.016383 21.008420 796.7701 257.53 1.30	98.71	7.73	0.722 2.554
	5.9 % Ar/ 39 Ar geochronology 40 Ductile deformation	0.020237	1.175990	0.002508 10.733074 408.3803 258.31 2.98	98.53	3.95	3.925 ######
	Talas-Ferghana Fault	6.2 %	0.054775	b.d.l.	0.029372 19.899802 756.7193 258.17 1.45	97.88	7.32	-	0.814
	Tianshan	6.5 %	0.038026	b.d.l.	0.023531 10.645873 409.6024 261.00 2.75	97.31	3.92	-	0.472
		7.0 %	0.039467	b.d.l.	0.012352	9.124891	350.6869 260.73 3.19	96.76	3.36	-	0.205
		8.0 %	0.015592	b.d.l.	0.021160	2.791982	111.6316 270.50 9.77	96.01	1.03	-	0.505
		10.0 %	0.232655	b.d.l.	0.061262	7.646975	310.5417 274.44 3.67	81.86	2.81	-	3.523

Table 1

 1 Summary of sample localities and Ar-Ar ages.

	Sample	Locality	Coordinates	Rock/setting	Mineral	Ar ages (Ma) and age meaning
	K10-4D	Ferghana ridge road	41°41 0 59.8 00 N Sheared metapelite, SW wall of	Phengite, recrystallized in	250 ± 4 -age of shearing of TFF
		Biskek Osh		TFF	shear zone	
			72°56 0 08.5 00 E			P270 -inheritance
						6200 -reset
	K10-5A	Ferghana ridge r.	41°40 0 47.8 00 N Micaschist, NE wall of TFF	Muscovite in micaschist	312 ± 4 -age of ductile amphibolite facies
		Karasu				dextral transpressive deformation
			73°00 0 03.2 00 E			
	K10-5D	Ferghana ridge r.	41°40 0 47.8 00 N Pegmatite dyke crosscutting	Muscovite in pegmatite dyke	195 ± 3 -right-lateral trans-tensive
		Karasu		micaschist, NE wall of TFF		shearing and pegmatite emplacement
			73°00 0 03.2 00 E			
	K10-17A Talas ridge, 200 m SW	42°12 0 07.7 00 N Deformed granite C 3 -P 1 , SW wall	Phengite formed at the	256 ± 4 -age of shearing of TFF
		of Karabura pass		of TFF	expanses of feldspars	
			71°34 0 46.5 00 E			6200 -reset
	K10-17B Talas ridge, 200 m SW	42°12 0 07.7 00 N Deformed granite C3-P1, SW wall	Phengite formed at the	ca. 242-age of shearing of TFF
		of Karabura pass		of TFF	expanses of feldspars	
			71°34 0 46.5 00 E			P 289 ± 7 -inheritance
						6200 -reset
	K10-18	Talas ridge, $1 km N	42°13 0 10.8 00 N Low green-schist metapelite,	Phengite, recrystallized from	P400 -inherited age
		of Karabura pass		Karabura fm. NE wall of TFF	pelitic sediment matrix	
						317 ± 8 -earliest deformations
			71°34 0 25.5 00 E			6210 -later motion in Triassic

Table 2

 2 Summary results of 40 Ar/ 39 Ar dating of white micas from the Talas-Ferghana Fault zone.

	Step No.	Laser power	36 Ar(a)	37 Ar(ca)	38 Ar(cl)	39 Ar(k)	40 Ar(r)	Age ± 2r (Ma)	40 Ar(r) (%)	39 Ar(k) (%)	K/Ca ± 2r
	Phengite K10-4D. J = 0.00392580. Age (steps 9-11): 250.36 ± 3.57 Ma (MSWD: 3.31, 45.5% 39Ar. Total fusion age: 237.8 ± 4.8 Ma		
		510.00W	0.000010	0.000078	0.000011	0.000408	0.006467	109.03 ± 37.07	67.75	0.27	442 ± 811
		680.00W	0.000012	0.000299	0.000024	0.002550	0.062089	164.68 ± 11.43	94.33	1.69	716 ± 413
		800.00W	0.000001	0.000344	0.000025	0.003284	0.081449	167.61 ± 9.62	99.44	2.17	802 ± 336
		950.00W	0.000005	0.001656	0.000035	0.009058	0.273484	202.09 ± 4.67	100.42	6.00	460 ± 61
		1100.00W	0.000004	0.001376	0.000000	0.013151	0.424936	215.46 ± 4.84	99.62	8.71	803 ± 72
		1250.00W	0.000007	0.000785	0.000021	0.009370	0.316126	224.39 ± 4.89	100.61	6.20	1002 ± 135
		1400.00W	0.000006	0.000390	0.000000	0.007877	0.269712	227.53 ± 5.31	100.60	5.22	1695 ± 495
		1750.00W	0.000021	0.000293	0.000031	0.022261	0.797355	237.36 ± 4.75	100.71	14.74	6376 ± 2879
		2000.00W	0.000031	0.000280	0.000032	0.030117	1.119202	245.68 ± 4.84	100.76	19.94	9050 ± 6167
		2250.00W	0.000033	0.000399	0.000021	0.022674	0.863940	251.49 ± 4.98	101.07	15.01	4769 ± 1292
		2550.00W	0.000006	0.000509	0.000031	0.015867	0.612695	254.64 ± 5.25	100.24	10.50	2619 ± 684
		3000.00W	0.000007	0.002403	0.000093	0.014430	0.593759	270.16 ± 5.56	100.29	9.55	504 ± 42
	Muscovite K10-5A, J = 0.02045940. Age (steps 11-19): 311.64 ± 3.97 Ma (MSWD: 0.26), 95.2% 39Ar. Total fusion age: 311.8 ± 5.3 Ma		
		420.00W	-	16.531012	0.000000	-	1.568314	-	7381.64	-	-
		440.00W	0.001849	12.177302	0.000000	-	-	2284.53 ± 227.13	277.26	-	-
		460.00W	-	-	0.067311	0.086626	3.590632	1107.93 ± 2141.47	1396.66	0.05	-
		480.00W	-	5.030145	0.000000	-	3.720220	-	2699.96	-	-
		500.00W	0.010903	-	0.047876	0.521236	3.414242	226.89 ± 612.49	51.07	0.30	-
		520.00W	0.010198	-	0.019581	1.650236	11.028768	231.21 ± 233.97	78.09	0.95	-
		540.00W	-	-	0.000000	0.037195	5.730477	2568.30 ± 3314.24	590.40	0.02	-
		560.00W	-	-	0.004329	0.064837	3.756231	1410.33 ± 2533.76	456.00	0.04	-
	580.00W 0.031314 Phengite K10-17A, J = 0.00391660. Age (steps 5-6): 256.16 ± 3.94 Ma (MSWD: 2.86) 70.4% 39Ar. Total fusion age: 247.2 ± 5.4 Ma 0.028707 -		
		400.00W	0.000014	0.000076	0.000008	0.000107	0.005214	314.65 ± 182.94	56.06	0.15	118 ± 180
		550.00W	0.000011	0.001201	0.000027	0.007010	0.213806	203.59 ± 5.00	98.36	10.00	490 ± 68
		580.00W	0.000003	0.000007	0.000000	0.003738	0.122171	217.33 ± 7.68	100.52	5.33	43,884 ± 707
		640.00W	0.000020	0.000103	0.000000	0.009907	0.361907	241.26 ± 5.59	101.62	14.13	8087 ± 87
		710.00W	0.000028	0.000129	0.000001	0.019930	0.765452	252.81 ± 5.43	101.02	28.44	13,011 ± 92
		1111.00W	0.000025	0.000389	0.000129	0.029397	1.159159	259.08 ± 5.06	100.56	41.94	6349 ± 26
	Phengite K10-17B, J = 0.00391660. Age (steps 13-15): 289.12 ± 3.35 Ma (MSWD: 1.41), 18.7% 39Ar. Total fusion age: 256.0 ± 5.0 Ma		
		420.00W	0.000019	0.003637	0.000079	0.020227	0.622176	205.22 ± 4.29	98.99	6.73	467 ± 39
		450.00W	-	0.001100	0.000004	0.017985	0.572051	211.81 ± 4.61	100.31	5.98	1373 ± 341
		480.00W	-	-	0.000019	0.019967	0.730931	241.72 ± 4.93	100.95	6.64	-
		524.00W	-	-	0.000009	0.021611	0.789981	241.39 ± 4.82	100.81	7.19	-
		555.00W	-	-	0.000021	0.031789	1.193975	247.60 ± 4.87	100.67	10.57	-
		575.00W	-	-	0.000038	0.045784	1.774623	254.98 ± 4.97	100.70	15.22	-
		583.00W	-	-	0.000008	0.011932	0.470646	259.17 ± 5.50	100.89	3.97	-
		602.00W	-	-	0.000016	0.014687	0.582035	260.31 ± 5.27	100.78	4.88	-
		621.00W	-	-	0.000027	0.019376	0.778437	263.63 ± 5.16	100.69	6.44	-
		635.00W	-	-	0.000026	0.012966	0.528782	267.34 ± 5.56	101.70	4.31	-
		655.00W	-	-	0.000041	0.012771	0.524572	269.12 ± 5.58	101.09	4.25	-
		680.00W	-	0.000013	0.000075	0.015568	0.648955	272.83 ± 5.37	101.03	5.18	-
		722.00W	-	0.000560	0.000189	0.019793	0.866529	285.51 ± 5.58	100.38	6.58	2971 ± 889
		722.00W	-	0.000153	0.000062	0.005583	0.250753	292.32 ± 6.79	100.45	1.86	3066 ± 4089
		1200.00W	0.000011	0.001032	0.000287	0.030712	1.370278	290.56 ± 5.52	99.70	10.21	2499 ± 404
	Phengite K10-18, J = 0.00391190. Age (steps 13-15): 317.36 ± 3.75 Ma (MSWD: 0.04), 16.6% 39Ar. Total fusion age: 286.5 ± 5.8 Ma		
		500.00W	-	0.002547	0.000012	0.010174	0.325701	212.87 ± 5.71	100.75	7.19	336 ± 31
		550.00W	-	0.000394	0.000026	0.014371	0.530026	243.13 ± 5.81	101.71	10.15	3065 ± 1146
		600.00W	-	-	0.000000	0.015684	0.609000	255.11 ± 5.51	101.28	11.08	-
		650.00W	-	-	0.000027	0.017731	0.738990	272.48 ± 5.60	101.28	12.53	-

top-to-south sense of shear, highlighted by two sets of foliation-lineation pairs and NE-striking veins (Figs.

3b, 5d, e, 9a and b

). Both motions are compatible with NE-SW shortening, however, it remains difficult to establish whether they were contemporaneous or not.

Table 2

 2 (continued) 

	Step No.	Laser power	36 Ar(a)	37 Ar(ca)	38 Ar(cl)	39 Ar(k)	40 Ar(r)	Age ± 2r (Ma)	40 Ar(r) (%)	39 Ar(k) (%)	K/Ca ± 2r
	5	700.00W	-	-	0.000033	0.020174	0.925157	297.67 ± 6.02	101.19	14.25	-
	6	750.00W	-	-	0.000050	0.036407	1.723145	306.46 ± 6.05	100.97	25.72	-
	7	800.00W	-	-	0.000015	0.018187	0.892959	316.95 ± 6.29	101.83	12.85	-
	8	850.00W	-	-	0.000019	0.005317	0.261870	317.87 ± 7.10	101.33	3.76	-
	9	1111.00W	0.000000	0.000564	0.000129	0.003486	0.221105	399.83 ± 9.73	99.89	2.46	520 ± 147

Pour faire quelque chose des échantillons, il faut des analyses... Un grand merci donc à Valérie Magnin et Valentina Batanova pour leur aide et leur présence pendant les journées de microsonde à ISTerre. Je remercie également sincèrement Sylvain Gallet pour avoir toujours été présent pour les datations Ar-Ar malgré les nombreuses galères et les contre-temps et pour m'avoir fait partager ses connaissances. Merci aussi à Patrick Monié pour son implication dans ces datations et sans qui nous n'aurions pas eu d'échantillons irradiés à analyser. Merci à Francis Coeur d'avoir passé tant de temps à broyer ces granites et à chercher vainement quelques apatites. J'ai eu de nombreuses occasions de voyager durant cette thèse, de Pau à Bichkek en passant par Vienne ou Prague, ça en fait des ordres de missions et des papiers ! Je remercie donc Véronique Large, Valérie Valéro et Sandrine Bertetic pour leur aide et leur patience dans toutes les démarches administratives.

La compréhension de la dynamique actuelle du Sud Tien-Shan repose sur une bonne connaissance de sa structuration au Paléozoïque. Or cette chaîne s'étend principalement à travers le Kirghizistan et la Chine et l'histoire géopolitique de ces deux pays a conduit à une division de la littérature scientifique entre le Tien-Shan chinois et le Tien-Shan kirghize (e.g.Biske, 1996;[START_REF] Charvet | Palaeozoic tectonic evolution of the Tianshan belt, NW China[END_REF]. Si globalement l'évolution Paléozoïque de la chaîne reste très discutée, les données sont beaucoup plus nombreuses et accessibles du côté chinois(Xiao et al., 2010a). Ainsi de récentes études ont apporté des contraintes structurales, pétrologiques et géochronologiques pour le Tien-Shan chinois avec cependant une grande abondance de modèles contradictoires (e.g.[START_REF] Han | Late Carboniferous collision between the Tarim and Kazakhstan-Yili terranes in the western segment of the South Tian Shan Orogen, Central Asia, and implications for the Northern Xinjiang, western China[END_REF][START_REF] Lin | Palaeozoic tectonics of the south-western Chinese Tianshan : new insights from a structural study of the high-pressure/low-temperature metamorphic belt[END_REF][START_REF] Meyer | An ( in-) coherent metamorphic evolution of high-P eclogites and their host rocks in the Chinese southwest Tianshan ?[END_REF][START_REF] Su | U-Pb zircon geochronology of Tianshan eclogites in NW China : implication for the collision between the Yili and Tarim blocks of the southwestern[END_REF] Wang et al., 2010a[START_REF] Wang | Paleozoic tectonics of the southern Chinese Tianshan : Insights from structural, chronological and geochemical studies of the Heiyingshan ophiolitic mélange (NW China)[END_REF]. Du côté kirghize, la stratigraphie(Alexeiev et al., 2015b; Biske, 1995a Biske, , 1996) ) et le magmatisme[START_REF] Biske | Geodynamics of late Paleozoic magmatism in the Tien Shan and its framework[END_REF][START_REF] Konopelko | Hercynian postcollisional A-type granites of the Kokshaal Range, Southern Tien Shan, Kyrgyzstan[END_REF] Seltmann et al., 2011) ont été relativement bien étudiés. Cela s'explique en partie par l'importance des ressources minières liées au magmatisme, principalement de l'or mais aussi uranium, cuivre, tungstène, charbon et pétrole, qui sont importantes pour l'économie du Kirghizistan (e.g.[START_REF] Konopelko | Possible source dichotomy of contemporaneous post-collisional barren I-type versus tin-bearing A-type granites, lying on opposite sides of the South Tien Shan suture[END_REF]. En revanche, les données pétro-structurales, et géochronologiques, en particulier des massifs métamorphiques, restent éparses(Hegner et al., 2010). Or l'étude structurale, pétrologique et géochronologique de ces massifs métamorphiques est essentielle à la compréhension des mouvements verticaux et horizontaux de la lithosphère et donc à la compréhension de l'évolution de la chaîne. Le premier objectif de cette thèse est donc de contraindre l'évolution structurale et pétrologique du Sud Tien-Shan kirghize au Paléozoïque afin de pouvoir le comparer au Sud Tien-Shan chinois et de pouvoir discuter de son évolution dans son intégralité. En particulier l'une des grandes problématiques

Cette compréhension globale de la structuration Paléozoïque, de la subduction à la première phase de réactivation Permienne, permettra de discuter la structure actuelle de la chaîne ainsi que les relations entre l'histoire d'accrétion et de collision et la réactivation dans un contexte intracontinental.La démarche adoptée pour répondre à ces problématiques est multi-méthologique (Fig.2). Trois missions de terrain de 3 semaines à 1 mois auxquelles j'ai participé, en 2012, 2013 et 2014, ainsi qu'une mission antérieure (2011), ont permis une étude structurale et un échantillonnage à travers le Tien-Shan kirghize. Puis une étude pétrologique et géochimique, basée sur de la microscopie optique, des analyses et micro-cartographies à la microsonde électronique et des analyses des éléments majeurs et traces, a servi de base à des modélisations thermobarométriques et des analyses géochronologiques. L'intégration des trajets Pression-Température-temps ainsi obtenus couplés à l'analyse structurale a permis d'aboutir à un modèle d'évolution géodynamique pour le Sud Tien-Shan.Les différentes problématiques seront développées en s'appuyant sur cinq articles acceptés ou à soumettre qui retracent l'évolution du Sud Tien-Shan. Un premier chapitre présente le contexte géologique du Sud Tien-Shan dans le cadre de la CAOB et de la chaîne du Tien-Shan. Dans le deuxième chapitre, un article méthodologique montre comment la micro-cartographie chimique associée à de la modélisation thermodynamique permet de contraindre le contexte de formation des roches métamorphiques à travers l'exemple des éclogites basiques du massif d'Atbashi et montre que cette approche permet de quantifier la déshydratation de la croûte océanique à haute-pression. Les troisième et quatrième chapitres permettent de comparer la structure et l'évolution du Sud Tien-Shan kirghize de part et d'autre de la faille de Talas-Fergana. Le troisième chapitre s'articule autour de deux articles. Le premier présente l'évolution structurale et métamorphique

Les termes Middle Tien-Shan et Central Tien-Shan sont utilisés dans la littérature pour désigner deux unités différentes. Pour éviter d'ajouter une confusion, le terme Middle Tien-Shan est donc volontairement exprimé en anglais.

Table SA.1.3 -Chemical compositions of clinopyroxene (in oxide wt.%) and structural formulae (in pfu).
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This comparison suggests that Pobeda magmatic rocks have more affinities with the Tarim magmatism than with most of Tien-Shan magmatism. [START_REF] Wei | Petrogenesis of the Xiaohaizi syenite complex from the Bachu area , Tarim (in chinese with english abstract)[END_REF]; Yang et al. (2007a); [START_REF] Yu | Permian flood basalts from the Tarim Basin, Northwest China : SHRIMP zircon U-Pb dating and geochemical characteristics[END_REF]; [START_REF] Zhang | Permian basaltic rocks in the Tarim basin, NW China : Implications for plume-lithosphere interaction[END_REF]; [START_REF] Zhou | OIB-like, heterogeneous mantle sources of Permian basaltic magmatism in the western Tarim Basin, NW China : Implications for a possible Permian large igneous province[END_REF]) and South Tien-Shan granitoids (data after [START_REF] Jiang | Chronology, petrology, geochemistry and tectonic environment of granitoids in the southern Tianshan Mountain, western China (in chinese with english abstract)[END_REF]; [START_REF] Konopelko | Hercynian postcollisional A-type granites of the Kokshaal Range, Southern Tien Shan, Kyrgyzstan[END_REF][START_REF] Konopelko | Possible source dichotomy of contemporaneous post-collisional barren I-type versus tin-bearing A-type granites, lying on opposite sides of the South Tien Shan suture[END_REF]). (a) SiO 2 vs. alkaline oxydes diagram. The alkaline/sub-alkaline line is from [START_REF] Irvine | A Guide to the Chemical Classification of the Common Volcanic Rocks[END_REF]. (b) Chondrite normalized (after [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts : implications for mantle composition and processes[END_REF]) rare earth elements (REE) diagram.

Influence of the Tarim mantle plume in the Tien-Shan range The tectonic control on emplacement of granitoids in the Tien-Shan range is in some places striking (Fig. 5.1.1)(e.g. [START_REF] Konopelko | Possible source dichotomy of contemporaneous post-collisional barren I-type versus tin-bearing A-type granites, lying on opposite sides of the South Tien Shan suture[END_REF]Wang et al., 2014aWang et al., , 2009)). Although it is not so clear for the Pobeda charnockitic magmatism, it is difficult to conclude on its syntectonic character due to the lack of detailed mapping in this area. The charnockites show weak post-emplacement deformation, which may be due to their stronger rheology than the surrounding rocks. Geochronological data in other areas of the Tien-Shan range 
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Table SA.1.5 -Chemical compositions of phengite (in oxide wt.%) and structural formulae (in pfu).
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Table SA.1.6 -Synthesis of available data for exhumed HP oceanic rocks worldwide. Colored circle are legend for Fig. 2. 1.6b. Completed after [START_REF] Agard | Exhumation of oceanic blueschists and eclogites in subduction zones : Timing and mechanisms[END_REF] and [START_REF] Guillot | Exhumation Processes in Oceanic and Continental Subduction Contexts : A Review[END_REF]. Nice and Géosciences Montpellier

Institute

Geoazur Nice Appendix 1 -LA-ICPMS zircon isotopic data for charnockite samples KG-13-29A and KG-13-29B and for partially melted gneisses KG-13-27 and KG-13-28. 
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ANNEXES

A.2 Articles supplémentaires

Cette partie présente des articles auquel j'ai participé durant ma thèse.

A.2. four growth successive zones: Grt1 (0.37 vol-%, Alm36Prp2Grs26Spe36); Grt2 (0.12 vol-%, Alm57Prp3Grs33Spe7); Grt3 (4.2 vol-%, Alm67Prp7Grs25Spe1); Grt4 (2.31 vol-%, Alm64Prp9Grs26Spe1). The volume fraction of each growth zone was calculated assuming a total of 7 vol-% of garnet being produced during the prograde P-T history (value taken from the Fig. 11b of Chapman et al. 2011). As explained above (see §2), the procedure requires a subdivision into discrete stages of growth and four stage where selected based on the zoning profile.

The benchmark results are reported in Fig. 6. The model predicts that garnet grows along a prograde trajectory with increasing T and P from ~450°C to ~630°C and 4 kbar to 11 kbar. It is important to point out here that the model does not predict any resorption of the previous growth zones (Fig. 6b), in line with the conclusions of Chapman et al. (2011), and the model results were obtained without any intervention from the user. The predicted zoning profiles are compared with the measured one in figure 6c-d. Although Grt2 is slightly underestimated in the model (0.03 vol-% instead of 0.12 vol-%), the predicted profile shape perfectly matches the observations. The residues are very low (Co between 0.007 and 0.025)

resulting in an excellent match of the modeled compositions.

4) Sample description and compositional mapping

The studied sample FG12-157 is an eclogitic garnet-bearing micaschist from the Sesia Zone in the Italian Western Alps (see supplementary material S6 for photographs). It was selected from a collection of ~10 samples showing similar garnet resorption features because it illustrates well the strengths and weaknesses of the automated approach. Other samples, some of which show more P-T stages or no resorption [START_REF] Giuntoli | Assembly of continental fragments during subduction at HP: Metamorphic history of the central Sesia Zone (NW Alps)[END_REF], will be presented in another study (Giuntoli et al., in prep Electron probe micro-analyses (EPMA) were performed using a JEOL JXA-8200 superprobe at the Institute of Geological Sciences (University of Bern). Following the procedure described in Lanari et al. (2013;[START_REF] Regis | Multiple metamorphic stages within an eclogite-facies terrane (Sesia Zone,Western Alps) revealed by Th-U-Pb petrochronology[END_REF], the EPMA session is divided into two steps, i.e. the measurement of point analyses and X-ray compositional maps, both in wavelengthdispersive mode (WDS). Analytical conditions for point analyses were 15 KeV accelerating voltage, 20 nA specimen current and 40 s dwell times (including 2×10 s of background measurement). Nine oxide compositions were measured, using synthetic and natural standards: wollastonite (SiO2), anorthite (Al2O3, CaO), almandine (FeO), spinel (MgO), orthoclase (K2O), albite (Na2O), ilmenite (TiO2), and tephroite (MnO). Analytical conditions for X-ray maps were 15 KeV accelerating voltage, 100 nA specimen current and dwell times of 200 ms. Nine elements (Si, Ti, Al, Fe, Mn, Mg, Na, Ca and K) were measured at the specific wavelength in two passes. Intensity maps were standardized using spot analyses as internal standard. X-ray maps were processed using XMAPTOOLS 2.2.1 (Lanari et al., 2014).

The average composition of each growth zone was calculated from the map pixels selected (Fig. 1). Analytical uncertainties (derived using Eq. 9) were propagated through the structural formulae computation using a Monte-Carlo simulation. Compositional data and corresponding analytical uncertainties are reported in table 2. The sum of the analytical uncertainties on fPrp, fGrs and fAlm is about 0.03. This value is used to define the value of STOL.

5) Results

5.1) Garnet chemistry and texture

Garnet exhibits complex zoning as shown by compositional maps of end-member proportion (Fig. 1). Porphyroclastic cores are Prp-and Alm-rich and Grs-poor (Alm68-70Prp24-26Grs3-5Spe1-3, Tab. 2). Cores have lobate edges suggesting resorption. A new garnet enriched in Grs and depleted in Prp and Alm (Alm66-70Prp17-21Grs10-14Spe1-3) fills up numerous fractures (Fig. 1). Two distinct overgrowths surround the porphyroclastic cores: a first rim (Alm63-65Prp18-20Grs15-17Spe1) and a second rim (Alm57-61Prp14-16Grs24-28Spe1) (Fig. 1e). Sample textures indicate that the second rim was deposited on internally and externally resorbed portions of the first rim, i.e. the second rim is observed directly surrounding the core as well as the first rim. This observation suggests that partial resorption of garnet core plus first rim may have occurred before or during growth of the second rim (third stage in Fig. 3). It is important to note that the first rim is identical in composition to garnet sealing hairline fractures in the core. This observation supports the sequence of crystallization proposed here.

Resorption of garnet core is common in polymetamorphic rocks sometimes leading to the formation of mushroom shape and atoll garnet (Robyr et al. 2013 and references therein).

Based on these textural and compositional relationships, three growth stages are defined:

stage 1 corresponding to the growth of garnet core (Grt1), stage 2 for the first rim (Grt2) and stage 3 for the second rim (Grt3).

5.2) Thermodynamic models

For this application example, the thermodynamic dataset of Berman (1988) with subsequent updates collected in JUN92.bs (distributed with THERIAK-DOMINO 03.01.2012)

was used together with the following solution models: [START_REF] Berman | Mixing properties of Ca-Mg-Fe-Mn garnets[END_REF] for garnet; Fuhrman & Lindsley (1988) for feldspar; Meyre et al. (1997) for omphacite; Keller et al. (2005) for white mica and ideal mixing models for amphibole [START_REF] Mäder | Amphibole thermobarometry; a thermodynamic approach[END_REF][START_REF] Mäder | Thermobarometry of garnet-clinopyroxenehornblende granulites from the kapuskasing structural zone[END_REF]),

epidote and chlorite (Hunziker, 2003). As the studied garnet shows only little Mn (MnO < 1 wt-%) restricted to parts of the coresuggesting heterogeneous distribution of the Mn-rich precursors -, the Mn component is ignored and the system simplified to SiO2-TiO2-Al2O3-FeO-MgO-CaO-Na2O-K2O-H2O. For other cases in which Mn-rich garnet are modeled, MnO component must be added to the system (see for example the case of the benchmark study in §3). The anhydrous bulk rock composition determined by XRF is approximated as SiO2(60.36 wt-%); TiO2(1.03 wt-%); Al2O3(16.51 wt-%); FeO(7.95 wt-%); MgO(3.29 wt-%); CaO(2.09 wt-%); Na2O(1.19 wt-%); K2O(3.57 wt-%). Because of the lack of experimental data and suitable ferric end-members in solid solution models, Fe 3+ was ignored as well. All Gibbs free energy minimizations were carried out assuming a saturating pure H2O fluid. The amount of H2O component predicted at high-pressure is in line with the measured LOI (2.01 wt-%) in the present-day sample. End-member mineral abbreviations used through text and figures are from Whitney & Evans (2010).

The model is restricted to a P-T window ranging between 500-900°C and 5-20 kbar.

Minimum garnet abundancesthose preserved in the present day sampleare fixed at 4 vol-% for Grt1, 3 vol-% for Grt2 and 4 vol-% for Grt3. Details regarding the results printed out by GRTMOD and the modeled assemblages are reported in Supplementary material S1-S5 corresponding to the stages described in the following subsections. The input and output values of selected variables are reported in table 4.

5.2.1) Stage 1

During stage 1, only P 1 and T 1 are optimized. Four starting guesses 𝐺 1,1 with Co = 8.12 10 -6 and 10.40 vol-% of Grt2. From a statistical point of view, this solution at higher pressure is better than those found with the automated procedure (see §5.2.2).

However, both P-T conditions allow to precisely model the observed garnet compositions. In contrast to to the low-pressure solutions the P-T conditions obtained at high-pressure with and without resorption are similar (ΔT of 0.37°C and ΔP of 0.09 kbar). In this case, resorption of 1.21 vol-% of Grt1 improves the quality of the model and is selected as the most likely solution for stage 2.

5.2.4) Stage 3 -automated procedure

For stage 3, the optimization is again divided into two steps: optimization1 and optimization2. During optimization1, a fixed quantity of garnet Grt1 and Grt2 (of 5.92 vol-% and 6.00 vol-%) is fractionated from the bulk rock composition. For Grt2 optimization1 is carried out assuming 4.40 vol-% resorption. This minimum amount of resorption is required to stabilize garnet with a composition similar to Grt3. The first minimization (𝐺 1,1 3 of 600°C-8kbar) does not converge to a solution because the amount of garnet produced at such P-T is too small (1.8 vol-% predicted whereas the minimum amount of Grt3 is fixed at 4 vol-% observed in the sample). The second minimization (𝐺 1,2 3 from 600°C-16kbar) converges to a minimum at 637°C and 13.33 kbar for Co = 1.71 10 -4 . A temporary solution 𝑆 1,1 3 is stored.

6.17 vol-% of garnet is predicted stable at that stage. The third minimization (𝐺 = 𝑆 1,2 3 ).

P-T conditions of initial guesses of optimization2 are fixed at 637°C and 13.33 kbar.

Two new variables 𝑣 3,1 and 𝑣 3,2 are to be optimized; they correspond to the quantities of garnet Grt1 and Grt2 fractionated from the bulk composition during stage 3. Three starting guesses are defined assuming either no more resorption than given by the input value (𝑣 3,1 = 5.92 vol-% and 𝑣 3,2 = 6.00 vol-%), strong resorption (𝑣 3,1 = 4.00 vol-% and 𝑣 3,2 = 3.00 vol-%) and moderate resorption (𝑣 3,1 = 4.96 vol-% and 𝑣 3,2 = 4.50 vol-%). In this case initial 𝑣 3,2 is set at 6.00 vol-% whereas the volume fraction of Grt2 at stage 2 is 10.40 vol-%. As only a small volume fraction of Grt2 is preserved in the present day sample (i.e. much less than was produced in stage 2), strong resorption is expected to occur during stage 3. The first minimization converges to a minimum (𝑆 2,1 3 ) at 637°C and 13.33 kbar and 𝑣 3,1 and 𝑣 3,2 of 5.92 and 6.00 vol-% with Co = 9.72 10 -5 and 6.16 vol-% Grt3. The second minimization converges to a minimum (𝑆 2,2 3 ) at 632°C and 11.01 kbar and 𝑣 3,1 and 𝑣 3,2 of 4.86 and 3.40 vol-% with Co = 2.68 10 -6 and 8.42 vol-% of Grt3. The third minimization converges to a minimum (𝑆 2,3 3 ) at 637°C and 13.33 kbar and 𝑣 3,1 and 𝑣 3,2 of 5.16 and 4.62 vol-% with Co = 5.89 10 -6 and 8.27 vol-% Grt3. Two solutions are found at slightly different pressures (13.37 kbar and 11.01 kbar). The second solution 𝑆 2,2 3 is selected here because it is considered more likely (i) based on the Co value and because (ii) it matches observed mineral proportions and textural observations better, suggesting stronger resorption of the first rim and core before crystallization of the second rim.

6) Discussion

Intergranular diffusion and global equilibrium within domains

In this study garnet growth is modeled based on bulk rock composition and assuming thermodynamic equilibrium to be achieved at the millimeter scale. Component transport in the rock matrix through an intergranular medium is assumed to be fast relative to garnet growth, minimizing chemical potential gradients in the matrix. For the studied sample, compositional maps show that garnet in quartz-rich layers recorded similar zoning to those in phengite-rich layers. Such observations and the excellent match of model compositions support the assumption of global equilibrium through an intergranular medium during each individual growth stage. Characteristic diffusion distance for Al in an intergranular medium saturated with hydrous fluid at 650° is >1 cm for a time >1 Myr [START_REF] Carlson | Dependence of reaction kinetics on H2O activity as inferred from rates of intergranular diffusion of aluminium[END_REF] allowing homogenization of the composition at the sample scale. However it is well known that in some cases, porphyroblast growth can lead to development of local chemical heterogeneities generating changes in nutrient production rates [START_REF] Carlson | Controls on the nucleation and growth of porphyroblasts: kinetics from natural textures and numerical models[END_REF]. In such cases our model will not be suitable [START_REF] Carlson | Beyond the equilibrium paradigm: How consideration of kinetics enhances metamorphic interpretation[END_REF], and a diffusion-controlled model should be used 

Heuristic search method and domains with local minimum

As this study deals with nonlinear problems (as discussed in §2.3), requiring a heuristic search method, the Nelder-Mead technique was selected [START_REF] Nelder | A simplex method for function minimization[END_REF].

However, at the end of a single minimization it is not possible to ensure that the minimum found is the global minimum. A way to ensure that a convergence point is a global minimum is to map the objective-function with high P-T resolution. An algorithm to compute such P-T maps of Co and Lo values for a given effective bulk composition is provided in GRTMOD.

As an example, the Co map in the P-T range 500-900°C and 5-20 kbar was computed for stage 1 using the bulk rock composition (Fig. 8a-b). This map exhibits the shape of the cost function C for stage 1 (see §5.2.1). Two distinct regions with local minima are found by the automated function: the first region at HP (674°C and 17.49 kbar with Co = 0.107) and the second region at HT (850-900°C and ~6 kbar for Co < 0.03). Every single minimization starting on one side of the ridge separating the two low regions (dashed line on Fig. 8a) converges to the HP domain. Those starting on the opposite flank of the ridge converge to the HT domain. For stage 1 the automated procedure finds the global minimum within the HT domain. This first example shows that the shape of such objective function can be complex.

Hence it is crucial to run many successive minimizations from different starting guesses.

6.3 Automated strategy [START_REF] Ma ; Weldon | MSWD = 1.5, n=7) and a weighted mean age of 274.6 ± 1.9 Ma (MSWD = 0.5). The sample KG-13-28 yields a concordant age of 265.6 2.1 Ma (MSWD = 2.8, n=8) and a weighted mean age[END_REF]: limitation of multiple minima and solution finding

Similarly, the Co map in the P-T range 500-900°C and 5-20 kbar was computed for stage 2, assuming no resorption of Grt1 (Fig. 8c-d). The effective bulk rock composition is computed as the bulk rock composition minus the amount of Grt1 produced during stage 1.

Two regions with local minima are found by the automated function during optimization1: the first region at HT (3 solutions around ~720°C and ~6.6 kbar for a best Co of 1.25 10 -4 ) and the second region at HP (647°C and 16 kbar with Co = 4.15 10 -4 ). In that case, only the second minimization converges toward HP domain because the starting guess is located on the other flank of the ridge separating the two low regions. As the lower Co without resorption is found within the HT domain, P-T conditions of 647°C and 16 kbar are selected as starting guess for optimization 2. In such a case the HP domain is not investigated during optimization2 (i.e.

with resorption) by the automated function. However, this can be done using the go fast mode (see §5.2.3). The results described above demonstrate that for stage 2 the best solution from optimization2 (Co of 4.15 10 -6 ) is found in the HP domain. The automated function converges to a local minimum that has strongly different P-T conditions compared to those of the global minimum (HP). However there is little difference in Co between both solutions, and Grt2 composition can be accurately modeled at 720°C -6.6 kbar and 647°C -16 kbar.

Stage 2 shows that garnet alone can provide ambiguous results in the framework of deriving P-T conditions of one single metamorphic stage. In such cases it is crucial to incorporate the study of the coexisting phases. For example, numerous inclusions of phengite in Grt2 suggest that it coexisted with Si-rich phengite (Si 4+ =3.33±0.02 apfu and XMg=0.76±0.02) (Tab. 5). K-rich white-mica composition predicted by the model at 647°C -16 kbar is Si 4+ =3.34 and XMg=0.79 whereas at 720°C -6.6 kbar Si 4+ =3.17 and XMg=0.68.

As expected, the Si-content in phengite increases with increasing pressure. Model phengite composition nicely matches the measured composition at 647°C and 16 kbar. The study of coexisting phases such as phengite in this example strongly supports Grt2 growth during a HP stage.

Automated strategy [2]: P-T-X minimization

The two-steps optimization proposed in this study is expected to work when the shape of the objective function does not change significantly with garnet resorption. The investigated sample exhibits evidence of strong garnet resorption (Fig. 1) and is thus well suited to demonstrate the effectiveness of this automated method. The overall goal of optimization1 is to find out the best P-T starting guess in a simple two-variables problem.

The Co maps in the P-T range 550-700°C and 12-20 kbar were computed for stage 2 assuming 0%, 42% and 84% resorption of garnet core (Fig. 9). The P-T position of the best solution from optimization1 (black line in Fig. 9) is very similar to values that assume intermediate and strong resorption (red lines in Fig. 9). This example demonstrates that, for a restricted range of P-T conditions with a single minimum, the two-steps optimization is an elegant strategy to solve the problem.

P-T stages recorded in garnet from a polymetamorphic micaschist

The model predicts that garnet core (Grt1) crystallized under granulite facies conditions at T > 800°C and P of ~6 kbar. This result is in line with other estimates available for the same area [START_REF] Lardeaux | From granulites to eclogites in the Sesia zone ŽItalian Western Alps.: a record of the opening and closure of the Piedmont ocean[END_REF][START_REF] Rebay | Emplacement at granulite facies conditions of the Sesia-Lanzo metagabbros: An early record of Permian rifting?[END_REF][START_REF] Giuntoli | Assembly of continental fragments during subduction at HP: Metamorphic history of the central Sesia Zone (NW Alps)[END_REF]. Such HT-LP metamorphic conditions are common in the area and were recorded during the Permian [START_REF] Rebay | Emplacement at granulite facies conditions of the Sesia-Lanzo metagabbros: An early record of Permian rifting?[END_REF]. The first rim (Grt2) is Alpine and grew under eclogite facies conditions at 650±50°C and 16±2.5 kbar. Similar HP conditions have been proposed for nearby areas of the Sesia Zone (e.g. [START_REF] Konrad-Schmolke | Fluid migration above a subducted slab constraints on amount, pathways and major element mobility from partially overprinted eclogite-facies rocks (Sesia Zone,Western Alps)[END_REF][START_REF] Regis | Multiple Metamorphic Stages within an Eclogite-facies Terrane (Sesia Zone , Western Alps) Revealed byTh-U-Pb Petrochronology[END_REF]. The model predicts Grt2 to grow at the expense of Grt1. The shape of Grt1 remnants with lobate edges supports this result. However, it is not possible to establish precisely when resorption occurred. It happened after stage 1 and either before or during stage 2. The composition of Grt1 is very different from any observed in comparable rocks containing typical Alpine prograde garnet. The P-T conditions obtained for Grt1 suggest that it formed at granulitefacies conditions, prior to Alpine subduction, most likely during the Permian. At these hightemperature conditions, the protolith must have been very largely dehydrated, hence a stage of rehydration must be invoked to explain the development of the mice-rich Alpine eclogite assemblage. A scenario of hydration occurring at HP that triggered the dissolution of Grt1 and the precipitation of Grt2 seems plausible, and it may explain why substantial reaction overstepping (prior to hydration) occurred, i.e. 50-150°C and 2-4 kbar (depending on the prograde trajectory). The second Alpine rim (Grt3) grew at lower pressure, estimated at 11±2 kbar and 632±50°C. The two solutions reported in figure 7 show similar P-T ranges. This late stage may be associated with phengite rims and crossitic amphibole.

Importance of incorporating resorption in thermodynamic models

Our results from the textural analysis predict resorption of up to 36 vol-% of the total 1. Model T-1 (Fig. 10b): This model is computed used THERIAK and is based on fractionation (100% of garnet produced) along a retrograde P-T path involving five steps between 15.95 kbar (647 °C) and 11.01 kbar (632°C). These values were chosen based on thermobarometric results of this study (Fig. 10a) and on the petrological arguments such as phengite inclusions discussed in §6.5. The relic garnet core Grt1 was initially fractionated from the XRF bulk rock composition in order to generate a suitable effective bulk composition for stage 2 (Fig. 10b). A limitation of this test is that the P-T trajectory was arbitrarily chosen.

2. Model MP-1 (Fig. 10c): To avoid this arbitrariness, the strategy described by Moynihan & Pattison (2013) was used. For the first composition of the zoning profile the best conditions (P1-T1) are found, then a second point is analyzed and finds P2-T2, etc. For each step, the garnet model composition best matches the next point of the zoning profile. In MP-1, successive P-T optimizations are done using the garnet composition of the subsequent point of the zoning profile (black squares in Fig. 10c); however, the amount (volume) of garnet produced is not considered.

3. Model M-2 (Fig. 10d): Same optimization as MP-1, but in this case the successive P-T optimizations are done using the garnet composition of the point on the zoning profile that corresponds to the previously produced volume of garnet (black squares in Fig. 10d).

The models MP-1 and MP-2 were computed using GRTMOD with an option that prevents garnet resorption. In both cases ~11 vol-% of garnet is produced in three stages (labeled Grt2, Grt3 and Grt4 in Fig. 10c-d); this amount corresponds to the total volume of Alpine garnet found in the sample. Both models MP-1 and MP-2 retrieve the best P-T path for the given modeling conditions. In model T-1, garnet is no longer predicted stable after the second P-T step (for the local effective bulk composition).

The importance of considering resorption in forward thermodynamic models is evident when the results of the three classical models (with fractionation only) are compared with our reference model that includes resorption and fractionation. The reference model with two growth stages and partial resorption (GRTMOD in Fig. 10a) matches the observed zoning profile as well as the volume fractions of each growth zone. All of the classical models (T-1, MP-1 and MP-2) fail to reproduce the observed zoning profile. Furthermore, the fraction of Grt2 is always overestimated at the first stage of growth (~16 kbar). For Grt3, the models MP-1 and MP-2 predict different P-T scenarios. MP-1 implies HP garnet because the model always tries to fit the first Alpine rim composition that is not satisfactory for the subsequent rims (Grt3 and Grt4 in Fig. 10c). In contrast, model MP-2 does match the composition of Grt3 but the corresponding volume fraction is seriously underestimated, whereas Grt2 is overestimated. These discrepancies are caused by the absence of resorption. Nevertheless, the P-T conditions predicted by MP-2 are similar to those of the reference model.

This simple example demonstrates how important it is to consider the volume of garnet, not only the shape of the compositional profile. By comparing predicted and observed volume fractions in the sample, the amount of growth and resorption can be estimated. For samples that experienced no resorption, the models tested here produce the same result (Fig. 6). Of course the comparison between samples and models is limited since the amount of garnet remaining from each growth zone after subsequent resorption is only a minimum of the garnet produced at that stage. Therefore, the success of a model covering all stages of growth and resorption needs to be judged by comparing all of their compositions and modal amounts.

7) Conclusions

 In this study, we provide a strategy and a computer program, GRTMOD, to model garnet growth through successive stages by minimizing differences between measured and modeled compositions as predicted for a given effective bulk composition. Gibbs free energy minimization is used to obtain the model results.

During garnet growth, the previous growth zones can either be fractionated from the bulk rock composition or partially resorbed.

 The shape of the objective function may be complex, sometimes showing two distinct local minima at different P-T conditions (see Fig. 8). An automated strategy is proposed, but the results strongly rely on the first P-T optimization. The example with two solutions shows that it is crucial to compare the measured and model compositions of the coexisting phases as additional constraints.

 The models described in this study rely on a detailed characterization of the compositions and texture of the studied samples. Standardized X-ray maps are used to constrain the average composition of each growth zone and to calculate the phase proportions.

 GRTMOD was successfully used to model garnet growth conditions of a polymetamorphic micaschist from the Sesia Zone (Western Alps). Garnet core records Permian HT-LP metamorphic conditions, whereas rims are formed at HP and MP during the Alpine continental subduction.

Appendix 1: Automated strategy description A1.1) Optimization1 (P-T)

Optimization1 is carried out within a P-T window defined between Tmin, Tmax, Pmin and Pmax (Fig. 4a ) can be easily defined. The number of initial guesses defines how many minimizations are done.

For stage S 1 there are only two variables P 1 and T 1 , hence optimization2 is skipped.

At the end of each minimization a new solution is defined if [START_REF] Ma ; Weldon | MSWD = 1.5, n=7) and a weighted mean age of 274.6 ± 1.9 Ma (MSWD = 0.5). The sample KG-13-28 yields a concordant age of 265.6 2.1 Ma (MSWD = 2.8, n=8) and a weighted mean age[END_REF] Co is lower than STOL (see Appendix 1), and (2) if no previous solution exists with similar P and T (Fig, 4b). The P-T couple is not stored as a new solution if pressure and temperature differences with existing solutions are within TDI1 and PDI1 respectively (see Appendix 1). In this case the program considers that both minimizations converged to the same minimum, and only the first is stored as a solution. By contrast, for stage S i >1, all solutions are stored, and the P-T couple with the smaller value of Co is selected to be used as starting guess during optimization2 (for example 𝑆 1,2 𝑖 becoming 𝐺 2,1 𝑖 in Fig. 4b).

A1.2) Optimization2 (P-T-X)

Optimization2 is carried out for stage S i >1 and the following ones. The same procedure is repeated in all directions in order to derive uncertainty bars (Fig. 5).

The uncertainty on the volume fraction of garnet stable at P i ,T i is estimated as the standard deviation of the volume fractions estimated at each point across all directions.