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) earthquakes-and a high topography survives despite low convergence rates measured by GPS (< 3 mm/yr). These observations are hardly reconcilable in a unique model of crustal deformation, suggesting a contribution of the geological inheritance from the geological history preceding the India-Asia collision.

A petro-chronological approach that combines microstructural observations, compositional mapping of major and accessory mineral phases, thermodynamic modelling, in-situ 40 Ar/ 39 dating, Ar diffusion modelling and in-situ U/Pb-Th allanite dating was applied to metamorphic rocks on each side of the major faults that strike parallel to the belt. This high-resolution study shows that in garnet-bearing rocks of the internal units of the belt matrix minerals record different stages of the metamorphic path in their composition. This is due to an incomplete chemical re-equilibration explained by a variable fluid availability during metamorphism. Different stages of metamorphism and fluid-assisted reactions sequences are also recorded in the 40 Ar/ 39 Ar signal of micas and in the composition and textures of the accessory phases.

The understanding of petrological processes at the small scale was combined with field observations to quantify the Mesozoic thickness of the Tibetan crust at > 30 km and to unravel a metamorphic jump greater than 150 • C across the major faults, inherited from the pre-Mesozoic tectonics. While the internal units of the belt were strongly deformed, decoupled from the basement and metamorphosed at T ∼580-600 • C (P ∼11 kbar), external units were less deformed and experienced lower temperatures conditions (T < 400 • C, P < 5 kbar). The partial exhumation of the crystalline basement from c. 20 km depth along the major faults (in both internal and external units) occurred at c. 120-140 Ma during a previously poorly documented tectonic event. The multi-method approach applied on a wide geographical area and on a large time interval enabled to quantify the rates and conditions of the different stages of the maturation of the belt; internal units reached the thermal relaxation at ∼600 • C 40 Ma after the beginning of the propagation of the orogenic load. The basement was re-activated 40 Ma later, at similar thermal conditions than its sedimentary cover. The Mesozoic geological inheritance is therefore a key element in the present structure of the belt and strongly controlled the rheological and structural state of the upper crust at the moment of the Cenozoic re-activation. The petro-chronological study of different segments of the belt showed an along-strike metamorphic segmentation of the Longmen Shan inherited from the Mesozoic. This segmentation corresponds to the present fault segmentation, underlying the potential role of inherited structure in controlling the geographic distribution of the recent earthquakes.

Résumé

Un des enjeux majeurs en Sciences de la Terre est la compréhension des mécanismes de déformation de la lithosphère continentale dans des zones de convergence. Le plateau Tibétain constitue un laboratoire naturel idéal pour l'étude des processus crustaux profonds actifs dans ces contextes, du fait de sa superficie et de son altitude remarquables. Le soulèvement et l'épaississement de la croûte Tibétaine ont été classiquement attribués aux effets de la collision Inde-Asie Tertiaire. Cependant, cette interprétation a été récemment mise en question par une série d'observations géologiques et géophysiques non concordantes, à différents endroits du plateau. L'objectif de cette thèse est de quantifier l'importance de l'héritage géologique dans la déformation à long-terme et à court-terme d'une chaîne active, en déchiffrant les différentes étapes de la structuration des Longmen Shan, la bordure la plus énigmatique du plateau Tibétain. Dans la chaîne des Longmen Shan la croûte Tibétaine est très épaissie (> 60 km) et l'activité tectonique est localisée le long des failles d'échelle lithosphérique, comme démontré par les séismes de Wenchuan 2008 (M w 7.9) et de Lushan 2013 (M w 6.6). Un fort gradient topographique est présent, bien que les taux de convergence mesurés par GPS soient très faibles (< 3 mm/an). Ces caractéristiques ne sont pas explicables par un modèle unique de déformation crustale, ce qui suggère une forte contribution de l'héritage géologique acquis avant la collision Inde-Asie dans la structure actuelle de la chaîne.

Une étude pétro-chronologique qui combine des observations microstructurales avec la cartographie chimique des minéraux majeurs et accessoires, la modélisation thermodynamique et la datation in-situ par méthode 40 Ar/ 39 et U-Pb/Th sur mica et allanite a été appliquée aux roches métamorphique à l'affleurement de chaque côté des faille majeures. L'analyse haute résolution montre que les minéraux métamorphiques dans la matrice des sédiments à grenat provenant des unités internes de la chaîne préservent dans leur composition le témoignage de différentes étapes du métamorphisme. Ceci s'explique par un rééquilibrage chimique incomplet en raison de la variabilité des fluides disponibles au cours du métamorphisme. Les différentes étapes du métamorphisme sont aussi enregistrées dans le signal 40 Ar/ 39 des micas et dans la composition des minéraux accessoires.

La compréhension des processus pétrologiques à petite échelle a été intégrée aux observations de terrain afin de quantifier l'épaississement de la croûte Tibétaine au Mésozoïque (> 30 km) et de mettre en évidence un saut métamorphique > 150 • C à travers les failles majeures, hérité de la tectonique Mésozoïque. Si les unités internes de la chaîne ont été fortement déformées, découplées du socle cristallin et métamorphisées à T ∼580-600 • C (P ∼11 kbar), les unités externes apparaissent moins déformées et épaissies (T < 400 • C, P < 5 kbar). Une exhumation partielle du socle depuis c. 20 km de profondeur a été également documentée à 120-140 Ma et reliée à un évènement tectonique méconnu auparavant. Cette thèse a ainsi permis de quantifier la durée et les conditions qui caractérisent les différentes étapes de la maturation de la chaîne: les unités internes atteignent la relaxation thermique 40 Ma après le début de la propagation du prisme orogénique. Le socle est réactivé 40 Ma plus tard, lorsqu'il atteint des conditions thermiques proches de celles de sa couverture sédimentaire. L'héritage géologique Mésozoïque contrôle fortement l'état thermique et rhéologique de la croûte supérieure au moment de la réactivation Cénozoïque ainsi que la structure actuelle de la chaîne. L'étude petro-chronologique de différents segments de la chaîne a aussi mis en évidence une segmentation métamorphique héritée du Mésozoïque qui correspond à la segmentation actuelle des failles. Ceci suggère que des structures héritées pourraient en partie contrôler la localisation des séismes récents. One of the major challenges in the Earth Sciences is the understanding of how the continental lithosphere evolves with time face to many successive geological processes. It is commonly accepted that the evolution of most geological architectures throughout the orogenic cycle of collision and collapse is primarily controlled by a sum of pre-existing geological features (tectonic structures, thermal state of the crust, mineralogy etc.) defined as 'geological inheritance'. This may include pre-existing features inherited from the colliding plates prior to collision or features acquired early in the collisional history and deeply influencing the deformation style and the kinematic of the successive geological events. In both cases the existence of inherited structures may results for example in the along-strike segmentation in orogens, giving rise to distinct changes in the deformation styles, as observed in the Andes, Himalaya and eastern Tibet (e.g. [START_REF] Kley | Along-strike segmentation of the Andean foreland: causes and consequences[END_REF][START_REF] Arora | Structural control on along-strike variation in the seismicity of the northwest Himalaya[END_REF][START_REF] Lu | Along-strike variation of the frontal zone structural geometry of the central Longmen Shan thrust belt revealed by seismic reflection profiles[END_REF].

CHAPTER 1

Pre-existing structures can also influence the present geodynamics, as observed in several contexts.

In the central Tibetan plateau, for example, the upper crustal normal faults active since the Miocene partially emplaced above inherited ancient ridges of the undethrusting Indian plate (Fig. 1.1A; [START_REF] Godin | Tracking basement cross-strike discontinuities in the India crust beneath the Himalaya orogen using gravity data-relationship to upper crustal faults[END_REF]. Lunggar; TC: Tangra Yum Co; T, Thakkhola; SL, Senza-Laze; YG, Yadong-Gulu) and inferred ridges of the Indian basement (dashed light brown), from [START_REF] Godin | Tracking basement cross-strike discontinuities in the India crust beneath the Himalaya orogen using gravity data-relationship to upper crustal faults[END_REF]. (B)Earthquakes (M>4.5) for the period of 1964 to 2010 superimposed over a topographic map the Himalaya and Tibetan region together with major faults, rifts and subsurface ridges in the Gangec plain from [START_REF] Gahalaut | Possible influence of subducting ridges on the Himalayan arc and on the ruptures of great and major Himalayan earthquakes[END_REF]. Red: ruptures of earthquakes of M>7.2 of past 200 years.

Similarly, the segmentation of seismicity in the Himalayan arc has been recently ascribed to the existence of heterogeneities in the crustal structure of the arc inherited by the colliding India plate (Fig. 1.1B; e.g. [START_REF] Gahalaut | Possible influence of subducting ridges on the Himalayan arc and on the ruptures of great and major Himalayan earthquakes[END_REF].

Beyond the Himalaya-Tibetan system, the key role of the pre-existing structures in controlling the segmentation of active faults has been recognized in the axial zone of the central Apennines in Italy [START_REF] Pizzi | Pre-existing cross-structures and active fault segmentation in the northerncentral apennines (italy)[END_REF]. Here the basement/crustal oblique structures inherited from the pre-Quaternary geological history have been suggested to act as persistent structural barriers, controlling the activation of different segments of regional faults (Fig. 1.2A), as demonstrated by the series of earthquakes that has followed the 2009 seismic event of L'Aquila.

In Taiwan detailed field investigations and kinematic analyses performed after the M w 7.6 Chi-Chi earthquake in 1999 have revealed the key role of the regional structures (e.g. bedding parallel slip, pre-existing faults and folds) in controlling the development of the earthquake rupture (Lee et al., (2016). Blue: pre-existing structures. Red: trace of the seismic rupture. Inset shows detail of the branching process [START_REF] Vallage | Geological structures control on earthquake ruptures: The mw7.7, 2013, balochistan earthquake, pakistan[END_REF].
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). In particular it has been shown that the Pliocene system of anticlines and synclines acted as a slip guide for the rupture during the earthquake (Fig. 1.2B) while the weak Pliocene shale strata within the synclines strongly influenced the pattern of the rupture at the surface [START_REF] Lee | Geometry and structure of northern surface ruptures of the 1999 mw=7.6 chi-chi taiwan earthquake: influence from inherited fold belt structures[END_REF].

In the northwestern Canada the lithospheric inheritance is thought to affect the location and reactivation of the tectonic structures. The majority of the seismicity is indeed observed to be limited to the south by the westward extension of a rifted margin boundary inherited from the Lower Cretaceous (Fig. 1.2C, Audet et al., 2016). This boundary reflects a change in the nature and coupling between the crust and the upper mantle (inferred by seismic data), which affects the stability of the lithosphere and therefore the seismic activity [START_REF] Audet | Control of lithospheric inheritance on neotectonic activity in northwestern canada?[END_REF].

The direction of the pre-existing structures has been observed to control the direction of the rupture propagation also during the M w 7.7 Balochistan earthquake (Pakistan) in 2013, resulting in a zig-zag like rupture trace at the surface (Fig. 1.2D;[START_REF] Vallage | Geological structures control on earthquake ruptures: The mw7.7, 2013, balochistan earthquake, pakistan[END_REF].

Similarly, the size and dip of normal faults in extensional basins can control the extent of fault reactivation and the structural style during the basin inversion, as observed in the Alps [START_REF] Bellahsen | Mechanisms of margin inversion in the external Western Alps: Implications for crustal rheology[END_REF], the Atlas [START_REF] Dhahri | The evolution of pre-existing structures during the tectonic inversion process of the Atlas Chain of Tunisia[END_REF] and in the Pyrenees [START_REF] Mencos | Influence of rift basin geometry on the subsequent postrift sedimentation and basin inversion: The Organyà Basin and the Bóixols thrust sheet (south central Pyrenees)[END_REF], and in analogical experiments (e.g. [START_REF] Burberry | Evolution of a fold-thrust belt deforming a unit with pre-existing linear asperities: Insights from analog models[END_REF]Nalpas et al., 1995). Structural inheritance also influences the evolution of the foreland-fordeep systems [START_REF] Turrini | Influence of structural inheritance on forelandforedeep system evolution: An example from the Po valley region (northern Italy)[END_REF].

Geological inheritance is however not only limited to pre-existing structures as ridges, faults and folds but also include other acquired features as the thermal state of the lithosphere and the strongly related mineralogical composition. These factors also deeply influence the mechanisms of deformation of (now) collisional thrust belts, changing the rheology of the lithosphere. [START_REF] Mouthereau | Structure of orogenic belts controlled by lithospere age[END_REF] show for example a correlation between the thermal state of the lithosphere (depending on the age) and the depth at which the crust decouples from the underlying plate, implying that the thermal inheritance may be one of the major responsible for the differences in shortening and lithospheric strength observed between orogens. In the eastern Tibet, for instance, it has been proposed that the rapid cooling that followed collision was caused by the contrast between provinces with different inherited thermal states rather than by a high exhumation rate [START_REF] Roger | Mesozoic-Cenozoic tectonothermal evolution of the eastern part of the Tibetan plateau (Songpan-Garze, Longmen Shan area): insights from thermochronological data and simple thermal modelling[END_REF].

Geological inheritance does not only exist at the regional scale, but it is also clearly visible at the sample and mineral scales. In mountain ranges it is indeed common to observe crustal rocks that underwent major modifications of their forming mineral assemblages in response to changes in the environnemental physical and chemical conditions during burial and subsequent exhumation up to the surface (metamorphic rocks). However, due to the kinematic limiting factors, the metamorphic rocks hardly suceed in totally re-equilibrate during a single metamorphic event. A part of the rock or of a mineral may indeed be for various reasons disconnected from the reactive system and thus preserved in the newly formed mineral assemblage. In metamorphic rocks the existence of relicts of minerals is therefore the rule rather than the exception. These relicts are part of the geological inheritance. Inheritance is observed at even smaller scale, in the chemical and isotopical zoning of a single mineral, attesting of different processes occurring at different times in the metamorphic rocks.

A comprehensive study of the geological inheritance in convergent settings that have experienced Chapter 1. Introduction a complex geological history requires therefore detailed investigation of the long-term (up to 100s Ma) history at all scales, from large scale tectonics to studies of metamorphic processes at the mineral scale. These last ones can unreveal geological phases otherwise invisible at the larger scale because totally overprinted, misinterpreted or absent as in the case of the stratigraphic record that often stops at the early stages of the belt growth. By providing an image of a belt at different times, the study of the geological inheritance allows the effects of a single geological event not to be over-or underestimated, helping to answer some of the major questions on the large-scale processes that take place in the continental lithosphere. They include:

• how do the mechanisms of deformation change with time during the maturation of a thrust belt in response to the ongoing convergence?

• how does the architecture issued from pre-existing features could be a key element in the understanding of the geological hazards? Structures heterogeneities inherited from the underthrusting Indian plate are invoked for example to be the cause of the segmentation of the seismicity along the Himalayan Arc, influencing the ruptures of great Himalayan earthquakes [START_REF] Gahalaut | Possible influence of subducting ridges on the Himalayan arc and on the ruptures of great and major Himalayan earthquakes[END_REF].

• is it possible to resolve weather the processes within orogenic belts operate in a punctuated or in a continuous way? While indeed plate motions do not stop and start over timescales of millions or 10s of millions of years 1 , there are several evidence of 'orogenic pulses' recorded for example in sedimentary unconformities in the foreland regions, in the geochronological record of the magmatic activity in granites that form the orogenic roots and in the punctuated activity on individual thrust faults (e.g. [START_REF] Naylor | Punctuated thrust deformation in the context of doubly vergent thrust wedges: Implications for the localisation of uplift and exhumation[END_REF]. Examples of pulses of deformation are documented with low-temperature thermochronology in the interior of the eastern Tibetan plateau [START_REF] Zhang | Pulsed exhumation of interior eastern Tibet: Implications for relief generation mechanisms and the origin of high-elevation planation surfaces[END_REF], and the central Pyrenees (e.g. [START_REF] Sinclair | Asymmetric growth of the Pyrenees revealed through measurement and modeling of orogenic fluxes[END_REF].

Answering these major questions is essential to improve our understanding of how the continental crust deforms in covergent settings, according which timescales and through which mechanical, physical and chemical processes, expecially in intracontinental convergent context (now collisional contexts) that never experienced subduction, still relatively poorly studied compared to the convergent setting evolving from subduction to collision.

The petrochronological approach

The superposition of different geological events at small scale in metamorphic rocks may result in a complex pattern of chemical heterogeneities and mineral relicts, making the identification of each phase particularly tricky. Time constraints become then crucial to understand the evolution of the metamorphic rocks. At metamorphic conditions (from T> 200 • C, 2-5 kbar; [START_REF] Dubois | Les limites du métamorphisme[END_REF] they are generally obtained from the analysis of the geochronometers, minerals containing radioactive isotopes (fathers) producing through time an amount of radiogenic isotopes (daughters) proportional to the crystallisation age of the hosting mineral (or to the age at which the closure temperature for diffusion of the isotope in the mineral is achieved, [START_REF] Dodson | Closure temperature in cooling geochronological and petrological systems[END_REF]. However, the geochronological approaches may be almost completely blind to the mineral and compositional com-plexity of metamorphic rocks if they are not supported by petrological studies.

The rapid developement of high-resolution analythical techniques and instruments in the last decade has allowed the geochronological data to be collected with higher precision and the complex compositional patterns of metamorphic minerals to be quantitatively studied with hiterto unseen resolution (see Appendix 2). This study therefore takes advantage of this opportunity, and combine detailed microstructural and petrological observations with geochronology. This approach enables to precisely link ages to specific rock-forming processes, to their physical conditions (pressure and temperature), and to the associated deformation. It has been recently re-defined as Petrochronology (see Engi et al., 2017 for a review). The concept of petrochronology was initially proposed by [START_REF] Fraser | Zirconium abundance in granulite-facies minerals, with implications for zircon geochronology in high-grade rocks[END_REF] documenting the zircon growth enhanced by breakdown of garnet and amphibole. It became thus possible to relate zircon geochronological data to a metamorphic processes. By linking ages to stages petrochronology not only allows the multi-stage pressure-temperature-time (P-T-t) paths to be constrained but also gives major insights in the heating/cooling and thus burial/exhumation rates of metamorphic rocks within a belt. The accent is therfore put on the change that characterizes the metamorphic processes rather than on the observed state of the rock as it was done until recently [START_REF] Jamtveit | Metamorphism: From patterns to process[END_REF]. The petrochronological approach applied in this study goes through five different observational and analytical stages performed on one sample each time. They include:

1. Detailed microstructural observation to identify the mineral assemblages preserved in different microstructures.

2. Chemical analyses of metamorphic minerals. Both point analyses and X-ray compositional maps are performed on major and accessory minerals (allanites) in order to (1) track the chemical heterogeneities within a single grain and within grains in different microstructural positions and (2) validate the choice of the paragenesis that are considered at the chemical equilibrium;

3. Linking geochronometers with petrological processes (e.g. major mineral growth, fluid influx);

4. Estimation of the metamorphic conditions (pressure and temperature) of the different mineral assemblages. Three approches can be used : (1) the forward thermodynamic modelling (e.g. [START_REF] Powell | An internally consistent dataset with uncertainties and correlations: 3. Applications to geobarometry, worked examples and a computer program[END_REF][START_REF] Connolly | An automated strategy of calculation of phase diagram sections and retrivial of rock properties as a function of physical conditions[END_REF][START_REF] De Capitani | The computation of chemical equilibrium in complex systems containing non-ideal solutions[END_REF][START_REF] De Capitani | The computation of equilibrium assemblage diagrams with Theriak/-Domino software[END_REF], [START_REF] Rolland | Prolonged Variascan to Alpine history of an active Eurasian margin (Georgia, Armenia) revealed by 40 Ar/ 39 Ar dating[END_REF] the backward thermodynamic modelling (e.g. Dubacq et al., 2010;[START_REF] Vidal | Thermodynamic properties on the Tschermak solid solution in Fechlorite: application to natural examples and possible role of oxidation[END_REF] and the (3) empirical thermobarometry (e.g. [START_REF] Beyssac | Graphitization in a high-pressure, lowtemperature metamorphic gradient: a raman microspectroscopy and HRTEM study[END_REF][START_REF] Massonne | Phengite geobarometry base on the limiting assemblage with K-feldspar, phlogopite, and quartz[END_REF]. The combination of these approaches enables to retrieve the P-T conditions even for the external domain of the mountain ranges, often characterized by low grade metamorphism;

5. In-situ dating, directely of the metamorphic minerals used for P-T estimates (e.g. 40 Ar/ 39 Ar dating of white mica or biotite) or of geochronometers linked to them by a petrological processes previously identify (e.g. growth of zircon or allanite during garnet growth and resorption, Hermann [START_REF] Hermann | Relating zircon and monazite domains to garnet growth zones: age and duration of granulite facies metamorphism in the Val Malenco lower crust[END_REF] The interested reader will find a detailed decription of the principles of the techniques used in this study in the Appendix 1.

The challenge of reconciling different spatial and temporal scales

Although the high-resolution petrochronological study is a powerful method to unreveal the history of polyphase metamorphic rocks, it requires a considerably amount of time (data aquisition and interpretation) and is therefore often restricted to a small geographical area (or outcrop) or temporal range. On the other side regional structural investigations provide a larger scale but lower-resolution image of the evolution of a belt. This implies that two sets of data might be available for one single belt, each one dealing with different spatial scales. This is also the case for studies dealing with different timescales. Both long-term and short term investigation can indeed be carried out in active belts. However, while the former provide major insights on the processes that deeply shaped all levels of the continental lithosphere through 10s-100s millions years, the latest investigate processes occuring at the seismic scale (seconds) close to the surface. The link between the different timescales is often not straight forward since different techniques are used to study the different processes (e.g. geophysics and geology). Furthemore, the effect of the short-term events at the long timescales are not completely understood. Hence, the set of data retrieved for the different timescales often remained separated and address to very different problematics (e.g. location of the earthquake vs long-term exhumation of a belt). In order to obtain a comprehensive image of the evolution of an intracontinental belt, and thus understand the importance of the geological inheritance in the present geodynamics, it is therefore necessary to create a communication channel between studies at different spatial and temporal scales.

CHAPTER 2

The eastern Tibetan plateau: an ideal context to study the influence of the geological inheritance in the present crustal dynamics 

The Tibetan plateau: a remarkable geological structure

One of the most impressive geological structure on the Earth able to provide major insights on the importance of the geological inheritance in the crustal dynamic processes is undoubtedly the Tibetan plateau. The Tibetan plateau exhibits indeed a mean elevation of 4500 m, distributed over a surface of > 2 000 000 km 2 (Fig. 2.1A). Numerous geophysical studies show a thickened crust (> 60 km) below the Tibetan plateau (Fig. 2.1B; e.g. [START_REF] Braitenberg | The gravity and isostatic Moho ondulations in Qinghai-Tibet plateau[END_REF][START_REF] Jolivet | Neogene extension and volcanism in the kunlun fault zone, northern tibet : New constraints on the age of the kunlun fault[END_REF][START_REF] Hetényi | The effective elastic thickness of the India plate from receiver function imaging, gravity anomalies and thermomechanical modelling[END_REF][START_REF] Replumaz | Crustal mass budget and recycling during the India/Asia collision[END_REF], in contrast to adjacent cratonic areas as the northern India to the south (crust ∼ 35 km thick; e.g. [START_REF] Cattin | Gravity anomalies, crustal structure and thermo-mechanical support of the Himalaya of central Nepal[END_REF] and the South China block to the east (crust ∼ 40 km thick; Robert et al., 2010a). Surface wave tomography indicate inefficient S-wave propagation below the central Tibet (the Qiangtang block) (Fig. 2.1C;[START_REF] Mcnamara | Upper mantle velocity structure beneath the Tibetan plateau from Pn travel time tomography[END_REF] and at the northern edge of the Tibetan plateau (Le [START_REF] Pape | Penetration of crustal melt beyond the Kulun fault into northern Tibet[END_REF]. This was related to the presence of melt in the middle to deep crust (e.g. Le [START_REF] Pape | Penetration of crustal melt beyond the Kulun fault into northern Tibet[END_REF][START_REF] Hacker | Partially melted, mica-bearing crust in central Tibet[END_REF].

It has been generally assumed that the rise and thickening of the Tibetan plateau results from the N-S directed collision between the India and Eurasia plates (55 ± 2 Ma, [START_REF] Guillot | Reconstructing the total shortening history of the NW Himalaya[END_REF] and the underplating of the India lithosphere beneath the Eurasia [START_REF] Argand | La tectonique de l'Asie[END_REF][START_REF] Cattin | Gravity anomalies, crustal structure and thermo-mechanical support of the Himalaya of central Nepal[END_REF]; Li et al., 2012b;[START_REF] Replumaz | The coupling of indian subduction and Asian continental tectonics[END_REF]. It is now widely demonstrated by a variety of data issued from paleoaltimetric and low-temperature thermochronological studies that the recent rise of the plateau started at Eocene time [START_REF] Van Der Beek | Eocene Tibetan plateau remnants preserved in the northwest Himalaya[END_REF][START_REF] Polissar | Paleoaltimetry of the Tibetan plateau from D/H ratios of lipid biomarkers[END_REF][START_REF] Dai | The vast proto-Tibetan plateau: New constraints from paleogene Hoh Xil Basin[END_REF]Li et al., 2012b;Wang et al., 2012a). A significant elevation (∼ 4000 m in central Tibet) was reached not long before the late Miocene [START_REF] Guillot | Importance of continental subductions for the growth of the Tibetan plateau[END_REF]Xu et al., 2016 and references therein). Strike slip faulting became predominat at c. 20-15 Ma after the onset of continental impact on the Xianshui He fault, Kulun and altyn Tagh faults, propagating eastward during the Late Cenozoic. Normal faults emplaced after Miocene in the southern part of the plateau [START_REF] Tapponnier | Field evidence for active normal faulting in Tibet[END_REF][START_REF] Blisniuk | Normal faulting in central Tibet since at least 13.5 Myr ago[END_REF]Yin, 2010a for a synthesis). However, despite tents of years of study, the mechanisms of deformation that leaded to the plateau rise and thickening remains largely debated. [START_REF] Gan | Present-day crustal motion within the Tibetan plateau inferred from GPS measurements[END_REF]. Blue arrows represent the GPS velocity field around the Tibetan plateau relative to the stable Eurasia. Red arrows are the calculated rigid rotation velocity field with the Euler vector of the plateau. (B) Strain rates calculated from the GPS data at the scale of the eastern Asia [START_REF] Calais | Continental deformation in Asia from combined GPS solution[END_REF]. Low strain areas correspond to rigid cratons.

Deformation of the Tibetan lithosphere: the difficulty to reconcile geophysical and geological data

Present day Global Positioning System (GPS) data show a rigid rotation of the entire Tibetan plateau with reference to the fixed Eurasia around an Euler Pole located in the Southeastern Tibet [START_REF] Gan | Present-day crustal motion within the Tibetan plateau inferred from GPS measurements[END_REF]. The interior of the plateau is instead characterized by a "glacier-like flow" zone turning eastward around the eastern Himalaya Syntaxis (Fig. 2.2A; [START_REF] Gan | Present-day crustal motion within the Tibetan plateau inferred from GPS measurements[END_REF] at rates of 15-20 mm/yr [START_REF] Burchfiel | A geological and geophysical context for the Wenchuan earthquake of 12 May 2008, Sichuan, People's Republic of China[END_REF]. Geophysics reveals that a part of the deformation is also localized in zones of continuous high strain rates (green to red in Fig. 2.2B; [START_REF] Calais | Continental deformation in Asia from combined GPS solution[END_REF] that could transfer the strain from the lower to the upper crust. In the eastern Tibet for example a finite number of faults takes up the major part of NW-SE shear while the contraction of the block interior takes up the N-S compression [START_REF] Zhang | Relative motion across the eastern Tibetan plateau: Contributions from faulting, internal strain and rotation rates[END_REF]. These zones of strain localization mainly correspond to major tectonic boundaries at the plateau margins and lithospheric fault zones slicing the plateau, as revealed by seismological, kinematic, geological and low-T thermochronological studies (e.g. [START_REF] Tapponnier | Oblique stepwise rise and growth of the Tibet plateau[END_REF][START_REF] Chen | Crustal anisotropy from Moho converted Ps wave splitting analysis and geodynamic implications beneath the eastern margin of Tibet and surrounding regions[END_REF].

Different interpretations of the kinematic and geophysical data for the Tibetan plateau faced for over a decade giving rise to two rheological models for the Tibetan crust.

• The first, called "Jelly Sandwich", assumes a ductile lower crust surrounded by rigid upper crust and lithospheric mantle [START_REF] Chen | Focal depths of intra-continental and intraplate earthquakes and their implications for the thermal and mechanical properties of the lithosphere[END_REF]. The strength resides in the crust and in the mantle [START_REF] Burov | The long-term stranght of continental lithosphere: "jelly sandwich" or "crème brûlée"?[END_REF]. This model is inspired from geophysical data suggesting the presence of partial melting within the middle Tibetan crust;

• The second model, called "Crème Brûlée", is based on seismological data (e.g. relocation of deep earthquakes in the lower crust) and assume a rigid continental crust overlying a soft lithospheric mantle (Maggi et al., 2000a,b;[START_REF] Jackson | Strenght of the continental lithosphere: Time to abandon the jelly sandwich?[END_REF][START_REF] Jackson | New views on the structure and rheology of the lithosphere[END_REF]. In this model the strength is limited to the crust while the mantle is weak [START_REF] Burov | The long-term stranght of continental lithosphere: "jelly sandwich" or "crème brûlée"?[END_REF].

Depending on the selected rheological model different mechanisms of deformation can be proposed to explain the rise and thickening of the Tibetan plateau. These mechanisms are divided in two classes, each of them including two principal sub-models. They are summarized in Figure 2.3. Models are traditionally presented for an ideal cross section parallel to the main N-S convergence direction, extending from the northern India into the Tibetan plateau (left side of Fig. 2.3). They were however also adapted for E-W oriented cross sections (Longmen Shan area, eastern Tibet; right side of Fig. 2.3). The two classes of models include:

1. Homogeneous thickening and channel flow models. The first class of models assumes a jelly sandwich rheology and propose that the deformation is diffused within the Tibetan lithosphere [START_REF] England | Active deformation of Asia: From kinematics to dynamics[END_REF] that is assumed to have thickened homogeneously (homogeneous thickening model of Fig. 2.3) as a viscous sheet [START_REF] Molnar | Mantle dynamics, uplift of the Tibetan plateau, and the Indian Monsoon[END_REF][START_REF] Murphy | Inversion of the Broad Fourteens Basin (offshore Netherlands), a small-scale model investigation[END_REF]. The convergence between the India and Eurasia plates is therefore accommodated by a distributed shortening of both crust and mantle.

This class of models includes the "channel flow model" (Fig. 2.3) which proposes the existence of a ductile middle-lower crust within the Tibetan lithosphere issued from the partial melting of the thickened crust [START_REF] Molnar | Geologic evolution of northern Tibet-Results of an expedition to Ulugh-Muztach[END_REF][START_REF] England | The mechanics of the Tibetan plateau[END_REF][START_REF] Royden | Surface deformation and lower crustal flow in eastern Tibet[END_REF][START_REF] Clark | Dynamic topography produced by lower crustal flow against rheologic strenght heterogeneities bordering the Tibetan Plateau[END_REF][START_REF] Royden | The geological evolution of the Tibetan plateau[END_REF]. This partially melted crust is free to flow dragged by the E-ward escape of Tibet. When it arrives close to a rigid buttress (e.g. rigid South China craton) it inflates, creating the topographic relief (right column in Fig. 2.3;[START_REF] Royden | Surface deformation and lower crustal flow in eastern Tibet[END_REF][START_REF] Royden | The geological evolution of the Tibetan plateau[END_REF][START_REF] Clark | Dynamic topography produced by lower crustal flow against rheologic strenght heterogeneities bordering the Tibetan Plateau[END_REF][START_REF] Burchfiel | A geological and geophysical context for the Wenchuan earthquake of 12 May 2008, Sichuan, People's Republic of China[END_REF]. This class of models also includes the variants proposed by [START_REF] Zhang | Continous deformation of the Tibetan Plateau from global positioning system data[END_REF][START_REF] Zhang | Relative motion across the eastern Tibetan plateau: Contributions from faulting, internal strain and rotation rates[END_REF]; [START_REF] Liu | Eastward expansion of the Tibetan plateau by crustal flow and strain partitioning across faults[END_REF]; [START_REF] Shen | Contemporary crustal deformation around the southeastern borderland of Tibetan plateau[END_REF] for the eastern Tibetan margin where the flow of ductile lower crust is not exhumed up to the surface. It drags instead the upper crust re-activating a series of reverse faults.

2. Plate underthrusting and localized crustal shortening models. A second class of models assumes a rheological profile for the Tibetan crust of type crème brûlée. This model combines the extrusion of the plateau with the crustal thickening. The deformation is no more distributed in the ductile lower crust but along major strike slip faults or thrusting at the lithospheric scale [START_REF] Tapponnier | On the mechanics of the collision between India and Asia[END_REF][START_REF] Tapponnier | Oblique stepwise rise and growth of the Tibet plateau[END_REF][START_REF] Hubbard | Uplift of the Longmen Shan and Tibetan plateau, and the 2008 Wenchuan (M=7.9) earthquake, nature[END_REF][START_REF] Hubbard | Structural setting of the 2008 Mw 7.9 Wenchuan, China, earthquake[END_REF]. The topography and the thickness of the Tibetan crust is supported by the indentation of the Eurasia plate by the rigid and strong Indian plate in the only southern Tibet (plate underthrusting model in Fig. 2.3;[START_REF] Argand | La tectonique de l'Asie[END_REF]. Geophysical studies suggest indeed that the Indian lithosphere is probably not present under the northern part of the Tibetan Plateau (e.g. [START_REF] Molnar | Some simple physical aspects of the support, structure, and evolution of mountain belts[END_REF][START_REF] Mcnamara | Upper mantle velocity structure beneath the Tibetan plateau from Pn travel time tomography[END_REF][START_REF] Owens | Implications of crustal property variations for models of Tibetan plateau evolution[END_REF] being obstacled by the presence of Eurasian lithosphere [START_REF] Decelles | Implications of shortening in the Himalayan fold-thrust belt for uplift of the Tibetan plateau[END_REF]. The thickening of the central and northern Tibetan plateau is then explained by a series of E-W trending intra-continental subduction zones (localized crustal shortening model in Fig. 2.3). Large strike-slip faults accommodate the eastward lateral tectonic escape of large Tibetan crustal blocks [START_REF] Tapponnier | Oblique stepwise rise and growth of the Tibet plateau[END_REF].

Although some studies have proposed a combinations of more than one of these models, the debate over the deformation mechanisms in the Tibetan plateau continues. The discrimination between different models is indeed crucial since it has major implications on the mechanisms of crustal thickening in convergent settings, on the rheology of the Tibetan crust and on the calendar of the Tibetan plateau formation. Models assuming rigid crust would for example consider a progressive migration of the 1) and a E-W cross section in the Longmen Shan area [START_REF] Rolland | Prolonged Variascan to Alpine history of an active Eurasian margin (Georgia, Armenia) revealed by 40 Ar/ 39 Ar dating[END_REF]. Sketches in the first column are from [START_REF] Hetényi | The effective elastic thickness of the India plate from receiver function imaging, gravity anomalies and thermomechanical modelling[END_REF], sketches in the right column are from [START_REF] Guo | Imaging the crustal structure beneath the eastern Tibetan plateau and implications for the uplift of the Longmen Shan range[END_REF]. LMS: Longmen Shan. deformation in the Tibetan plateau northward-northeastward [START_REF] Meyer | Crustal thickening in Gansu-Qinghai, lithospheric mantle subduction, and oblique, strike-slip controlled growth of the Tibetan plateau[END_REF][START_REF] Tapponnier | Oblique stepwise rise and growth of the Tibet plateau[END_REF][START_REF] Jolivet | Mesozoic and Cenozoic tectonics of the northern edge of the Tibetan plateau: fission-track constraints[END_REF] after the intial re-activation of the inherited lithospheric strike-slip faults [START_REF] Jolivet | Mesozoic and Cenozoic tectonics of the northern edge of the Tibetan plateau: fission-track constraints[END_REF]. Channel flow type models require instead a time delay between the beginning of the continental collision and the emplacement of the channel flow. One of the major problem in discriminating between the aforementioned models derives from the fact that they cannot account at the same time for all the geological and geophysical features observed at different localities of the plateau. The channel flow model for example is not compatible with the observed large lithospheric strike-slip faults [START_REF] Tapponnier | Oblique stepwise rise and growth of the Tibet plateau[END_REF]. The upper crustal deformation model can instead hardly account of the whole thickness of the Tibetan crust (especially at the eastern border of the Tibetan plateau, in the Longmen Shan belt). These incompatibilities may result by the fact that all the models proposed consider the only geological history that postdates the Cenozoic India-Asia collision. However, it has been increasingly recognized that the pre-Cenozoic geological inheritance deeply influences the present activity of the lithosphere in Tibet (e.g. [START_REF] Tapponnier | Oblique stepwise rise and growth of the Tibet plateau[END_REF][START_REF] Guillot | Importance of continental subductions for the growth of the Tibetan plateau[END_REF]. The geological map of the Tibetan plateau reveals an assemblage of blocks of different ages, separated by three suture zones (from the north to the south): Jinsha, Bangong and Indus-Yarlung, relicts of the Paleo-, Meso-and Neo-tethian oceanic basins respectively closed since the Triassic time (Fig. 2.4), see section 2.3 for associated references).

This indicates that the structuration of the Tibetan plateau is a long-lasting process. If we want to constrain the rheology and the sequence of growth of the Tibetan plateau it is therefore crucial to take into account the potential contribution of geological events (geological inheritance) predating the India-Asia collision and the possibility that the deformation mechanisms may have changed with time over a large timescale.

The building of the Tibetan plateau: an history longer than 200 Ma

As introduced above, an increasing number of studies demonstrate that the Tibetan plateau was not entirely shaped by the India-Asia collision but derives from a long-lasting deformation history, characterized by a progressive accretion of blocks separated by oceanic domains since the Triassic time (Fig. 2.4).

Three main phases of accretion can be recognized:

1. The Late Triassic marks the closure of the central, northern and southern branches of the Paleo-Tethys Ocean (Fig. 2.5A,B and Fig. 2.6), driven by a double-verging subduction of oceanic lithosphere below the Kunlun terrane (and the North Chian block) to the north and below the Qiantang block to the South [START_REF] Kapp | Blueschist-bearing metamorphic core complexes in the Qiangtang block reveal deep crustal structure of northern Tibet[END_REF][START_REF] Roger | Geochronological and geochemical constraints on Mesozoic suturing in east central Tibet[END_REF]de Sigoyer et al., 2014) (Fig. 2.5A, B and Fig. 2.6). The double vergence of the subduction is demonstrated by Early Mesozoic continental arc-like magmatism, post-collisional magmatism [START_REF] Roger | Geochronological and geochemical constraints on Mesozoic suturing in east central Tibet[END_REF][START_REF] Roger | Timing of granite emplacement and cooling in the Songpan-GarzêFold Belt (eastern Tibetan Plateau) with tectonic implications[END_REF][START_REF] Zi | Triassic collision in the Paleo-Tethys ocean constrained by volcanic activity in SW China[END_REF][START_REF] Yang | Two-phase subduction and subsequent collision defines the Paleotethyan tectonics of the southeastern Tibetan plateau: Evidence from zircon U-Pb dating, geochemistry, and structural geology of the Sanjiang orogenic belt, southwest China[END_REF][START_REF] Peng | Late Triassic granitic magmatism in the eastern Qiangtang, eastern Tibetan plateau: Geochronology, petrogenesis and implications for the tectonic evolution of the Paleo-Tethys[END_REF][START_REF] Zhao | Late Triassic Batang group arc volcanic rocks in the northeastern margin of Qiangtang terrane, northern Tibet: partial melting of juvenile crust and implications for Paleo-Tethys ocean subduction[END_REF]Liu et al., 2016a) and high-pressure and ultra-high pressure metamorphism in both the Qinling-Dabie belt (northern subduction zone) and in the central Qiantang (southern subduction zone; [START_REF] Peng | Late Triassic granitic magmatism in the eastern Qiangtang, eastern Tibetan plateau: Geochronology, petrogenesis and implications for the tectonic evolution of the Paleo-Tethys[END_REF]Li et al., 2015a;Liu et al., 2016a). During the closure of the central branch of the Paleo-Tethys ocean, a thick (∼ 15 km) pile of Paleozoic sediments and triassic flysh remained trapped in the accretionary wedge forming the Songpan-Garze (SPG) Tibetan block (dashed black lines in Fig. 2.5B, e.g. [START_REF] Roger | The tectonic evolution of the Songpan-Garzê (North Tibet) and adjacent areas from Proterozoic to Present: A synthesis[END_REF] for a synthesis). Flysh are tought to be originated from the erosion of the the Qinling-Dabie belt [START_REF] Weislogel | Detrital zircon provenance from three turbidite depocenters of the Middle-Upper Triassic Songpan-Ganzi complex, central China: Record of collisional tectonics, erosional exhumation, and sediments production[END_REF] or derive from the central Qiangtang Triassic orogen [START_REF] Zhang | Proximal provenance of the western Songpan-Ganzi turbidite complex (Late Triassic, eastern Tibetan plateau): Implications for the tectonic amalgamation of China[END_REF]. Eastward, the closure of the northern and southern branches of the Paleo-Tethys leaded to the collision between the Qiantang block, the Archean-Paleoproterozoic North China craton and the Neoproterozoic Yangtze block (easternmost part of the South China block) (Fig. 2.5B).

2. The Early-Late Cretaceous marks the closure of the Meso-Tethys and the collision between the Lhasa and the Qiangtang blocks along the Bangong suture zone (Fig;2.4, Fig. 2.6 and Fig. 2.7;[START_REF] Decelles | Implications of shortening in the Himalayan fold-thrust belt for uplift of the Tibetan plateau[END_REF][START_REF] Kapp | Mesozoic and Cenozoic tectonic evolution of the Shiquanhe area of western Tibet[END_REF][START_REF] Kapp | Geological records of the Lhasa-Qiangtang and Indo-Asian collisions in the Nima area of central Tibet[END_REF][START_REF] Leier | Lower Cretaceous strata in the Lhasa Terrane, Tibet, with implications for understanding the early tectonic history of the Tibetan plateau[END_REF][START_REF] Pullen | Metamorphic rocks in central Tibet: Lateral variations and implications for crustal structure[END_REF]Wang et al., 2014a;[START_REF] Yang | Middle-late jurassic tectonostratigraphic evolution of central Asia, implications for the collision of the Karakoram-Lhasa block with Asia[END_REF]. The first stage of the Lhasa-Qiangtang collision may be considered as one expression of the Yanshan Orogeny. It represents a period between the Middle Jurassic and the Lower Cretaceous characterized by intense syn-orogenic crustal shortening, thickening, anatexis and metamorphism (170-140 Ma) followed by post-orogenic crustal extension and magmatism (140-120 Ma) within the whole Asian continent and along its margins (see [START_REF] Dong | Late jurassic-Early Cretaceous continental convergence and intracontinental orogenesis in east Asia: A synthesis of the Yanshan Revolution[END_REF][START_REF] Jolivet | Mesozoic tectonic and topographic evolution of central asia and tibet : a preliminary synthesis[END_REF][START_REF] Daoudene | Late mesozoic continental extension in northeast Asia-relationships to plate kinematic[END_REF] for a review). Major orogens formed during this period include the Yinshan-Yanshan orogen in the North China (see Fig. 2.7 for present location) that gives the name to the Yanshan Orogeny. The orgenesis are generally attributed to the N-S convergence prevailing in the East Asia at the middle Jurassic. The successive extensional phase is generally attributed to the roll-back of the Paleopacific subduction plate in the SE Asia (see Fig. 2.7 for the paleoposition of the Pacific subduction; e.g. Wang et al., 2011a) or to the delamination of the thickened crust as in the eastern part of the north China block (e.g. [START_REF] Gao | Recycling lower continental crust in the North China Craton[END_REF] and to the closure of the Mongol-Okhotsk Ocean [START_REF] Daoudene | Late mesozoic continental extension in northeast Asia-relationships to plate kinematic[END_REF].

3. The Early Cenozoic marks the closure of the Neo-Tethys between India and southern Lhasa block (Fig. 2.6) and the subsequent collision among India and the series of blocks previously accreted to the Eurasian plate (e.g. [START_REF] Mattauer | Intracontinental subduction, crust-mantle décollement and crustal-stacking wedge in the Himalayas and other collision belts[END_REF][START_REF] Mattauer | A 3d model of the india-asia collision at plate scale[END_REF]. The age of collision is estimated at ∼ 60-55 Ma, from the sedimentary record in the southern Lhasa terrane (De-Celles et al., 2014) and by radiometric dating of the Indian crustal rocks which have undergone subduction immediately prior to collision (e.g. Tso Morari, 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 Qiangtang and Lhasa blocks were uplifted and eroded during Eocene (e.g; [START_REF] Dai | The vast proto-Tibetan plateau: New constraints from paleogene Hoh Xil Basin[END_REF]. Since 30 Ma the effects of the India-Asia collision and the subsequent eastward escape of the Tibetan crustal material triggered a phase of deformation and uplift at the eastern margin of the Tibetan plateau, with a significant increase of cooling rates at 10-15 Ma [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF][START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF]Wang et al., 2012a). In the same period a fast cooling is also observed in the central Asia, from the Tibetan plateau to the Altai. The South China Craton was exhumed up to the surface in the crystalline massifs of the Longmen Shan belt (LMS in Fig. 2.4 and section 2.4). In the Longmen Shan and northeast of the Longmen Shan, major faults were re-activated, as demonstrated by low-T termochronological studies, paleoseismological and geomorphological investigations [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF][START_REF] Densmore | Active tectonics of the Beichuan and Pengguan faults at the eastern margin of the Tibetan Plateau[END_REF][START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF][START_REF] Godard | Spatial distribution of denudation in Eastern Tibet and regressive erosion of plateau margins[END_REF][START_REF] Ran | Paleoseismic events and recurrence interval along the Beichuan -Yingxiu fault of Longmenshan fault zone, Yingxiu, Sichuan, Chine[END_REF][START_REF] Ansberque | Denudation pattern across the Longriba fault system and implications for the geomorphological evolution of the eastern Tibetan margin[END_REF][START_REF] Jolivet | Mesozoic-Cenozoic evolution of the Danba dome (Songpan Garzê, east Tibet) as inferred from LA-ICPMS U-Pb and fission-track data[END_REF][START_REF] Ansberque | The Longriqu fault zone, eastern Tibetan Plateau: Segmentation and Holocene behavior[END_REF][START_REF] Tan | Late Cenozoic thrusting of major faults along the central segment of Longmen Shan, eastern Tibet: Evidence from lowtemperature thermochronology[END_REF]. In the southeastern Tibet the Xianshui He fault (XSH in Fig. 2.4) was also re-activated at ∼ 12 Ma with [START_REF] Roger | Miocene emplacement and deformation of the Konga Shan granite (Xianshui He fault zone, west Sichuan, China): Geodynamic implications[END_REF]).

Such a long polyphase history makes the Tibetan plateau a natural laboratory to study the importance of the geological inheritance in the deep processes that deform the lithosphere in convergent settings.

As explained in section 1.2 one way to study these processes is to use the geological record preserved in the metamorphic rocks. However the surface of the plateau interior is mainly flat. Metamorphic rocks are instead exhumed at the western (Karakorum), southern (Himalaya) and eastern (Longmen Shan) edges of the plateau, providing natural cross section of the deep crust. Among these areas the Longmen Shan region is the most enigmatic margin for its obliquity to the main N-S convergence and for the until recently unsuspected tectonic activity. A series of apparently contradictory geomorphological and crustal features make the Longmen Shan a paradoxical belt, for which a unique model of crustal deformation is hard to be proposed.

The paradox of the Longmen Shan thrust belt (eastern Tibet)

The Longmen Shan (Dragon's Gate Mountains) is a 500 km long and 30-40 km large thrust belt located at the eastern margin of the Tibetan plateau, between the Songpan-Garze block (Tibet) to the west and the Sichuan Basin (South China Craton) to the east (Fig. 2.8A and B). It represents the steepest topographic gradient of any edge of the plateau [START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF][START_REF] Godard | Spatial distribution of denudation in Eastern Tibet and regressive erosion of plateau margins[END_REF]profile BB' in Fig. 2.1A and Fig. 2.8C). Here the mean elevation increases from ca. 500 m in the Sichuan Basin to more than 5000 m in the belt, in less than 50 km (Fig. 2.8C). This topography survives despite the very low convergence rates (4.0 ± 2.0 mm y -1 ) measured by GPS between the South China and the Tibet [START_REF] Zhang | Continous deformation of the Tibetan Plateau from global positioning system data[END_REF][START_REF] Shen | Contemporary crustal deformation around the southeastern borderland of Tibetan plateau[END_REF]Zhang et al., 2011)(Fig. 2.9).

In the Longmen Shan the Neoproterozoic South China basement (roofed by the Sinian units) crops out through the sedimentary cover in the Pengguan, Xuelongbao and Baoxing crystalline massifs (PM, XM and BM in Fig. 2.8B). A slice of basement is also exposed in Danba area (∼150 km southeast of the Longmen Shan) and is surrounded by distal metagreywackes metamorphosed until the kyanite and migmatite grade [START_REF] Weller | Quantifying barrovian metamorphism in the Danba structural culmination of eastern Tibet[END_REF][START_REF] Billerot | Gneiss domes of the Danba metamorphic complex, Songpan Ganze, eastern Tibet[END_REF].

In the Longmen Shan the crystalline massifs are exhumed in the hanging wall of the major faults. Three faults strike parallel to the belt, from the east to the west: the Guanxian fault, the Beichuan fault and the Wenchuan fault (GF, BF and WF in Fig. 2.8B). The WF is the Cenozoic brittle expression of the long-term Wenchuan ductile shear zone. The Beichuan and Pengguan faults dip to the NW (e.g. [START_REF] Lu | Structural model of the central Longmen Shan thrust using seismic reflection profiles: Implication for the sediment and deformation since Mesozoic[END_REF], rooting in a decollement level at ∼ 20 km depth imaged by geophysics (red layer in Fig. 2.11D and [START_REF] Wang | Structural control of rupturing of the Mw 7.9 2008 Wenchuan earthquake, China[END_REF]Shen et al., 2009a;Robert et al., 2010a;[START_REF] Jia | Structural model of 2008 Mw 7.9 Wenchuan earthquake in the rejuvenated Longmen Shan thrust belt, China[END_REF][START_REF] Qi | Rupture of deep faults in the 2008 Wenchuan earthquake and uplift of the Longmen Shan[END_REF][START_REF] Zhao | Crustal structure and rheology of the Longmenshan and Wenchuan Mw 7.9 earthquake epicentral area from magnotelluric data[END_REF][START_REF] Liu | Eastward expansion of the Tibetan plateau by crustal flow and strain partitioning across faults[END_REF]. The Wulong and Xiaoguanzi faults in the southern Longmen Shan (WuF and XF in Fig. 2.8B) are generally considered as the prolongation of the Wenchuan and Beichuan faults [START_REF] Burchfiel | Tectonics of the Longmen Shan and adjacent regions, central China[END_REF][START_REF] Cook | Constraints on Cenozoic tectonics in the southwestern Longmen Shan from low-temperature thermochronology[END_REF][START_REF] Tian | Late Cretaceous-earliest Paleogene deformation in the Longmen Shan fold-and-thrust belt, eastern Tibetan plateau margin: Pre-Cenozoic thickened crust?[END_REF]. The southern end of the Longmen Shan is limited by the Xianshui He active fault (emplaced on the Triassic Jinsha suture zone, XSH in Fig. 2.4 and Fig. 2.8A).

The Longmen Shan represents the orogenic load that deflects the lithosphere of the South China Block to form a foreland basin: the eastern Sichuan basin [START_REF] Chen | Emplacement of the Longmen Shan thrust-nappe Belt along the eastern magin of the Tibetan Plateau[END_REF][START_REF] Burchfiel | Tectonics of the Longmen Shan and adjacent regions, central China[END_REF]Yong et al., 2003a). The belt set in the middle of the two depositional provinces: the Songpan-Garze fold belt to the east and the Sichuan basin (belonging to the South China block) to the west (1-3 in Fig. 2.8B and columns 1-3 in Fig. 2.10). The distinction between the Paleozoic to Triassic Songpan-Garze and South China sedimentary units within the belt is not always trivial since they constitute a stratigraphic continuum with E-W and N-S variations.

The South China Block (in the Sichuan Basin) is composed of the Neoproterozoic granitic to dioritic basement covered by ∼ 5 km thick Ordovician to Upper Triassic carbonate-dominated sedimentary series deposited on the western passive margin of the South China craton during the Paleozoic [START_REF] Burchfiel | Tectonics of the Longmen Shan and adjacent regions, central China[END_REF]Yong et al., 2014a). These units are overlaid by Upper Triassic to Cenozoic (up to Quater- Figure 2.9: GPS measurement for the Longmen Shan area prior to the 2008 Wenchuan earthquake (modified from [START_REF] Shen | Contemporary crustal deformation around the southeastern borderland of Tibetan plateau[END_REF] nary) sediments that were deposited during the emplacement and growth of the Longmen Shan belt, in a foreland basin environment (Yong et al., 2003a(Yong et al., , 2014a) (Column 3 in Fig. 2.10).

West of the Longmen Shan the Songpan-Garze (SPG) unit is instead composed of a thick (∼15 km) and highly deformed and metamorphosed (low to medium grade) series of Paleozoic greywacke-shale overlied by Triassic flysh-like sediments (Column 1 and 2 in Fig. 2.10). In contrast to units of the South China block, the SPG units exhibit a pelitic-dominated stratigraphy, suggesting that they were deposited in a deeper and more distal environment along the South China margin. The Upper Triassic series are made of terrestrial sediments which deposition is coeval to the formation of the Longmen Shan. They are intruded 50-100 km NE to the Longmen Shan front by a series of granites of Triassic age emplaced at the end of the closure of the Paleotetys (Fig. 2.8B, [START_REF] Roger | Timing of granite emplacement and cooling in the Songpan-GarzêFold Belt (eastern Tibetan Plateau) with tectonic implications[END_REF][START_REF] De Sigoyer | Generation and emplecement of Triassic granitoids within the Sonpan Ganze accretionary-orogenic wedge in a context of slab retreat accomodated by tear faulting, Eastern Tibetan plateau, China[END_REF]. Structural observations and the stratigraphic and thermochronological record in the foreland basin indicate that the SPG sedimentary series was thickened and thrusted over the South China units during the Upper Triassic-Lower Jurassic orogeny [START_REF] Calassou | Etude tectonique d'une chaîne de décollement: (a) tectonique triasique et tertiaire de la chaîne de Songpan-Garze. (b) géometrie et cinématique des déformations dans les prismes d'accrétion sédimentaires: modélisation analogique[END_REF][START_REF] Chen | Emplacement of the Longmen Shan thrust-nappe Belt along the eastern magin of the Tibetan Plateau[END_REF][START_REF] Burchfiel | Tectonics of the Longmen Shan and adjacent regions, central China[END_REF][START_REF] Harrowfield | Indosinian deformation of the Songpan Garze fold belt, northeast Tibetan plateau[END_REF][START_REF] Roger | The tectonic evolution of the Songpan-Garzê (North Tibet) and adjacent areas from Proterozoic to Present: A synthesis[END_REF][START_REF] Yan | Structural and geochronological constrains on the Mesozoic-Cenozoic tectonic evolution of the Longmen Shan thrust belt, eastern Tibetan Plateau[END_REF][START_REF] Zheng | Time constraints on the emplacement of klippen in the Longmen Shan thrust belt and tectonic implications[END_REF].

The nature of the Songpan-Garze crust is still unknown [START_REF] Pullen | Triassic continental subduction in central Tibet and mediterranean-style closure of the Paleo-Tethys ocean[END_REF][START_REF] Roger | The tectonic evolution of the Songpan-Garzê (North Tibet) and adjacent areas from Proterozoic to Present: A synthesis[END_REF]. While in the central Tibet it probably corresponds to an oceanic crust (the remnant of the Paleotethys), at the eastern margin of the Songpan-Garze block the chemical data on a number of pre to post-collision granitoids rather suggest that the continental crust of the South China Block extends at least until the Longriba fault system, ∼200 km northeast of the Longmen Shan belt ((Fig. 2.8B); de [START_REF] De Sigoyer | Generation and emplecement of Triassic granitoids within the Sonpan Ganze accretionary-orogenic wedge in a context of slab retreat accomodated by tear faulting, Eastern Tibetan plateau, China[END_REF][START_REF] Guo | Longriba fault zone in eastern Tibet: An important tectonic boundary marking the westernmost edge of the Yangtze block[END_REF]. Despite the consistency and continuity of the chemical composition of the basement below the entire Longmen Shan, geophysical investigations reveal that the belt seats in a crustal transition zone. InSAR, GPS, seismic and tomographic inversion measurements show indeed a strong contrast in the lithospheric rheologies between the Tibetan Plateau and the Sichuan basin (Fig. 2.11A, B and C; e.g. [START_REF] Liu | Eastward expansion of the Tibetan plateau by crustal flow and strain partitioning across faults[END_REF][START_REF] Lei | Teleseismic P-wave tomography and mantle dynamics beneath eastern Tibet[END_REF]. While the former has a viscoelastic lower crust and a relatively weak upper mantle, the latest has an elastic 35 km thick crust overlying a high-viscosity and stronger upper mantle [START_REF] Jiang | Mapping the deep lithospheric structure beneath the eastern margin of the Tibetan plateau from gravity anomalies[END_REF]Li et al., 2012a;[START_REF] Huang | Probing the lithospheric rheology across the eastern margin of the Tibetan Plateau[END_REF]. The S and P-wave velocities (V s and V p ) therefore dramatically change between the Tibetan plateau (relatively low V p and V s ) and the Sichuan basin (relatively high V p and V s ; Fig. 2.11B and C). (B) Map view of the S-wave speed variation at 50 and 60 km depth [START_REF] Liu | Eastward expansion of the Tibetan plateau by crustal flow and strain partitioning across faults[END_REF]. (C) Map view of P-wave tomography at 150 km depth from [START_REF] Lei | Teleseismic P-wave tomography and mantle dynamics beneath eastern Tibet[END_REF]. (D) Vertical section of the wave speed model modified from [START_REF] Liu | Eastward expansion of the Tibetan plateau by crustal flow and strain partitioning across faults[END_REF] along the profile in panel A.

The Moho deepens from ∼40 km beneath the Sichuan Basin, to more than 60 km beneath the Songpan-Garze (dashed white line in Fig. 2.11D; Robert et al., 2010a;[START_REF] Liu | Eastward expansion of the Tibetan plateau by crustal flow and strain partitioning across faults[END_REF]. The Moho step is extremely sharp and localized beneath the major Wenchuan Shear Zone (Robert et al., 2010a) (Fig. 2.11D), in contrast to the topographic step that is located at the emplacement of the Beichuan fault (Fig. 2.8B and Fig. 2.11D; [START_REF] Kirby | Distribution of active rock uplift along the eastern margin of the Tibetan plateau: Inferences from bedrock channel longitudinal profiles[END_REF][START_REF] Godard | Spatial distribution of denudation in Eastern Tibet and regressive erosion of plateau margins[END_REF]. The undulate shape of the Moho discontinuity revealed by tomography delimits two crustal provinces in the eastern Tibet, clearly separated by lithospheric boundaries: the Kanding (Xianshui He area) and the Songpan-Garze with the Longmen Shan belt (Fig. 2.11D). However, while the Xianshui He fault corresponds to an old suture limiting two different crustal blocks (Songpan-Garze and the Qiangtang blocks), the position of the Longmen Shan is more enigmatic. In the Longmen Shan geophysical data are therefore in apparent contrast with geological data. Because of this paradox, the Longmen Shan constitutes the typical example in the Tibetan plateau where the models proposed for the deformation of the Tibetan crust failed to simultaneously explain all the geological and geophysical observations. The class of model that propose a distributed shortening of the whole Songpan-Garze lithosphere [START_REF] Yin | A special issue on the great 12 May 2008 Wenchuan earthquake (Mw 7.9): Observations and unanswered questions[END_REF] or a flow of the Songpan-Garze mid-lower crust eastwards and its exhumation in the Longmen Shan belt (channel flow models, Fig. 2.3;[START_REF] Royden | Surface deformation and lower crustal flow in eastern Tibet[END_REF][START_REF] Royden | The geological evolution of the Tibetan plateau[END_REF][START_REF] Zhao | Crustal structure and rheology of the Longmenshan and Wenchuan Mw 7.9 earthquake epicentral area from magnotelluric data[END_REF] cannot explain indeed the thin decollement levels imaged by tomography (red layers in Fig. 2.11D). Furthermore, these models are hardly reconciliable with the existence of lithospheric boundaries.

On the other hand the upper crustal thickening models [START_REF] Hubbard | Uplift of the Longmen Shan and Tibetan plateau, and the 2008 Wenchuan (M=7.9) earthquake, nature[END_REF][START_REF] Hubbard | Structural setting of the 2008 Mw 7.9 Wenchuan, China, earthquake[END_REF][START_REF] Qi | Rupture of deep faults in the 2008 Wenchuan earthquake and uplift of the Longmen Shan[END_REF] related to the underthrusting of the Yangtze crust (South China block) beneath the eastern Songpan-Garze block [START_REF] Clark | Dynamic topography produced by lower crustal flow against rheologic strenght heterogeneities bordering the Tibetan Plateau[END_REF][START_REF] Jiang | Mapping the deep lithospheric structure beneath the eastern margin of the Tibetan plateau from gravity anomalies[END_REF] or to the indentation of the rigid Yangtze crust into the weak SPG [START_REF] Cai | On the wedge-in orogeny-on the example of the Longmenshan orogenic belt[END_REF][START_REF] Zhang | Continous deformation of the Tibetan Plateau from global positioning system data[END_REF](Fig. 2.3) can only account for a small amount of shortening (∼35 km, Hubbard et al., 2010 and 'Cenozoic shortening' in Fig. 2.11D) and do not explain the total crustal thickness below the Songpan-Garze unit.

The discrepancy between models and observations suggests a potential important contribution of the geological inheritance from the pre-Cenozoic history of the eastern Tibet in the present structure of the Longmen Shan.

Present seismicity in the Longmen Shan

On the 12 th May 2008 an unexpected earthquake of magnitude M w 7.9 occurred in the Longmen Shan belt (Fig. 2.12A). The earthquake hypocenter was located at ca. 15-18 km depth, below the junction between the Guanxian and Beichuan faults (Fig. 2.12D; [START_REF] Xu | Coseismic reverse-and oblique-slip surface faulting generated by the 2008 Mw 7.9 Wenchuan earthquake[END_REF][START_REF] Qi | Rupture of deep faults in the 2008 Wenchuan earthquake and uplift of the Longmen Shan[END_REF]. During the earthquake the two faults were simultaneously re-activated but with different movements. While the Guanxian fault behaved as a pure thrust (Fig. 2.12B), the Beichuan fault was re-activated with a thrusting and dextral strike slip movements (Fig. 2.12C), this latest increasing northeastward due to the verticalisation of the Beichuan fault plane [START_REF] Xu | Coseismic reverse-and oblique-slip surface faulting generated by the 2008 Mw 7.9 Wenchuan earthquake[END_REF]de Michele et al., 2010a;[START_REF] Fielding | Kinematic fault slip evolution source models of the 2008 M 7.9 Wenchuan earthquake in China from SAR interferometry, GPs and teleseismic analysis and implications for Longmen Shan tectonics[END_REF]. The epicenter of the earthquake was located close to the Yingxiu village, at the southwestern termination of the Pengguan massif (Fig. 2.12A). From this location the seismic rupture propagated northeastward (yellow dots in Fig. 2.12A) but not to the southwest. In 2013 a second earthquake of M w 6.6 (Lushan earthquake, small red star and blue dots in Fig. 2.12A) ruptured the fault systems of the southern Longmen Shan with a pure thrusting movement [START_REF] Liu | Rupture process of the M_s 7.0 Lushan earthquake[END_REF], leaving a 50 km wide seismic gap (Fig. 2.12A). Due to the low convergence rates measured by GPS, the Wenchuan earthquake was unexpected and surprised for its atypical magnitude, extremely high for an intracontinental setting. The occurrence of the 2008 and 2013 earthquakes put seriously into question the class of models supporting the channel flow and underlined the necessity of a deep understanding of the crustal deformation mechanisms active in this region and their evolution with time. In the Longmen Shan their identification is indeed crucial to reconstruct the rheology of the crust. Different models have very different stressloading mechanisms thus leading to different scenarios for earthquake occurrences [START_REF] Yin | A special issue on the great 12 May 2008 Wenchuan earthquake (Mw 7.9): Observations and unanswered questions[END_REF]. All these factors ranks therefore the Longmen Shan as one of the world's premier natural laboratories Chapter 2. The eastern Tibetan plateau: an ideal context to study the influence of the geological inheritance in the present crustal dynamics 29 for studying intracontinental crust dynamics. This require to estimate the importance of the geological inheritance -here however still largely unconstrained-in the present structure and deformation of the belt. It also requires to reconcile short term and long-term studies, which separation partly participate to the underestimation of the seismic hazard prior to 2008 Wenchuan earthquake.

Objectives and workflow

The aim of this PhD is quantify the the importance of the geological inheritance in the long-term and short term deformation of a intra-continental thrust belt, by deciphering the different stages of the structuration of an enigmatic orogen like the Longmen Shan.

This PhD seats at the interface between two research projects focusing on the Tibetan plateau: the ANR DSP Tibet (leaded by Stéphane Guillot, ISTerre) and the ANR Longriba (leaded by Julia de Sigoyer, ISTerre). The former aimed to provide quantitative data on the rates and mechanisms of thickening processes in central Tibet before the India-Asia collision. This study therefore benefited from the petrological and geochronological results of this ANR for the Qiantang and central Songpan-Garze blocks (e.g. along the Jinsha suture zone) and, in return, set important boundary conditions for the eastern plateau margin. The ANR Longriba aimed instead to investigate the paradox of the eastern margin of the Tibetan plateau at different timescales. The previous PhD works of Audray Billerot (Nancy University, 2011) and Alexandra Robert (ENS Paris, 2011) enabled to precisely define the Neoproterozoic evolution of the Yangtze block (eastern South China block) and the lithospheric structure of the Longmen Shan area, setting the framework for the present study. In addition, this PhD was contemporary to the postdoctoral project of Fabien Deschamps (GET Toulouse) on the chemical origin of SPG granites, to the PhD of Clare Ansberque (CEREGE, Aix en Provence) on the mid-term functioning of the Longriba fault system and to the InSAR processing of the Longriba faults by Marie Pierre Doin (ISTerre, Grenoble). The discussions with researchers focusing on the eastern Tibet and working at different timescales therefore stimulated the intention to integrate in this study results at different spatial and temporal scales (see 1.3).

For this work, the data necessary to constrain the calendar of the thickening and deformation of the Longmen Shan were researched in the localities were metamorphic rocks are exhumed. These are restricted in narrow bands (∼ 50-60 km) along the major faults. I therefore systematically worked in the footwall and hanging walls of the major faults of the Longmen Shan system (Fig. 2.13). To provide a complete image of the tectono-metamorphic evolution of the belt, the petrochronological approach was applied on a wide geographical area, putting small scale results in a more general tectonic context.

Several factors made the study of the metamorphic rocks particularly challenging and explains the rarity of petrological investigations in the area. First, the low grade of the metamorphic rocks and their chemical composition was not favorable to the appearance of the index minerals. Furthermore, the superposition of different geological events on an incredibly wide time window resulted in complex textures at the field and microscopic scales. This required the application of recently improved in-situ high-resolution techniques. The P-T estimates for the low grade metamorphic rocks are also relatively recent and not widely used.

To provide a consistent metamorphic and tectonic image of the Longmen Shan, I participated to 2 field campaigns of 3 weeks each (October 2014 and October 2015) in both the Longmen Shan belt and in the Songpan-Garze block (Fig. 2.13), during which I collected the majority of the structural data and a significant amount of samples. Note that not all the studied areas are described in the manuscript. The field work was completed by the observation of ∼ 200 thin sections and a total of ∼ 40 days of analysis at the Electron Microprobe. Petrological studies were combined with chronological investigations during two stays at the Ar lab of the Open University (UK), collaborating with Dr Clare Warren and 4 visits to the LA-ICP-MS laboratory of Bern (Switzerland), collaborating with Dr Pierre Lanari.

Results are presented in this manuscript within five chapters. All chapters titles relocate the regional study in a broader geological interest.

• Chapter 3 focuses on the external domain of the Longmen Shan (east of the Wenchuan fault).

The metamorphic conditions of the external crystalline massif outcropping close to the epicenter of the 2008 Wenchuan earthquake are characterized, with major implications for the long-term history of the active Beichuan fault.

• Chapters 4 and 5 focuses on the internal domain of the Longmen Shan (west of the Wenchuan fault, Fig. 2.13). In Chapter 4 a detailed petrological approach enables to precisely reconstruct the different stages of the metamorphic path experienced by the Songpan-Garze sedimentary series and to link them with the different deformation phases observed at the sample scale. In chapter 5 the timing of the metamorphic stages and related petrological process is constrained by in-situ 40 Ar/ 39 Ar dating of mica and in-situ U-Pb-Th dating of allanite.

• Chapter 6 provides a larger scale image of the tectono-metamorphic evolution of the central Longmen Shan prior to the India-Asia collision on the base of previously and newly acquired structural and thermobarometric data. The chapter is completed by new constraints on the Cenozoic re-activation of the Wenchuan Fault (as strike-slip) that, although postdating the India-Asia collision, provides additional constraints on the long-term functionning of the active faults in the Longmen Shan system.

• In Chapter 7 the petro-chronologial approach is extended to southern Longmen Shan, to unravel the asymmetrical character of the belt inherited from the pre-Cenozoic history. The along-strike metamorphic segmentation is compared with the present seismogenic and fault segmentation, with major implication for the role of the geological inheritance in the present deformation of the belt. The core of this chapter has been written as an article to comply with the rest of the manuscript but it has to be intended as a preliminary and exploratory work.

The general conclusion, which constitutes the last chapter (Chapter 8) aims to summarize the principal results at small and large scales and to discuss their significance in terms of crustal deformation mechanisms (and their evolution with time) in the Longmen Shan, taken as a possible example of typical intracontinental thrust belt. Conclusions are followed by a series of outlooks for the future work.

CHAPTER 3

The contribution of petrology in understanding the long-term behaviour of active faults: the example of the Beichuan fault (external units of the Longmen Shan) 

Preface

The rupture on the Beichuan fault (external Longmen Shan) during the 2008 earthquake was characterized by a complex strike-slip and thrusting movement [START_REF] Xu | Coseismic reverse-and oblique-slip surface faulting generated by the 2008 Mw 7.9 Wenchuan earthquake[END_REF]de Michele et al., 2010a). The area of maxium co-seismic vertical displacement corresponds to the locality where the South China basement is exhumed in the Pengguan crystalline massif (Fig. 3.1). This may suggest that the Beichuan fault fonctionned as a thrusting fault in its long-term history, contributing in the exhumation and unroofing of the basement. Paleosismological study investigated the mid-term fonctionning of the Beichuan fault (up to 6000 ans), but no information were available on the long-term behaviour of the fault at a time scale of the Ma. The idea of this study was to characterize the metamorphic conditions in the hanging wall of the Beichuan fault and to provide key constraints on its long-term behaviour and on the total offset cumulated since its (re)activation. Petrology may thus represents an attractive and complemetary tool to understand the behvaiour of inhereted structures. Results also allow to provide the first P-T estimates for the metamorphism in the Pengguan crystalline massif, with major implications on the geodynamics of the Longmen Shan.
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ABSTRACT

The deep structure and deformation mechanisms of the Longmen Shan thrust belt (Sichuan, China), at the eastern border of the Tibetan plateau, were largely debated after the devastating Mw 7.9 Wenchuan earthquake (2008). Recent geophysical studies and field investigations have been focused on the active motion of the major Beichuan fault, which ruptured during the earthquake. However, the total exhumation across the fault still remains unclear. In the hanging wall of the Beichuan fault, the South China block is exhumed in the Pengguan massif. Close to the Beichuan fault, the rocks of the Pengguan massif underwent greenschist facies metamorphism associated with brittle-ductile deformation. No metamorphism is observed in the footwall of the fault. In this study, we characterize and date the metamorphic history recorded in the hanging wall of the Beichuan fault in order to constrain the depth and timing of exhumation of the rocks of the Pengguan massif along the fault. A high-resolution petrological ap-Chapter 3. The contribution of petrology in understanding the long-term behaviour of active faults: the example of the Beichuan fault (external units of the Longmen Shan)
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proach involving chemical analyses and X-ray maps was used to analyze the micrometric metamorphic minerals. The P-T conditions of the greenschist facies metamorphic event were estimated by an inverse multi-equilibrium thermodynamic approach. The results, 280 ± 30 • C and 7 ± 1 kbar, suggest that the rocks of the Pengguan massif were exhumed from ca. 20 km depth. Our results underline the importance of the thrusting component in the long-term behavior of the Beichuan fault and provide a minimal depth at which the fault is rooted. In situ laser ablation 40 Ar/ 39 Ar dating of metamorphic white mica revealed that the greenschist overprint occurred at 135-140 Ma.

The Pengguan massif was therefore partially thrusted along the Beichuan fault during the Lower Cretaceous, long before the Eocene-Miocene exhumation phase which is well-constrained by low-temperature thermochronology. Our results provide the first independent depth information for the exhumation history of the Pengguan massif and reveal a previously undocumented Lower Cretaceous tectonic event that marks the onset of the thick-skinned deformation in the external domain of the Longmen Shan (East of the Wenchuan Fault).

Introduction

On 12 May 2008, the Mw 7.9 Wenchuan earthquake affected the Longmen Shan (LMS) thrust belt at the eastern border of the Tibetan Plateau (Fig. 3.2). The underestimation of the seismic hazard before the 2008 seismic event was due to the apparent tectonic quiescence of the Longmen Shan. Recent GPS surveys show convergence rates of <3 mm/y between the Tibetan plateau and the South China block [START_REF] King | Geodetic measurement of crustal motion in southwest China[END_REF][START_REF] Shen | Contemporary crustal deformation around the southeastern borderland of Tibetan plateau[END_REF]Zhang et al., 2011) despite a topographic step higher than 5000 m observed across the belt [START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF]. This devastating event threw into question previous ideas about the deformation mechanisms and the deep structure of the Longmen Shan thrust belt.

Receiver function profiles show a sharp deepening of the Moho discontinuity across the belt, from ca. 40 km beneath the Sichuan basin to the East, to more than 60 km beneath the Songpan-Ganze (SPG) block to the West [START_REF] Zhang | Crustal structure across the Longmenshan fault belt from passive source seismic profiling[END_REF]Robert et al., 2010a,b;Zhang et al., 2010)(Fig. 3.3b). A crustal shortening model [START_REF] Hubbard | Uplift of the Longmen Shan and Tibetan plateau, and the 2008 Wenchuan (M=7.9) earthquake, nature[END_REF][START_REF] Hubbard | Structural setting of the 2008 Mw 7.9 Wenchuan, China, earthquake[END_REF] proposed to explain the Cenozoic deformation observed within the Longmen Shan cannot account for the total crustal thickness observed beneath the Songpan-Ganze block. The discrepancy between the amount of shortening along the thrust belt and the total crustal thickness requires a more precise knowledge of the fault system architecture. Geophysical studies suggest the existence of a basal detachment extending westwards in the Songpan-Ganze block at a depth of 15-25 km [START_REF] Wang | Structural control of rupturing of the Mw 7.9 2008 Wenchuan earthquake, China[END_REF]Shen et al., 2009a;[START_REF] Jia | Structural model of 2008 Mw 7.9 Wenchuan earthquake in the rejuvenated Longmen Shan thrust belt, China[END_REF]Robert et al., 2010a;[START_REF] Qi | Rupture of deep faults in the 2008 Wenchuan earthquake and uplift of the Longmen Shan[END_REF][START_REF] Zhao | Crustal structure and rheology of the Longmenshan and Wenchuan Mw 7.9 earthquake epicentral area from magnotelluric data[END_REF][START_REF] Wang | Active fault-related folding beneath an alluvial terrace in the Southern Longmen Shan Range Front, Sichuan Basin, China: Implications for seismic hazard[END_REF][START_REF] Liu | Eastward expansion of the Tibetan plateau by crustal flow and strain partitioning across faults[END_REF] where the major faults of the Longmen Shan may be rooted (Fig. 3.3b). However whether a decollement exists or not at such depth is far from settled.

Three northwest dipping fault zones extend parallel to the trend of the Longmen Shan belt: the Wenchuan-Maowen fault (WMF) that lies in the Wenchuan Shear Zone (WSZ), in the Northwest of the belt, the Beichuan fault (BF) in the middle and the Guanxian fault (GF) in the eastern part of the LMS (Fig. 3.2). The WSZ separates a more western internal domain of the belt, metamorphosed to medium grades from a more eastern external domain metamorphosed to lower grades [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF][START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF]Yan et al., 2008 and Chap. 4). The Moho step is located below the WMF fault zone while the topographic step is marked by the Beichuan fault (Fig. 3.3b). In the hanging wall of the BF, and bounded to the West by the WSZ, the South China block is exhumed in the Pengguan crystalline massif (Figs. 3.2 and 3.3a). Close to the fault zone the Pengguan massif is affected by a greenschist facies metamorphic event. On the contrary, no metamorphic history is recorded in the Paleozoic to Mesozoic sedimentary cover of the footwall of the Beichuan fault. This sharp lithological and metamorphic contrast observed across the Beichuan fault shows that it plays a major role in the exhumation of the basement from depth, as already suggested by the thermochronological study of [START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF] and geomorphological analyses of [START_REF] Kirby | Distribution of active rock uplift along the eastern margin of the Tibetan plateau: Inferences from bedrock channel longitudinal profiles[END_REF] and [START_REF] Kirby | Tectonic geomorphology along the eastern margin of Tibet: Insights into the pattern and processes of active deformation adjacent to the Sichuan Basin[END_REF]. Nevertheless the long-term exhumation occurring along the BF still remains unclear: from which depth was the basement exhumed? When did exhumation occur? Here we have characterized the metamorphic conditions of the Pengguan crystalline massif for the first time in order to constrain the exhumation depth, and to discuss the timing of the exhumation. A detailed highresolution petrological study was coupled with in-situ 40 Ar/ 39 Ar dating on metamorphic white mica. We therefore provide an independent set of data for the timing and total exhumation recorded in the hanging wall of the Beichuan fault, a key point for constraining the long-term thrusting and thickening process in the Longmen Shan as well as the onset of the activity of the Beichuan fault.

Geological Setting

The Longmen Shan thrust belt is located at the eastern border of the Tibetan plateau at the boundary between the South China block to the East and the Songpan-Ganze block to the West (Fig. 3.2). The belt records a multi-phased deformation history [START_REF] Burchfiel | Tectonics of the Longmen Shan and adjacent regions, central China[END_REF]Worley and Wilson, 1996 and Chap. 4): the most recent deformation event occurred during the Cenozoic as a consequence of the India-Asia collision and the uplift of the Tibetan plateau [START_REF] Yong | The Geology of the Eastern Margin of the Qinghai-Tibet Plateau[END_REF]. Thermochronological data Chapter 3. The contribution of petrology in understanding the long-term behaviour of active faults: the example of the Beichuan fault (external units of the Longmen Shan)

show an increase in the exhumation rate across the belt since 30 Ma (Wang et al., 2012a;[START_REF] Tan | Exhumation history and faulting activity of the southern segment of the Longmen Shan, eastern Tibet[END_REF] associated with 36 km of shortening in the frontal part of the belt [START_REF] Hubbard | Uplift of the Longmen Shan and Tibetan plateau, and the 2008 Wenchuan (M=7.9) earthquake, nature[END_REF].

The Cenozoic reactivation overprinted a previous Mesozoic compressional event responsible for the structuration of the LMS, enhanced by the closure of the Paleotethys and the subsequent collision among the North China, the South China and the Qiangtang blocks since the Middle Triassic [START_REF] Roger | The tectonic evolution of the Songpan-Garzê (North Tibet) and adjacent areas from Proterozoic to Present: A synthesis[END_REF][START_REF] De Sigoyer | Generation and emplecement of Triassic granitoids within the Sonpan Ganze accretionary-orogenic wedge in a context of slab retreat accomodated by tear faulting, Eastern Tibetan plateau, China[END_REF]. Field investigations show that the Sichuan basin is composed of a thin continental crust covered by a series of proximal sediments [START_REF] Burchfiel | Tectonics of the Longmen Shan and adjacent regions, central China[END_REF][START_REF] Chen | Emplacement of the Longmen Shan thrust-nappe Belt along the eastern magin of the Tibetan Plateau[END_REF]. Seismic profiles document the existence of Paleozoic extensional basins in the Sichuan basin [START_REF] Jia | Longmen Shan fold-thrust belt and its relation to the western Sichuan Basin in central China: New insights from hydrocarbon exploration[END_REF]. These observations suggest that the South China basement was composed of tilted blocks when the Early Mesozoic compressional event began. The active Beichuan and Wenchuan faults may then represent inherited structures reactivated during basin inversion [START_REF] Burchfiel | Tectonics of the Longmen Shan and adjacent regions, central China[END_REF].

Studied area -the Pengguan massif

In the core of the LMS, bounded by the Wenchuan fault to the West and the Beichuan fault to the East, the South China basement crops out in the Pengguan massif (Figs. 3.2 and 3.3a). It consists of a combination of calc-alkaline granitoids (mostly granodiorites and diorites) yielding U-Pb ages of 827 ± 24 Ma [START_REF] Yan | Collapse of Songpan-Garze orogenic belt resulted from Mesozoic Middle-crustal ductile channel flow: Evidences from deformation and metamorphism within Sinian-Paleozoic strata in hinterland of Longmenshan foreland thrust belt[END_REF][START_REF] Billerot | De la marge Ouest du craton du Yangtze á la bordure Est du plateau Tibétain: Evolution géodynamique á partir de l'étude structurale, pétrologique, géochimique et géochronologique de roches magmatiques et métamorphiques[END_REF] emplaced in a context of Neoproterozoic active margin [START_REF] Roger | Tectonic evolutionof the Triassic fold belts of Tibet[END_REF][START_REF] Yan | Collapse of Songpan-Garze orogenic belt resulted from Mesozoic Middle-crustal ductile channel flow: Evidences from deformation and metamorphism within Sinian-Paleozoic strata in hinterland of Longmenshan foreland thrust belt[END_REF][START_REF] De Sigoyer | Generation and emplecement of Triassic granitoids within the Sonpan Ganze accretionary-orogenic wedge in a context of slab retreat accomodated by tear faulting, Eastern Tibetan plateau, China[END_REF]. At large scale, both the basement and the cover of the Pengguan massif are folded into an anticline (Robert et al., 2010a, Figs. 3.2 and 3.3a). Deformation is observed in the massif close to the Beichuan fault, as well as in local shear zones, as reported in the schematic cross section of Fig. 3.3a. The majority of the shearing criteria observed in the field indicate a top-to-SE sense of shear.

Close to the WSZ, the Pengguan metagranitoid is mylonitized. C-S structures show a top-to-SE movement (Fig. 3.4f), with a cleavage (S) oriented at N40 NW60 (locality LM07-09 in Figs. 3.2 and 3.3a). Further North, close to the Wenchuan town (locality lm220 in Fig. 3.3a), in an equivalent structural position to locality LM07-09, the metagranodiorite of the Pengguan massif is affected by a pervasive N25 W88 oriented cleavage in the proximity of the WSZ. The ductile deformation is underlined by a greenschist mineral assemblage of chlorite (chl) + epidote (ep). A doleritic dyke intrudes the metagranodiorite and is lately sheared along sub-vertical C' planes oriented N25 (locality lm221). In the mylonitic zone, abundant chlorite is aligned along the main cleavage. Chlorite is also observed in veins, associated to epidote, crosscutting the basic layers.

Moving southeastwards, at locality lm49 (Fig. 3.3a), the deformation affecting the Pengguan protolith is brittle and localized in a reverse fault oriented N50 NW60. Here the metagranite is cross cut by an epidote-rich metadoleritic dyke. Eastwards (locality lm48 in Fig. 3.3a), another zone of localized deformation is observed. At this location, the deformation is ductile and characterized by C'-S structures. C' planes are oriented N65 NW75 and the associated sigmoid structures shows a top-to-SE sense of shear. Further North, in an equivalent structural position, metagranite is mylonitized and cross cut by late N02 E76-oriented dextral strike slip faults (locality lm219, see Fig. 3.2 for its location).

Approaching the BF, (locality lm47 in Fig. 3.3a) the deformation becomes more pervasive. Chlorite and epidotes are aligned along C' planes oriented N53 W75 (Fig. 3.5m, n and o). Sigmoid structures reveal a top-to-SE sense of shear. Deformation is particularly localized at the lithological boundaries between metagranites and metabasites, both extensively cross cut by epidote-rich veins. The Beichuan fault zone becomes tighter close to Yingxiu village (localities lm44, YI13-2, YI13-1b and c, lm07-8 and 7 in Fig. 3.3a) where the fault trace is underlined by a topographic step due to lithological differences between the crystalline basement of the Pengguan massif to the NW and the Triassic sedimentary cover to the SE (Fig. 3.4a). In the hanging wall of the fault, the Pengguan massif is strongly cataclased according to two perpendicular planes (sub-vertical planes oriented N83 S75 and sub-horizontal planes) (Fig. 3.4b). Locally ductile C/S structures are underlined by a steeply NW dipping cleavage and the development of cm-scale greenschist facies shear zones ('cold shearing' in Figs. 3.3a and 3.4c). At locality lm07-8, the metagranodiorite and the metabasic dykes are sheared with a top-to-SE movement. Greenschist metamorphic veins of chl + ep + white mica +quartz (qtz) oriented at N75 SE55 cross-cut the granite. just above are identified along the northern prolongation of the BF, in the proximity of the Lanjiaping village (Fig. 3.2). In this zone the Pengguan massif is affected by brittle-ductile deformation associated with the development of NW dipping cleavage (S1 in Fig. 3.2). Brittle cracks are oriented N92 N30 and filled with epidotes, chlorite and muscovite. Their orientation is compatible with the tension cracks associated with the strike slip component of the Beichuan fault. Mafic enclaves are stretched during the emplacement of the magmatic complex, as shown by their blurred contacts with the surrounding metagranitoids. They are sheared along planes oriented at N38 NW50 and overprinted by metamorphic veins containing chl + ep +wm + qtz (Fig. 3.4d). Greenschist-facies veins of chl + ep + white mica + qtz of 5 to 20 cm in width cross cut the metagranitoid (Fig. 3.4e). While our petrological observations attest for the thrusting component on the Beichuan fault through time, the few NE-SW oriented lineations and E-W oriented cracks observed close to the fault reflect its strike slip component. Both components were recorded during the last earthquakes on the Beichuan fault [START_REF] Liu-Zeng | Co-seismic ruptures of the 12 May 2008, Ms 8.0 Wenchuan earthquake, Sichuan: East-west crustal shortening on oblique, parallel thrust along the eastern edge of Tibet[END_REF]de Michele et al., 2010a,b;[START_REF] Fielding | Kinematic fault slip evolution source models of the 2008 M 7.9 Wenchuan earthquake in China from SAR interferometry, GPs and teleseismic analysis and implications for Longmen Shan tectonics[END_REF][START_REF] Wu | Modelling of Yingxiu-Beichuan fault zone based on refined Insar data of 2008 Wenchuan earthquake[END_REF] and are therefore characteristic of the fault. The sampling areas of this study are located near the villages of Yingxiu and Lanjiaping, 15 km NW and 70 km NE of the town of Dujiangyan respectively (white dots in Fig. 3.2).

Within the

Sampling

Samples were collected in the hanging wall of the Beichuan fault where the Pengguan massif crops out. Samples of three different lithologies (meta-granite, meta-granodiorite, meta-diorite) qualitatively showing different intensities of deformation were collected in order to track the possible influence of the chemistry of the protolith and of the intensity of deformation on metamorphic assemblages. All studied samples showed a magmatic paragenesis (protolith) overprinted by a greenschist facies metamorphic assemblage. The greenschist index minerals are generally aligned along the main cleavage (i.e. Fig. 3.5m, n and o), in fractures (i. e. Fig. 3.5e and f) or at the lithological boundaries. Within this framework a subset of five samples were selected which contained enough K-white micas and chlorite of an adequate size (≥ 15-20 µm) to perform systematic chemical analyses, thermobarometric estimates and 40 Ar/ 39 Ar dating at a spatial resolution of ∼80µm. The exact location of samples is given in Fig. 3.2 and Table 3.1.

Samples LM04-205 and LM04-206 are weakly-deformed meta-granodiorites collected in the Lanjiaping sector, a few kilometers from the Beichuan fault (Fig. 3.2). The original magmatic assemblage is composed of subeuhedral crystals of K-feldspar, plagioclase, quartz and amphibole of >500 µm in length (Fig. 3.5a and c). Amphibole is green-brownish and strongly pleochroic. At the grain boundary between amphibole and plagioclase, chlorite and yellow-greenish epidote flakes of 200 µm in size crystallized (Fig. 3.5a and c). Plagioclase has broken down into albite + epidote microcrystals to form dark bush-like shapes. Under cross-polarized light K-feldspar is hardly recognizable since it is extensively replaced by randomly oriented K-white mica 15-30 µm in size (M1-K-white micas in Fig. 3.5b and c). At the grain boundary between albite and chlorite, K-white micas of 200 µm develop (M2-K white mica in Fig. 3.5c). They present irregular borders with albite and sharp borders with chlorite.

No magmatic K-white mica was observed in the protolith, and in particular the only M2-K-white mica group was observed in association with chlorite. This suggests that M2-K-white micas are the result of the metamorphic overprint. M2-K-white mica, chlorite and epidote are then considered as index minerals of the greenschist facies metamorphism in the Pengguan samples.

Sample YI13-1b is a more deformed metagranite from the Yingxiu sector (Fig. 3.5d). The magmatic assemblage is made of subeuhedral grains of quartz, albite and small relics of biotite 50-100 µm in size (Fig. 3.5e). Within albite grains dark patches of micrometric epidote develop (Fig. 3.5e). Yellow-greenish epidote and chlorite grew at biotite grain boundaries. Two perpendicular generations of greenschist veins crosscut the magmatic texture (Fig. 3.5d and e). One is filled with aggregates of yellow epidotes (15 µm in size); the other contains greenish epidote, 200 µm K-white mica grains, chlorite and large crystals (200 µm) of calcite (Fig. 3.5f).

Sample YI13-1c is a strongly foliated meta-granodiorite from the Yingxiu sector (Fig. 3.5g). The foliation underlined by oriented grains of K-white mica (Fig. 3.5i), light green amphibole (actinolite) and small quartz grains (Fig. 3.5h). Larger grains of quartz are stretched, showing tails formed by pressure dissolution-recrystallization or are broken in smaller grains to form sigma-shaped eye porphyroblasts showing a top-to-SE sense of movement (Fig. 3.5h). Actinolite and K-white mica developed in pressure shadows around the quartz porphyroblasts. Albitic feldspar is sericitized, creating a dusty aspect (Fig. 3.5h). When partially preserved, it is broken in small grains. The brittle deformation of feldspar and the brittle-viscous deformation of quartz suggest temperature <450 • [START_REF] Sibson | Seismogenic framework for hydrothermal transport and ore deposit[END_REF] and close to 280 ± 30 • [START_REF] Stöckhert | Thermochronometry and microstructures of quartz-α comparison with experimental flow laws and predictions on the temperature of the brittle-plastic transition[END_REF].

Sample YI13-2 is an intensely deformed meta-dioritic dyke intruding the granite YI13-1b (Fig. 3.5j).

At the sample scale a greenschist shear band of 1 cm width crosscuts the metadiorite (Fig. 3.5j). The metadiorite is composed of epidote, chlorite and plagioclase (Fig. 3.5k). In the shear band chlorite crystallized in association with K-white mica grains of 100-200 µm (Fig. 3.5l). Mica and chlorite preferred orientation suggests a top-to-the-SE sense of shear.

In our samples K-rich white micas were observed in two different structural positions: (i) as 15 µm grains within feldspar (M1-K-white mica, Fig. 3.5b and c) and (ii) as 100-200 µm grains at the biotite/ chlorite feldspar grain boundary, filling the greenschist veins, within the main foliation or in greenschist shear bands (M2-K-white micas, Fig. 3.5c, f, i, l).

A high-resolution petrological approach was adopted to resolve the possible chemical differences between the two families of Kwhite micas. This approach ran through two successive stages: (i) chemical maps of metamorphic minerals were realized with an Electron Probe Microanalyser (EPMA) in order to study the relationships between their chemical heterogeneities and rock microstructures; (ii) thermodynamic computations were performed to estimate P-T conditions of crystallization of analyzed metamorphic minerals. Metamorphic white mica were then dated to constrain the timing of their growth.

Analytical methods

EPMA analyses

Quantitative compositional X-ray maps were acquired on selected chlorite and K-white mica-rich areas on the JEOL JXA-8230 at the Institut des Sciences de la Terre (ISTerre Grenoble). The mapping conditions were 15 keV accelerating voltage and 100 nA specimen current. High quality point analyses were also acquired at conditions of 15 KeV and 12 nA. The raw compositional maps were transformed into quantitative maps of oxide wt% using XMAPTOOLS software (Lanari et al., 2014a) based on point analyses of all phases identified in the mapped area. XMapTools software, was also partly used to calculate mica and chlorite structural formulae for each pixel of the mica and chlorite quantitative maps. Compositional maps (in p.f.u. and endmember fraction) were then extracted for a single mineral Chapter 3. The contribution of petrology in understanding the long-term behaviour of active faults: the example of the Beichuan fault (external units of the Longmen Shan) 43 Table 3.1: Location and lithological characteristics of samples collected for thermobarometry phase in order to track small chemical heterogeneities and their relationships with the microstructural position.

Chlorite and K-white mica thermobarometry

For each chlorite analysis performed at EPMA temperature was estimated using the chlorite-quartzwater multi-equilibrium thermobarometric method (Vidal et al., 2006;Lanari et al., 2012). The temperature of chlorite crystallization depends on the activity of solid solution components of the chlorite phase in equilibrium with quartz and water [START_REF] Vidal | Thermodynamic properties on the Tschermak solid solution in Fechlorite: application to natural examples and possible role of oxidation[END_REF](Vidal et al., , 2006)). A convergence of the equilibria among all these components was reached for a minimal XFe 3+ of chlorite, at given initial pressures of 5-6 kbar, in agreement with the white mica multi-equilibrium results. Convergence was considered to be achieved when the temperature difference between all equilibria was less than 30 • C. Since carbonates were observed in the granites from Yingxiu sector, calculations were performed for a variable water activity ranging from 0.5 to 1. No relevant shift in temperature was observed with variations in water activity. Pressure was calculated using a method that models mica compositional variation as a function of P and T (Parra et al., 2002;Dubacq et al., 2010). For each white-mica analysis a P-T line representing the conditions of equilibrium among quartz + water +K-white mica was drawn. Along this line the interlayer water content of the mica varied. Pressure was then estimated at given temperature (e.g. the temperature obtained from chlorite-quartz-water thermometry) assuming thermodynamic equilibrium between chlorite, white mica and quartz Lanari et al. (2012). Finally equilibria between couples of chlorite and M2-Kwhite mica were tested simultaneously with the combined approach of Vidal et al. (2006) and Dubacq et al. (2010) as an independent check for the estimated P-T equilibrium conditions. Only the solutions with a maximum residual lower than 100 kJ were accepted.

40 Ar/ 39 Ar dating

Metamorphic K-white micas were dated by laser ablation 40 Ar/ 39 Ar. In-situ laser ablation allowed the ages to be linked to chemical heterogeneities within micas in different microstructural positions (see section 3.2.3). Thick sections of 1 mm thick and 1 cm x 1 cm size were made from the mirror-image chips of those used to make the analyzed thin sections. Samples were irradiated at the TRIGA reactor in Pavia (Italy). The analyses were performed in the 40 Ar/ 39 laboratory of Montpellier University (France) using a UV Nd-YAG (Spectrum Laser System) laser operating at a wavelength of 266 nm and beam diameter of 80 µm. Spot analyses and 120-500 µm long profiles were performed in order to obtain 40 Ar signals at least 5 times greater than blank values. Following clean up the gas was collected in Thermo-Scientific Argus VI mass spectrometer for isotopic analysis. System blanks were run every (2000), considering a J value of 0.0041072 and an atmospheric ration 40 Ar/ 36 of 295.50 ± 1.03 [START_REF] Steiger | Subcommission on geochronology: Convention on the use of decay constants in geo-and cosmochronology[END_REF]. 38 Ar/ 39 and 37 Ar/ 39 were also estimated in order to exclude contamination by calcic or chlorine-bearing minerals phase(s).

Results

Chemical results

Chlorite

In all studied samples chlorite is associated with the M2-K-white mica group (see Section 3.2.3) and shows a preferred orientation in the shear zones of the strongly deformed diorite YI13-2. Chemical analyses for chlorite of samples from both studied sites are reported in Table 3.3. The X M g content of chlorite in more deformed samples (YI13-1b and in the YI13-2) ranges between 0.62 and 0.65 for a Si (p.f.u.) content of . Chlorite in the less-deformed granitoids (LM04-205 and LM04-206) contains higher X M g , ranging from 0.66 to 0.74 for a Si (p.f.u.) content of . The different chemical composition of chlorite may be partly due to the different bulk rock compositions (Lanari et al., 2014b). However only one homogenous chemical generation of chlorite is clearly identified within each sample, suggesting a continuous evolution of the chlorite chemical composition during its crystallization. No chlorite was observed in sample YI13-1c.

Two generations of K-white mica

Two groups of white micas were observed in the samples from the Pengguan massif, in different microstructural positions (see Section 3.2.3). They can be distinguished from their chemical composition revealed by the X-ray chemical maps (Fig. 3.7b, c, e, f). Significant chemical variations involve the celadonite and muscovite contents of the mica solid solution. Representative mica compositions are reported in Table 3.2.

In less-deformed meta-granodiorites LM04-205 and LM04-206 X-ray maps show M1-K-white micas of micrometric size located within Kfeldspar grains (M1 in Fig. 3.7a -c). This generation is characterized by a low celadonite content ranging between 0.08 and 0.19 (fraction) for a muscovite content of 0.58-0.83 (Fig. 3.7a -c). At M1 mica rims the celadonite content increase at 0.27-0.35 suggesting a second phase of crystallization at higher pressure (for a given temperature) than M1 (Fig. 3.7b and In deformed samples YI13-1b, YI13-1c and YI13-2 only one chemical group of K-white mica was observed in agreement with microstructural observations at thin section scale. This group is characterized by a celadonite content of 0.25-0.40 for a muscovite content of 0.35-0.60 (Fig. 3.7d -f).

The chemical composition of K-white micas of the more deformed samples is very close to the M2 generation in less-deformed ones. In deformed samples, the M2 mica largely prevails (in association with chlorite) suggesting that the M2 generation is associated with the greenschist-facies metamorphic event.

P-T estimates

The chlorite-quartz-water multi-equilibrium method of [START_REF] Vidal | Thermodynamic properties on the Tschermak solid solution in Fechlorite: application to natural examples and possible role of oxidation[END_REF]Vidal et al. ( , 2006) ) was applied to each pixel of chlorite selected on the X-ray compositional maps (see Section 3.2.4.2). For low deformed granitoids (LM04-205 and LM04-206), the calculated temperature ranges between 260 • C and 320 • C, while for more deformed samples (YI13-1b and YI13-2) the temperature ranges between 260 • C and 300 • C (Fig. 3.8a). No chlorite was observed in the meta-granodiorite YI13-1c. We therefore suggest that the chlorite crystallized in this sample in the same range of temperature than in the surrounding meta-granite (YI13-1b) and metadiorite (YI13-2). Similarly to chlorite, the phengite-quartz-water method of Dubacq et al. (2010) was applied to each pixel of M1 and M2 mica groups selected on the X-ray map (see Section 3.2.4.2). The results are plotted in Fig. 3.8b for all studied samples. Pixels selected from the cores of M1 group show temperature of 360-430 • C (P = 5kbar). In contrast pixels selected from the rims of M1 group and from the M2 group show temperatures lower than 310 • C at the same fixed pressure (Fig. Results of equilibrium calculations between couples of chlorite and K-white mica analyses are summarized in Fig. 3.8c (for the tested sample YI13-1b). No equilibria between chlorite and M1K-white micas were reached. On the contrary, equilibria were reached between chlorite and M2-K-white micas at 7 ± 1 kbar, 280 ± 30 • C, in good agreement with P-T conditions estimated separately for chlorite and micas.

40 Ar/ 39 Ar dating on white micas

In situ 40 Ar/ 39 Ar dating was performed on deformed samples of the Pengguan massif where only the M2 mica group was well expressed, in order to avoid mixing ages due to inherited Ar residing in the relics of the older M1-K-white mica generation. Among the selected samples only one, the metagranodiorite YI13-1c, presented K-white mica bands large enough (> 80 µm wide) to be dated in situ by 40 Ar/ 39 Ar laser ablation. All the analyses performed on sample YI13-1c are listed in Table 3.4. An example of ablated surface is provided in Fig. 3.9. Ages cluster around an average age of 137 ± 3 Ma (lower Cretaceous). No contamination by calcite or chlorine-bearing mineral phases were noted by the calculated the 38 Ar/ 39 Ar and 37 Ar/ 39 Ar ratios.

Discussion

Syn-greenschist metamorphism genesis of the M2 white mica

Two generations of K-white mica were observed in the metagranite and metagranodiorite of the Pengguan crystalline massif sampled in the hanging wall of the Beichuan fault. The first one (M1-K-white mica group) is related to the alteration of feldspar, since it is never associated to deformation or to other index metamorphic minerals. Moreover, hydrothermal allanites (REE-rich epidotes) are observed in samples YI13-1b and YI13-1c. An attempt of dating these allanites with the in situ U-Pb/Th laser ablation technique was carried out (unpublished results). Despite of the scatter, preliminary results, show that ages cluster around 650-750 Ma (Figs. 3.12 and 3.13 in Supplementary material). This suggests that the Pengguan massif was exposed to a post-magmatic hydrothermal alteration, which may mark the timing of crystallization of M1-K-white mica at the expense of K-feldspar.

The M2-K-white mica group is always associated with other greenschist-facies metamorphic minerals (chlorite, epidote, albite) and is related to the main deformation, as shown in by the M2 grains elongated in the main cleavage in Fig. 3.5g, h, i, j, l, m, n and o. The M2 mica group is more developed in strongly deformed samples. These observations suggest that the M2 white micas are related to a greenschist facies metamorphic event and not to a second hydrothermal alteration event. This interpretation is supported by the fact that similar P-T conditions are retrieved for the M2 micachlorite assemblage for localities over 70 km away (Yingxiu and Lanjiaping areas, Fig. 3.2). Hence, P-T conditions are more likely to reflect a regional metamorphic overprint than local hydrothermal fluid circulation. Furthermore, 40 Ar/ 39 Ar ages suggest that white mica formed at ∼137 Ma. It is difficult to explain an intensive large-scale circulation of hydrothermal fluids accompanied by deformation occurring at ca. 137 Ma, more than 600 Ma after the granite emplacement (ca. 800 Ma), without evoking a regional-scale metamorphic event.

Reliability of petrological and thermobarometric results

Thermobarometric estimates were performed with an inverse modelling approach, which calculates fractions among K-white mica and chlorite solid solution end-members allowing to be exempted from the chemical effect of the different lithologies. Therefore, in the same sample, chlorite from different (Vidal et al., 2006) for low-deformed meta-granodiorites (orange) and more deformed samples (red). (b) K-white mica equilibrium lines obtained with the mica-qtz-H 2 O multi-equilibrium method (Dubacq et al., 2010). M2-K-wm P-T lines are marked in red and orange. M1-K-wm P-T lines are marked in blue. Boxes indicate the interval for estimated P-T conditions. (c) P-T estimates obtained by chlorite-M2K-wm multi-equilibrium modelling (sample YI13-1b). The insert shows an example of equilibrium conditions constrained by the intersection of the chl-K-wm-qz-H2O reaction lines at a unique point (P-T conditions), for a maximum residual of 100 kJ. chemical domains with a different composition will provide equal temperature conditions (the same for pressure). Estimated P-T conditions do not consequently depend on the different bulk rock compositions.

The P-T metamorphic conditions of the greenschist-facies event were estimated at 280 ± 30 • C, 7 ± 1 kbar. These conditions are in good agreement with zircon fission track ages (ZFTs) for the Pengguan massif, which have not been re-set since 200 Ma (Wang et al., 2012a) and suggest that the massif remained below the ZFT closure temperature of ca. 270 • C [START_REF] Tagami | Natural long-term annealing of the fission-track system around a granitic pluton[END_REF] since the Triassic. The estimated temperature is also consistent with the T range below the plasticity field of feldspar (< 450 • C, [START_REF] Sibson | Seismogenic framework for hydrothermal transport and ore deposit[END_REF] and close to the frictional-viscous transition of quartz (280 ± 30

• C, [START_REF] Stöckhert | Thermochronometry and microstructures of quartz-α comparison with experimental flow laws and predictions on the temperature of the brittle-plastic transition[END_REF]. The P-T results indicate that the rocks of the Pengguan massif collected in the Lanjiaping and Yingxiu sectors were exhumed from 18 to 21 km depth (assuming a lithostatic pressure and a density for the crust of 2750 kg m -3 ). The similarity in pressure (depth) estimates for both sectors suggests that spatial continuity of the exhumation depth recorded in the hanging wall of the Beichuan fault. The assumption of lithostatic pressure rather than local deviatory pressure, is corroborated by the fact that samples distant of 70 km provide similar barometric results. The low temperature recorded by our samples suggest a very low geothermal gradient of ca. 15

• C/km. Such a gradient is consistent with the thermal structure of stable continental regions [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF], is close to the geothermal gradient retrieved for the Yangtze craton from peridotites (Li et al., 2015b and references therein) and similar to modern gradients of 18-20 • C/km measured by the Wenchuan Fault drilling team in the Pengguan massif (Li et al., 2014a). This may explain why the greenschist-facies event does not develop pervasively in the whole Pengguan massif but is only expressed in zones of strong deformation. At 20 km depth, with a cold geothermal gradient, the deformation can be greatly localized and brittle deformation can coexist with ductile deformation, as shown by our field observations. At this depth the rocks are close to the brittle-ductile transition zone.

Age of the greenschist metamorphism

The very small size of metamorphic K-white mica made it difficult to date the greenshist overprint affecting the Pengguan massif. Lower Cretaceous 40 Ar/ 39 Ar ages of 137 ± 3 Ma were obtained on M2-Kwhite micas of deformed granodiorite YI13-1c. Other Lower Cretaceous ages have been reported

across the Longmen Shan, including 120-130 Ma white mica 40 Ar/ 39 Ar ages recorded in the hanging wall of the Wenchuan fault [START_REF] Arne | Differential exhumation in response to episodic thrusting along the eastrn margin of the Tibetan Plateau[END_REF], and 40 Ar/ 39 Ar biotite ages of 120-123 Ma obtained in the Danba area (SW of the Longmen Shan; [START_REF] Xu | Uplift of the Longmen Shan range and the Wenchuan earthquake, Episodes[END_REF]. The closure temperature of the Ar system in white micas (500-300 • C), still strongly debated, can depend on several parameters such as grain size, chemical composition and cooling rate [START_REF] Villa | Isotopic closure[END_REF]. However, the estimated temperature for the metamorphic greenschist assemblage in our samples is below the minimum closure temperature of Ar system in white mica [START_REF] Harrison | Diffusion of 40 Ar in muscovite[END_REF]Warren et al., 2012a) suggesting that the 40 Ar/ 39 Ar dates of these micas should be interpreted as crystallization ages. This is therefore also the age of the deformation affecting the samples from the Pengguan massif.

The Lower Cretaceous re-activation of the basement at temperature close to the ZFT closure temperature may have locally led to the partial annealing of ZFTs and could explain, for example, younger (110 Ma) ZFT ages obtained in the South-East of the Pengguan massif [START_REF] Arne | Differential exhumation in response to episodic thrusting along the eastrn margin of the Tibetan Plateau[END_REF]. Since the metamorphic record is restricted to areas of intense top to SE deformation, we propose that lower Cretaceous ages correspond to a thickening phase during which the Pengguan massif underwent a rapid pulse of exhumation, driven by (re)activation of the Triassic/ Jurassic Beichuan fault. During this event the exhumation was only partial and the Pengguan massif did not reach the surface, as demonstrated by the lack of basement pebbles in the sediments of the foreland basin prior to Eocene time [START_REF] Yong | The Geology of the Eastern Margin of the Qinghai-Tibet Plateau[END_REF]Robert et al., 2010a).

Implications for the deep structure of the Beichuan fault

Presently, the Beichuan fault behaves as a thrust and dextral strike slip fault as shown by the 2008 Wenchuan earthquake [START_REF] Liu-Zeng | Co-seismic ruptures of the 12 May 2008, Ms 8.0 Wenchuan earthquake, Sichuan: East-west crustal shortening on oblique, parallel thrust along the eastern edge of Tibet[END_REF]de Michele et al., 2010a,b;[START_REF] Fielding | Kinematic fault slip evolution source models of the 2008 M 7.9 Wenchuan earthquake in China from SAR interferometry, GPs and teleseismic analysis and implications for Longmen Shan tectonics[END_REF]. Our petrological observations underline the existence of a lower Cretaceous metamorphic event localized in the hanging wall of the Beichuan fault while no metamorphism was observed in the footwall of the fault. This evidence attests to a long term (hundreds to tens Ma) thrusting component of the fault that allowed the exhumation of the Pengguan crystalline massif along the Beichuan fault. The activation of the Beichuan fault may have caused significant uplift, which resulted in the localization of the erosion in the hanging wall of the fault. The Beichuan fault is consequently one of the major long-term structures of the Longmen Shan, as has already been suggested [START_REF] Kirby | Distribution of active rock uplift along the eastern margin of the Tibetan plateau: Inferences from bedrock channel longitudinal profiles[END_REF][START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF]. Our P-T conditions indicate 20 ± 1 km of exhumation for the Pengguan massif since the Lower Cretaceous along the Beichuan fault. This implies that the Beichuan fault is rooted in the crust at a minimal depth of 20 km, in agreement with seismological studies imaging a basal detachment at 15-25 km depth, extending westward below the Songpan-Ganze block [START_REF] Wang | Structural control of rupturing of the Mw 7.9 2008 Wenchuan earthquake, China[END_REF]Shen et al., 2009a;[START_REF] Jia | Structural model of 2008 Mw 7.9 Wenchuan earthquake in the rejuvenated Longmen Shan thrust belt, China[END_REF]Robert et al., 2010a;[START_REF] Qi | Rupture of deep faults in the 2008 Wenchuan earthquake and uplift of the Longmen Shan[END_REF][START_REF] Zhao | Crustal structure and rheology of the Longmenshan and Wenchuan Mw 7.9 earthquake epicentral area from magnotelluric data[END_REF][START_REF] Wang | Active fault-related folding beneath an alluvial terrace in the Southern Longmen Shan Range Front, Sichuan Basin, China: Implications for seismic hazard[END_REF][START_REF] Liu | Eastward expansion of the Tibetan plateau by crustal flow and strain partitioning across faults[END_REF]. This mid-crustal detachment could be a major and longterm structure of the Longmen Shan.

Implications on the exhumation history of the Pengguan massif since the lower Cretaceous

This study shows that during the lower Cretaceous, the Pengguan massif experienced a metamorphic event at conditions of 7 ± 1 kbar, 280 ± 30 The subsequent Cenozoic exhumation history of the massif is well-resolved by low-T thermochronology [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF][START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF]Wang et al., 2012a). The onset of rapid cooling from ∼200 • C has been proposed in the late Cenozoic, associated with 8-12 km of denudation, for a nominal geothermal gradient >20 • C/km [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF]Wang et al., 2012a). Our thermobarometric results showing that the Pengguan massif was exhumed from ca. 20 km (∼7 kbar) would therefore imply an important amount of exhumation prior to the Cenozoic phase. The exhumation could have occurred entirely during the lower Cretaceous (path 1 in Fig. 3.10) or at a slow and constant rate between the Cretaceous and the Cenozoic (path 2 of Fig. 3.10; [START_REF] Roger | Mesozoic-Cenozoic tectonothermal evolution of the eastern part of the Tibetan plateau (Songpan-Garze, Longmen Shan area): insights from thermochronological data and simple thermal modelling[END_REF]. However, in the first scenario, (U-Th)/He analyses on zircon should record lower Cretaceous ages instead of Cenozoic ones (ca. 45 Ma, Wang et al., 2012a) and the second scenario would not be compatible with the pulse of fast exhumation required to explained the re-activation of Beichuan fault and the crystallization of the greenschist-facies assemblage. Moreover metamorphic minerals form the microstructures related to deformation. The intermediate path 3 in Fig. 3.10 is therefore, in our opinion, the most plausible exhumation path for the rocks of the Pengguan massif. Two pulses of rapid exhumation followed the Eocene cooling period: a first pulse took place at 30-25 Ma (at a rate of 800 m/Myr) (Wang et al., 2012a) followed by a second period of fast cooling at ca. 10 Ma (Wang et al., 2012a;[START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF][START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF] with exhumation rates of ca. 300-600 m/Myr [START_REF] Godard | Spatial distribution of denudation in Eastern Tibet and regressive erosion of plateau margins[END_REF].

It is crucial to note, however, that if the geothermal gradient was lower than 20-30 • C/km (as shown in this study) at the time of the onset of exhumation, the depth of 8-12 km estimated with thermochronology for the Pengguan massif [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF]Wang et al., 2012a) may have been largely underestimated (blue arrow and lines in Fig. 3.10). In this case it would be difficult to precisely define the amount of the pre-Cenozoic exhumation. Our study results therefore are the only independent depth information for the exhumation history. They indicate that a previously undocumented re-activation of the Pengguan massif (South China basement) precedes the Eocene-Miocene period of cooling and exhumation well documented in the central Longmen Shan by low-temperature thermochronology.

Implications on Mesozoic tectonic evolution of the Longmen Shan

Although several studies proposed a tectonic quiescence of the Longmen Shan during Middle Jurassic-Cretaceous times (Huang et al., 2003a;[START_REF] Roger | Mesozoic-Cenozoic tectonothermal evolution of the eastern part of the Tibetan plateau (Songpan-Garze, Longmen Shan area): insights from thermochronological data and simple thermal modelling[END_REF] the crystallization of a greenschist mineral assemblage indicates that the Beichuan fault was "re-activated" during lower Cretaceous. Indeed, [START_REF] Arne | Differential exhumation in response to episodic thrusting along the eastrn margin of the Tibetan Plateau[END_REF] Ar ages (130-120 Ma) are documented further North, in the Tongbaishan-Hong'an-Dabieshan-Sulu massifs and are still associated with a fast cooling period followed by an Early Cretaceous extensional event [START_REF] Lin | Early cretaceous extensional reworking of the triassic HP-UHP metamorphic orogen in eastern China[END_REF]. However no large-scale extensional structures have been observed in the field in the area of the Pengguan massif. On the contrary our results show that the Cretaceous greenschist metamorphic event is related to a top-to-SE deformation and thickening phase at the border of the Tibetan plateau. This is consistent with the ongoing development of a foreland basin during the lower Cretaceous in the western Sichuan basin due to the increase loading of the Longmen Shan and Qinling thrust belts (Yong et al., 2003b;Meng et al., 2005) (Fig. 3.11).

At a larger scale, the lower Cretaceous re-activation of the Longmen Shan in a compressive context could be due to: (i) the effects of the collision between the Lhasa and Qiantang blocks [START_REF] Kapp | Geological records of the Lhasa-Qiangtang and Indo-Asian collisions in the Nima area of central Tibet[END_REF] to the South West, followed by the eastward tectonic escape of the Songpan-Ganze block (ii) the Cretaceous re-activation of the Qinling-Dabie orogeny [START_REF] Hu | Late Mesozoic and Cenozoic thermotectonic evolution along a transect from the North China Craton through the Qinling orogen into the Yangtze craton, central China[END_REF] (iii) the sinistral transpressional motion of Longmen Shan and the clockwise rotation of the South China block based on the Northward migration of sedimentary depocenters in the Sichuan basin [START_REF] Meng | Mesozoic sedimentary evolution of the northwest Sichuan basin: Implication for continued clockwise rotation of the South China block[END_REF]. A more extensive and detailed documentation of Cretaceous ages across the central Longmen Shan is however required in order to precisely discuss the tectonic evolution of the region throughout the whole Mesozoic.

No evidence of Triassic reactivation was founded in the Pengguan massif; we therefore infer that no significant thickening was recorded in the basement during the Triassic-lower Jurassic main compressional event. Sedimentary investigations, however, based on the migration of the carbonate ramp in the Sichuan Basin (Yong et al., 2003a;[START_REF] Wang | The 2013 lushan earthquake: Implications for seismic hazards posed by the Range Front blind thrust in the Sichuan Basin, China[END_REF], suggest that an accretionary wedge was emplaced on the external zones of the Longmen Shan at ca. 230 Ma. This suggests a thin-skin deformation mechanism for the frontal part of the Longmen Shan accretionary wedge during the Triassic-lower Jurassic shortening [START_REF] De Sigoyer | Generation and emplecement of Triassic granitoids within the Sonpan Ganze accretionary-orogenic wedge in a context of slab retreat accomodated by tear faulting, Eastern Tibetan plateau, China[END_REF]. In this framework, the lower Cretaceous metamorphism recorded in the strongly deformed rocks of the Pengguan massif close to the Beichuan fault marks the et al., 2005. At Early Lower Cretaceous the Pengguan massif (red) did not outcrop at the surface; in agreement with the lack of basement pebbles in pre-Eocene sedimentary deposits of the frontal Longmen Shan (Yong et al., 2003a;Robert et al., 2010a) propagation of the thick-skin deformation, involving basement slides, from the internal zones to the external zones of the Longmen Shan belt.

Conclusions

1. Field and petrographic observations show that the Pengguan crystalline massif underwent a greenschist facies metamorphic event associated with a brittle-ductile deformation in the hanging wall of the Beichuan fault.

2. High-resolution chemical analyses and thermobarometric calculations provide an estimate of the greenschist-facies P-T conditions at 280 ± 30 • C, 7 ± 1 kbar. The Pengguan massif was thus buried at ca. 20 km depth along a cold geothermal gradient of ca. 15 • C/km.

3. Metamorphic white mica 40 Ar/ 39 Ar ages show that the greenschistfacies metamorphism occurred at 137 ± 3 Ma, suggesting a "reactivation" of the Beichuan fault in the Lower Cretaceous.

4. The 20 ± 1 km of exhumation for the Pengguan massif since lower Cretaceous along the Beichuan fault constrains the minimal depth at which the fault is rooted in the crust. This depth estimate is in agreement with the depth of the basal detachment imaged by seismological studies below the Longmen Shan and the Songpan-Ganze block.

5. The metamorphic gap observed across the Beichuan fault underlines the importance of the longterm thrusting component of the fault.

6. The comparison between the available low-temperature thermochronological data for the Pengguan massif and our results suggest that the South China basement was partly exhumed along the Beichuan fault before the Eocene-Miocene exhumation phase (for a geothermal gradient of 30 • C/km). However, assuming a geothermal gradient of 15 • C/km, the uncertainty on the Chapter 3. The contribution of petrology in understanding the long-term behaviour of active faults: the example of the Beichuan fault (external units of the Longmen Shan) 55 exhumation depths estimated with low-temperature thermochronology significantly increases, preventing the precise quantification of the pre-Cenozoic exhumation of the Pengguan massif.

7. No significant thickening of the basement (Pengguan massif) appears to have occurred during the upper Triassic -lower Jurassic compressional event, suggestive of a thin-skinned deformation in the external zones of the Longmen Shan. The re-activation of the Beichuan fault during the lower Cretaceous may therefore mark the onset of the thick-skinned deformation. This study provides the first thermobarometric estimates for the Pengguan massif and an independent estimate for the total amount of exhumation recorded in the hanging wall of the Beichuan fault.

It thus contributes to an improved model for the long-term thrusting process of the Longmen Shan tectonic system. Furthermore this work shows how petrology and thermobarometry in combination with published thermochronological data allow a refinement of the exhumation history of the crystalline massifs of the external zones of a thrust belt. 

CHAPTER 4

Preservation of different metamorphic stages in the internal sedimentary units of the Longmen Shan: a high-resolution petrological approach 

Preface

The previous chapter documented the metamorphic conditions of the Pengguan massif (external Longmen Shan) and showed the contribution of the Beichuan fault to the exhumation of metamorphic rocks. Previous petrological and tectonic studies [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF][START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF][START_REF] Harrowfield | Indosinian deformation of the Songpan Garze fold belt, northeast Tibetan plateau[END_REF] and our field observations suggest higher metamorphic conditions and more complex tectonic structures in the hanging wall of the Wenchuan fault. This questionned me, as for the Beichuan fault, upon the role of the Wenchuan fault in the exhumation of deep metamorphic rocks in the internal Longmen Shan. In this Chapter I therefore characterize the metamorphic conditions in the sedimentary series of the hanging wall of the Wenchuan fault. Since petrological observations in the Pengguan massifs revealed a significant complexity of the mineralogical record, for this study I combined detailed microstructural and petrological observations with compositional analyses to investigate at which extent the record of the metamorphic history was preserved in the medium grade metamorphic rocks. The petrological process observed in the studied rocks might be actually quite common in classical polydeformed metapelites. 57

Introduction

Rocks that have experienced a multi-phased deformation history frequently exhibit complex meso and microstructures. In metapelites it is common to observe microstructures related to three to five deformation phases (i.e. [START_REF] Cosgrove | The formation of slaty cleavage[END_REF][START_REF] Worley | Crenulation cleavage formation: Evolving diffusion, deformation and equilibration mechanisms with increasing metamorphic grade[END_REF][START_REF] Bell | Complex microstructures preserved in rocks with a simple matrix: significance for deformation and metamorphic processes[END_REF][START_REF] Goswami | Petrology of a non-classical barrovian inverted metamorphic sequence from the western Arunachal Himalaya, India[END_REF][START_REF] Huang | P-T-t constraints of the barrovian-type metamorphic series in the Khondalite belt of the North China Craton: Evidence from phase equilibria modeling and zircon U-Pb geochronology[END_REF] as it is the case in the internal domains of the Longmen Shan (Sichuan, China), at the eastern border of Tibetan plateau (4.1 and 4.2a).

In some favorable case a different metamorphic assemblage can be preserved in each microstructure. Pressure (P) and temperature (T) changes can be then quantified (e.g. Lanari et al., 2012Lanari et al., , 2014b;;Scheffer et al., 2016), and linked to deformation ( ) to derive P-T-paths (Parra et al., 2002;Vidal et al., 2006). This provides constraints on the large-scale geodynamic processes that drive metamorphism [START_REF] Putnis | Replacement processes in the earth's crust[END_REF]. However, in the case of metapelites that have experienced a low to medium grade metamorphism (up to the amphibolite facies conditions) the prograde record in the matrix is often overprinted near the temperature peak. Consequently the majority of the studies focused on the P-T conditions of the peak assemblage [START_REF] Boyle | Metamorphic peak geothermobarometry in the Furulund Group, Sulitjelma, Scandinavian Caledonides: implications for uplift[END_REF][START_REF] Huang | P-T-t constraints of the barrovian-type metamorphic series in the Khondalite belt of the North China Craton: Evidence from phase equilibria modeling and zircon U-Pb geochronology[END_REF] characterized by index minerals such as garnet, biotite, staurolite etc. Less attention has been paid to the evolution of the phyllosilicate-rich matrix and to its chemistry, while it does record the long-lasting deformation history. Recently, high-resolution quantitative compositional mapping has provided a picture of the complexity of the compositional zoning observed in the matrix minerals such as white mica (Scheffer et al., 2016). A similar complexity is observed in metapelites from the Longmen Shan (Sichuan, China) (4.2b). Here metamorphism reaches amphibolite facies conditions (6-10 kbar, 550-600 • C, [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF][START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF] and evidences of a multi-phased deformation history are well preserved both in field [START_REF] Harrowfield | Indosinian deformation of the Songpan Garze fold belt, northeast Tibetan plateau[END_REF] and microstructures [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF]. Compositional maps reveal a significant zoning in composition within the matrix K-white mica (4.2b). Such observations call into question the validity of two major assumptions on which the construction of P-T paths often relies: (1) the continuous re-equilibration of the matrix minerals during metamorphism and ( 2) the link between the microstructural and the metamorphic record. It is therefore critical to understand which composition of white mica is stable for specific P-T conditions. Incomplete re-equilibration as suggested by Figure 4.2b has important consequences on the interpretation of 40 Ar/ 39 Ar ages on mica [START_REF] Villa | Disequilibrium textures versus equilirium modelling: geochronology at the crossroads[END_REF]Lanari et al., 2014c) and the 87 Rb/ 86 Sr ages of mica and garnet, these last potentially affected by incomplete Rb and Sr re-equilibration among matrix minerals [START_REF] Sousa | Strontium isotope zoning in garnet: implications for metamorphic matrix re-equilibration, geochronology and phase equilibrium modelling[END_REF]. Although some petrological and geochronological studies have dealt with the problem of partial equilibration of the mineral assemblage [START_REF] Dempster | Zoning and recrystallization of phengitic micas: implications for metamorphic equilibration[END_REF][START_REF] Konrad-Schmolke | Fluid migration above a subducted slab -thermodynamic and trace element modelling of fluid-rock interaction in partially overprinted eclogitefacies rocks (Sesia Zone, Western Alps)[END_REF] and the consequences on the age record [START_REF] Mulch | In-situ UV-laser 40 Ar/ 39 Ar geochronology of a micaceous mylonite : an example of defect-enhanced argon loss[END_REF][START_REF] Mulch | Recrystallisation or cooling ages: in situ uv laser 40 Ar/ 39 Ar geochronology of muscovite in mylonitic rocks[END_REF], this issue is commonly overseen. In this study we investigated the relative timing and mechanisms K-white mica (Kwm) re-equilibration in a series of metapelites from the Longmen Shan (Sichuan, China) by coupling a detailed microstructural study with high-resolution quantitative compositional mapping and phase equilibrium modeling.

P-T conditions of the successive metamorphic assemblages were reconstructed using empirical and semiempirical thermobarometry, as well as multi-equilibrium and forward equilibrium models. Raman spectroscopy on carbonaceous material (RSCM) was used to retrieve the maximum temperature experienced by the organic-rich schists and thus to characterize the metamorphic peak. The combination of all methods provides a good framework to study the low to medium grade metamorphic area of the Longmen Shan and its regional tectonic implications.

A two end-member scenario for matrix re-equilibration in metapelites and modelling strategy

A two end-member scenario of matrix re-equilibration is presented in Fig. This example focuses on muscovite, as it likely to be stable along the entire P-T loop with a continuous evolution of its composition, especially for Si 4+ (in atoms per formula units, pfu) and

X M g (M g 2+ /[M g 2+ + F e 2+ ]
). In the first scenario the matrix does not re-equilibrate resulting in the preservation of the original composition of muscovite related to each microstructures. The compositions of ms A , ms B and ms C can be therefore used for thermobarometry (as in the studies of Parra et al., 2002;Vidal et al., 2006) to reconstruct the P-T-path.

In the second scenario local equilibria are not preserved and a complete re-equilibration of the muscovite grains occurred during the latest metamorphic stage with the preservation of microstructures (Fig. 4.3b). In this case, regardless their microstructural position, all muscovite grains show the same chemistry of ms C . Therefore they cannot be used to estimate any equilibrium conditions of the previous stages. The re-equilibration is achieved by different mechanisms such as pseudomorphic replacement or dissolution-precipitation [START_REF] Putnis | Mineral replacement reactions[END_REF]Scheffer et al., 2016)). The degree of re-equilibration depends on the burial and heating rates, deformation intensity and the amount and type of fluid available along the P-T path. It has been shown, indeed, that mineral reactions releasing a large amount of H 2 O have a very limited thermal overstepping (high reaction affinity, [START_REF] Pattison | Interplay between equilibrium and kinetics in prograde metamorphism of pelites: an example from the Nelson aureole, British Columbia[END_REF].

In natural cases both end-member scenarios, together with intermediate ones are expected to occur.

In some extreme cases, as we shall demonstrate, complete re-equilibration can be achieved for a given section of the P-T path, whereas only partial re-equilibration happens for a latest section, generating a mismatch between the deformation record and the P-T conditions.

The re-equilibration of the phyllosilicate-rich matrix in metapelite can significantly affect both thermobarometry and geochronology [START_REF] Villa | Disequilibrium textures versus equilirium modelling: geochronology at the crossroads[END_REF][START_REF] Sousa | Strontium isotope zoning in garnet: implications for metamorphic matrix re-equilibration, geochronology and phase equilibrium modelling[END_REF], but in most of the studies, the matrix is considered to continuously re-equilibrate during the prograde path. However the compositional zoning observed in chlorite and K-white mica (Vidal et al., 2006;Scheffer et al., 2016 and Fig. 4.2b) witness of a more complex compositional record. To link the deformation stages to specific P-T conditions, it is necessary to use a modelling strategy that relates the observed mineral composition to pressure and temperature conditions. Combined with quantitative compositional mapping, this technique allows to understand the relative timing of re-equilibration of the phyllosilicate matrix.

Thermobarometric methods based on equilibrium thermodynamics can be used to retrieve P-T conditions that are frozen-in by the rock as local equilibria [START_REF] Berman | Thermobarometry using multi-equilibrium calculations: a new technique, with petrological applications[END_REF][START_REF] Powell | On thermobarometry[END_REF]. It has been early recognized that compositional zoning and mineral relics may record changes in P-T conditions [START_REF] Atherton | The variation in garnet, biotite and chlorite composition in medium grade pelitic rocks from the Dalradian, Scotland, with particular reference to the zonation in garnet[END_REF][START_REF] Stüwe | Effective bulk composition changes due to cooling: a model predicting complexities in retrograde reaction textures[END_REF]Marmo et al., 2002;[START_REF] Evans | A method for calculating effective bulk composition modification due to crystal fractionation in garnet-bearing schist: implications for isopleth thermobarometry[END_REF]Kohn, 2014). In this case, local disequilibria are established and maintained at the thin section scale. The investigations must be restricted to local domains and require fractional crystallization models to approximate the changes in the reactive bulk composition (Lanari et al., 2017). Forward equilibrium models calculated along a given P-T path have therefore been developed to compare the predicted and observed composition of the stable phases [START_REF] Gaidies | Theriak_G: a software program to numerically model prograde garnet growth[END_REF][START_REF] Konrad-Schmolke | Combined thermodynamic and rare earth element modelling of garnet growth during subduction: Exemples from ultrahigh-pressure eclogite of the Western Gneiss Region, Norway[END_REF][START_REF] Robyr | Matrix-dependent garnet growth in polymetamorphic rocks of the Sesia zone, Italian Alps[END_REF]. However such a method requires a precise knowledge of the P-T path. In the following we therefore use a multimethod thermobarometric approach to retrieve the P-T path followed by metapelites from the Longmen Shan in order to investigate the timing and mechanisms of the muscovite re-equilibration.

Geological Setting

The Longmen Shan thrust belt (Sichuan, China) is situated at the eastern border of the Tibetan plateau at the boundary between the South China craton to the East and the Songpan-Ganze terrane to the West (Fig. 4.1a). Thermochronological data show that the belt underwent a phased of rapid exhumation since 30 Ma related to the India-Asia collision [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF][START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF]Wang et al., 2012a). Metamorphic studies carried out in the Danba (Huang et al., 2003b,a) and Xuelongbao areas [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF][START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF][START_REF] Harrowfield | Indosinian deformation of the Songpan Garze fold belt, northeast Tibetan plateau[END_REF] however revealed the occurrence of an early Mesozoic compressional event, associated to the closure of Paleotethys and the subsequent collision among North China, South China and Qiangtang blocks [START_REF] Roger | The tectonic evolution of the Songpan-Garzê (North Tibet) and adjacent areas from Proterozoic to Present: A synthesis[END_REF][START_REF] De Sigoyer | Generation and emplecement of Triassic granitoids within the Sonpan Ganze accretionary-orogenic wedge in a context of slab retreat accomodated by tear faulting, Eastern Tibetan plateau, China[END_REF]. This event, usually referred as the Indosinian orogeny, lasted from ca. 237 to ca. 185 Ma [START_REF] Harrowfield | Indosinian deformation of the Songpan Garze fold belt, northeast Tibetan plateau[END_REF][START_REF] Yan | Structural and geochronological constrains on the Mesozoic-Cenozoic tectonic evolution of the Longmen Shan thrust belt, eastern Tibetan Plateau[END_REF] and was characterized by multiple phases of deformation [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF][START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF] during which the main metamorphic and structural Chapter 4. Preservation of different metamorphic stages in the internal sedimentary units of the Longmen Shan: a high-resolution petrological approach 63 Table 4.1: Location and description of samples used for thermobarometric modelling characters of the Longmen Shan were acquired [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF][START_REF] Chen | Emplacement of the Longmen Shan thrust-nappe Belt along the eastern magin of the Tibetan Plateau[END_REF][START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF][START_REF] Harrowfield | Indosinian deformation of the Songpan Garze fold belt, northeast Tibetan plateau[END_REF]. In particular the internal meta-sedimentary units of the Songpan-Ganze terrain underwent an amphibolite facies metamorphism now observed in a 20-25 km wide band parallel to the belt, located in the hanging wall the Wenchuan Shear zone (this study, [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF][START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF]Arne et al., 1997, Fig. 4.1). In the Xuelongbao area (Fig. 4.1a) P-T conditions of the metamorphic peak were estimated at 5-7 kbar, 550-600 • C by [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF] and at approximately at 6 kbar, 600 • C by [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF]. Close to theWenchuan Shear Zone amphibolite facies rocks seem to be completely retrogressed under greenschist facies conditions [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF]. 

Sample description and petrography

Sampling and sample description

A total of 14 samples were collected for this study along a NW-SE oriented cross section in the Cambrian and Silurian meta-sedimentary units (see Fig. 4.1 for sample location and tab 4.1 and tab 4.5 for sample geographic coordinates). Nine samples are organic-rich schists showing a high content of carbonaceous material, phyllosilicates in variable quantities and quartz grains. The carbonaceous material consists of flakes of more than 100 µm. Samples to13-4 and to13-7 are garnet biotite-mica schists from the Silurian sedimentary unit with assemblages of Qz + wm + Bt + Grt + Chl + Ilm ± Pl ± Ab with allanite and apatite as accessory phases (mineral abbreviations after Whitney and Evans, 2010, apart from K-white mica= Kwm).

At the outcrop lm09-221 the Cambrian sediments are composed of metagreywackes alternating with metapelitic levels. In metagreywackes a garnet-biotite bearing assemblage is preserved [START_REF] Robert | Déformation polyphasée et importance de l'héritage structural dans les Longmen Shan (Sichuan, Chine). Apport d'une approche couplée entre géophysique et géologie[END_REF].

In the metapelitic level, where sample lm09-221a has been collected, on the contrary, the amphibolitic assemblage is completely retrogressed under greenschist facies conditions. Garnet is observed as relics or is completely chloritized, while the main paragenesis is composed of Kwm + Chl + Qz + Pl, with monazite as accessory phase. At the outcrop lm09-223 early microstructures are cross-cut by late metamorphic veins of quartz and calcite (in minor quantity). At thin section scale a single metamor-phic assemblage of Kwm + Chl + Qz + Pl is observed.

Petrography and microstructures

In all collected samples three types of microstructures were observed and considered as the result of the superposition of three phases of ductile deformation (D1, D2, D3), as proposed by [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF]. Since each microstructure is associated to a different metamorphic assemblage a first order relative chronology of the deformation history is derived from textures, inclusions, overlapping and crosscutting criteria. Metapelite to13-4 is the sample that best records the entire deformation history. For that it is used as a reference to describe the relative chronology of microstructures, which is not affected by the partial re-equilibration process discussed in this study.

1. An early S1 cleavage, related to the first deformation phase D1, is observed and it is systematically overprinted by all the successive phases of deformation (Fig. 4.4a, b, d). The S1 cleavage is characterized by elongated chlorite and K-white mica intergrowths and quartz microlithons with grain size of 50-100 µm.

2. The second deformation phase D2 exhibits symmetric F2 microfolds deforming the S1 cleavage. A new cleavage S2 parallel to F2 fold axial planes developed to such an extent that S1 and S2 are approximately of equivalent importance in the rock (Fig. 4.4a). The S2 cleavage is underlined by 100-200 µm elongated grains of K-white mica, which develop at high angle (ca. 90 • ) relative to the S1 cleavage orientation (Fig. 4.4a and b). These characteristics are used to relate this sample to the third stage of the cleavage development succession defined by [START_REF] Bell | Sequential porphyroblast growth and crenulation cleavage development during progressive deformation[END_REF]. Stretched along the S2 cleavage, elongated grains of 50-100 µm of biotite are observed. However the most evident expression of biotite in all studied samples is in euhedral porphyroblasts of 500 µm-2 mm large (representing ∼ 10 vol% in sample to13-4), often showing surfaces crenulated according two different axes: F2 (related to D2) and F3 folds (related to D3 deformation phase) (Fig. [START_REF] Bell | Sequential porphyroblast growth and crenulation cleavage development during progressive deformation[END_REF]. They are consequently more matures than the previous ones.

Petrographic interpretations

In the studied metapelites, the greenschist facies assemblage of Qz + wm + Chl + Ab is related to the deformation phases D1 and D2. These deformation phases are therefore linked to the prograde history (Fig. 4.3c), as classically proposed for prograde barrovian metamorphism [START_REF] Worley | Crenulation cleavage formation: Evolving diffusion, deformation and equilibration mechanisms with increasing metamorphic grade[END_REF][START_REF] Arenas | Low-P metamorphism following a barrovian-type evolution. Complex tectonic controls for a common transition, as deduced in the Mondoñedo thrust sheet (nw Iberian Massif)[END_REF][START_REF] Weller | Quantifying barrovian metamorphism in the Danba structural culmination of eastern Tibet[END_REF]. Biotite and garnet porphyroblasts overprint the S1 and the S2 cleavages but are at the same time slightly crenulated according to F2 microfolds (related to D2 deformation phase) (Fig. 4.4c, e). They are consequently classified as syn to post-D2 but they grew once the S2 cleavage developed (Fig. 4.3c). The textural equilibrium features such as the sharp boundaries observed among garnet and biotite in sample to13-4 suggest that they grew in chemical equilibrium. Biotite and garnet reflect the metamorphic peak under amphibolite facies conditions (Fig. 4.3c).

The late D3 deformation phase is associated to the development of an assemblage of Qz + wm + Chl that is related to the retrogression under greenschist facies conditions [START_REF] Arenas | Low-P metamorphism following a barrovian-type evolution. Complex tectonic controls for a common transition, as deduced in the Mondoñedo thrust sheet (nw Iberian Massif)[END_REF]Dirks et al., 1994) (Fig. 4.3a). The orientation of the late wm porphyroblasts is interpreted to reproduce the geometry of the microfolds associated to a late deformation event (D3b phase) (Fig. 4.4h). The large Kwm and chlorite grains in samples lm09-221 and lm09-223 are interpreted to be late since they overprint the fine composite S1-S2 cleavage. In summary all studied samples record similar microstructures related to D1, D2 and D3. While some of them preserve index minerals associated to the early deformation phases (D1-D2), other better document the ones related to the retrogression (D3 and D3b). High-resolution chemical analyses were performed with an electron probe micro-analyzer (EPMA) JEOL JXA-8230 at the Institut des Sciences de la Terre (ISTerre) of the University of Grenoble Alpes. Point analyses were acquired using 15 keV accelerating voltage and 12 nA beam current with a beam size of 2 µm for all studied samples. In order to investigate the link between compositional variability of metamorphicminerals and theirmicrostructural position, compositional X-ray maps were also acquired for samples to13-4, to13-7 and lm09-223, using 15 keV accelerating voltage, 100 nA beam current and dwell time of 200 ms. X-ray maps were then transformed into oxide weight percentage using the internal standard procedure implemented in the software XMAPTOOLS 2.3.1 (Lanari et al., 2014a). XMAPTOOLS was also used for classification purposes, to calculate mineral structural formulae and to display maps of the relative abundance of cations (in pfu) and end-members proportions.

Compositional variability of metamorphic minerals

Representative chemical analyses of index metamorphic minerals are listed in Table 4.2 for all analyzed samples. Both EPMA compositional maps and point analyses reveal the existence of three chemical groups of Kwm preserved in samples to13-4 and to13-7. They have typical muscovite composition (Xms of 0.62-0.75) and show variations in X M g , Na + (pfu) and Si 4+ (pfu) contents.

The first group of muscovite (ms A ) has a Si 4+ content of 3.2-3.25 (pfu), a X M g of 0.54-0.61 (Fig. 4.5 a,b) and a Na + content of 0.08-0.13 (pfu). The second group of muscovite (ms B ) has a lower X M g (0.43-0.6), and a lower Si 4+ + content between 3 and 3.15 (sample to13-7) and 3.13-3.22 pfu (sample to13-4) (Fig. 4.5a, b, c, d). The Na + content of ms B ranges between 0.13-0.2 pfu (sample to13-4) and 0.1-0.14 pfu (sample to13-7) (Fig. 4.5e, f). The third group of muscovite (ms C ) has a lower X M g of 0.48-0.33 (fraction) and Si 4+ contents of b,c,d,e,f). By contrast ms C shows the highest Na + contents of 0.29 (to13-4) and 0.19 (to13-7 shows a Si 4+ (pfu) content of 2.61-2.62 for an X M g of 0.40-0.41. Ti in biotite slightly increases from the core (0.08-0.10 pfu) to the rims (0.12-0.14 pfu) of the biotite porphyroblasts suggesting an increasing temperature during its growth [START_REF] Henry | The Ti-saturation surface for low-to-medium pressure metapelitic biotites: implications for geothermobarometry and Ti-substitution mechanisms[END_REF]. In sample to13-4 small biotite grains are stretched in the S2 cleavage and have X M g of 0.38-0.41, while the prophyroblasts have a higher X M g content of 0.43-0.46. Compositional maps of sample to13-7 show a moderate zoning of garnet porphyroblasts. Spessartine and grossular components slightly decrease form core (Xsps = 0.079, Xgrs = 0.14) to rims (Xsps = 0.045, Xgs=0.11) (Table 4.2). The almandine fraction increases on the contrary fromthe core (Xalm=0.74) to the rims (Xalm=0.78). A similar trend is observed in garnet of sample to13-4 (Table 4.2) where the evolution of spessartine across the garnet defines a typical 'bell-shaped' profile, suggesting a Rayleigh distribution of Mn between the garnet and the matrix (Kohn, 2014), usually interpreted as the crystallization of garnet during the prograde path [START_REF] Woodsworth | Homogenization of zoned garnets from pelitic schists[END_REF].

Degree of preservation

The extent at which the chemical groups of muscovite ms A , ms B , and ms C are preserved in S1, S2 and P-shadows was quantified with XMAPTOOLS using the module CHEM2D (Lanari et al., 2014a); results are reported in Table 4.3. The degree of preservation of ms i in S j (P i,j ) is calculated from the pixels fraction X j msi :

P i,j = X j ms i n i=1 X j ms i (4.1)
Muscovite in the S1 cleavage of sample to13-4 has 0.48 of ms A that is restricted to the grain interiors. The remaining fraction of 0.52 has the chemistry of ms B . Ms A is also partially preserved in grains interiors of S2 cleavage but at lower extent (0.28) while ms B largely dominates (0.71). A very small amount of ms C (0.05) is observed in the S2 cleavage, while it constitutes the totality of the muscovite grown in porphyroblasts P-shadows and as post-tectonic porphyroblasts. In sample to13-7 ms A is less preserved in S1 (only 0.23) and identical in S2 cleavages (0.15) compared to sample to13-4. The chemistry of ms B consequently prevails both in S1 cleavage (0.77) and in S2 cleavage (0.85). Ms C was only observed in P-shadow microstructures (D3). In sample lm09-223 the muscovite in S1-S2 cleavage has a chemistry of ms C , while a little preservation of an early muscovite is observed in late larger muscovite grains (0.15). In summary, although all samples record a similar number of deformation phases in thei rmicrostructures, only the metapelites to13-4 and to13-7 preserve the three chemical groups of muscovite (ms A , ms B , ms C ). Small differences are observed between the two samples, especially for to13-7 that shows higher surface fraction of ms B and ms C . Samples lm09-221a and lm09-223 mostly preserve ms C . A similar pattern is guessed for chlorite but it is not quantified here.

Thermobarometry

In order to constrain which chemical composition of muscovite (ms A , ms B and ms C ) has been stable during the successive P-T-stages and to compare them with the observed compositions, it is firstly crucial to precisely constrain the P-T path followed by rock. In the following section, phase equilibria modelling is used to reconstruct the P-T path. The results are tested against the predictions from empirical and semi-empirical thermobarometers.

Phase equilibria

Methodology Isochemical equilibrium phase diagrams were computed in a Na

2 O-CaO- K 2 O-FeO-MgO-MnO-Al 2 O 3 -SiO 2 -H 2 O-TiO 2 system
for metapelites to13-7 and to13-4 using THERIAK-DOMINO [START_REF] De Capitani | The computation of chemical equilibrium in complex systems containing non-ideal solutions[END_REF][START_REF] De Capitani | The computation of equilibrium assemblage diagrams with Theriak/-Domino software[END_REF] and the internally-consistent dataset of [START_REF] Berman | Internally-consistent thermodynamic data for minerals in the system Na2O-K2O-CaO-MgO-FeO-Fe2O3-Al2O3-SiO2-TiO2-H2O-CO2[END_REF] (with subsequent updates collected in JUN92.bs and distributed with Theriak-Domino 03.01.2012). The following solution models where used: [START_REF] Berman | Mixing properties of Ca-Mg-Fe-Mn garnets[END_REF] for garnet; [START_REF] Fuhrman | Ternary-feldspar modeling and thermometry[END_REF] for feldspar; [START_REF] Meyre | A ternary solid solution model for omphacite and its application to geothermobarometry of eclogites from the middle Adula nappe (Central Alps, Switzerland)[END_REF] for omphacite; [START_REF] Keller | A quaternary solution model for white micas based on natural coexisting phengite-paragonite pairs[END_REF] for white mica and ideal mixing models for amphibole [START_REF] Mäder | Amphibole thermobarometry, a thermodynamic approach, Current Research, Part E[END_REF][START_REF] Mäder | Thermobarometry of garnet-clinopyroxene-hornblende granulites from the Kapuskasing structural zone[END_REF] , epidote andTable 4.4: Bulk rock composition used to construct phase diagrams with Theriak Domino, expressed in oxide wt%.

chlorite [START_REF] Hunziker | The stability of tri-octahedral Fe2+-Mg-Al Chlorite. A combined experimental and theoretical study[END_REF]. Phases with no solid solution comprise titanite (sph), rutile, ilmenite and quartz. For comparison purposes, similar isochemical equilibrium phase diagrams were calculated with the internally-consistent dataset of [START_REF] Holland | An internally consistent thermodynamic data set for phases of petrological interest[END_REF] and subsequent updates (tc55, distributed with Theriak-Domino 03.01.2012). A detailed comparison between the two datasets is provided in the supplementary material S1. For the following discussion, however, the [START_REF] Berman | Internally-consistent thermodynamic data for minerals in the system Na2O-K2O-CaO-MgO-FeO-Fe2O3-Al2O3-SiO2-TiO2-H2O-CO2[END_REF] database was preferred since it best reproduces the observed stable assemblages and the measured Si 4+ (pfu) and X M g contents of muscovite.

The isochemical P-T phase diagrams were first made using the bulk rock compositions obtained by ICP-OES (at SERM laboratory, Nancy, France) and listed in Table 4.4. A pure H 2 O fluid phase was considered in excess. Fe 3+ was ignored since all the samples contained a significant amount of ilmenite suggesting highly reduced conditions [START_REF] Diener | Influence of ferric iron on the stability of mineral assemblages[END_REF][START_REF] Weller | Quantifying barrovian metamorphism in the Danba structural culmination of eastern Tibet[END_REF]. For each sample, the stable metamorphic assemblages predicted by the models were compared to those observed in thin sections. The optimal P-T conditions were then qualitatively estimated from garnet and micas isopleths as well as from garnet and biotite modes. Two stages of garnet growth (core and rim) were also modeled using the program GRTMOD (Lanari et al., 2017). This program searches the optimal P.T condition of garnet using a fractional crystallization model combined with Gibbs free energy minimization. The errors provided in Fig. 4.7 are estimated using the auto-refinement procedure provided in GRTMOD and a residual variation (C0) of ± 1.5 corresponding to the uncertainty resulting from the EPMA chemical analyses (Lanari et al., 2017).

Results

For metapelites to13-4 and to13-7, the peak metamorphic assemblage of Grt + Ms + Chl (± Bt) is predicted to be stable at 520-550 • C (Fig. 4.6 and Fig. 4.7). The upper T limit is fixed by the staurolite-in reaction at 580 • C. In sample to13-7 the P-T conditions that best satisfy the garnet core isopleths and modes (ca. 4.5-5 vol %) yield at 11.5 ± 1 kbar, 530 ± 20 • C (Fig. 4.6a). The geometry of the garnet isopleths indicates that garnet grew rapidly along a prograde trajectory. Ms A are predicted to be stable at these same P-peak conditions. As the growth of garnet porphyroblasts change the composition of the reacting system [START_REF] Evans | A method for calculating effective bulk composition modification due to crystal fractionation in garnet-bearing schist: implications for isopleth thermobarometry[END_REF][START_REF] Konrad-Schmolke | Combined thermodynamic and rare earth element modelling of garnet growth during subduction: Exemples from ultrahigh-pressure eclogite of the Western Gneiss Region, Norway[END_REF], a fractionation of 5 vol% of garnet (estimated from the thin section) was introduced and results in an increase of the stability of biotite (Fig. 4.6b). The biotite mode of ca. 9 vol% that is observed in thin section is reached at 570 ± 10 • C, 6.5 ± 1 kbar. At the same P-T conditions the predicted X M g content of biotite best matches the measured values in biotite rims. MsB are predicted to be stable at 8 ± 1.5 kbar, 550 ± 20 • C (blue dotted polygon in Fig. 4.6a). Garnet fractionation does not affect the P-T prediction of msB (Fig. 4.6b). 9 vol% of biotite was fractionated from the remaining bulk composition. The resulting phase diagram shows a larger stability field for chlorite (Fig. 4.6c). P-T conditions that best satisfy ms C and chlorite X M g and Si 4+ (pfu) isopleths yield at 380 ± 20 • C, 5.5 ± 1 kbar (red polygon in Fig. 4.6c). As no chloritoid is observed in thin sections the D3 greenschist assemblage is at slightly lower P-conditions, at 4.8 ± 0.5 kbar, 380 ± 20 • C (dark red polygon in Fig.

4.6c).

A similar approach was used for metapelite to13-4. In this case both biotite and garnet were predicted in equilibrium at P-peak conditions. The red polygon in Fig. 4.7a shows the P-T domain that best satisfies the garnet isopleths and the biotite and garnet modes observed in thin section (10 vol% and 5 vol% respectively). They yield at 11 ± 1 kbar, 530 ± 10 • C. MsA are predicted as these same P-T conditions. The results of the fractional crystallization model (GRTMOD) predicts that garnet core grew at 11.6 kbar, 525 • C (5 vol% of garnet) and garnet rim at 12.2 kbar, 544 • C (1 vol %), confirming the prograde trajectory (Fig. 4.7a). The X M g content of the small biotite grains in S2 cleavage is predicted at 9 ± 1 kbar, 515 ± 10 • C (see Fig. 4.16). The ms B is predicted to be stable at 8 ± 1.5 kbar, 550 ± 20 • C. In phase diagrams where garnet and biotite were fractionated from the initial bulk, the Si 4+ (pfu) and X M g contents of ms C are best predicted at 4 ± 1 kbar, 390 ± 30 • C (Fig. 4.7b).

Additional thermobarometric constraints 4.2.7.1 Raman spectroscopy on carbonaceous material

The maximum temperature (T max ) experienced by the organic rich sediments was estimated with the Raman Spectroscopy on Carbonaceous Material (RSCM) thermometer of [START_REF] Beyssac | Graphitization in a high-pressure, lowtemperature metamorphic gradient: a raman microspectroscopy and HRTEM study[END_REF] with a relative accuracy of ± 15 • C [START_REF] Beyssac | Graphitization in a high-pressure, lowtemperature metamorphic gradient: a raman microspectroscopy and HRTEM study[END_REF]. RSCM was applied on polished thin sections following the procedure of [START_REF] Beyssac | Graphitization in a high-pressure, lowtemperature metamorphic gradient: a raman microspectroscopy and HRTEM study[END_REF]. Spectra were obtained using a Renishaw InVia Reflex microspectrometer at the Geosciences laboratory of Ecole Normale Supérieure (Paris, France) with laser power of 12 mW. Spectra were then processed with the PEAKFIT c software. The results are presented in Table 4.5. T max values of the samples geographically very close to metapelites to13-4 and to13-7 (see Fig. 4.3) range between 502 (sample lm09-206) and 572 • C ( ± 15 • C, sample lm145). Tmax for organic-rich schists collected very close to lm09-221 and lm09-223 yield at 522-574 • C (± 15 • C) (sample lm07-81-sample lm144), (Table 4.5). Sample lm09-221 shows a T max of 535 ± 15 • C.

Garnet-biotite and Ti-in-biotite thermometry

Crystallization temperatures of garnet-biotite pairs were estimated using either the biotite-garnet thermometer (at the pressure peak conditions of 11 kbar, using the calibrations of [START_REF] Thompson | Mineral reactions in pelitic rocks: I. prediction of P-T-X(Fe-Mg) phase relations[END_REF][START_REF] Holdaway | Fe-Mg cordierite stability in high-grade pelitic rocks based on experimental, theoretical, and natural observations[END_REF][START_REF] Perchuk | Experimental investigation of exchange equilibria in the system cordierite-garnet-biotite[END_REF] for the sample to13-4, in which garnet and biotite were observed in textural equilibrium, or the Ti-in-biotite thermometer [START_REF] Henry | The Ti-saturation surface for low-to-medium pressure metapelitic biotites: implications for geothermobarometry and Ti-substitution mechanisms[END_REF] for both samples to13-4 and to13-7.

Temperatures obtained with the garnet-biotite thermometer range between 490 and 532 ± 15 • C (Table 4.6). Temperature estimated from pairs of garnet-biotite rim analyses systematically show higher temperatures than the ones obtained with garnet-biotite core analyses. A similar trend of increasing temperature from core to rimis also obtained with [START_REF] Henry | The Ti-saturation surface for low-to-medium pressure metapelitic biotites: implications for geothermobarometry and Ti-substitution mechanisms[END_REF] thermometer (541-617 ± 20 • C for sample to13-4 and 550-610 ± 20 • C for sample to13-7, see Table 4.6). The slightly higher temperatures obtained with the Ti-in-biotite compared to garnet-biotite and Raman thermometer may be due to the fact that the absence of aluminous minerals as staurolite or sillimanite tends to concentrate the Ti in biotite [START_REF] Henry | The Ti-saturation surface for low-to-medium pressure metapelitic biotites: implications for geothermobarometry and Ti-substitution mechanisms[END_REF].

Multi-equilibrium thermobarometry

Multi-equilibrium thermobarometry was used to model the P-T conditions of the high variance assemblages Chl + Ms + Qz following the procedure described in Lanari et al. (2012). This semi-empirical approach uses the internal consistent thermodynamic database of [START_REF] Berman | Internally-consistent thermodynamic data for minerals in the system Na2O-K2O-CaO-MgO-FeO-Fe2O3-Al2O3-SiO2-TiO2-H2O-CO2[END_REF] with updates from Vidal et al. (2001[START_REF] Vidal | Thermodynamic properties on the Tschermak solid solution in Fechlorite: application to natural examples and possible role of oxidation[END_REF]Vidal et al. ( , 2006)); Parra et al. (2002); Dubacq et al. (2010). The program CHLMICAE-QUI (Lanari et al., 2012) was used to estimate the temperature for each chlorite analysis of samples lm09-221 and lm09-223 (e.g. Lanari et al., 2012;Scheffer et al., 2016). Pressure was fixed at 7 kbar and the activity of the water was set up to 1 since no carbonate phases were observed. Convergence between equilibria was achieved for a minimal XFe 3+ and a temperature difference less than 30 • C (Vidal et al., 2006). Qz-H 2 O-Ms P-T equilibrium lines were calculated for muscovite of samples to13-4, to13-7, lm09-221a and lm09-223 using the technique of Dubacq et al. (2010). P-T conditions of the chlorite-muscovite assemblage were then estimated from the intersection of phengite lines at the T estimated for chlorite Lanari et al. (2012).

The multi-equilibrium approach was not applicable to chlorite of metapelites to13-4 and to13-7 (convergence between the chlorite-quartz-water equilibria not achieved in the P-T space), suggesting a temperature for chlorite formation above 400 • C (Lanari et al., 2012). A fixed T of 400 • C was then used to investigate the relative differences in P conditions estimated for each generation of muscovite (Fig. 4.8). For sample to13-4 the P-conditions progressively decreases from 8 kbar (for ms A ) to 2.5 kbar for ms C (Fig. 4.8a). This is also the case in sample to13-7 where P-conditions obtained for ms B yield at 6 ± 1 kbar, while the ones obtained for msc plot at 4 ± 1 kbar (Fig. 4.8b). For samples lm09-221a and lm09-223 no differences in P-T conditions were observed among muscovite occupying different microstructural positions, in agreement with the chemical results. However, for a nominal T of 400 • C, ms C of sample lm09-221 is predicted at higher pressure (10 ± 2 kbar) than ms C of sample lm09-223 (5 ± 1 kbar) (Fig. 4.8c). The Chl + Qz + H 2 O multi-equilibrium method of [START_REF] Vidal | Thermodynamic properties on the Tschermak solid solution in Fechlorite: application to natural examples and possible role of oxidation[END_REF]Vidal et al. ( , 2006) ) was applied to each pixel of chlorite of these samples. P-T equilibrium conditions yield at 7 ± 1 kbar, 365 ± 25 • C for sample lm09-221a andat 3.5 ± 1 kbar, 380 ± 20 

Discussion

A multi-method approach: comparison between thermobarometric methods

Results from the multi-equilibrium approach of Dubacq et al. (2010) are in line with the data obtained by phase equilibria modelling (Fig. 4.9). For a given temperature, a relative uncertainty of ± 2 kbarwas estimated using Monte-Carlo simulations, following the technique described in [START_REF] Cantarero | Long-term fluid circulation in extensional faults in the central Catalan Coastal Ranges: P-T constraints from neoformed chlorite and Kwhite mica[END_REF] for chlorite. Fig. 4.9 shows that the pressures predicted at temperature > 450 • C are slightly higher than those obtained with the phase diagrams. Dubacq et al. (2010) observed a similar increase of the absolute uncertainty with increasing temperature. Temperatures estimated with empirical thermobarometers (biotite thermometer, garnet-biotite thermometer and RSCM) are in line with the peak temperatures from phase equilibria. The excellent agreement between empirical, semi-empirical thermometers and phase diagrams ensures that P-T conditions are known with a high level of reliability. Moreover it demonstrates that the bulk composition used for modelling can be considered as representative of the reactive bulk rock composition and that the fractionation hypothesis caused by porphyroblasts growth is valid. Phase diagrams calculated with [START_REF] Berman | Internally-consistent thermodynamic data for minerals in the system Na2O-K2O-CaO-MgO-FeO-Fe2O3-Al2O3-SiO2-TiO2-H2O-CO2[END_REF]; [START_REF] Holland | An internally consistent thermodynamic data set for phases of petrological interest[END_REF] thermodynamic datasets share similar features (Fig. 4.13 and 4.14 of the Supplementary Material S1). Garnet P-T conditions calculated with GRTMOD for metapelite to13-4 yield at slightly lower temperatures (530 ± 20 • C) than the ones predicted by Holland and Powell from the garnet isopleths (560 ± 20 • C).

The proximity between the P-T conditions for garnet core and garnet rims obtained with GRTMOD is compatible with the slight chemical zoning observed in garnet. At ca. 550 • C, intragranular diffusion is limited to a few microns (e.g. [START_REF] Chapman | Metamorphic evolution, partial melting and rapid exhumation above an ancient flat slab: insights from the San Emigdio Schist, southern California[END_REF] and has probably not affected the P-T estimates. It is interesting to note that the X M g of biotite is best predicted by the Holland and Powell dataset (Fig. 4.16 of the Supplementary Material S1), whereas both X M g and Si 4+ in phengite are better predicted with the Berman dataset. As muscovite is the main focus of this study the [START_REF] Berman | Internally-consistent thermodynamic data for minerals in the system Na2O-K2O-CaO-MgO-FeO-Fe2O3-Al2O3-SiO2-TiO2-H2O-CO2[END_REF] dataset was used to model the evolution of muscovite composition along the P-T path.

P-T path recorded by metapelites

The two samples that preserve the most complete record of the successive P-T stages (to13-4 and to13-7) have been used to constrain a clockwise P-T path characterized by a pressure-peak at 11 ± 2 kbar, 530 ± 20 • C (insets in Fig. 4.10). Such P-T trajectory is in line with the one proposed by [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF] and [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF] for the Xuelongbao area (internal Longmen Shan). However the pressure peak conditions are higher than the ones previously estimated (which rather correspond to P-T conditions of our T-peak). The pressure peak is followed by the thermal peak, which occurs at lower pressure (ca. 6 kbar). The increasing Xsps content from core to rims of garnet porphyroblast as well as the enrichment of Ti (pfu) in the rims of biotite suggest a crystallization of porphyroblasts during temperature increase up to ca. 580 • C (as also supported by the empirical thermometers). The T max is well constrained and supported by all the thermometers used in this study. Similar RSCM temperatures have been reported by Robert et al. (2010b) for metapelites collected southwest of the Pengguan massif (external Longmen Shan) in equivalent structural position. They are in fairly accord with thermometric estimates of [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF]; [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF]; [START_REF] Worley | Crenulation cleavage formation: Evolving diffusion, deformation and equilibration mechanisms with increasing metamorphic grade[END_REF] performed in the Xuelongbao area. The thermal peak was then followed by a greenschist retrogression accompanied by a partial exhumation up to 4 kbar, 380-450 • C, in agreement with [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF] estimates. Late porphyroblasts of muscovite (D3b) show a chemical composition similar to the one of ms C observed in porphyroblasts P-shadows suggesting that they may have crystallized under similar P-T conditions.

Samples geographically close to lm09-221 and lm09-223 reached peak temperatures above 520 • C (see Section 4.2.7.1). This clearly indicates that these samples experienced amphibolite peak conditions similar to the ones reached by samples to13-4 and to13-7. They thus belonged to the same metamorphic unit at the time of the metamorphic peak and do not come from different structural levels. In these samples, however, the only late greenschist assemblage that characterizes the retrograde evolution is preserved. The fact that sample lm09-223 was collected in the footwall of a minor thrust parallel to the Wenchuan Shear Zone (Fig. 4.1), while sample lm09-221a comes from its hanging wall may explain the slightly higher P-T conditions obtained for greenschist assemblage.

In summary, the multi-method approach used in this study allows a precise reconstruction of the P-T path experienced by the studied metapelites despite the scarcity of index minerals. It demonstrates that a fairly precise P-T trajectory with relatively small uncertainties can be obtained by combining quantitative compositional mapping with several thermobarometric methods and thermodynamic datasets.

Microstructures vs chemical re-equilibration in muscovite

Thermobarometry, and in particular the predictions of the phase diagrams, show that muscovite ms B (mainly observed in the S2) is stable close to the T-peak conditions. Microstructures show, on the contrary, that the development of the S2 cleavage precedes the T-peak conditions since HP ms A are still preserved in the cores of the muscovite grains defining the S2 cleavage. Similarly, ms A is predicted to be stable at the P-peak, while it should precede the development of S2 according to microstructure record. These mismatches suggest that a discrepancy exists between the microstructural and the chemical records in muscovite. In order to further investigate the timing of muscovite reequilibration, it is interesting to compare the observed Si 4+ (pfu) and X M g contents of ms A , ms B and ms C with the predictions of an equilibrium model along a synthetic P-T loop of 50 steps (Fig. 4.10,see Section 4.2.6.1). The phyllosilicate-rich matrix was assumed to continuously reequilibrate at each step of the P-T path while a fractionation model of the effective bulk composition was used for garnet. This last assumption does not significantly affect the composition of muscovite as demonstrated in Fig. 4.6a and b. The prograde portion of the P-T path was constructed by combining this study results with preliminary P-T estimations of [START_REF] Robert | Déformation polyphasée et importance de l'héritage structural dans les Longmen Shan (Sichuan, Chine). Apport d'une approche couplée entre géophysique et géologie[END_REF]. For the P-T loop, different starting conditions were tested but they do not significantly affect our results since muscovites in S1 and S2 cleavage completely re-equilibrated at the P-peak (see below). As a small fraction of cpx was predicted at low-T for sample to13-4, the evolution of muscovite composition was also modeled in a Ca-free system (colored dashed lines in Fig. 4.10b). The presence of cpx in this P-T interval does not significantly affect the modeled muscovite composition. In Fig. 4.10b (sample to13-4), ms A is predicted stable at the P-peak, ms B is predicted stable close to the T-peak (marked by the appearance of biotite, Fig. 4.10a) and ms C during the retrograde path. The same characteristics are observed for the metapelite to13-7 (Fig. 4.10c and d). By comparing these results with the degrees of preservation of ms A , ms B and ms C obtained from the micro-chemical study (Table 4.3) we propose that ms A formed at the P-peak, overprinting any previous record. The muscovite grains of S1 and S2 cleavages were then partially replaced by ms B , at different extents according to the sample considered (Table 4.3). The replacement of ms A by ms B is massive in S2 cleavage (particularly in sample to13-7) and occurred at the thermal peak as shown by Fig. 4.10. In samples to13-4 and to13-7 the record of the P-peak (in ms A ) is thus strongly overprinted by reequilibration at the T-peak. In these samples the record of the T-peak survives the retrograde history, as suggested by the high degree of preservation of ms B .

In sample lm09-223, where the greenschist retrogression is more pronounced, the replacement of ms B in ms C is almost complete, especially in the very fine-grained muscovite (Fig. 4.5f). The presence of ms A in both S1 and S2 cleavage however clearly show that both microstructures developed before or near the P-peak. This shows that P-T conditions deduced from different generations of muscovite do not directly correlated to P-T conditions at which the different deformation phases (D1, and the early D2) occurred. They rather indicate the conditions at which successive stages of re-equilibration took place, thus giving an upper limit to the relative age of each deformation phase. In the metamorphic conditions of our studied samples re-equilibration may indeed continue after the deformation ceased [START_REF] Worley | Crenulation cleavage formation: Evolving diffusion, deformation and equilibration mechanisms with increasing metamorphic grade[END_REF].

The observations reported in this study suggest that the original composition of muscovite occupying the S1 cleavage has been completely replaced by ms A at the P-peak. Any record of the metamorphic history that precedes the P-peak is thus no longer preserved. The muscovite composition in the S1 cleavage (ms A ) is therefore related, in our case, to the early D2 deformation phase (development of S2 cleavage). This explains why a small amount of msA is still visible in the core of the grains defining the S2 cleavage (Table 4.3 andFig. 4.11). Ms B re-equilibrated after D2 deformation phase. The studied samples re-equilibrated at different extent, despite the same number of deformation phases recorded in microstructures. Hence, re-equilibration processes do not affect the preservation of the microstructures. None of our sample can then be related to the case of total chemical preservation presented in the introduction (Fig. 4.3a). Sample to13-4 is, on the contrary, an example of an intermediate scenario where muscovite only partially re-equilibrated during the whole metamorphic history (Fig. 4.11a). Contrastingly, samples lm09-221a and lm09-223 can be related to the case of total re-equilibration (Fig. 4.3b) since almost only retrograde muscovite is observed.

Processes of muscovite re-equilibration

The results of this study show that muscovite can partially reequilibrate during metamorphism without affecting the microstructures. Different processes may be evoked for muscovite re-equilibration: (i) solid state intragranular diffusion, (ii) a coupled process involving fluid-controlled dissolution transport and precipitation in a new growth site, and (iii) fluid-controlled dissolution-reprecipitation through a moving interface within a single crystal, leading to pseudomorphic replacement. These different processes are separately addressed below.

• In the studied samples, the T-peak occurred at temperatures below 550 • C,where intragranular diffusion in muscovite is extremely limited [START_REF] Dempster | Zoning and recrystallization of phengitic micas: implications for metamorphic equilibration[END_REF], especially for Si 4+ cations that move through the Tschermak substitution (Si IV (Mg, Fe 2+ ) IV =Al IV ,Al V I ). It has been shown for instance that high pressure phengitic white mica can preserve its original composition during decompression at temperature up to 700 • C [START_REF] Hermann | Relating zircon and monazite domains to garnet growth zones: age and duration of granulite facies metamorphism in the Val Malenco lower crust[END_REF]. This conclusion is confirmed by the sharp change in composition observed between ms A and ms B (Fig. 4.11c), not characteristic of a solid-state intragranular diffusion profile. The muscovite re-equilibration textures observed in the studied samples cannot therefore be explained by solid-state intergranular diffusion.

• Fluid circulating through the rock may cause net dissolution of muscovite, transport of the dissolved material through the intergranular medium -caused by the chemical potential gradients generated by the garnet and biotite forming reactions -and precipitation of new muscovite crystals in a different growth site. This would result in the alteration of the previous microstructural record. However, in the studied samples, muscovite ms A and ms B and ms C in S1 and S2 preserve the shape of the older grains (Fig. 4.11b and c). These observations suggest that the partial re-equilibration of the muscovite grains in S1 and S2 cannot be explained by dissolutiontransport-precipitation mechanisms. However, ms C in the P-shadow (or as porphyroblasts in samples to13-4 and to13-7) shows characteristic features of neo-crystallization in a new nucleation site (the opening P-shadows). Hence, in this case, muscovite formed by dissolutiontransport-precipitation processes.

• The last process involves fluid-assisted dissolution-reprecipitation through an interface moving within a single crystal. This process is known as 'pseudomorphic replacement' and has been described in details by [START_REF] Putnis | Mineral replacement reactions[END_REF]; [START_REF] Putnis | Replacement processes in the earth's crust[END_REF]. The pseudomorphic replacement generally leads to the creation of porosity in the replaced phase to connect the fluid interface with the intergranular medium (e.g. [START_REF] Putnis | Mineral replacement reactions: from macroscopic observations to microscopic mechanisms[END_REF]. Moreover, if the replacement is partial, a reaction front is preserved between the parent and the product. In the sample to13-4, both BSE images and compositional maps show that the crystalline shape ofmuscovite grains in S1 and S2 is preserved (Fig. 4.11a). The sharp reaction front observed between the parent and the product (Fig. 4.11c) suggests that the process of pseudomorphic replacement plays a significant role in the formation of ms A , ms B and ms C , allowing the preservation of the previous microstructures and the creation of a porosity in the replaced phase (e.g. [START_REF] Putnis | Mineral replacement reactions: from macroscopic observations to microscopic mechanisms[END_REF].

In summary we propose that muscovite partially re-equilibrates during the successive P-T-stages by pseudomorphic replacement (ms A , ms B and ms C in S1 and S2) and dissolution-transport-precipitation (ms C in the pressure shadow). The major process taking place during the prograde stage is therefore the pseudomorphic replacement that has often been evoked as the most likely process that drives the successive reequilibration stages at microscopic scale in both major and accessory minerals (e.g. Lanari et al., 2017;[START_REF] Putnis | Mineral replacement reactions: from macroscopic observations to microscopic mechanisms[END_REF][START_REF] Putnis | Replacement processes in the earth's crust[END_REF][START_REF] Putnis | Mineral replacement reactions[END_REF].

Factors controlling the extent of re-equilibration in metapelites

It is interesting to compare the different re-equilibration behaviors of the studied samples. As the bulk rock compositions are similar -for at least samples to13-4, to13-7 and lm09-221a -other factors such as the intensity of deformation and fluid availability during metamorphism must be invoked to explain the differences in the extent of re-equilibration (Table 4.3). 4.2.8.5.1 Intensity of deformation Significant differences in the grade of deformation are observed among the analyzed samples. Sample to13-4 is classified at the 3rd stage of [START_REF] Bell | Sequential porphyroblast growth and crenulation cleavage development during progressive deformation[END_REF] scale (see Section 4.2.4.2). Sample to13-7 recorded a higher deformation grade and is classified at stage 4. In samples lm09-221a and lm09-223, D3 is much more pronounced. This increase of the degree of deformation is correlated with decreasing degree of preservation of ms A (Table 4.3). An increase in the deformation intensity enhances fluid diffusion and therefore favored the redistribution of the components within mineral phases resulting in the homogenization of chemistry in muscovite of the most deformed samples.

Fluid availability during metamorphism

Fluid availability is another key factor controlling the extent of matrix re-equilibration. Fluids are known to trigger the metamorphic reactions, enhancing mineral replacement, [START_REF] Austrheim | Eclogitization of lower crustal granulites by fluid migration through shear zones[END_REF][START_REF] Pattison | Interplay between equilibrium and kinetics in prograde metamorphism of pelites: an example from the Nelson aureole, British Columbia[END_REF][START_REF] Vernon | False metamorphic events inferred from misinterpretation of microstructural evidence and P-T data[END_REF][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]. The partial preservation of msA, msB and msC in metapelites to13-4 and to13-7 and the thermodynamic models (Fig. 10a andc) suggest a variability of the fluid availability during the metamorphic history at the scale of the mineral assemblage, which may favor muscovite pseudomorphic replacement. The fluid can be released indeed through continuous and discontinuous metamorphic reactions (e.g. [START_REF] Baxter | Garnet growth as a proxy for progressive subduction zone dehydration[END_REF]. The forward thermodynamic models were used to predict the amount of fluid (H 2 O) released by the breakdown of hydrous minerals along the P-T trajectory (Fig. 4.10a and c). During the prograde P-T path, H 2 O is continuously released with some discontinuous stages (pulses) marked by the growth of garnet and biotite rims. These stages are likely to produce a larger amount of fluid in the intergranular medium in a shorter time interval than the continuous release.

The first pulse of internally derived fluid release is predicted to occur near the pressure peak (i.e. sample to13-4, 515-530 • C, Fig. 4.10a), in response to the growth of garnet at the expense of chlorite (Fig. 4.10a, c). This major stage of dehydration can explain why the muscovite originally associated to the S1 (or D1) has been completely overprinted by ms A during D2.

A second pulse of fluid release is predicted to occur near the thermal peak (Fig. 4.10a, c) in response to the growth of the biotite rim, favoring the re-equilibration of ms A in a muscovite of ms B chemical composition. The compositional maps show that ms A is mainly replaced in the S2 cleavage (at 80-85%, see Table 4.3) suggesting that during this stage the fluid preferentially percolated along the main cleavage S2.

A third stage of fluid circulation took place during exhumation and cooling since neo-crystallized phyllosilicates resulting from fluid bearing retrograde reactions [START_REF] Yardley | Origin of retrograde fluids in metamorphic rocks[END_REF][START_REF] Jamtveit | Reaction enhanced permeability during retrogressive metamorphism[END_REF] are observed in porphyroblast P-shadows. At this stage two mechanisms for internal fluid release may be proposed: (1) the partial resorption of biotite (Fig. 4.10a, c) and ( 2) the discharge of fluids released during the prograde metamorphic history that may have been stored in the porosity created by replacement reactions. However, there is no internally derived fluid release predicted by the model during the retrograde P-T path (Fig. 4.10a and c). Fig. 4.10a and c show indeed that the amount of fluid considered 'in excess' decreases after themetamorphic peak. Hence, the participation of externally derived fluids in the retrograde reactions is likely to be significant at this stage of the P-T path.

The fluid availability thus plays a major role in the re-equilibration of muscovite. In particular, internally derived fluids seem to strongly control this process along the prograde path. This interpretation is also supported by the fact that in sample to13-7, where the amount of H 2 O released during the pressure peak was higher than in the sample to13-4 (Fig. 4.10b), ms A is less preserved.

While the modelling approach indicates the existence of three successive stages of fluid release at the scale of the mineral assemblage, external fluids may also participate in the re-equilibration of muscovite. When external fluids are involved the permeability of the rock may change the length of the fluid flow phase and the time necessary for the rock to reach a partial equilibrium [START_REF] Sanchez | Dating low-temperature deformation by 40 Ar/ 39 Ar on white mica, insights from the Argentera-Mercantour Massif (SW Alps)[END_REF]. Hence, in this case, partial equilibrium may have been reached during a longer phase of fluid flow.

The additional effect of external fluids is particular evident in the samples close to the faults, (e.g. lm09-223) where ms A and ms B have been totally replaced. Metamorphic veins associated to the D3 deformation phase are mainly observed at the outcrop scale in the sample with the higher replacement rates. This observation suggests that externally derived fluid circulation -favored by the presence of the fault -triggers the re-equilibration at the sample scale. Further field and chemical investigations are however required to confirm this interpretation. A complete retrogression of garnet-biotite bearing metapelites into greenschist facies conditions is not only observed close to minor faults but also at the scale of the whole central Longmen Shan, along the Whenchuan Shear Zone [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF]. This suggests that the faults acting as favored fluid pathways facilitate the chemical re-equilibration of the adjacent rocks. In summary our observations indicate a strong correlation between the amount of fluid (internal and external) circulating through the rock and the extent of muscovite re-equilibration. The samples in which externally derived fluids have circulated during the retrograde path have therefore less chance to preserve the record of the early P-T stages.

A general model for the re-equilibration of metapelites

In nature fluid availability and deformation can concur together: the fluid efficiently circulates when the metamorphic rock is highly permeable. Permeability is created, at its turn, at microscale by deformation through grain-scale dilatancy or hydraulic fracturing from fluid overpressure [START_REF] Putnis | Replacement processes in the earth's crust[END_REF] or, at macroscale, through tectonically-induced fracturing [START_REF] Jamtveit | Fluid Flow and Transport in Rocks: Mechanisms and effects[END_REF]. In studied metapelites the (re)activation of the S2 cleavage during successive deformation phases (D2 and D3) probably provided, at the sample scale, a privileged path for fluid circulation.

Regional tectonic implications

Structural overprinting relations observed by [START_REF] Harrowfield | Indosinian deformation of the Songpan Garze fold belt, northeast Tibetan plateau[END_REF] suggest that both D1 and D2 deformations phases occurred in the internal domains of the central Longmen Shan prior to the emplacement of ca. 180-190 Ma post-orogenic granites [START_REF] Roger | Timing of granite emplacement and cooling in the Songpan-GarzêFold Belt (eastern Tibetan Plateau) with tectonic implications[END_REF]. Also in Danba area (South-Western Longmen Shan) migmatisation was reached between 200 and 180 Ma (Huang et al., 2003a;[START_REF] Weller | Quantifying barrovian metamorphism in the Danba structural culmination of eastern Tibet[END_REF]. This could therefore mark a possible timing for the thermal metamorphic peak. Pressure peak conditions of ca. 11 kbar were consequently reached before 180-190 Ma. This implies that a pile of ca. 30 km of sediments (density for the crust equal to 2.7 kg m-3) already covered the crust of eastern South China craton at Triassic-lower Jurassic time (Fig. 4.12a and Weller et al., 2013). A major episode of crustal thickening was therefore already ongoing in the eastern margin of the Tibetan plateau at that time. Although the erosion may have removed an important portion of the sedimentary pile since then, the contribution of the Mesozoic deformation to the ca. 60 km crustal thickness now observed below the Songpan-Garze block thus seems to be of great importance.

The pressure peak recorded in studied metapelites precedes the thermal peak along a clockwise metamorphic history, suggesting that sediments were buried fast enough during the first phases of crustal thickening to prevent a complete thermal relaxation of the system. Thermal relaxation was reached during the first stages of decompression down to ca. 6 kbar (Fig. 4.12a), in agreement with the interpretation of the P-T path recorded in the Danba sediments proposed by Huang et al. (2003b); [START_REF] Weller | Quantifying barrovian metamorphism in the Danba structural culmination of eastern Tibet[END_REF].

The retrograde path that post-date the thermal peak is characterized by a low-P metamorphism, related to a top-to-the south D3 shearing and exhumation up to 4-5 kbar. During the D3 deformation phase the ancient faults were re-activated as suggested by the difference between retrograde pressure conditions of samples lm09-221a and lm09-223. The D3 deformation phase also involved the basement of the South China craton (Fig. 4.12b), as revealed by metamorphic and geochronological data obtained in the Pengguan massif [START_REF] Airaghi | Total vertical offset for the Beichuan Fault (Longmen Shan, Sichuan, China) deduced from metamorphic minerals[END_REF]. 

Conclusion

Our petrological observations show that typical garnet-biotite metapelites, collected in the internal domains of the Longmen Shan thrust belt (Sichuan, China) record microstructural evidence of several deformation phases that can be related to different metamorphic assemblages. High-resolution X-ray compositional mapping and a multi-method thermobarometry approach based on the combination of empirical thermometers, phase equilibria and multi-equilibrium modelling successfully enable to reconstruct a P-T path despite the littleness of index minerals. This P-T path is characterized by a pressure peak at 11 ± 2 kbar, 530 ± 20 • C, related to the maximum burial, followed by a thermal peak at 6.5 ± 1 kbar, 575 ± 10 • C and by a greenschist low-P overprint during exhumation up to 4-5 kbar, 380-450 • C. However the chemical evolution of the muscovite-rich matrix along the P-T history reveals that the P-T conditions obtained from metamorphic muscovite preserved in different microstructures do not directly correlate with the metamorphic conditions at which the different phases of deformation occurred. Although pre-P peak microstructures are indeed preserved in the studied samples no chemical evidences of the burial history were observed. Moreover, muscovite reequilibrated at each stage at different extents in metapelites. The main factors controlling reequilibration are the degree of deformation and the amount of fluid available during the whole metamorphic history. In this sense P-T conditions obtained for the different metamorphic assemblage are more likely to reflect successive stages of re-equilibration and fluid circulation related to mineral resorption or larger scale fluid circulation. It is consequently crucial to perform a detailed petrological study to correctly retrieve P-T-paths and link microstructures to ages. Chapter 4. Preservation of different metamorphic stages in the internal sedimentary units of the Longmen Shan: a high-resolution petrological approach 91 4.3 Further comments

Crenulation cleavage development, mass transfert and novelty of this study

Beyond the regional interest for the metamorphic evolution of the metasedimentary cover in the central Longmen Shan, the study presented in the previous section adds important novelties to the numerous studies that have previously investigated mass transfer associated to the cleavage formation in white mica-rich metapelites [START_REF] Gray | Crenulation cleavage differentiation: implications of solution-deposition processes[END_REF][START_REF] Bell | Sequential porphyroblast growth and crenulation cleavage development during progressive deformation[END_REF][START_REF] Wright | Volume loss during cleavage formation in the Meguma Group, Nova Scotia, Canada[END_REF][START_REF] Mancktelow | On volume change and mass transport during the development of crenulation cleavage[END_REF][START_REF] Worley | Crenulation cleavage formation: Evolving diffusion, deformation and equilibration mechanisms with increasing metamorphic grade[END_REF] and [START_REF] Williams | High-resolution compositional mapping of matrix phases: implications for mass transfer during crenulation cleavage development in the moretown formation, western massachusetts[END_REF][START_REF] Mcwilliams | Scales of equilibrium and disequilibrium during cleavage formation in chlorite and biotite-grade phyllites, SE Vermont[END_REF][START_REF] Naus-Thijssen | Numerical modeling of crenulation cleavage development: A polymineralic approach[END_REF]. These can be broadly divided into two groups: (i) microchemical studies and (ii) microtextural studies.

Microtextural studies focus on the mechanisms of the crenulation cleavage formation and have emphasized dissolution and removal of material from cleavage domains (removed from the system). On the other hand, microchemical studies have focused on the chemical trasferts among cleavage domains. They generally discard significant volume loss since the bulk rock composition in crenulated and non-crenulated samples have been frequenlty observed to be equal (e.g. [START_REF] Mancktelow | On volume change and mass transport during the development of crenulation cleavage[END_REF]. In this framework, MCWilliams et al. ( 2007) have proposed, for example, that white mica (and chlorite) in the cleavage domains of deformed metapelites may grow from a local and small fluid reservoir.

In this case, white mica zoning unrevealed by EPMA point analyses (Fig. 4.17A) is interpreted as primarily controlled by fluid-solid fractionation during the crystallization from this small reservoir.

Given the fine-scale chemical zoning of the white mica, local dissolution and precipitation processes are interpreted as responsible for white mica re-crystallization.

A more comprehensive view of the chemical heterogeneities in matrix minerals is however provided by the X-ray chemical maps (e.g. [START_REF] Williams | High-resolution compositional mapping of matrix phases: implications for mass transfer during crenulation cleavage development in the moretown formation, western massachusetts[END_REF]Fig. 4.17B and C). Although the primary focus of these authors resided on the plagioclase re-crystallization mechanisms in different microstructural sites (cleavage domains and microfolds hinges), the map performed on matrix white mica (Fig. 4.17B and C) documents a complex chemical pattern, similar to the one observed in the metapelites of the Longmen Shan. Furthermore, [START_REF] Williams | High-resolution compositional mapping of matrix phases: implications for mass transfer during crenulation cleavage development in the moretown formation, western massachusetts[END_REF] have shown that uncrenulated domains experienced mass transfer and reactivation of older cleavages. This is for example the case for the newly growth Ca-rich plagioclase that was observed in all microstructural sites (porpyroblast pressure shadows and matrix) although the lastest population is preferentially observed in the porphyroblast pressure shadows. Microstructures seem therefore to control the location of the reactants and products within the evolving fabric [START_REF] Williams | High-resolution compositional mapping of matrix phases: implications for mass transfer during crenulation cleavage development in the moretown formation, western massachusetts[END_REF]. These results are very consistent with our observations on matrix phyllosilicate in metapelites of the Longmen Shan and support the interpretations that (i) matrix white mica is replaced in all microstructural sites at each metamorphic stage and (ii) each generation is present with a different modal aboundance in different microstructural sites (e.g Ms A is predominant in the S1 cleavage, Ms B in the S2 cleavage and Ms C in the porphyroblast pressure shadows).

Beyond these aspects, our study brings some novelties compared to previous works. First, by performing high-resolution quantitative EPMA maps instead of punctual analyses or X-ray map it was possible to (i) better identify relict domains within the matrix phyllosilicate and (ii) quantify the amount of replacement in each microstructural site. Secondly we quantified the timing of the muscovite re-equilibration during the P-T path, and its effect on the P-T estimates, using a multi-method thermodynamic approach. It was therefore possible to observe a shift between the P-T conditions at et al., 2001).

which the deformation occurs and the P-T conditions at which the chemical replacement of muscovite takes place. Furthermore, we document a change in the zoning pattern of matrix white mica as a function of the degree of deformation and of the distance to the major faults, suggesting in those case a key role of externally-derived fluids in white mica replacement. These aspects of the matrix mineral re-equilibration were hitherto poorly explored, despite the major implications for the understanding of the P-T paths in low to medium deformed metapelites.

Sources of uncertainty and error estimation in mineral chemistry analysis and thermobarometry

In this and previous Chapters different techniques for mineral analysis and P-T estimates have been presented. They are associated to systematic errors that is now necessary to specify. This section aims therefore to provide a brief overview of the main sources of uncertainties that affect the rock and mineral compositional analyses as well as the thermobarometry and to present the principal strategies adopted to maximize the data quality. This section appears at the end of this chapter where both the electron microprobe analyses and multiple thermobarometric methods were used but it refers to all chemical and thermobarometric data presented in the manuscript.

Chapter 4. Preservation of different metamorphic stages in the internal sedimentary units of the Longmen Shan: a high-resolution petrological approach 93

Uncertainty on multi-equilibrium P-T estimates

The uncertainty of P-T estimates obtained with Chl-Qz-H 2 O and Phg-Qz-H 2 O multi-equilibrium approach is a sum of uncertainties linked to the experimental data included in the thermodynamic database used for calculation and the uncertainties produced during the mineral analysis. Both propagates into the P-T estimates, generating an error related to the thermobaremtric calculation that has been evaluated following the procedure described in Lanari (2012); [START_REF] Cantarero | Long-term fluid circulation in extensional faults in the central Catalan Coastal Ranges: P-T constraints from neoformed chlorite and Kwhite mica[END_REF]. This involves three steps:

1. One representative analysis of chlorite or phengite is selected among each chemical group identified with the EPMA (X-ray compositional mapping and point analysis);

2. An aleatory set of analyses is generated from the selected analysis (∼ 1000) in order to reproduce a normal distribution law with 1σ = 1% dispersion for each element (e.g. SiO 2 , Al 2 O 3 etc.);

3. P and T conditions were calculated for the new set of data (Monte-Carlo approach) with the same models (and with the same fixed parameters) used for the natural set of analyses. Results between the two sets of data were compared and the relative uncertainty was estimated.

It is worth to notice that the Chl-Qz-H 2 O thermometer of [START_REF] Vidal | Thermodynamic properties on the Tschermak solid solution in Fechlorite: application to natural examples and possible role of oxidation[END_REF]Vidal et al. ( , 2006) exhibits a large uncertainty on P-T estimates for chlorite formed at low pressure (< 5 kbar) and relatively high temperature (> 400-450 • C, see section 4.2.8.1) due to the P-T conditions of crystallization of chlorites used for the model calibration (Lanari et al., 2014b).

Uncertainty on equilibrium phase diagram calculation and mineral composition

Equilibrium phase diagram calculations are also affected by two types of uncertainties (e.g. [START_REF] Evans | A method for calculating effective bulk composition modification due to crystal fractionation in garnet-bearing schist: implications for isopleth thermobarometry[END_REF][START_REF] Palin | Quantifying geological uncertainty in metamorphic phase equilibria modelling; a Monte Carlo assessment and implications for tectonic interpretations[END_REF]: one is related to the experimentally-derived physical properties of endmembers (listed in the thermodynamic database used for calculations) and the activity models which describe the solid solution mixing of the end-members within one phase (see Appendix 1). The other type is related to uncertainties in the measurement of the bulk rock composition and of the chemical composition of minerals (user and instrument-dependent), both explained in the following.

Uncertainty on electron microprobe point analyses and data quality improvement

Quantitative chemical point analyses acquired for metamorphic minerals with the electron microprobe (EPMA) are reduced to transform the raw X-ray intensities into concentrations of the analyzed element and to assign a statistical significance to the measure. Each measure is indeed associated to an analytical uncertainty, expressed in counting error (%) of the X-ray intensities (S.D., see the Appendix 1 for a detailed description of the S.D. calculation). This uncertainty depends on the instrument conditions such as the accelerating voltage used, the probe current, the counting time, the spectrometer and on the concentration of the element within the mineral. Analyses of elements that are present at low concentrations in a specific mineral performed with low probe current will be associated for instance to a larger analytical uncertainty. The accuracy and precision of raw data may also be affected by physical and non-systematic errors produced during the data acquisition that add to the X-ray counting errors.

An appropriate strategy of correction was therefore adopted to maximize the data quality. Among possible sources of uncertainty we cite:

• Matrix effects. These effects derive from physical interactions between the elements of the analyzed system and the electron beam that decrease or alter the quantity of X-rays that arrives to the detector. They include the 'stopping effects' of a part of the incoming electrons, dependent on the atomic number Z of the excited element, the 'fluorescence' (F) derived from X-rays emitted by inner electrons shells and the partial 'absorption' (A) on the primary characteristic X-ray in their way to the detector (see Appendix 2 for further details). To take into account the matrix effects the "ZAF" correction was systematically applied to raw data. All the chemical species present in the analyzed system were considered in the analyses in order to be able to correct for all the possible interactions.

• Spectra overlaps. Each element has a specific X-ray spectral lines in wavelength. However, when multiple elements are analyzed, different elements may produce overlapping X-rays. This is for example the case for U-Pb bearing mineral (e.g. allanite and monazite, see chapter 5) where the ThMg ray overlaps with the peak of the U Mβ. A correction was therefore applied, on the base of the Th Mα ray value through the ratio A:

A = (Th Mg) at the U Mβ position / intensity of the (Th Mα) which for our analyses corresponds to:

[U] corrected =[U] initial -0.0079[Th]
• Instrumental instability (drift of the EPMA electron beam). To track the instrument drift during the analysis of silicates a total of 6 standard materials (3 Orthoclase and 3 Cr-Augite) were analyzed each 50-80 sample analyses and at the beginning and at the end of the analytical protocol.

For the analysis of accessory monazite, a standard monazite Madagascar [START_REF] Paquette | High resolution (5 µm) U-Th-Pb isotope dating of monazite with excimer laser ablation (ELA)-ICPMS[END_REF] was used (see Chap. 5.4). The standard deviation of the mean chemical composition (RDS) for each element was then calculated separately for Orthochlase and Cr-Augite as follows:

RDS = 100 * (X i /X s ) (4.2)
where X i is the content of the element i (e.g. Si, Mg etc.) in oxide % for one analysis of the standard and X s is the average content of the same elment in all the analyses performed on the standard material.

The RDS and the difference between X i for each element and external reference values for the standard materials ('accuracy') have to plot within the analytical uncertainty of the EPMA measurement. The effect of the beam drift on the compositional values of the standard material is calculated by a linear regression of equation mx + q (Fig. 4.18). A correction is applied to the raw data (both standards and sample analyses) for any m value > 0.00099 as follows (e.g. for the SiO 2 ):

SiO 2 [corrected] = SiO 2 [standard] * (SiO 2 [ref erence]/(mx + q)),
where x is the number of the analysis and q the values on the y axis at the origin retrieved from the linear regression (Fig. 4.18). 

X-ray mapping and map standardization

High-resolution X-ray maps were acquired with the EPMA and were transformed into quantitative maps of oxide % through internal standard profile (aquired point analyses) in the software XMAPTOOLS Lanari et al. (2014a). In order to minimize the error on X-ray map data, the order of the element acquisition was crucial. Light elements such as Na, K and Ca may indeed diffuse under the high electron beam used for micromapping (100 nA). Hence, all these elements were measured during the first pass of the beam in the map area. The chosen dwell time was also crucial since it affected the chemical resolution of the map. Dwell time of 200 ms were generally used to analyze both major and accessory mineral phases. Maps were corrected from the dwell with XMAPTOOLS software.

X-ray intensities map were transformed in quantitative maps expressed in oxide wt% using point analyses as internal standards, trough the software XMAPTOOLS (Lanari et al., 2014a). The calibration curves for X-ray maps standardization were automatically calculated in XMAPTOOLS using a median approach (except for homogeneous phases as quartz) or manually to ensure the best fit possible between the map intensity and the corresponding point analyses. In both cases the quality of calibration was checked a posteriori with the help of standard composition (spot analyses, in oxide wt%) vs corresponding pixels composition diagrams (for intensity X-ray maps, in number or counts as in Fig. 4.19A) or for the standardized map in oxide wt-% (Fig. 4.19B). This enabled to detect the elements with a chemical variability below the mapping conditions detection limits.

At the end of my PhD I was involved in the development of a new calibration method in the XMAP-TOOLS software (version 2.4) for the standardization of the X-ray maps (see Appendix 2). This new procedure increases the precision of the map quantification by allowing the user to choose the best calibration to standardize the map for each element. This becomes particularly crucial for element hosted in small quantities within a mineral (e.g. Ti and Na in white mica). Compositional maps in Chapter 6.3.2 have been standardized with the new approach.

Uncertainty over the bulk-rock composition

Beyond mineral compositional analysis, one of the major source of uncertainty in the estimation of the P-T metamorphic conditions is the choice of the bulk-rock composition. In order to provide reliable P-T estimates the chosen bulk rock has to correspond indeed to the volume of rock that is supposed to completely re-equilibrate during metamorphism. New techniques have been recently developed to estimate the local bulk rock composition from quantitative compositional mapping (Lanari and Engi, 2017), in order to restrain the bulk system to small reactive volumes of rock. However the choice of a too small area may have significant effects on the P-T conditions of stability of major mineral phases (e.g. garnet can be shifted of > 50 • C for local bulk compositions estimated from mapped areas with a significant different size, Lanari and Engi, 2017).

In this PhD study bulk composition were obtained by LA-ICPMS and ICP-OES (Optical Emission Spectrometry) analyses on a fraction of sample previously crushed in an agathe mill. This ensured the estimation of the bulk rock composition from a large volume of rocks. However, in this case, mineralogical variation at the thin-section scale can propagates through the phase equilibria modelling process causing an absolute displacements of thermodynamic equilibria up to ± 1 kbar (similar to conventional barometry, [START_REF] Palin | Quantifying geological uncertainty in metamorphic phase equilibria modelling; a Monte Carlo assessment and implications for tectonic interpretations[END_REF]. To minimize this problem the volumes of rock selected for the bulk composition measurement were chosen on the base of their homogeneity and representativeness compared to the analyzed thin sections used for thermobarometry.

The fact that most of the accessory minerals (e.g. large amounts of apatite or monazite) are generally ignored in equilibrium phase diagrams may also constitute an additional source of error in the estimation of the bulk composition, leading to an overestimation of the available quantity of constitutive elements (e.g. CaO and P 2 O 5 ) for other mineral phases. This uncertainty propagates into the thermodynamic calculations and has to be therefore kept in mind while constructing equilibrium phase diagrams.

CHAPTER 5

Multi-mineral petrochronology and diffusion modelling: linking ages to stages in the internal units of the Longmen Shan 

Preface

The previous Chapter presented the metamorphic evolution of the sedimentary units in the Tonghua area (internal units of the Longmen Shan). The P-T estimates and the compostional analyses were associated to different sources of uncertainties: a series of strategies was therefore applied to improve the precision and the accurancy of the data. Such a high-resolution petrological approach was crucial to retrieve a relative chronology of the structural and metamorphic events in the internal domains of the belt. However absolute time constraints are still lacking. The complexity of the compositional record in the metamorphic rocks of the Longmen Shan described in the previous chapters suggests that heterogeneties may also exist in the geochronological record. Thus, the age estimation would be therefore rahter useless without a comprehension of the chemical, baric and thermal changes in the rock.

The goal of this Chapter is to link the age obtained from an accessory and major minerals with the growth and breakdown of the P-T sensitive minerals, with chemical heterogeneity within the grains and with microstructures. This was obtained by combining dating with compositional maps of all 97 dated minerals and new thermobarometric estimates for the sedimentary units of the Tonghua area and for the Tonghua crystalline basement. To ensure the best spatial resolution possible an in-situ dating technique was preferred. The isotopic resolution was instead dependent of the isotopic system choosen. Two isotopic system were studied: the 40 Ar/ 39 Ar in mica (section 5.2), characterized by a relatively fast diffusion and the U-Pb-Th in allanite (section 5.4), characterized by a exremely slow diffusion. This secured our interpretation on the age and provided information upon different processes.

Article: Challenges in combining multi-mineral petrochronology and

Ar diffusion modeling to constrain the polymetamorphic history of the Longmen Shan, eastern Tibet Airaghi, L., Warren, C.J., de Sigoyer, J., Lanari P., Magnin, V. Challenges in combining multi-mineral petrochronology and Ar diffusion modeling to constrain the polymetamorphic history of the Longmen Shan, eastern Tibet. Submitted to Journal of Metamorphic Geology.

Abstract

Linking ages to metamorphic stages in rocks that have experienced multiple stages of low to medium-grade metamorphism can be particularly tricky due to the rarity of index minerals and the preservation of mineral or chemical relicts that record different stages of the history. The timing of metamorphism and the Mesozoic exhumation of the metasedimentary units and crystalline basement that form the internal part of the Longmen Shan (Sichuan, China), is, for these reasons, still largely unconstrained, but crucial for understanding the regional tectonic evolution of the eastern Tibet. In-situ core-rim 40 Ar/ 39 Ar biotite and U-Pb/Th allanite data show that amphibolitic-facies conditions (11 ± 1 kbar, 530-580 

Introduction

One of the major contributions to the understanding of the tectonic evolution of orogenic belts is the quantification of the rates of different parts of the burial and exhumation cycle experienced by the rocks now outcropping at the surface. Important constraints on cooling histories are provided by coupling different chronometer systems (e.g. [START_REF] Spear | Petrology and cooling rates of the Valhalla complex, British Columbia, Canada[END_REF][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] Hermann | Relating zircon and monazite domains to garnet growth zones: age and duration of granulite facies metamorphism in the Val Malenco lower crust[END_REF][START_REF] Janots | Metamorphic rates in collisional orogeny from in situ allanite and monazite dating[END_REF]. These systems include U-Pb (zircon, monazite, allanite) and Lu-Hf or Sm-Nd (garnet) for temperatures >500 • C, 40 Ar/ 39 Ar (micas, amphiboles) and U-Pb (rutile, titanite) at temperatures between 450-350 • C, and fission track and U-Th/He at temperatures <300 • C. 40 Ar/ 39 Ar dating of micas is particularly commonly used to determine the timing of metamorphic cooling due to the ubiquity of mica. The mica K and Ar concentrations are assumed to record the time at which they passed below the nominal 'closure temperature', defined as the temperature at the time of the grain's apparent age and calculated using Dodson's elegant analytical solution to the diffusion equation [START_REF] Dodson | Closure temperature in cooling geochronological and petrological systems[END_REF]. The traditional link between 40 Ar/ 39 Ar age data and temperature via the Dodson closure equation [START_REF] Dodson | Closure temperature in cooling geochronological and petrological systems[END_REF] was adequate for the time when it was developed: the computing power required to solve the diffusion equation was expensive and not always available, and analytical equipment was unable to provide particularly high-precision data. Modern computers now allow the diffusion equation to be numerically solved in seconds. The effect of different cooling path shapes and rates on 40 Ar/ 39 Ar ages of micas that cooled from different temperatures can therefore be modeled easily and compared to the data to provide much more insight on tectonic histories.

For critical evaluation of the model results, however, insight into the factors that may have affected Ar concentrations inside the grains of interest is required. The concentration of Ar incorporated or lost in a grain can vary not only as a function of the cooling history, but also by the grain size, the microstructural position of the grain within the sample, the effectiveness of the grain boundary fluid network in removing Ar from the grain boundary (the 'open-ness' of the system) and by the (re)crystallization history of the mineral through the metamorphic cycle [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] Vincenzo | Evidence of a close link between petrology and isotope records: constraints from SEM, EMP, TEM and in situ 40 Ar-39 Ar laser analyses on multiple generation of white micas (lanterman range, antarctica)[END_REF][START_REF] Villa | Disequilibrium textures versus equilirium modelling: geochronology at the crossroads[END_REF]Warren et al., 2012a;[START_REF] Fornash | Tracking the timing of subduction and exhumation using 40 Ar/ 39 Ar phengite ages in blueschist-and eclogite-facies rocks (Sivrihisar, Turkey)[END_REF].

Modern analytical instrumentation allows the structural complexity and chemical heterogeneity of metamorphic minerals to be imaged and quantified with high precision (e.g. Lanari et al., 2012Lanari et al., , 2014c;;Scheffer et al., 2016). This is particularly relevant for rocks that record multiple stages of metamorphic history under low to medium metamorphic conditions where mineral relics are the rule rather than the exception. Since many tectonic timescale estimations rely on the interpretations of 40 Ar/ 39 Ar ages [START_REF] Sanchez | Dating low-temperature deformation by 40 Ar/ 39 Ar on white mica, insights from the Argentera-Mercantour Massif (SW Alps)[END_REF]Lanari et al., 2014c) and associated cooling rates (e.g. [START_REF] Mulch | Time scales of deformation and exhumation in extensional detachment systems determined by high-spatial resolution in situ UV-laser 40 Ar/ 39 Ar dating[END_REF][START_REF] Rolland | Prolonged Variascan to Alpine history of an active Eurasian margin (Georgia, Armenia) revealed by 40 Ar/ 39 Ar dating[END_REF], only an integrated petrological and geochronological approach can allow age significance within the geological context to be precisely assessed.

In mica-bearing low to medium grade metamorphic rocks, step heating (either multi-or single-grain), single grain fusion and in-situ laser ablation techniques all provide 40 Ar/ 39 Ar data. However only in-situ ablation provides a direct link between grain-scale location and age. Such data, plus data from other independent geochronometers (e.g. U-Pb/Th on zircon, monazite, allanite), results from numerical diffusion models and compositional analyses of metamorphic minerals provide a means for distinguishing whether Ar age variations derive purely from Ar diffusion -thus providing constraints on cooling rates -or whether they derive from mineral recrystallization reactions during metamorphism [START_REF] Mulch | Recrystallisation or cooling ages: in situ uv laser 40 Ar/ 39 Ar geochronology of muscovite in mylonitic rocks[END_REF][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 the low to medium grade metamorphic rocks of the central Longmen Shan (Sichuan, China), at the eastern border of the Tibetan plateau (Fig. 5.1), recent studies have documented a complex pattern of chemical heterogeneities within the metamorphic minerals (Chap. 3 and 4). These complexities make the geochronological estimations of the metamorphic events particularly challenging. Field structures provide evidence for two successive compressional events: one linked to the Upper-Triassic -Lower Jurassic orogeny related to the closure of the Paleotethys [START_REF] Chen | Emplacement of the Longmen Shan thrust-nappe Belt along the eastern magin of the Tibetan Plateau[END_REF][START_REF] Harrowfield | Indosinian deformation of the Songpan Garze fold belt, northeast Tibetan plateau[END_REF][START_REF] Roger | The tectonic evolution of the Songpan-Garzê (North Tibet) and adjacent areas from Proterozoic to Present: A synthesis[END_REF][START_REF] Yan | Structural and geochronological constrains on the Mesozoic-Cenozoic tectonic evolution of the Longmen Shan thrust belt, eastern Tibetan Plateau[END_REF], and one linked to the Cenozoic re-activation that started in the Eocene after the India-Asia collision. This latter event includes a period of rapid exhumation of the Longmen Shan crystalline units from c. 10 Ma, as demonstrated by U-Th-He and apatite and zircon fission track ages [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF][START_REF] Richardson | Extraordinary denudation in the Sichuan basin: Insights from low-temperature thermochronology adjacent to the eastern margin of the Tibetan plateau[END_REF][START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF]Wang et al., 2012a;Li et al., 2012bLi et al., , 2015b;;[START_REF] Tan | Late Cenozoic thrusting of major faults along the central segment of Longmen Shan, eastern Tibet: Evidence from lowtemperature thermochronology[END_REF]. A period of tectonic quiescence and slow cooling at rates ∼1 • C/Ma has been proposed between the two deformation phases (e.g. [START_REF] Roger | Mesozoic-Cenozoic tectonothermal evolution of the eastern part of the Tibetan plateau (Songpan-Garze, Longmen Shan area): insights from thermochronological data and simple thermal modelling[END_REF]. This suggestion was recently called into question by new 40 Ar/ 39 Ar ages that appear to document the re-activation of the crystalline Pengguan massif under greenschist facies conditions at c. 137 Ma, during the Lower Cretaceous (Chap. 3).

In the Danba area, southwest of the Longmen Shan (Fig. 5.1A), studies have shown that deformation during the Upper Triassic-Lower Jurassic thickened the Songpan-Ganze sediments and basement that forms the Tibetan crust in that region and resulted in medium-grade metamorphism at the base of the sedimentary pile (Huang et al., 2003a;[START_REF] Weller | Quantifying barrovian metamorphism in the Danba structural culmination of eastern Tibet[END_REF][START_REF] Billerot | Gneiss domes of the Danba metamorphic complex, Songpan Ganze, eastern Tibet[END_REF]. Metamorphism was coeval with granite emplacement from 230 to 180 Ma [START_REF] Roger | Timing of granite emplacement and cooling in the Songpan-GarzêFold Belt (eastern Tibetan Plateau) with tectonic implications[END_REF][START_REF] De Sigoyer | Generation and emplecement of Triassic granitoids within the Sonpan Ganze accretionary-orogenic wedge in a context of slab retreat accomodated by tear faulting, Eastern Tibetan plateau, China[END_REF]). In the central Longmen Shan, detailed microstructural and petrological studies have suggested different phases of deformation, metamorphic mineral growth and rock chemical re-equilibration (Worley and Wilson, 1996 and Chap. 3 and 4). However when these different phases occurred has remained unconstrained. This study focuses on the internal domain of the Longmen Shan, west of the Wenchuan Shear Zone (Fig. 5.1). We report a new dataset of in-situ metamorphic biotite and muscovite 40 Ar/ 39 Ar and allanite (REE-rich epidote) U-Pb/Th ages that provide context between ages and microstructures.

Given the chemical heterogeneity of the metamorphic minerals, we combine previously-reported and newly acquired compositional mapping, microstructural observations and P-T paths to put ages into a petrological-structural context. Ar diffusion models provide insights into any potential best-fit thermal history and into possible factors controlling the Ar resetting. Our results provide new time constraints on the timescales of metamorphic processes in the internal domain of the central Longmen Shan in particular and to the Mesozoic evolution of eastern Tibet in general.

Geologic Setting

The Longmen Shan range is located at the eastern border of the Tibetan plateau, between the Songpan Ganze block to the west and the Sichuan basin to the east (Fig. in the hanging wall of the Beichuan and Wenchuan faults respectively [START_REF] Zhou | Subduction-related origin of the 750 Ma Xuelongbao adakitic complex (Sichuan province, China): Implications for the tectonic setting of the giant Neoproterozoic magmatic event in South China[END_REF][START_REF] Yan | Collapse of Songpan-Garze orogenic belt resulted from Mesozoic Middle-crustal ductile channel flow: Evidences from deformation and metamorphism within Sinian-Paleozoic strata in hinterland of Longmenshan foreland thrust belt[END_REF]. In the hanging wall of the Wenchuan fault the Tonghua crystalline massif also crops out as a 75 km long slice of metagranitic and metagranodioritic rocks (Fig. 5.1B and C). The Tonghua massif is considered here to be an equivalent of the Xuelongbao massif, and thus to also represent the South China Craton. The massif (roofed by Neoproterozoic sediments) is bounded to the southeast by the Wenchuan fault and to the northeast by a tectonic contact that separates it from medium-grade Paleozoic-Mesozoic metamorphic sedimentary cover (Fig. 5.1C). The sedimentary cover mainly includes deformed Silurian metapelites and Devonian metagreywackes (Fig. 5.1B and C). The Tonghua crystalline massif is folded (Fig. 5.1B); close to the Wenchuan fault the crystalline rocks are deformed under brittleductile conditions. Deformation is underlined by a northwest-dipping cleavage, cm-scale shear zones and veins where the magmatic protolith is metamorphosed under greenschist facies conditions, with assemblages of chlorite + white mica + epidote + quartz.

In the Tonghua and Pengguan massifs, only greenschist metamorphism is observed (Chap. 3). However in the sedimentary cover of the Tonghua massif, an amphibolite facies assemblage characterized by garnet and biotite (± allanite) is identified, overprinted by a successive greenschist event [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF]Worley and Wilson, 1996 and Chap. 4). The geographical proximity of these different metamorphic domains poses questions on the timing of their emplacement. A series of samples was therefore collected from both the metasedimentary cover and the Tonghua crystalline massif (see red dots in Fig. 5.1B and Table 5.1 for sample location).

Sample description and thermobarometry

Methods

Major mineral phases and allanite grains were identified on polished thin sections using optical microscopy and backscatter images performed with a Scanning Electron Microscope S2500 Hitachi at Institut des Sciences de la Terre (ISTerre -University Grenoble Alps, France). The chemistry of the major mineral phases was analyzed with an Electron Probe Micro-analyzer (EPMA) JEOL JXA-8230 at ISTerre. Point analyses were acquired using 15 keV accelerating voltage and 12 nA beam current with a beam size between 1 and 3 µm. Representative mineral compositions are presented in Table 2. In order to track the chemical heterogeneity within the major minerals and allantie, X-ray maps were acquired at 15 keV and 100 nA, a dwell time of 200 ms (300 ms for allanite). Major mineral compositional maps were standardized using the program XMAPTOOLS 2.3.1 (Lanari et al., 2014a).

The mineral chemistry of samples to13-4 and to13-7 is described in detail in Chapter 4. Garnet-biotite thermometry calculations were applied to sample to13-5 where garnet and biotite were observed in textural equilibrium, using the calibrations of [START_REF] Perchuk | Experimental investigation of exchange equilibria in the system cordierite-garnet-biotite[END_REF]; [START_REF] Thompson | Mineral reactions in pelitic rocks: I. prediction of P-T-X(Fe-Mg) phase relations[END_REF]; [START_REF] Holdaway | Fe-Mg cordierite stability in high-grade pelitic rocks based on experimental, theoretical, and natural observations[END_REF], for P = 10 kbar. The maximum temperature experienced by sample lm147 (T peak ) was estimated by Raman Spectroscopy on Carbonaceous Material (RSCM), following the procedure described by [START_REF] Beyssac | Graphitization in a high-pressure, lowtemperature metamorphic gradient: a raman microspectroscopy and HRTEM study[END_REF]. P-T conditions of the greenschist assemblage in the samples from the crystalline Tonghua massif were estimated with the multi-equilibrium chlorite-white mica-quartz-H 2 O thermobarometry, following the procedures described in (Lanari et al., 2012, 2014b andChap. 3). Metamorphic conditions of the analyzed samples are reported in Table 5.1.

Metasediments

Samples collected in the Silurian to Devonian sedimentary series (to13-4, to13-5, to13-7, lm09-220 and lm147) are metapelites metamorphosed under amphibolitic facies conditions, with assemblages of quartz + white mica + chlorite + garnet (except lm147) + biotite + ilmenite + feldspar (albite) and accessory apatite + allanite (Fig. 5.2).

At the thin section scale, samples to13-4 and to13-7 (described in detail in Chap. 4), to13-5 and lm09-220 exhibit 400-600 µm (radius) garnet and biotite porphyroblasts superimposed on the main white mica-bearing cleavage (S2; Compositional maps show that 10-15% of the white mica in the S2 cleavage in samples to13-4 and to13-7 has an Si 4+ content of 3.2-3.25 and an X M g of 0.54-0.61. This composition, called here Ms1, is characteristic of pressure peak conditions (11 ± 2, 530 ± 20 • C; Chap. 4). The remaining 80-85% of white mica, Ms2, forming the S2 cleavage, contains a lower Si 4+ content of 3-3.15 and an X M g of 0.43-0.6. This composition is related to temperature peak conditions (6.5 ± 1 kbar, 575 ± 10 • C; Chap. 4). Muscovite grains located in biotite pressure shadows and at biotite rims (Ms3) are related to the greenschist facies conditions overprint (Chap. 4). Heterogeneous chemical composition is also observed in matrix muscovite of sample lm147, where the Si 4+ varies from 3.1 to 3.3, for an X M g of 0.65-0.72 and a K content ranging from 0.84 to 0.91 (Fig. 5.4D).

Biotite porphyroblasts in samples to13-4 and to13-5 show a similar average X M g of 0.43-0.46 (Table 5.2).However, the X M g content tends to be heterogeneous in biotite in both samples, increasing with proximity to cleavage-parallel cracks that formed syn-or post-the S2-forming stage, and also increasing towards the rims (up to 0.51, Fig. 5.4A). The Ti concentration in biotite porphyroblasts increases slightly from the core to the rims (0.08-0.14 pfu in to13-4, 0.07-0.09 for to13-4, Fig. 5.4C). The chemical heterogeneity is therefore not only observed in muscovite but also in biotite. S1 and S2 fabrics are related to the early, greenschist-facies stage of the metamorphic history, while biotite and garnet are interpreted as index minerals of the amphibolite-facies metamorphic peak (Worley and Wilson, 1996 and Chap. 4). However, microtextures suggests that garnet is post-S2 while biotite probably started to grow before the achievement of the metamorphic peak (syn to post-S2 forming phase Fig. 5.2A). In sample to13-5 biotite and garnet share sharp rims, suggesting that they grew in chemical equilibrium at some point of the metamorphic path. Due to its microtextural relation with garnet and the S2 fabric, allanite is also linked to the metamorphic peak assemblage. The chlorite + white mica intergrowths present at the biotite rims and the micrometric monazite at the allanite rims (in sample to13-7) appear related to the late metamorphic overprint under greenschist facies 5.1): lower conditions than other studied samples.

Crystalline basement

Samples lm09-52 and lm09-53 (from the Tonghua crystalline massif) are deformed metagranites; sample to13-12 is a deformed metagranodiorite. The magmatic mineral assemblage made of quartz + plagioclase + alkaline feldspar + (biotite in sample lm09-52) is overprinted by a greenschist mineral assemblage made of albite + white mica + chlorite (+ actinolite + epidote in sample to13-12; Fig.

5.3).

In samples lm09-52 and lm09-53 white mica and chlorite have grown in zones of strain localizationindicated by the grainsize reduction of quartz grains. Both minerals also wrap feldspar and plagioclase grains and develop from micrometric-size fractures (Fig. 5.3A). In sample to13-12 white mica grains form bands ∼300 µm wide and are stretched along the main foliation. White mica-bearing layers alternate with albite-rich layers of few tens of µm wide (Fig. 5.3B). In all samples, quartz exhibits undulating extinction. Feldspar is strongly seriticed and often shows perthitic 'phantoms'. Allanite was only found in sample lm09-52 (20-80 µm; Fig. 3C). Grains are located in greenschist veins associated with titanite, apatite, biotite, xenotime (± monazite, ± zircon), chlorite and K-white mica (Fig.

5.3C).

Where allanite and titanite are in contact, the contact is irregular, whereas allanite-biotite and allanite-apatite boundaries are sharp. Monazite and xenotime nucleated in rounded grains of 5-10 µm at allanite rims (Fig. 5.3D).

Point analyses and compositional maps reveal that white mica (dominant muscovite composition of 0.6-0.65) is chemically homogeneous within each sample (Table 5.2). In sample lm09-52 muscovite contains an Si 4+ content of 3.18-3.22 pfu and an X M g of 0.44-0.54 (Fig. 5.4B). Muscovite in sample lm09-53 contains an Si 4+ content of 3.2-3.3 but a lower X M g of 0.36-0.46. Finally muscovite in sample to13-12 exhibits a higher Si 4+ content of 3.2-3.5 and an X M g of 0.58-0.66. In sample lm09-52 and lm09-53 muscovite is associated with chlorite characterized by a Si 4+ of 2.7-2.8 (pfu) for a X M g 0.44-0.6. The microstructural observations suggest that allanite growth was coeval with biotite growth and preceded the metamorphic monazite + white mica + chlorite greenschist assemblage. Multi-equilibrium thermobarometry constrains the greenschist-facies P-T conditions at 370 ± 35 • C, 7 ± 1 kbar (see Fig.

of of the Supplementary Material S1

). Although no chlorite was observed in sample to13-12, the pressure estimates are consistent, but slightly higher than in samples lm09-52 and lm09-53. Equilibrium P conditions for this sample are therefore estimated at 11 ± 1 kbar, for a reference temperature of 370 • C (Fig. 5.14 of the Supplementary Material S1). 

U-Pb/Th allanite geochronology

Methods

LA-ICP-MS U-Pb/Th dating of allanite was performed in-situ on the same polished thin sections used for the microstructural, petrological and thermobarometric studies (this study and 4). Allanite was analyzed at the Institute of Geological Sciences, University of Bern, using a GeoLas Pro 193 nm ArF excimer laser ablation system coupled with an ELAN DRC-e quadrupole ICP-MS (QMS). The data acquisition procedure is summarized in [START_REF] Burn | Non-matrix-matched standardisation in LA-ICP-MS analysis: General approach, and application to allanite Th-U-Pb dating[END_REF]. Reflected light was used to navigate around the sample and locate ablation spots. The laser operating conditions were 9Hz repetition rate and 2.5 J.cm -2 fluency with a beam diameter of 24 µm. The analyses were bracketed with the zircon reference material Plesovice [START_REF] Sláma | Plešovice zircon -a new natural reference material for U-Pb and Hf isotopic microanalysis[END_REF] used as primary standard and the reference material BONAb [START_REF] Burn | Non-matrix-matched standardisation in LA-ICP-MS analysis: General approach, and application to allanite Th-U-Pb dating[END_REF] and TARA [START_REF] Gregory | Allanite microgeochronology: A LA-ICP-MS and SHRIMP U-Th-Pb study[END_REF] to check the accuracy of each session. Standards were measured each 10 analyses performed on the sample. Each single spot measurement of 60 s was preceded by 20 s of washout, 40 s of background measurement and a pre-ablation of the surface (∼10 s including 5 s washout) with a laser beam diameter of 32 µm to avoid surface common lead correction. Data were reduced using the non-matrix-matched standardization procedure of the in-house software package TRINITY [START_REF] Burn | Non-matrix-matched standardisation in LA-ICP-MS analysis: General approach, and application to allanite Th-U-Pb dating[END_REF]. Isotope rations were evaluated using the Th-isochron approach because the variability in U meant that the Terra-Wasserburg regression [START_REF] Tera | U-Th-Pb systematics in lunar highland samples from the Luna 20 and Apollo 16 missions[END_REF] did not allow a regression line to be calculated precisely The initial radiogenic lead composition ( 208 Pb/ 206 Pbc) was estimated assuming:

(1) the allanite grew within a time shorter than the analytical precision of the age data and ( 2) the composition of initial lead (common lead) incorporated into allanite did not significantly changed during its growth. The resulting uncertainties in common lead composition estimated by the isochron method were propagated through the age calculation procedure using a Monte-Carlo technique (Burn, 2016). The U-Pb and Th values obtained for allanite within each sample were therefore processed as a single population and used to calculate a single weighted mean age. This was in agreement with our petrological observations which suggested only a single allanite growth stage within each sample.

Results

Around 15 analyses were collected from each sample. Four grains of allanite were analyzed in metapelite to13-4 and meta-granite lm09-52, seven in metasedimentary sample to13-7 and three in metasedimentary sample to13-5. All analyzed allanites contain higher Th than U concentrations and highly variable initial Pb concentrations (see Tab 5.4 in the supplementary material). Within individual samples the U-Pb dates were concordant with Th-Pb dates, but were more dispersed and more significantly affected by small variations in common Pb concentration (e.g. Fig. 5.5B). We therefore used the Th-Pb dates for age interpretations. Allanites in metapelites to13-4 and to13-5 yielded similar Th-Pb ages of 191.0 ± 9.6 Ma and 191.0 ± 22.0 respectively (Fig. 5.5A, C). Sample lm09-220 yielded slightly younger ages at 180.4 ± 6.4 Ma (Fig. 5.5D). Allanites in sample to13-7 yielded older (but overlapping) ages of 201.0 ± 22.0 Ma (Fig. 5E). Finally, allanites in sample lm09-52 (Tonghua crystalline massif) yielded the youngest ages at 176.0 ± 22.0 Ma, but still within the error of the metasedimentary cover ages (Fig. 5.5F).

40

Ar/ 39 Ar in situ dating of mica

Methods

Metapelites to13-4, to13-5 and lm147 and Tonghua crystalline massif samples to13-12 and lm09-52 were selected for in-situ 40 Ar/ 39 Ar mica dating. Both biotite and muscovite were analyzed in polished 300 µm-thick sections to link ages to the microstructural position of the grains. In sample to13-5, where biotite grains were >300 µm long, three porphyroblasts were analyzed by both in-situ infrared (IR) laser (melting) and in-situ ultraviolet laser (ablation) methods (Fig. 5.6A, B and D), thus providing an independent check on ages yielded by both methods. Three biotite porphyroblasts were also analyzed in sample to13-4 using the IR laser technique (Fig. 5.6C and D).

Only one sample, to13-12, was analyzed at the University of Montpellier following the procedure described in Chapter 4. All other samples were analyzed at The Open University (UK). These samples were irradiated at McMaster University Reactor, Ontario. Irradiation flux being monitored using the biotite standard GA1550 with an age of 99.74 ± 0.10 Ma [START_REF] Renne | Response to the comment by schwarz et al., on joint determination of 40K decay constants and 40Ar*/40K for the Fish Canyon sanidine standard, and improved accuracy for 40Ar/39Ar geocrhonology[END_REF]. Sample J values (reported in Tables 5.5, 5.6 and 5.7 of the Supplementary material S1) were calculated by linear interpolation between two bracketing standards with standards included between every 8-10 samples in the irradiation tube. The following corrections were applied to the standards: ( 39 Ar/ 37 Ar)Ca = 0.00065 ± 0.0000033, ( 36 Ar/ 37 Ar)Ca = 0.0002654 ± 0.0000013, ( 40 Ar/ 39 Ar)K = 0.0085 ± 0.0000425 based Chapter 5. Multi-mineral petrochronology and diffusion modelling: linking ages to stages in the internal units of the Longmen Shan 109 on analyses of Ca and K salts; only the K correction was applied to the analyzed samples due to negligible Ca in the sample micas. Background (blank) measurements bracketed every 1-2 sample measurements, and average daily values were used to correct the data (Tables 5.5, 5.6 and 5.7 of Supplementary material S1). Analyses were corrected for mass spectrometer discrimination, using a value of 283 for the samples analyzed on the MAP 215-50 and 295 for samples analyzed on the Nu Instruments Noblesse; both determined from regular analysis of modern glass. Samples were loaded into an ultra-high vacuum laser port in both instruments and placed under a heat lamp for 8 hours to reduce atmospheric background levels. High spatial resolution single spot analyses on polished thick sections consisted of ablating three 150 µm diameter spots for biotite grains and 65 µm spots for white mica for 90 seconds followed by 90 seconds gettering using a New Wave Systems Nd-YAG 213 nm ultraviolet (UV) laser. In-situ melting of larger mineral volumes, and total fusion of the flux monitors, was achieved using a 1062 nm CSI Fibre laser and heating until melted, followed by 210-90 s getting time depending on the timing of melting. The combination of instrument and laser used for the analyses are noted in Tables 5.5, 5.6 and 5.7 (Supplementary material S1).

Both mass spectrometers were run in single-collector mode and unwanted gas species were gettered using two SAES AP10 Zr-Al getters (one at room temperature and the other at 450 In the crystalline basement muscovite domains free of chlorite intergrowths in samples lm09-52 and to13-12 (Fig. 

Critical interpretation of the P-T-t results

Analytical uncertainty of the geochronological data

The Th-Pb ages obtained for allanite range between c. 205 Ma and 160 Ma (Upper Triassic-Lower Jurassic) but dates yielded by individual samples all overlap within error. U-Pb ages were concordant with Th-Pb ages for all analyzed samples. The age uncertainty mainly results from relatively high quantities of common Pb incorporated in the allanite grains. All allanite analyses exhibit a 208 Pb/ 206 Pb ratio close to the 200 Ma reference value of 2.09 obtained from the 'global lead evolution model' of [START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF].

In sample to13-4 the fact that a positive correlation is observed between the intensity of the 40Ar signal and the dates may suggest that low signal intensities ( 40 Ar signal < 0.04) magnify uncertainties on the final age (Fig. 5.7B and Tables 5.5, 5.6 and 5.7 in Supplementary Material S1). However older ages do not overlap within the error with muscovite ages clustering at c. 140 Ma. In sample lm147 the lower grain size of white mica combined with the use of the IR-laser technique prevented a clear determination of changes in age with mineral chemistry, despite the distinct chemical heterogeneity of the grains.

In biotite in sample to13-5, the core to rim variation in age uncertainty is independent of the intensity of the 40 Ar signal and different ages do not significantly overlap within the error. This is also the case for ages obtained for this same sample with the IR-technique. Since this technique allow to increase the 40 Ar signal (despite a lower spatial resolution), the uncertainty of each calculated age significantly decreases. The similarity between the IR and the laser ablation results corroborate the validity of our analyses. However, in the IR results some of the 'bt core' dates plot close to the 'bt rims' values. This may be due to the lower spatial control of the technique in the analysis, resulting in a potential mixing of Ar in different age zones during laser melting. In sample to13-4 the spatial control of the IR-laser ablation was lower than in sample to13-5, resulting in indistinguishable ages between the core and the rims of biotite (Fig. 5.6D). All single biotite dates thus overlap within the error. In samples lm09-52 and to13-12 the 40 Ar/ 39 Ar dates obtained for muscovite in two different Ar laboratories are consistent and plot at c. 140 Ma, supporting the reliability of the data. 

P-T-t paths: implications

The integration of the previously and newly acquired thermobarometric data with geochronological results provide major insights on the P-T-t path followed by the rocks of the internal Longmen Shan (Fig. 5.8). The chemical homogeneity of allanite and its microstructural location (see section 5.2.3.2) suggests that it grew during a single event either during or after the S2 fabric-forming stage. Allanite growth may correlate with fluid pulses occurring along the prograde to peak path (Chap. 4), thus marking the achievement of P or T-peak conditions. However no allanite was observed included in garnet, suggesting that its growth postdates that of garnet (P-peak, Chap. 4, and is closer to the Tpeak (Fig. 5.8). Allanite age in samples lm09-220 shows the smallest uncertainties and are likely to provide the best estimate for the timing of the T-peak (at c. 180 ± 6.4 Ma). Previous microstructural observations and thermobarometric estimates suggest that biotite started to grow prior to garnet (to13-4) during the prograde path, but experienced a pulse of growth at the T-peak (samples to13-4 and to13-7; Chap. 4) (Fig. 5.8). The large interval of biotite growth is also supported by the fact that biotite is both superimposed on, and deformed by, the deformation phase related to the S2-cleavage.

The chemical heterogeneity of biotite may also be suggestive of a long-lasting growth. Muscovite in the S2 cleavage of samples to13-4 and to13-7 (Ms2 in Fig. 5.8) chemically re-equilibrated at the T-peak (Chap. 4), but preserves older cores formed at the P-peak conditions (Ms1 in Fig. 5.8 and section 5.2.3.2).

The greeenschist assemblage in the Tonghua massif (370 ± 35 • C, 7 ± 1 kbar, sample lm09-52) appears to represent the metamorphic peak: no evidence for higher-grade metamorphism was observed. The estimated conditions are consistent with the P-T conditions estimated for the growth of late muscovite and chlorite grains in the metasedimentary cover (Ms3 in Fig. 5.8; Chap. 4).

Together, the integration of the petrological and geochronological results for the metasedimentary cover gives rise to two major problems. First, the biotite core to rim 40 Ar/ 39 Ar ages largely overlap the allanite ages. This makes it difficult to determine whether the biotite ages may partially reflect different crystallization stages (preceding, or coeval with, allanite growth) or whether the ages are related to diffusive Ar loss or a combination of both. Secondly, Ms2 yields significantly younger ages than biotite and allanite, even though textural and chemical data suggest it re-equilibrated at the Tpeak, at the end of biotite growth. Wheatear the discrepancy between biotite and muscovite ages is due to the different Ar diffusion rates due to different biotite and muscovite grains size, or to another petrological process remained at this stage unconstrained.

Diffusion modeling

In order to determine whether the biotite-muscovite age differences are mainly due to petrological processes or differences in Ar diffusion rates, a series of Ar diffusion modelling experiments was performed. Two sets of cooling paths were tested: (1) simple cooling paths from 186 Ma (the most likely age of the thermal peak) and ( 2) more complex cooling paths constrained by independent geochronological and thermochronological data (see section 1; [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF][START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF][START_REF] Tan | Late Cenozoic thrusting of major faults along the central segment of Longmen Shan, eastern Tibet: Evidence from lowtemperature thermochronology[END_REF] and references therein) (Fig. 5.9).

Methods

We used the MATLAB-based program DiffArg (Wheeler, 1996, modified by Warren and Hanke;Warren et al., 2011 and pers. comm) to determine whether there was a simple cooling scenario that best fitted the data. All model experiments were run for scenarios where temperature was decreased from a T peak of 580 • C at 186 Ma (this study and Chap. 4), for a biotite grain radius of 0.5 mm and a muscovite grain radius of 0.05 mm (similar to that observed in thin section). The pressure was assumed constant at 10 kbar as a first order approximation.

The prograde path (from 530 to 580 • C, from 230 to 185 Ma; Fig. 5.8) was not modelled since at these temperatures Ar diffusion models show that no Ar is retained over geologically-meaningful timescales in an open system [START_REF] Warren | Interpreting high-pressure phengite 40 Ar/ 39 Ar laserprobe ages: an example from Saih Hatat, NE Oman[END_REF]. Ar diffusion model was therefore only run for the 186 Ma time period after T-peak. Following previous studies, the Crank-Nicholson solver was used, with a time integration step of 10 [START_REF] Wheeler | Diffarg: A program for simulating argon diffusion profiles in minerals[END_REF]. A cylindrical diffusion geometry was assumed for both micas [START_REF] Hames | An empirical evaluation of the argon diffusion geometry in muscovite[END_REF]. The numerically-converged bulk age was calculated following the method outlined in Warren et al. (2012b).

We initially tested a series of models with simple, cooling paths, with temperature decreasing linearly at rates of 2, 15 and 30 • C/Ma respectively (P1, P2 and P3 in Table 5.3 and Fig. 5.9A). Following literature-based thermochronology constraints we also explored two more complex synthetic T-paths (path A and B in Table 5. 5.

3).

The best-fit model solutions were initially investigated for biotite, with the resulting model then tested on muscovite. Models P1-P3 were only run for open system scenarios; paths A and B were also run with modeled excess Ar ( 40 Ar not associated with the in-situ decay of 40 K). Previous petrological observations on the studied samples suggest an influx of pulses of fluids during the metamorphic history (Chap. 4). In the "partially closed system" models, biotite was 'exposed' to a pulse of constant 40 Ar Analyzed mean ('bulk') ages as well as core and rim ages (50-100 µm from the rim in the analysed samples) were used to test the fit of the model rim age predictions. Model uncertainties are described in detail in [START_REF] Mottram | Argon behaviour in an inverted barrovian sequence, Sikkim Himalaya: The consequences of temperature and timescale on 40 Ar/ 39 Ar mica geochronology[END_REF]. In summary, the experimentally-derived diffusion parameters provide the greatest source of uncertainty, and in these models would shift the resulting bulk age ± 4 Ma. Experiments in the open system were not able to reproduce the measured biotite ages. We therefore explored a series of experiments in a partially closed system to test the effects of the excess Ar derived from pulse of Ar-bearing fluids (see section 5.2.6.3.1).

Model results for cooling in an open system

Model results

for cooling in a (partially) closed system A second set of models was run to investigate the effects of variable excess 40 Ar concentrations at the mica grain boundary for a limited period of time along paths A and B (Fig. 5.9C). Excess Ar is Ar not associated with the in-situ decay of 40 K, inherited or resulting from a contamination with a Ar-bearing fluid percolating at the boundaries of mica rims. Based on the relative timing of the Ar-bearing fluid pulses, four different result configurations were observed in the models:

1. the higher the "apparent age" of the Ar-bearing fluid, the higher the overall resulting age. (ii) in cases where the pulse of Ar-bearing fluid occurred at T < 300-350 • C, biotite rims preserved older ages than the cores (e.g. [START_REF] Warren | Interpreting high-pressure phengite 40 Ar/ 39 Ar laserprobe ages: an example from Saih Hatat, NE Oman[END_REF]. This features emerges with a pulse length of 10 Ma (from 60 Ma for path A and from 100 Ma model time for path B) and is progressively more pronounced with longer exposure to the Ar-bearing fluid;

2. in cases where the pulse of the Ar-bearing fluid occurred early in the thermal history (at T > 450 • C) and was limited in time (10-30 Ma) the apparent age of biotite significantly increased during the pulse but much of the 'excess' Ar was subsequently lost during the following diffusion period, resulting in biotite ages < 150 Ma; 

Discussion

Model results vs data

In all open system models, regardless of the speed at which the system cooled, predicted biotite ages were significantly younger than the measured ones (Fig 5 .9A and B). Constant cooling rates higher than 30 • C/Ma (P3) are unlikely for the area, since they would imply that metasedimentary units reached the surface by 165 Ma, in contrast with our muscovite ages and previously published geochronological and thermochronological data. Open system Ar diffusion models have previously shown that Ar is not retained over geologically-meaningful timescales in either muscovite or biotite at the peak temperatures involved here [START_REF] Warren | Interpreting high-pressure phengite 40 Ar/ 39 Ar laserprobe ages: an example from Saih Hatat, NE Oman[END_REF].

Cooling in an open system therefore does not explain the biotite ages that are older than the allanite ages, nor the age difference between the biotites and muscovites.

The results of the partially closed system models show that biotite put into contact with a pulse of Ar-bearing fluid during the cooling along paths A and B yield predicted bulk, core and rim ages consistent with the measured ones and with the upper limit of the Th-Pb allanite ages. However petrographical evidence of a pulse of Ar-bearing fluid, and specifically in the time range of 135-105 Ma are scarce in the analyzed samples. For example there is no evidence of new mica crystallisation, and no fluid pulse resulting from fluid breakdown reactions is predicted by the PTpath modeling (Chap. 4). Furthermore, the analyzed muscovite ages are not reconcilable with the predictions of the models that provide the best fit to the biotite models (assuming that metapelites geographically close rocks experienced a similar thermal and fluid history). While biotite ages are best explained by cooling in a partially closed system, the muscovite ages are best explained by simple cooling in an open system. This suggests that the age difference between biotite and muscovite is not due to the difference in their grain size, but to the fact that they experienced different growth and Ar re-setting histories. In summary, the diffusion models do not provide a simple way of reconciling all the geochronological biotite and muscovite data in a single open system diffusion-regulated cooling scenario. Cooling along a more complex path T-t path with exposure to an arbitrary Ar-bearing fluids of different concentrations and for different lengths of time may provide an explanation for the biotite ages, but cannot explain the muscovite ages.

Role of microstructural position and chemical re-equilibration on Ar ages

Petrological observations suggest that biotite growth preceded allanite growth, and some of the core ages analysed in biotite suggest that the crystallisation age is partially preserved. The diffusion model results outlined above suggest that this is not possible in an open system. However in a system in which Ar diffusion out of the grain is inefficient, (a partially or totally closed system), biotite may partially preserve crystallization ages (> 200 Ma) in the cores. The models discussed above show that the biotite rim ages cannot be explained by a simple model of a single biotite crystallisation event plus cooling. However they could represent successive biotite growth (at c. 186 Ma) accompanied by some Ar loss. The preservation of different growth ages in biotite may provide a petrologically-supported alternative explanation for biotite ages that are older than the allanite ages.

If the system was diffusively closed at that time, the muscovite that re-equilibrated at the T-peak (Ms2, that forms 80% of the muscovite in the S2 cleavage; section 35.2.3.2) should also preserve crystallization ages of c. 180 Ma. However, the majority of muscovite yields ages of c. 145 Ma, significantly younger than any of the biotite ages. One way in which these data can be reconciled is if Ar diffusion out of muscovite was more efficient than out of biotite. This could be achieved in different ways:

1. Several studies have shown that deformation can act as a network for inter-grain loss of radiogenic Ar [START_REF] Kramar | Heterogeneous 40Ar distributions in naturally deformed muscovite: in situ UV-laser ablation evidence for microstructurally controlled intragrain diffusion[END_REF][START_REF] Mulch | In-situ UV-laser 40 Ar/ 39 Ar geochronology of a micaceous mylonite : an example of defect-enhanced argon loss[END_REF][START_REF] Cossette | Trace-element distributions in silicates during prograde metamorphic reactions: implications for monazite formation[END_REF]. The elongated muscovite forming the main S2 cleavage was likely to have preferentially accommodated the post-peak deformation over the large porphyroblasts of biotite, preventing extensive Ar reequilibration in biotite (Fig. 5.10A).

2. The S2 cleavage may have acted as favored path for the percolating metamorphic fluids, as suggested by the chemical heterogeneity of muscovite along the S2 cleavage (Chap. 4). This may have resulted in a more efficient removal of Ar at the muscovite grain boundary than at the biotite grain boundary (Fig. 5.10B).

3. Petrological results show that relics of pressure peak muscovite are preserved in muscovite cores (Chap. 4). Previous studies show that white mica grains (or parts of grains) that escaped chemical re-equilibration can also avoid Ar loss [START_REF] Hames | On the loss of 40 Ar from muscovite during polymetamorphism[END_REF]. This may explain the ages > 170 Ma in sample to13-4: they represent the age Ms1-generation muscovite shielded from successive re-equilibration due to its microstructural position (red contours in Fig. 5.10C).

Muscovite recrystallization during metamorphism is a more efficient mechanism for Ar resetting than diffusion [START_REF] Villa | Isotopic closure[END_REF][START_REF] Allaz | The effects of retrograde reactions and of diffusion on 40 Ar-39 Ar ages of micas[END_REF]McDonald et al., 2016). For the same reason, in the absence of re-crystallization, biotite may preserve crystallization ages [START_REF] Kelley | The relationship between K-Ar mineral ages, mica grain sizes and movement on the Moine Thrust zone, NW Highlands, Scotland[END_REF][START_REF] Vincenzo | Evidence of a close link between petrology and isotope records: constraints from SEM, EMP, TEM and in situ 40 Ar-39 Ar laser analyses on multiple generation of white micas (lanterman range, antarctica)[END_REF]. Furthermore, the porosity of newly crystallized biotite grains is likely to be lower than the porosity of muscovite grains partially replaced during the P-T path by 'pseudomorphic replacement' [START_REF] Putnis | Mineral replacement reactions[END_REF]Putnis and Timm, 2010 and Chap. 4). This would favour the diffusion of Ar in muscovite and significantly decrease the Ar diffusion in biotite. The sum of geochronological, petrological, chemical and textural observations as well as diffusion modelling results suggest therefore that muscovite and biotite experienced different crystallisation histories.

Several studies stress the importance of the availability of water for mechanisms resetting the isotope record (Di [START_REF] Vincenzo | Evidence of a close link between petrology and isotope records: constraints from SEM, EMP, TEM and in situ 40 Ar-39 Ar laser analyses on multiple generation of white micas (lanterman range, antarctica)[END_REF][START_REF] Villa | Disequilibrium textures versus equilirium modelling: geochronology at the crossroads[END_REF]. The range of 40 Ar/ 39 Ar ages in sample to13-4 suggests Relics of the older generation in the core preserve an older 40 Ar/ 39 Ar signature than the replacement mica in the rims. The chemical heterogeneity within biotite is also partially responsible for the 40 Ar/ 39 Ar age differences between the cores and the rims.

that there was significant variability in the fluid availability and permeability during the metamorphic cycle -otherwise all minerals should record a narrow range of exhumation-related ages following the thermal peak (Warren et al., 2012b). At the scale of the mineral assemblage, two successive fluid release events were responsible for successive muscovite chemical re-equilibration during the prograde path in sample to13-4 (Chap. 4). Two intervals were also recognized in our geochronological dataset for samples of the to13 series, defined by ( 1) the biotite core age and ( 2) the muscovite ages. Mineral geochronometers might therefore be viewed as 'geohygrometers' that essentially date fluid circulation episodes (often related to mineral re-equilibration events; Villa, 2010). Grain size, microstructural position and chemical re-equilibration may therefore be key factors in explaining the different behavior of Ar between muscovite and biotite in the studied metapelites.

Age interpretation

On the base of petrological observations, geochronological results and diffusion modelling we relate the Upper Triassic-Lower Jurassic Th-Pb allanite age to a medium-grade metamorphic event at amphibolitic facies conditions. We suggest that the younger ages that have smaller errors, best represent the timing of the thermal peak at 180.4 ± 6.4 Ma. Biotite 40 Ar/ 39 Ar ages obtained with both the in-situ laser ablation and IR laser techniques for sample to13-5 are in good agreement with IR laser biotite ages of sample to13-4 (Fig. 5.6D). Biotite in both samples thus records the same metamorphic event.

Furthermore, the youngest biotite ages also partially overlap the allanite ages (Fig. 5.11). The intragrain age variation, major-element heterogeneity and diffusion modeling results suggest that biotite crystallization occurred over a protracted time period. This in turn that the medium-T metamorphism therefore lasted for over 20 Ma in the internal Longmen Shan, corroborating previous studies in the Danba area (Huang et al., 2003a;[START_REF] Weller | Quantifying barrovian metamorphism in the Danba structural culmination of eastern Tibet[END_REF][START_REF] Billerot | Gneiss domes of the Danba metamorphic complex, Songpan Ganze, eastern Tibet[END_REF], and the timing of magmatism in the Songpan-Garze terrane [START_REF] Roger | Timing of granite emplacement and cooling in the Songpan-GarzêFold Belt (eastern Tibetan Plateau) with tectonic implications[END_REF][START_REF] De Sigoyer | Generation and emplecement of Triassic granitoids within the Sonpan Ganze accretionary-orogenic wedge in a context of slab retreat accomodated by tear faulting, Eastern Tibetan plateau, China[END_REF].

The majority of the in-situ UV 40 Ar/ 39 Ar muscovite data from multiple samples yields ages between 150-124 Ma (Fig. 5.7B and Fig. 5.11).

These ages are therefore interpreted to represent the timing of cooling through greenschist facies conditions, with older ages (> 165 Ma) related to the presence of prograde muscovite relics. In the Tonghua crystalline massif, the Th-Pb allanite ages (sample lm09-52) constrain the timing of allanite growth at 178 ± 22 Ma (Fig. 5.7). Muscovite thus records younger ages than allanite, in agreement with textural relationships (see section 5.2.3.2 and Fig. 5.11). The temperature conditions estimated for the greenschist metamorphism in the Tonghua massif (∼400 • C) are below the nominal closure temperature of Ar in muscovite (425 • C see above) but close to its lower limit (405 • C, see above). We therefore relate 40 Ar/ 39 Ar dates to the crystallization of white mica between 120 and 140 Ma with some scatter due to 40 Ar contamination, low 40 Ar signal for some analyses (responsible for the ages with the largest uncertainties) and 40 Ar loss due to resetting, fluids or diffusion (responsible for the youngest ages). A second metamorphic event, under greenschist facies conditions, thus affected the Tonghua crystalline massif at 130 ± 10 Ma (Fig. 5.11). These muscovite ages are unlikely to represent mixing ages between the Upper Triassic-Lower Jurassic and Cenozoic events previously recognized in the area since (1) the analyzed Ms2 muscovite did not experienced any significant chemical reequilibration later than the T-peak (Chap. 4), ( 2) there is no evidence of Cenozoic ages related to metamorphism in the central Longmen Shan and (3) Lower Cretaceous ages were obtained also in the Pengguan massif which shows no evidence of Upper Triassic-Lower Jurassic metamorphism (Chap. 4). In summary our geochronology results bracket a medium-grade metamorphic event at 200-170 Ma (recorded in allanite and biotite) and support the existence of a Lower Cretaceous deformation event (recorded in muscovite).

Regional tectonic implications

The allanite and biotite ages are consistent with other data constraining the onset of Barrovian metamorphism in the Danba area (∼200 km away, Huang et al., 2003a;[START_REF] Weller | Quantifying barrovian metamorphism in the Danba structural culmination of eastern Tibet[END_REF][START_REF] Jolivet | Mesozoic-Cenozoic evolution of the Danba dome (Songpan Garzê, east Tibet) as inferred from LA-ICPMS U-Pb and fission-track data[END_REF] and with muscovite 40 Ar/ 39 Ar ages in the Northern Longmen Shan [START_REF] Yan | Structural and geochronological constrains on the Mesozoic-Cenozoic tectonic evolution of the Longmen Shan thrust belt, eastern Tibetan Plateau[END_REF]. Our ages are also in agreement with the time interval proposed for the emplacement of Mesozoic granites in the Songpan-Ganze region [START_REF] Roger | Timing of granite emplacement and cooling in the Songpan-GarzêFold Belt (eastern Tibetan Plateau) with tectonic implications[END_REF][START_REF] De Sigoyer | Generation and emplecement of Triassic granitoids within the Sonpan Ganze accretionary-orogenic wedge in a context of slab retreat accomodated by tear faulting, Eastern Tibetan plateau, China[END_REF] which may mark the thermal peak in the westernmost Songpan-Ganze sedimentary series (Fig. 5.11). The ages therefore relate to the medium-grade metamorphism for the Songpan-Ganze units of the central Longmen Shan syn-to post-the S2-forming phase (Chap. 4).

The allanite ages indicate that the Tonghua crystalline massif (basement) was already (marginally) affected by metamorphism (and deformation) during the Lower Jurassic. The 40 Ar/ 39 Ar muscovite ages show that the major re-activation of the massif occurred in the Lower Cretaceous. This suggestion is in good agreement with 40 Ar/ 39 Ar data from the Pengguan massif (Chap. 4,Fig. 5.11). The Lower Cretaceous therefore marks the onset of thick-skinned deformation in the Longmen Shan. At this time the internal units were probably already highly thickened (∼30 km; Chap. 4) and difficult to deform without propagating the deformation towards the front of the belt.

The metapelite 40 Ar/ 39 Ar muscovite ages suggest that the Lower Cretaceous greenschist-facies event also affected the sedimentary units. Our muscovite ages are consistent with lower Cretaceous 40 Ar/ 39 Ar ages from the Wenchuan fault zone [START_REF] Arne | Differential exhumation in response to episodic thrusting along the eastrn margin of the Tibetan Plateau[END_REF] and with 40 Ar/ 39 Ar biotite ages (120-123 Ma) from the Danba area [START_REF] Xu | Tectonics and denudation adjacent to the Xianshuihe Fault, eastern Tibetan Plateau: Constraints from fision track thermochronology[END_REF]. The Lower Cretaceous deformation is also recorded in the autochtonous sediments in the western Sichuan basin, characteristic of a flexural basin forming in response to a rapid uplift of the belt [START_REF] Liao | Relation between structural evolution of the Longmenshan orogenic zone and sedimentation of its foreland basin[END_REF].

In order to explain the decreasing age of the Lower Cretaceous event approaching the front of the belt we propose that the related deformation phase firstly affected sediments in the North-West of the Tonghua area (lm147) at 160-147 Ma, and then propagated to the South-East at 150-135 Ma (to13-4) and to the Tonghua and Pengguan crystalline massifs at 118-140 Ma (lm09-52) and 130-145 Ma respectively (Fig. 5.11). The entire deformation phase therefore lasted over 40 Ma.

The temperature paths that can be retrieved from the mica and allanite ages are reported in Figure 5.12. The prograde path is constrained from petrology (Chap. 4) while the T-t estimates for Miocene time are derived from low-T thermochronology [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF][START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF]Wang et al., 2012a) and from 40 Ar/ 39 Ar ages of Chapter 3.

The cooling path obtained for the internal sedimentary units (red in Fig. 12) includes a relatively fast cooling rate of 4.5 ± 0.5 • C/Ma from 580 • C to ∼400 • C between 185 and 140 Ma (Lower Cretaceous). This phase was followed by slower cooling at c.1.5 • C/Ma (Fig. 5.12). The cooling rate of the internal Tonghua crystalline massif between 140 and 10 Ma was calculated at 1.4 ± 0.3 • C/Ma by the integration of our geochronological results and recent zircon fission track ages revealing a rapid exhumation Chapter 5. Multi-mineral petrochronology and diffusion modelling: linking ages to stages in the internal units of the Longmen Shan 123 of the massif from ∼ 200 • C in the last 10 Ma [START_REF] Tan | Late Cenozoic thrusting of major faults along the central segment of Longmen Shan, eastern Tibet: Evidence from lowtemperature thermochronology[END_REF].

In the Tonghua massif P-T data related to the Jurassic event are not precisely constrained. However the absence of evidence for metamorphism higher than greenschist facies suggests that the Tongua massif experienced conditions similar to those estimated for the Lower Cretaceous event. The shape of cooling path of Figure 5.12 is similar to the one proposed for Danba region (grey lines in Fig. 5.12; Huang et al., 2003a), but in that area, the Lower Cretaceous event remains unrecognized.

We also observe a convergence of the thermal histories of the sedimentary units and crystalline massifs at 138-140 Ma. Together these observations suggest that both the central Longmen Shan and the Danba region experienced a similar thermal evolution. In detail, the lower peak temperatures recorded in the studied area result in slower cooling rates during Cretaceous to Cenozoic times in the central Longmen Shan relative to the Danba area. The cooling rates recorded between upper Jurassic and Lower Cretaceous are however higher than the one proposed for the Songpan-Garze granites (emplaced at ∼ 3-4 kbar, [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF] and crystalline massifs during the same period (∼ 1 • C/Ma, [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF][START_REF] Roger | Mesozoic-Cenozoic tectonothermal evolution of the eastern part of the Tibetan plateau (Songpan-Garze, Longmen Shan area): insights from thermochronological data and simple thermal modelling[END_REF], although they were obtained for deeper structural levels (min. 27 km as suggested by peak P conditions). This reveals that the crystalline massifs and the sedimentary cover experienced a significantly different cooling history prior to the Lower Cretaceous.

Conclusions

40 Ar/ 39 Ar biotite and U-Pb/Th allanite ages constrain the timing of medium-grade metamorphism in the sedimentary units in the central Longmen Shan (Tonghua area) to 200-180 Ma. 40 Ar/ 39 Ar white mica cooling ages constrain the timing of the subsequent metamorphic overprint in greenschist facies conditions in both the sedimentary units and the frontal crystalline massifs to 140 Ma. The variability of Ar ages recorded in biotite and muscovite cannot be explained with simple open system Ar diffusion models, nor with more complex P-T paths and a partially closed system. They are best explained by a model of different biotite and muscovite crystallization histories and differences in Ar retention due to chemical heterogeneities and deformation. A petrochronological approach that incorporates relative timing of crystallization from petrographic observations, mineral chemistry deformation history and modeling is therefore crucial for efficiently resolving the timing of different metamorphic events in rocks that record different parts of the regional history. This is especially the case where differences in age are indistinguishable due to small grain sizes, yet zoning in mineral chemistry can be determined.

Our results show that metamorphism and deformation affected the sedimentary cover of the internal Longmen Shan and marginally the South China basement in the Tonghua crystalline massif during the Upper Triassic-Lower Jurassic. This event was followed by a previously poorly recorded Lower Cretaceous re-activation event that was responsible for the partial exhumation of the medium-grade metamorphic rocks and the crystalline massifs. The Mesozoic history of the Eastern border of the Tibetan plateau is therefore not limited to the Upper Triassic-Lower Jurassic orogeny, and the crystalline massifs were actively involved in the deformation history since the Lower Cretaceous.
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Further comments

Note on the bulk age calculation in Ar diffusion modelling

In the MATLAB-based program DiffArg used in this chapter for Ar diffusion modelling [START_REF] Wheeler | Diffarg: A program for simulating argon diffusion profiles in minerals[END_REF], the concentration of Ar within the mica grain at each time (t) and temperature (T) is calculated at discrete distances from the grain core wich depends on the mesh lenght choosen for calculations. The biotite or muscovite bulk age is then calculated by the integration of each mesh space. However, since zero ages (zero Ar concentration) was imposed at the grain boundary, different mesh spacing were associated to different errors on the bulk age (Fig. 5.15A). Therefore, the finest is the meshlenght the most accurate is the calculated bulk age.

It has been shown that the error is linearly proportional to the size of the mesh spacing (Warren et al., 2012a). The real bulk age can therefore be obtained by repeating calculations with 3 different mesh separations and then applying the regression of the age/mesh spacing relationship to a hypothetical zero mesh separation (Warren et al., 2012a). All the experiments presented in this chapter were therefore run for a mesh length of 6, 8 and 12, in order to find a good trade off between the time required for calculations and the accurancy of the results. Figure 5.15B illustrate the extrapolation of the real bulk age for the best-fit along the cooling path B of Fig. 5.9 in presence of excess Ar.

The increase in the mesh separation does not affect the shape of the core to rim age profile, but the influence of the zero age at rims is progressively limited to the very rim of the grain (Fig. 5.15C).

Chapter 5. Multi-mineral petrochronology and diffusion modelling: linking ages to stages in the internal units of the Longmen Shan 

Introduction

The use of metamorphic allanite (REE-epidote of structural formula (Ca, Ce, La, Th) 2 (Al, Fe) 3 (SiO 4 ) 3 (OH)) as geochrometer has progressively increased in last decades to date metamorphic events [START_REF] Kim | Parageneses and Th-U distributions among allanite, monazite, and xenotime in barrovian-type metapelites, Imjingang belt, central Korea[END_REF][START_REF] Janots | Metamorphic rates in collisional orogeny from in situ allanite and monazite dating[END_REF][START_REF] Radulescu | The age of HP metamorphism in the Gran Paradiso massif, western Alps: A petrological and geochronological study of "silvery micaschists[END_REF][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][START_REF] Rubatto | Yo-yo subduction recorded by accessory minerals in the Italian Western Alps[END_REF][START_REF] Gregory | Allanite behaviour during incipient melting in the southern central Alps[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]Loury et al., 2016). Allanite is indeed a useful petrogenetic indicator since it is stable in a wide range of temperature and pressure, from greenschsit to upper am-Chapter 5. Multi-mineral petrochronology and diffusion modelling: linking ages to stages in the internal units of the Longmen Shan 133 phibolitic facies conditions [START_REF] Wing | Prograde destruction and formation of monazite and allanite during contact and regional metamorphism of pelites: petrology and geochronology[END_REF][START_REF] Janots | Thermochemistry of monazite-(La) and dissakisite-(La): implications for monazite and allanite stability in metapelites[END_REF][START_REF] Tomkins | Accessory phase petrogenesis in relation to major phase assemblages in pelites from the Nelson contact aureole, southern British Columbia[END_REF][START_REF] Janots | Prograde metamorphic sequence of REE minerals in pelitic rocks of the central Alps: implications for allanite-monazite-xenotime phase relations from 250 to 610 • c[END_REF].

The metamorphic sequence of REE-bearing minerals in metapelites at low-medium grade metamorphism is relatively well known (see Engi, 2017 for a review). Petrological investigations show that allanite forms at the expenses of detrital or metamorphic monazite (or more rarely detrital allanite, Goswami-Banerjee and [START_REF] Goswami-Banerjee | Pressure and temperature conditions for crystallization of metamorphic allanite and monazite in metapelites: a case study from the Miyar Valley (high Himalayan crystalline of Zanskar, NW India)[END_REF] at temperatures of 400-450 • C [START_REF] Janots | Prograde metamorphic sequence of REE minerals in pelitic rocks of the central Alps: implications for allanite-monazite-xenotime phase relations from 250 to 610 • c[END_REF][START_REF] Janots | Physico-chemical control on the {REE} minerals in chloritoid-grade metasediments from a single outcrop (Central Alps, Switzerland)[END_REF], close to the biotite-in reaction [START_REF] Wing | Prograde destruction and formation of monazite and allanite during contact and regional metamorphism of pelites: petrology and geochronology[END_REF][START_REF] Goswami-Banerjee | Pressure and temperature conditions for crystallization of metamorphic allanite and monazite in metapelites: a case study from the Miyar Valley (high Himalayan crystalline of Zanskar, NW India)[END_REF] and that it becomes consumed to form monazite at the staurolite-in reaction (e. g. [START_REF] Wing | Prograde destruction and formation of monazite and allanite during contact and regional metamorphism of pelites: petrology and geochronology[END_REF][START_REF] Janots | Prograde metamorphic sequence of REE minerals in pelitic rocks of the central Alps: implications for allanite-monazite-xenotime phase relations from 250 to 610 • c[END_REF][START_REF] Corrie | Lithological, rheological, and fluid infiltration control on 40 Ar/ 39 Ar ages in polydeformed rocks from the West Cycladic detachment system, Greece[END_REF]. Hence, in garnet-biotite metapelites, allanite is likely to represent the main host for Th, U, rare earth elements (REE corresponding to lanthanides) and Y. Allanite can exhibit a large variety of textures depending on the re-equilibration history during metamorphism [START_REF] Sorensen | Petrogenetic significance of zoned allanite in garnet amphibolites from a paleosubduction zone: Catalina Schist, southern California[END_REF][START_REF] Finger | Replacement of primary monazite by apatiteallanite-epidote coronas in an amphibolite facies granite gneiss from the eastern Alps[END_REF][START_REF] Janots | Prograde metamorphic sequence of REE minerals in pelitic rocks of the central Alps: implications for allanite-monazite-xenotime phase relations from 250 to 610 • c[END_REF][START_REF] Janots | Physico-chemical control on the {REE} minerals in chloritoid-grade metasediments from a single outcrop (Central Alps, Switzerland)[END_REF]. While efforts have been devoted to the understanding of the reaction mechanisms between allanite and monazite [START_REF] Smith | Monazite U-Pb dating of staurolite grade metamorphism in pelitic schists[END_REF][START_REF] Finger | Replacement of primary monazite by apatiteallanite-epidote coronas in an amphibolite facies granite gneiss from the eastern Alps[END_REF][START_REF] Janots | Prograde metamorphic sequence of REE minerals in pelitic rocks of the central Alps: implications for allanite-monazite-xenotime phase relations from 250 to 610 • c[END_REF][START_REF] Spear | Monazite-allanite phase relations in metapelites[END_REF][START_REF] Regis | Redistribution of REE, Y, Th, and U at high pressure: Allanite-forming reactions in impure meta-quartzites (Sesia Zone, western Italian Alps)[END_REF][START_REF] Goswami-Banerjee | Pressure and temperature conditions for crystallization of metamorphic allanite and monazite in metapelites: a case study from the Miyar Valley (high Himalayan crystalline of Zanskar, NW India)[END_REF][START_REF] Finger | Satellite monazites" in polymetamorphic basement rocks of the Alps: Their origin and petrological significance[END_REF], less is known regarding the allanite re-equilibration processes relative to other index metamorphic minerals (e.g. garnet and biotite). This is however crucial to accurately link allanite ages to metamorphic stages.

The present study focuses on a series of deformed garnet-biotite metapelites from the central Longmen Shan, at the eastern border of the Tibetan plateau (Fig. 5.16A). Here, rocks underwent a medium grade metamorphism in amphibolite facies conditions [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF]Worley and Wilson, 1996 and Chap. 4) between c. 215 and 180 Ma (Tonghua area, Chap. 5.2), followed by a metamorphic overprint in greenschist facies conditions at c. 140 Ma (Chap. 3 and 5.2). 40 Ar/ 39 Ar ages and petrological investigations reveal different stages within the amphibolitic metamorphism (Chap. 5.2). However, since the Ar-Ar age interpretation is often controversial, it is crucial to investigate if similar stages are also recorded by other independent geochronometers that are more robust to diffusion and show less isotopic disturbance (e.g. allanite). In this study we therefore analyzed metamorphic rocks where the most abundant REE-bearing accessory mineral is allanite, which exhibits a variety of complex microstructures. To identify the mineralogical processes responsible for allanite formation (and evolution) relative to other major mineral phases (e.g. garnet and biotite), we combined microstructural observations, high-resolution petrological analysis of the major mineral phases, thermobarometry, chemical analyses, compositional mapping of allanite and in-situ U-Pb-Th allanite dating. This multi-method approach greatly improves our understanding of the metamorphic history of the medium-grade metapelites and, at the regional scale, allows the timing of the prograde, peak metamorphism and greenschist overprint in the Longmen Shan to be more precisely constrained with significant implications for the geodynamical history of the eastern Tibet.

Geologic Setting

The Longmen Shan mountain belt is located at the eastern border of the Tibetan plateau, between the Songpan Ganze block to the West and the Sichuan basin (South China craton) to the East (Fig. 5.16A). Structural, petrological, geochronological and thermochronological studies provide several lines of evidence for three compressional phases that affected the belt in the past. The first one is linked to the Upper-Triassic -Lower Jurassic closure of the Paleotethys [START_REF] Chen | Emplacement of the Longmen Shan thrust-nappe Belt along the eastern magin of the Tibetan Plateau[END_REF][START_REF] Harrowfield | Indosinian deformation of the Songpan Garze fold belt, northeast Tibetan plateau[END_REF][START_REF] Roger | The tectonic evolution of the Songpan-Garzê (North Tibet) and adjacent areas from Proterozoic to Present: A synthesis[END_REF]Yan et al., 2011 and Chap. 4). The second one occurred at the Lower Cretaceous (Chap. 3 and 5.2) under the effects of the Lhasa-Qiangtang block collision. The third one is related to the Cenozoic re-activation starting in the Eocene [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF][START_REF] Richardson | Extraordinary denudation in the Sichuan basin: Insights from low-temperature thermochronology adjacent to the eastern margin of the Tibetan plateau[END_REF][START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF]Wang et al., 2012a;Li et al., 2012bLi et al., , 2015b)). From East to West three faults strike parallel to the belt: the Guanxian fault, the Beichuan fault and the Wenchuan fault (WF in Fig. 5.16A). The WF is the Cenozoic strike-slip expression of a larger ductile fault zone, the Wenchuan Shear Zone (WSZ in Fig. 5.16B and C) sub-parallel to the WF. The Neoproterozoic South China Craton is exhumed in the Pengguan, Xuelongbao and Tonghua crystalline massifs, in the hanging wall of the major Beichuan and Wenchuan faults respectively (Fig. 5.16A, B and [START_REF] Zhou | Subduction-related origin of the 750 Ma Xuelongbao adakitic complex (Sichuan province, China): Implications for the tectonic setting of the giant Neoproterozoic magmatic event in South China[END_REF][START_REF] Yan | Collapse of Songpan-Garze orogenic belt resulted from Mesozoic Middle-crustal ductile channel flow: Evidences from deformation and metamorphism within Sinian-Paleozoic strata in hinterland of Longmenshan foreland thrust belt[END_REF]. Crystalline massifs outcrop through the Paleozoic sedimentary cover that, in the hanging wall of the WSZ, includes the Paleozoic to Mesozoic Songpan-Ganze sedimentary series.

Samples for this study were collected in the hanging wall of the Wenchuan fault zone, along a NW-SE cross section between the Xuelongbao and Tonghua massifs (Fig. 5.16B), at a decreasing distance from the WSZ. Here, metasedimentary units include extremely deformed Silurian metapelites and metagreywackes (with minor levels of limestones) folded in a tight system of SE-verging anticlines and synclines (Fig. 5.16C). East of the studied cross section (AA' in Fig. 5.16B) folds are oriented NE-Chapter 5. Multi-mineral petrochronology and diffusion modelling: linking ages to stages in the internal units of the Longmen Shan 135 SW; west of the studied cross section they are oriented roughly E-W. A WNW-ESE directed strike slip fault is observed close to the Wenchuan town (Fig. 5.16B). This fault may extend northwestward in a ductile shear (Fig. 5.16B), accommodating the transition between the domains characterized by the two different fold directions. The Cambrian-Ordovician units are thrusted over the Silurian metasediments along two NE-SW ancient thrusts (solid red lines in Fig. 5.16B) on each side of the studied cross section. Thrusts may vanish in the ductile strike slip structure or may extend southward and northeastward respectively in the Silurian sediments (Fig. 5.16B and C). The stratigraphic continuity along the cross section however suggests that they would be related to only minor vertical offset of the metasedimentary series (Fig. 5.16C). Approaching the Wenchuan shear zone the garnet-biotite bearing assemblage is progressively retrogressed into greenschist facies conditions. In sample w13-2 garnet is absent, and chlorite is more abundant. Biotite (∼4 vol %) appears as porphyroblasts wrapped in the S2, rich in albitic inclusion trails oblique to S2. It is extensively replaced by euhedral Chl + wm grains (100-200 µm), which superimpose to the early S2 cleavage or develop in biotite pressure shadows (Fig. 5.17G). Sample w13-1 collected within the WSZ is a mylonite made of Chl + wm + Qz + Fs + oxide aggregates (+ Aln + Mnz as accessory phases), with an extremely tight and pervasive cleavage underlined by elongated fine grains of chlorite and white mica alternate to layers of quartz (Fig. 5.17H). In the mylonite, biotite is absent and dark oxide-like porphyroblasts are wrapped in the main foliation (Fig. 5.17H and I). Backscatter electron (BSE) images reveal that these last ones are made of aggregates of Rt + Chl + KFs (± Ms ± Pyrite) (Fig. 5.17I). They are interpreted as pseudomorphs of biotite porphyroblasts after greenschist retrogression, following the reaction: Ms + Bt = Chl + K-Fs +Rt [START_REF] Stober | Water-Rock Interaction[END_REF].

Petrography of the samples

The S1 and S2 cleavages are interpreted as prograde miscrostructures following the conclusions in Chapter 4 based on samples in similar structural position 30-40 km further north. Garnet, biotite and ilmenite are considered as index minerals of the metamorphism under amphibolite facies conditions. Microtextures indicate that both garnet and biotite grew coevally and are pre to syn-S2 in samples w13-5and post-S2 in w13-3 (or biotite slightly precede the garnet growth). The euhedral shape of the grain in sample w13-3 suggests indeed an extensive re-equilibration of the mineral assemblage from a heat or fluid pulse in quasi-static conditions at a later stage (post S2) of the metamorphic path compared to other studied samples. On the contrary, in sample w13-4 the different geometry of their inclusion trails and the absence of evidence of textural equilibrium between garnet and biotite suggest that garnet largely grew prior to biotite crystallization. In this same sample, inclusion-rich or inclusion-free domains in garnet grains may be symptomatic of different rates of garnet growth (e.g. Yang and Rivers, 2001). In the retrogressed sample w13-2 microstructures indicate that biotite is syn-S2.

Methods

Bulk rock and mineral composition

Whole-rock major and trace element analyses were obtained commercially by XRF and Laser Ablation Inductively Coupled Plasma Mass Spectrometer (LA-ICP-MS) at the Bureau Veritas Commodities Canada Ltd (Vancouver, Canada), for samples w13-1, w13-3 and w13-4. These were supplemented by whole-rock analyses of major elements for samples w13-2 and w13-5 obtained by ICP-OES (Optical Emission Spectrometry) at the SARM laboratory in Nancy (France). Quantitative compositions of the major mineral phases were measured with an Electron Probe Microanalyzer (EPMA) JEOL JXA-8230 at the Institut des Sciences de la Terre (ISTerre, Grenoble, France). Point analyses for major elements were acquired using 15 keV accelerating voltage, 12 nA specimen current and a beam size of 1 µm, while major element X-ray maps were performed at 15 keV, 100nA with a dwell time of 200 ms, following the procedure described in Chapter 4 and by Lanari et al. (2014a). The distribution of Y and major elements in garnet was measured at 15 keV, 500 nA, with a counting time of 200 ms, while the Y compositional map of garnet in sample w13-4 was acquired at 20 keV, 200 nA with a dwell time of 200 ms. At least three garnet grains were analyzed for each sample. X-ray maps were transformed into maps of oxide weight percentage using the internal standard procedure implemented in the software XMAPTOOLS 2.3.1 (Lanari et al., 2014a). Chemical composition of garnet porphyroblasts > 2 mm of samples w13-3 were analyzed by µ-XRF using an EDAX Eagle III XRF spectrometer, equipped with a Rh anode operating at 20 keV and 200 µA. XRF maps were acquired with a 30 µm large beam, 24 µm step interval in both map direction and a dwell time of 500 ms per pixel. REE minerals were identified on polished thin sections using optical microscopy and backscatter electron (BSE) images performed with a Scanning Electron Microscope (SEM) S2500 Hitachi and an EPMA JEOL JXA-8230 at ISTerre (Grenoble, France). Chemical analyses were performed at 15 keV, a beam current of 20 nA for allanite and 200 nA for monazite and a beam size <1 µm. The analytical protocol used for monazite analysis is described in details in the supplementary material S1 along with U, Th, Pb data. Allanite X-Ray compositional maps were acquired at 300 nA with a dwell time of 200 ms.

Thermobarometry

The metamorphic conditions of the samples were accurately determined in order to correctly interpret allanite ages in terms of growth and re-equilbration relative to the other index metamorphic minerals. Following Chapter 4, we combined equilibrium phase diagrams [START_REF] Powell | On thermobarometry[END_REF], chlorite-white mica multi-equilibrium modeling (Vidal et al., 2006;Dubacq et al., 2010), Ti-in-biotite thermometry [START_REF] Henry | The Ti-saturation surface for low-to-medium pressure metapelitic biotites: implications for geothermobarometry and Ti-substitution mechanisms[END_REF] and Raman spectroscopy on carbonaceous material thermometry [START_REF] Beyssac | Graphitization in a high-pressure, lowtemperature metamorphic gradient: a raman microspectroscopy and HRTEM study[END_REF]. Isochemical equilibrium phase diagrams were computed in a Na [START_REF] De Capitani | The computation of chemical equilibrium in complex systems containing non-ideal solutions[END_REF][START_REF] De Capitani | The computation of equilibrium assemblage diagrams with Theriak/-Domino software[END_REF] for samples w13-3, w13-4, w13-5 and w13-2, using the internally-consistent thermodynamic dataset database 92.version 1 [START_REF] Duesterhoeft | Bed92.v1 -Theriak-Domino database[END_REF] extended from the [START_REF] Berman | Internally-consistent thermodynamic data for minerals in the system Na2O-K2O-CaO-MgO-FeO-Fe2O3-Al2O3-SiO2-TiO2-H2O-CO2[END_REF] dataset (see Supplementary Material S1). The P-T equilibrium conditions were retrieved from the direct comparison between model results (stable assemblage, mineral composition and modal abundance) and observation at the thin section scale. Garnet equilibrium conditions were refined for sample w13-5 using the program GRTMOD (Lanari et al., 2017) and the same internally-consistent thermodynamic dataset and solid solution models. Multi-equilibrium thermobarometry based on thermodynamic properties and solid solution models of [START_REF] Vidal | Thermodynamic properties on the Tschermak solid solution in Fechlorite: application to natural examples and possible role of oxidation[END_REF]Vidal et al. ( , 2006)); Dubacq et al. (2010) was used to model the P-T conditions of the high variance assemblages involving Chl + Ms + Qz + H 2 O in the most retrogressed sample w13-1 and w13-2; they were estimated from Chapter 5. Multi-mineral petrochronology and diffusion modelling: linking ages to stages in the internal units of the Longmen Shan 139 the intersection of P-T equilibrium curves derived for muscovite (Dubacq et al., 2010) and the T estimated for chlorite assuming chemical equilibrium, following the procedure described by Lanari et al. (2012Lanari et al. ( , 2013) ) and Chapter 3.

2 O-CaO- K 2 O-FeO-MgO-MnO-Al 2 O 3 -SiO 2 -TiO 2 -H 2 O system with THERIAK-DOMINO software (de Capitani and

U-Pb-Th geocrhonology

In-situ allanite U-Th-Pb geochronology aimed to provide insight into the timing of allanite growth and the duration of metamorphism. U-Pb-Th dating of allanite was performed using a LA-ICP-MS on the same polished thin sections used for the microstructural, petrological and thermobarometric studies at the Institute of Geological Sciences (University of Bern) with a GeoLas Pro & 93 nm ArF excimer laser ablation system coupled with an ELAN DRC-e quadrupole ICP-MS (QMS). The data acquisition procedure and the data reduction technique are summarized in [START_REF] Burn | Non-matrix-matched standardisation in LA-ICP-MS analysis: General approach, and application to allanite Th-U-Pb dating[END_REF]. Al was also measured by LA-ICPMS and quantified using the glass SRM610 from NIST and Si as internal standard. The analytical procedure used for allanite dating is described in Chapter 5.2. An average of 20 analyses were performed in each sample. We collected U-Pb and Th values from several allanite grains within each sample and processed data as a single population to retrieve a unique weighted mean age. This strategy is supported by the petrological observations showing that allanite grains shared similar characteristic (and also compositions, see section 5.4.5.5) within a given sample.

Results

Bulk rock composition

The major-element bulk rock composition of analyzed samples is consistent with sediments of pelitic composition (Fig. 5.18A): samples are generally Al-rich and Ca-poor compared to the average shale composition of Shaw (1956) (Tab 5.8). Sample w13-3 is significantly enriched in CaO (3.3 %) compared to other metapelites (0.19-0.46 %). Samples w13-4 and w13-5 are the most depleted in Al, Fe, Mg, K and Ti while they are richer in Si and Na. The total REE + Y content is similar in samples w13-1 and w13-4 (202.1 and 224.8 ppm respectively). By comparison sample w13-3 has higher REE and Y contents (REE + Y = 333.1 ppm) (Tab 5.8). In samples w13-4 and w13-1 the chondritenormalized trace element pattern decreases from La to Sm and is nearly flat for the Heavy REE (Fig.

5.18B

). Sample w13-3 also shows a normalized pattern with a progressive decrease from La to Ho, followed by a gently increasing pattern from Ho to Lu (Fig. 5.18B). All samples present a negative Eu anomaly.

Major mineral composition

Representative chemical analyses of index metamorphic minerals are listed in Table 5.9. In samples w13-4 and w13-5, garnet is zoned mainly in Mn, Fe, Mg and Ca (Fig. 5.19A and B and Fig. 5.20A,B,C and D). From core to rim, the Mn content decreases from 0.50-0.55 to 0.18-0.10 apfu (X sps 0.018-0.04 to 0.065 in w13-5), Fe increases from 2.10-1.85 to 2.4-2.45 apfu (X alm 0.69-0.78) along with Mg that increases from 1.4-1.5 (w13-4) -0.85 (w13-5) to 1.9-2.4 (X pyr 0.60-0.77 in w13-4, 0.033-0.087 in w13-5). Calcium decreases from 0.52 to 0.22 apfu (w13-5) and from 0.26 to 0.22 (w13-4) from the While garnet of sample w13-5 is depleted in Y (< 0.0007 apfu), garnet of sample w13-4 exhibits a step-like Y chemical zoning (Fig. 5.19A and B) composed of: (i) a garnet core enriched in Y (0.004-0.009 apfu), (ii) a Y-poor mantle zone (0.002-0.004 apfu) and (iii) a relatively Y-enriched rim (0.003-0.005 apfu). The Y zoning corresponds to the textural zoning observed in the BSE images (see section 5.4.3), but is different from the zoning in Mn revealing a significant decoupling between major and trace element zoning patterns (Fig. 5.20C and D). In sample w13-3, garnet < 2 mm has a relatively homogeneous composition in Ca and Mg of 2.03-2.06, 0.6-0.63 and 0.20-0.21 apfu respectively (X alm 0.68, X grs 0.20, X pyr 0.071) (Fig. 5.19C). Yttrium content is below the detection limit of the EPMA estimated at 90 ppm (Fig. 4C). Manganese content slightly decreases from core (0.15 apfu) to rim (0.10 apfu) (Fig. 5.19C). The X-ray maps of garnet grains > 2 mm in size show features similar to garnet of a smaller size (Fig. 5.20F and G). Biotite shows in general a homogeneous Si 4+ composition ranging between 2.78 and 2.83 apfu. In sample w13-3 biotite X M g is 0.51-0.52, while in sample w13-4 and w13-5 biotite shows lower X M g of 0.43-0.46. Ti 4+ slightly increases in biotite of samples w13-3 and w13-5 from the core of biotite porphyroblasts (0.08 in w13-3 and 0.08-0.10 apfu in w13-5) toward the rims (0.098 in w13-3 and 0.12-0.14 apfu in w13-5). The Ti 4+ content of biotite of sample w13-4 clusters around 0.10 apfu, while in sample w13-2 Ti-poor (0.87-0.1 apfu) and Fe-poor (1.25-1.32 apfu) domains alternated with Ti-richer (0.11-0.13 apfu) and Fe-richer (1.39-143 apfu) zones within the biotite grains.

In sample w13-5 white mica (dominant muscovite end-member of 70 %) shows a Si 4+ of 3.07-3.11 atoms per formulae units (apfu) and a X M g of 0.49-0.52. White mica of sample w13-3 (70 % of muscovite) exhibits a Si 4+ content of 3.16 -3.22 apfu and a X M g of 0.55-0.6. In metapelites w13-2 two muscovite groups are distinguished based on the Si 4+ content and X M g . The first group (Ms1) includes the cores of muscovite grains aligned in the S2 main cleavage and shows a Si 4+ of 3.12-3.20 apfu and a X M g of 0.52-0.60. The second group (Ms2) includes the rims of the Ms1 grains and the late muscovite porphyroblasts with a lower Si 4+ content of 3.08-3.12 apfu and a X M g of 0.40-0.52. In the strongly retrogressed sample w13-1, a single group of muscovite is observed, characterized by a Si 4+ content of 3.08-3.12 and a X M g of 0.48-0.51. Two chemical groups of chlorite were recognized in sample w13-2. One (Chl1) represents the incipient breakdown of biotite into chlorite and is observed close to the biotite porphyroblasts rims. It exhibits a Si 4+ content of 2.72-2.82 apfu, X M g 0.45-0.49 and an Al content of 2.58-2.65 apfu. The second group (Chl2) is observed in the matrix and shows a Si 4+ content of 2.57-2.65 apfu, a X M g of 0.46-0.48 and a Al content of 2.78-2.91 apfu. In the strongly retrogressed sample w13-1 chlorite exhibits a Si 4+ content of 2.6-2.63 apfu for X M g of 0.4-0.42. 

Phase equilibria

The observed peak metamorphic assemblage of Ilm + Grt + Ms + (± Bt ± Fs ± Chl) is predicted to be stable at 450-600 • C for three of the analyzed samples (w13-2, w13-4 and w13-5, Fig. 5.21). The upper T limit being fixed by the staurolite-in reaction at 580-600 • C as staurolite is not observed in these samples.

In sample w13-5, the P-T conditions that best satisfy the garnet core chemical composition yield at 480-490 • C, 5.5 ± 0.5 kbar in the Ilm + Grt + Fs + Bt + wm + Chl stability field (Fig. 5.21A).

Garnet mantle and rim composition as well as garnet and biotite modal abundance (7-8 vol % and 4-6 % respectively) are predicted stable at 11 ± 1.5 kbar, 580 ± 10 • C, in the Ilm + Grt +Fs + Bt + wm stability field, in good agreement with the results of the fractional crystallization model of garnet (GRTMOD, colored dots in Fig. 5.21A).

In sample w13-4 the observed compositional zoning in garnet and the position of the end-member isopleths indicates a prograde garnet growth starting at 525 ± 30 • C, 9.5 ± 2 kbar in the Ilm + Grt + (2)wm + Chl stability field (Fig. 5.21B). At this stage the volume of garnet produced is ∼4 % and the Grs content 0.2, significantly higher than the measured values in garnet core. The P-T that best approach the garnet rim composition (after garnet core fractionation) return conditions of 540 ± 20 • C and 10.5 ± 1 kbar (Fig. 5.21B), but the garnet rim mode is overestimated compared to the observations in thin section, with values of ∼6-9 % vol. Biotite is not predicted stable during the prograde growth of garnet. The observed volume fraction of biotite (8-10 % vol) is instead approached at the thermal peak during decompression (4-5% of biotite predicted by the model), at conditions of 545 ± 20 • C for P < 6.5 ± 1.5 kbar (Fig. 5.21B). In sample w13-3 the measured garnet composition and the estimated garnet modal abundance (> 10 vol%) are predicted stable at 5.75 kbar, 535 • C (Fig.

5.21C

). The best conditions for biotite modal abundance yield instead at 8 ± 0.5, 560-570 • C (Fig.

5.21C).

Equilibrium phase diagrams were computed for the partially retrogressed sample w13-2 to test if it was possible to retrieve the peak metamorphic conditions. For this sample, garnet is predicted stable in the range T= 400-650 • C, P = 4-14 kbar (Fig. 5.21D). The P-T estimates that satisfy the Si 4+ and X M g contents of Ms1 and the volume fraction of biotite (6 vol %) of sample w13-2 yield at 10-11 kbar, 560-575 • C (Fig. 65.21), taking into account the uncertainty in the estimation of the modal abundance of biotite due to its partial resorption into chlorite. Additional thermobarometric methods were used to provide constraints on the P-T conditions of mylonitisation and greenschist overprint in samples w13-1 and w13-2.

Additional thermobarometric constraints

The Ti-in-biotite thermometer of [START_REF] Henry | The Ti-saturation surface for low-to-medium pressure metapelitic biotites: implications for geothermobarometry and Ti-substitution mechanisms[END_REF] indicates metamorphic peak temperatures at 590 ± 24 • C for samples w13-5 and 550 ± 24 • C for sample w13-4 (uncertainty is from [START_REF] Henry | The Ti-saturation surface for low-to-medium pressure metapelitic biotites: implications for geothermobarometry and Ti-substitution mechanisms[END_REF]. Biotite in samples w13-3 and w13-2 shows consistent temperatures at 576 ± 24 • C and 573-581 ± 24 • C respectively (the upper limit of the T range represents temperature of biotite core, the lower of the rims). The RSCM temperature for sample w13-1 is 528 ± 30 • C. Multi-equilibrium thermobarometry indicates P-T conditions for Ms2-Chl2-Qz assemblage in sample w13-2 at 360-410 • C, 3 ± 1 kbar (black frame in Fig. 5.21E). Following the approach described in Chapter 3.2.2.1 the equilibrium conditions of pairs of Chl2-Ms2 analyses were also tested simultaneously as an independent check. Results yield at 3 ± 1 kbar, 350-410 • C, with three outliners below 2 kbar (black cross in Fig. 5.21E). In sample w13-1 a lack of convergence among the four equilibria involving chlorite end-members, Qz and H 2 O was observed and was interpreted as suggestive of temperatures higher than 400-450 • C (Lanari et al., 2012). Fixing the T of 400 • C, P conditions for Ms-bearing assemblage are estimated at 4.5 ± 1 kbar (Fig. 5.21F, conditions of mylonitization).

Texture and composition of REE minerals

Allanite (and its REE-bearing epidote rings) is the most common accessory REE-bearing mineral observed in the studied samples (Fig. 5.22). Representative chemical analyses for allanite core and rings are reported in Table 5.10 and plotted in Figure 5.23. Although the REE and Y content of allanite are consistent from sample to sample (Fig. 8A), significant differences exist in allanite texture and in Chapter 5. Multi-mineral petrochronology and diffusion modelling: linking ages to stages in the internal units of the Longmen Shan 147 their rings compositions -especially concerning the REE + Y (Fig. 5.23B)-among fresh garnet-biotite metapelites (w13-5, w13-4 and w13-3) and retrogressed samples (w13-2 and w13-1). In sample w13-4, allanite exhibits the most complex textures for the number of rings and the inclusions (Fig. The fact that allanite is observed as inclusion in garnet in the only samples w13-5 and w13-3 cannot be explained by a higher volume fraction of garnet that would increases the probability for allanite to be captured. Garnet is indeed also significantly present in sample w13-4 (c. 5-6 %) where grains are even more randomly distributed than in sample w13-3 and w13-5. ) and have a Th content ranging between 0.001 and 0.036 apfu, a U content of 0.001 apfu (between 500 and 1000 ppm) with a Pb content below the EPMA detection limits (< 130 ppm, Tab 5.11). Based on this detection limit and the U and Th composition, a maximum age for monazite growth can be estimated at 82 Ma (following the approach of [START_REF] Montel | Preservation of old U-Th-Pb ages in shielded monazite: example from the Beni Bousera Hercynian kinzigites (Morocco)[END_REF], see Supplementary Material S1). In fresh garnet-biotite metapelites no monazite was observed. Hence, in the most retrogressed samples monazite was interpreted to have formed during the greenschist overprint.

Allanites in garnet-biotite metapelites

In situ U-Pb/Th allanite dating

In all investigated samples, allanite exhibits high Th/U ratios and a higher variability of the Th/Pb relative to the U/Pb. Therefore the Th-isochron approach was favored to constrain the final age of a given population using the slope of the regression line and to retrieve the initial Pb composition 208 Pb/ 206 Pbc (as suggested by [START_REF] Gregory | Allanite microgeochronology: A LA-ICP-MS and SHRIMP U-Th-Pb study[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].

Dating results are summarized in Figure 5.25. In sample w13-3, the Th-isochron defined by 25 allanite analyses (corresponding to 10 analyzed grains) yield and age of 203.2 ± 4.2 Ma (2σ) while in sample w13-4 the slope of the isochron (15 analyses of 10 grains) yield a younger age of 179.8 ± 8.7 (2σ). An age of 182.7 ± 5.8 was calculated for allanite of sample w13-2 (10 analyzed grains). By contrast, two 

Discussion

Critical evaluation of the thermobarometric results

The P-T reconstructions show that all studied samples, including the most retrogressed ones (w13-2 and w13-1) experienced peak metamorphic conditions in the same temperature range of 530 • C and 590 • C. In samples w13-5 and w13-3 both garnet and biotite are predicted to be stable at the same time in the peak assemblages while in sample w13-4 biotite becomes stable during decompression after garnet growth. These results are in very good agreement with the petrographic and textural observations. The geometry of isopleths in samples w13-5 and w13-4 indicates that garnet systematically grew along a prograde trajectory. In sample w13-4 however the models failed in accurately predicting the observed garnet core compositions. This may be due to the fact that, as shown by Mn zoning (Fig. 5.20C), the garnet growth was discontinuous, and proceeded by pulses (probably fluid-enhanced) in disequilibrium with the mineral matrix. The maximum volume of biotite predicted (4-5 vol%) by the equilibrium phase diagram in the staurolite-free domain is instead lower than the one observed in thin section (∼8 %), which can be approched by fractionating the garnet from the bulk rock composition. This supports the interpretation that biotite post-date the garnet growth. This example shows that it is critical to integrate garnet fractionation in the modeling of garnet-bearing rocks. In addition to the possible errors in garnet thermobarometry (e.g. Lanari and Engi, 2017), garnet fraction also affect the composition and volume fraction of the coexisting phases. Phase diagrams shows for sample w13-3 lower equilibrium conditions at 5.75 kbar, 535 • C compared to samples w13-4 and w13-5. Garnet grew at these conditions (since no relicts of prograde garnet were observed) in equilibrium with the matrix, as attested by the absence of zoning in major elements. In this same sample the garnet-bearing assemblage overprints the early S1-S2 cleavage, which instead wraps the garnet and biotite grains in the other studied samples. This may suggest that sample w13-3 experienced a deformation history similar to other samples but it was extensively re-equilibrated later along the metamorphic path. At the field scale, the eastward prolongation of the WSW-ENE thrust fault bordering the Cambrian-Ordovician units into the Silurian sediments (Fig. 5.16B) may partially explain the pressure jump observed between sample w13-4 and sample w13-3. However the fault offset is likely to be only minor since sample w13-2 still record relatively high-pressure conditions (∼10 kbar), in agreement with the stratigraphic observations (see section 5.4.2). Hence, the main role of this ancient fault should have rather consisted in acting as a favored fluid path allowing the re-equilibration of the mineral assemblage in sample w13-3 during the isothermal exhumation. The time of re-equilibration in sample w13-3 is indeed likely to correspond to the thermal peak (during decompression) as suggested by the similarity between the P-T equilibrium conditions in sample w13-3 and those characterizing the thermal peak in sample w13-4and in samples of the Tonghua area (Chap. 4). Temperatures estimated with the Ti-in biotite thermometry are only slightly above temperatures conditions predicted by phase diagrams (< 50 • C difference) since the P conditions are slightely higher than the ones used for the thermometer calibration and of the absence of aluminous silicates tends to concentrate the Ti in biotite [START_REF] Henry | The Ti-saturation surface for low-to-medium pressure metapelitic biotites: implications for geothermobarometry and Ti-substitution mechanisms[END_REF]. This method enables to confirm that the retrogressed sample w13-2 experience amphibolitic facies conditions, in agreement with phase diagram calculations. In this same sample P-T conditions estimated with the equilibrium phase diagram are consistent with the ones obtained with the multi-equilibrium approach and with the P-T conditions estimated for non-retrogressed samples w13-5 and w13-4. This suggests that, even in the case where the sample was affected by an external fluid influx during retrogression, the initial bulk rock composition was not dramatically changed.

Timing and mechanisms of allanite growth

In all analyzed samples allanite grains exhibit the same compositions and provide ages in the same interval of 207-170 Ma suggesting that they record growth stages of a single metamorphic cycle. Matrix allanite and its rings are oriented in the main foliation or only develop parallel to S2 (e.g. sample w13-4): the growth of allanite and its rings is therefore syn-S2. However significant differences exist in the textures and composition of the allanite rings among the studied samples. These may be Chapter 5. Multi-mineral petrochronology and diffusion modelling: linking ages to stages in the internal units of the Longmen Shan 155 due to the bulk rock composition (e.g. [START_REF] Janots | Prograde metamorphic sequence of REE minerals in pelitic rocks of the central Alps: implications for allanite-monazite-xenotime phase relations from 250 to 610 • c[END_REF][START_REF] Wing | Prograde destruction and formation of monazite and allanite during contact and regional metamorphism of pelites: petrology and geochronology[END_REF] and to different reactions mechanisms controlling the timing of accessory mineral growth. Petrological and thermobarometric results show that in sample w13-5 and w13-3 allanite is syn-S2 and pre-garnet and biotite (garnet growth onset at 5 ± 0.5 kbar, 480-490 • C), while in sample w13-4 allanite is syn-S2, syn to postgarnet (540 ± 20 • C, 10.5 ± 1 kbar) and probably syn-biotite. Based on these observations and on compositional analyses we attempt in the following to correlate the timing and mechanisms of allanite growth to the composition and textures of the other index metamorphic minerals. Garnet being a main host for Y+HREE, we especially characterize the partitioning of the Y content between garnet and allanite/epidote, which is already used as a good proxy for evaluating the growth conditions of other accessory minerals as monazite, xenotime, apatite and zircon (e.g. [START_REF] Bea | Behavior of accessory phases and redistribution of Zr, Ree, Y, Th, and U during metamorphism and partial melting of metapelites in the lower crust: an example from the Kinzigite Formation of Ivrea-Verbano, NW Italy[END_REF][START_REF] Rubatto | Zircon and monazite response to prograde metamorphism in the Reynolds Range, central Australia[END_REF][START_REF] Rubatto | Zircon trace element geochemistry: partitioning with garnet and the link between U-Pb ages and metamorphism[END_REF][START_REF] Spear | Apatite, monazite, and xenotime in metamorphic rocks[END_REF]Pyle and[START_REF] Pyle | Four generations of accessory-phase growth in low-pressure migmatites from SW New Hampshire[END_REF]Kohn and[START_REF] Kohn | Formation of monazite via prograde metamorphic reactions among common silicates: implications for age determinations[END_REF][START_REF] Kohn | Five generations of monazite in Langtang gneisses: implications for chronology of the Himalayan metamorphic core[END_REF][START_REF] Regis | Using monazite and zircon petrochronology to constrain the P-T-t evolution of the middle crust in the Bhutan Himalaya[END_REF][START_REF] Gieré | Correlation of growth and breakdown of major and accessory minerals in metapelites from Campolungo, central Alps[END_REF][START_REF] Yang | Genesis of monazite and Y zoning in garnet from the Black Hills, South Dakota[END_REF]; Rubatto, 2017.

Pre-garnet allanite growth in garnet-biotite metapelites

In sample w13-3 allanite is present as inclusion in garnet and in the matrix. In both microstructural positions allanite exhibits the same number of epidote rings (Ep1 and Ep2) suggesting that they represent prograde features preceding garnet growth. Similar concentric rings around allanite were described by [START_REF] Kim | Parageneses and Th-U distributions among allanite, monazite, and xenotime in barrovian-type metapelites, Imjingang belt, central Korea[END_REF]; [START_REF] Janots | Prograde metamorphic sequence of REE minerals in pelitic rocks of the central Alps: implications for allanite-monazite-xenotime phase relations from 250 to 610 • c[END_REF] and associated to prograde features. It has been frequently observed in metapelites that allanite forms from the breakdown of monazite (± xenotime) present at low greenschist metamorphic conditions [START_REF] Janots | Prograde metamorphic sequence of REE minerals in pelitic rocks of the central Alps: implications for allanite-monazite-xenotime phase relations from 250 to 610 • c[END_REF][START_REF] Finger | Replacement of primary monazite by apatiteallanite-epidote coronas in an amphibolite facies granite gneiss from the eastern Alps[END_REF][START_REF] Wing | Prograde destruction and formation of monazite and allanite during contact and regional metamorphism of pelites: petrology and geochronology[END_REF] from the reaction: Mz (± xenotime) → Aln + Ap. In our samples no REE-minerals other than allanite and its epidote rings are observed. Based on previous studies, we therefore consider monazite ± xenotime as the most likely precursor that completely reacted to provide allanite and epidote rings but other REE sources are not ruled out. Petrological and compositional observations suggest that the partial dissolution of allanite rims provided the REE-elements to the reactive bulk composition that were incorporated in the Ep1 and Ep2 rings. The Y-enrichment of the Ep1 is however not explicable with the only resorption of allanite and requires the reaction of a Y-bearing additional phase such as the remnant xenotime. This is in line with the previously proposed breakdown reactions of monazite and xenotime as a mechanism to form allanite and Y-rich epidote rim growth [START_REF] Janots | Prograde metamorphic sequence of REE minerals in pelitic rocks of the central Alps: implications for allanite-monazite-xenotime phase relations from 250 to 610 • c[END_REF]. In this case the last clinozoisite rim grew in a stage where Mnz was already consumed [START_REF] Janots | Prograde metamorphic sequence of REE minerals in pelitic rocks of the central Alps: implications for allanite-monazite-xenotime phase relations from 250 to 610 • c[END_REF], for example from the albitisation reaction of plagioclase observed at the thin section scale (w13-5). Succession of (unbalanced) reactions can be thus considered as follows (Fig. 5.26A):

Mnz + silicate → Aln (± Ap) Xe (+ Aln) + silicate → Ep1 (± Ep2) Chl + Qz + Plg → Ep2 + Ab Ms + Chl + Qz → Grt + Bt
Although, few grains were found in w13-5, the textural position and the composition of allanite and its rings are suggestive of similar reactions.

In sample w13-3 the classical prograde texture exhibited by allanite grains may have formed any time before the growth of the garnet-bearing assemblage at peak temperature conditions (5.75 kbar, 535 • C). However, the existence of similar textures in allanite of sample w13-5, where the growth of garnet occurs early in the metamorphic history (garnet core at 5.5 ± 0.5 kbar, 480-490 • C) suggests To notice that allanite precede the garnet growth in the case A and followed the garnet appearance in the case B (see the text for details). The size of allanite has been magnified x 2 (A) and x 5 (B) to allow the epidote rings to be distinguished.

that allanite and its rings likely formed during the early prograde metamorphic path.

In samples where allanite grew before garnet (samples w13-3 and w13-5) the Y content in garnet is close or below the EPMA detection limits. Similar features were found in garnet grown prior to allanite and allanite rings in metapelites of Central Alps [START_REF] Janots | Prograde metamorphic sequence of REE minerals in pelitic rocks of the central Alps: implications for allanite-monazite-xenotime phase relations from 250 to 610 • c[END_REF]. Owing the significant REE concentration of the whole rock analyses of w13-3, the low Y content in garnet indicates that Y (and HREE) is mainly distributed in Aln and Ep1. In this case it is proposed that garnet growing after allanite/epidote (case of sample w13-3) does not equilibrate for the Y and HREE since the Y sequestrated by the allanite and epidote rings remains isolated from the reactive bulk composition (Fig. 5.26A). The high P 2 O 5 bulk content in sample w13-3 (0.42 wt %) relative to other samples could also indicate the presence of apatite behaving as an additional sink of Y and LREE.

Syn to post-garnet allanite growth in garnet-biotite metapelites

In sample w13-4 allanite is only observed in the matrix, suggesting that it formed later in the metamorphic path compared to samples w13-3 and w13-5 and is coeval or postdates garnet growth. Garnet in sample w13-4 exhibits higher Y content than garnet in sample w13-3, despite this last one shows the highest Y and REE contents in the bulk rock. The higher garnet modal abundance in sample w13-3 (> 10 vol%) relative to sample w13-4 (5-6 vol%) may account for a redistribution of Y in a larger volume of rock Chapter 5. Multi-mineral petrochronology and diffusion modelling: linking ages to stages in the internal units of the Longmen Shan 157 but cannot account alone for the Y depletion of w13-3 garnet grains. Lower bulk Y and REE values in bulk-rock w13-4 are therefore related to lower modal abundance of allanite and its rings relative to w13-3, which is coherent with the lower CaO observed in w13-4 relative to w13-3.

In sample w13-4, garnet compositional and textural zoning suggest pulse-like garnet growth driven by different discontinous mineral reactions than in sample w13-3. Consistently, allanite textures and compositions show clear evidences of allanite resorption and replacement by the epidote (see also section 5.4.5.5). The discontinuous Y-zoning in garnet is not compatible with a simple Rayleigh fractionation [START_REF] Otamendi | Rayleigh fractionation of heavy rare earths and yttrium during metamorphic garnet growth[END_REF] and rather suggests a supply of Y from the breakdown/resorption of the Y-bearing accessory phases during garnet growth. The Y-enrichment of garnet has been frequently correlated to the xenotime breakdown reaction (e.g. [START_REF] Spear | Apatite, monazite, and xenotime in metamorphic rocks[END_REF][START_REF] Pyle | Four generations of accessory-phase growth in low-pressure migmatites from SW New Hampshire[END_REF][START_REF] Yang | The origin of Mn and Y annuli in garnet and the thermal dependence of P in garnet and Y in apatite in calc-pelite and pelite, Gagnon terrane, western Labrador[END_REF]. We therefore propose that the partial breakdown of xenotime (now totally consumed) marks the beginning of the garnet growth (prior to allanite) and provide the source for the Y incorporated in the garnet core. The Y content in the garnet mantle then decreases since the Y is sequestrated from the reactive volume by the formation of allanite at the expenses of monazite (Fig. 5.26B). The Y-depletion in garnet mantle may have been also amplified by the difference between the diffusion rate of Y and REE (low compared to major elements) and the rate of garnet mantle growth, relatively rapid to explain the trapping of inclusions [START_REF] Yang | The origin of Mn and Y annuli in garnet and the thermal dependence of P in garnet and Y in apatite in calc-pelite and pelite, Gagnon terrane, western Labrador[END_REF].

The very first ring R1 surrounding allanite in sample w13-4 is enriched in both REE and Y. The resorption of the only allanite could account for the REE content in R1 but cannot account for the Y enrichment. The ring R1 may therefore have formed from the concomitant partial dissolution of allanite and another Y-bearing phase as residual xenotime [START_REF] Regis | Redistribution of REE, Y, Th, and U at high pressure: Allanite-forming reactions in impure meta-quartzites (Sesia Zone, western Italian Alps)[END_REF], accompanied with a very low transport of constitutive elements. The second allanite rings in sample w13-4 differs in compositions from sample w13-3 (e.g R2 in Fig. 5.24A and Ep2 in Fig. 5.24B): the last rim around allanite (R3) has high LREE suggesting for a late REE transfer. The Y enrichment in the garnet rims and the REE enrichment in the R3 may mark the partial dissolution of allanite, R1 and R2 (Fig. 5.26B). This replacement process could also account for the precipitation of epidote inclusions (T2 and T3) with similar compositions than the R2 and R3 rims (see discussion below). The growth of R3 (REE-rich clinozoisite composition) may also be partially responsible of the sharp decrease of the Ca content at the garnet rims. A minor resorption of garnet core and mantle could have equally participate to the mobilization of Y, as attested by the garnet textural zoning (Fig. 5.19B).

To summarize, the successive growth and resorption reactions of allanite and its rings relative to garnet formation in w13-4 can be written such as:

Xe + Chl + Qz → Grt core + Ap + H 2 O Mnz + Chl + Qz + Ms (± Grt core) → Grt mantle + Bt + Aln (± Ap) + H 2 O Xe (residual) + Aln → R1 + R2 (+ R3) Chl + Qz (± Grt mantle) + Ms + Aln + R1 + R2 (+R3) → Grt rims (+ R3) + Bt + H 2 O
R1, R2, R3 may have formed during the same reaction sequence or during different events of dissolution/reprecipitation (e.g. the dissolution of R1 providing the Y for the R2 ring (+R3)). The reasons of different timing of allanite growth compared to garnet in the investigated samples remains unclear. The high CaO content in the bulk rock of sample w13-3 (3.3 wt %) relative to other samples (e.g. w13-4 0.37 wt %, Tab 5.8), may have stabilized allanite at lower T conditions over other accessory phases (see Engi, 2017 for a review). This is however not observed in sample w13-5 that exhibits a CaO content of 0.46 wt% and allanite inclusions in garnet -although only few allan-ite grains were observed-. Allanite seems to precede the garnet growth in the only samples where both microstructures and equilibrium phase diagrams indicate that biotite and garnet grew together or biotite slightly precedes the garnet growth (w13-5 and w13-3). [START_REF] Wing | Prograde destruction and formation of monazite and allanite during contact and regional metamorphism of pelites: petrology and geochronology[END_REF] observed that in metapelites of Northern New England (USA) the appearance of allanite corresponds to the biotite isograde. We could therefore propose that also in our samples allanite formation is broadly simultaneous to the appearance biotite, thus explaining the differences in the timing of allanite growth (Fig. 5.26).

Allanite replacement in retrogressed samples

Allanite in retrogressed and deformed (up to mylonitisation) samples w13-2 and w13-1 has similar composition than allanite in samples w13-3, w13-4 and w13-5 and provides ages in the same interval, indicating that they grew during the same metamorphic events. The relics of epidote rings around allanite and the similarity in the bulk rock composition suggest that allanite in these samples may have been initially texturally similar to allanite in fresh garnet-biotite metapelites. Now allanite shows resorption features at the grain boundaries where it has been replaced by Qz + Mnz + wm. Therefore, the microstructural changes (decrease of the grain size) of allanite in the retrogressed samples is attributed to fragmentation without allanite re-crystallization. Allanite therefore preserves a homogeneous composition and a geochronological signature close to the one of allanite in less deformed samples. As observed by [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], allanite seems to show a rather high mechanical strength under stress. These authors also observed the preservation of Permian allanite in alpine mylonite that was attributed to the mechanical and chemical effect of shielding provided by epidote rings during mylonite formation.

In our samples such a process may explain the scarce or no preservation of allanite rings in deformed and retrogressed samples. Mechanical shielding would be possible thanks to the high resistance of the epidote group minerals to ductile deformation [START_REF] Stünitz | Weakening and strain localization produced by syn-deformational reaction of plagioclase[END_REF] while epidote rings may have 'chemically' reacted first during the greenschist overprint preserving the allanite grains. Monazite develops at allanite borders depleted of epidote rims. This also suggests that allanite alteration into monazite was only possible when the shielding effect was over. In summary, the more the sample was both deformed and retrogressed the less the prograde textures of the allanite were preserved, although the isotopic composition of allanite remains unaffected by deformation and greenschist facies (no age resetting).

Allanite textures and fluid circulation

It has been recognized that fluid-assisted processes are very effective in promoting allanite reactions (e. g. [START_REF] Janots | Physico-chemical control on the {REE} minerals in chloritoid-grade metasediments from a single outcrop (Central Alps, Switzerland)[END_REF]. Signs of fluid assisted reaction are particularly evident in the textural zoning of garnets of sample w13-4, in resorption geometries of garnet in sample w13-5, in the formation of pressure shadows at biotite and garnet rims, in the albitization of plagioclase (w13-5 and w13-2) and in the allanite textures. In sample w13-4, allanite (and its rings) are partially dissolved and contains "inclusions" are associated with two types of epidote that have similar compositions than those found in the rings (R2 and R3) (Fig. 5.24A and Tab 5.10). Inclusion trails have different orientations depending on the allanite section, attesting that they are not relics of one early foliation (S1). Furthermore, they crosscut not only the allanite but also the epidote rims, showing that they grew after them. It is therefore proposed that these 'inclusions' have a secondary origin, caused by dissolution and replacement of the primary allanite. Similar textures with secondary inclusions within a primary accessory phase were observed in experimentally altered monazite [START_REF] Budzyń | The stability of xenotime in high Ca and Ca-Na systems, under experimental conditions of 250-350 • c and 200-400 MPa: the implications for fluid-mediated low-temperature processes in granitic rocks[END_REF][START_REF] Grand'homme | Partial resetting of the U-Th-Pb systems in experimentally altered monazite: Nanoscale evidence of incomplete replacement[END_REF] but, Chapter 5. Multi-mineral petrochronology and diffusion modelling: linking ages to stages in the internal units of the Longmen Shan 159 to our knowledge were scarcely described in natural samples. Secondary inclusions are interpreted to result from precipitations in pores caused by the dissolution created during replacement by interfacially coupled dissolution-precipitation [START_REF] Putnis | Mineral replacement reactions[END_REF][START_REF] Putnis | Replacement processes in the earth's crust[END_REF][START_REF] Grand'homme | Partial resetting of the U-Th-Pb systems in experimentally altered monazite: Nanoscale evidence of incomplete replacement[END_REF]. Preferential dissolution due to a crystallographic control or channelized pathway (e.g. nanocracks) can account for the apparent presence of secondary inclusions within unaltered domains in samples w13-4 and possibly in allanite grain boundaries of sample w13-2. Indeed, in samples showing greenshist retrogression (e.g. w13-2), allanite also shows evidence of alteration in lobate rims and secondary inclusions of quartz, white mica and monazite, apparently located within primary allanite (see Fig. 5.22F). The fluid availability during metamorphism might be the cause of textural differences among allanite of different samples, by limiting the growth/resorption of allanite. In sample w13-4 where garnet grew by pulses, allanite exhibits a reactive texture suggestive of different stages of allanite growth/resorption that are not visible in samples w13-3 and w13-5 where allanite remain unreactive after initial prograde growth (as attested by the low Y contents in garnet). The reactions of REE exchange proposed for garnet and allanite of samples w13-4 imply that the REEbearing fluid phase was able to migrate from the garnet to the allanite growth site, along a distance of > 2 mm (estimated from the thin section). Such a distance argues for significant mass transfer [START_REF] Janots | Physico-chemical control on the {REE} minerals in chloritoid-grade metasediments from a single outcrop (Central Alps, Switzerland)[END_REF] and cannot be explained with only inter-granular diffusion, without the assistance of a fluid phase at a temperature peak < 560 • C. Fluid may have an external origin but can also derive from dehydration reactions. It has been shown indeed in similar lithologies that influx of internally-derived fluid occurring prior and after the garnet growth and interacts with the phases around as soon as it is released into the system (Chap. 4). The bulk rock composition may play an important role in determining the quantity of fluid released during metamorphism. Tectonic structures may also channelize fluids into the metamorphic rocks triggering re-equilibration and mineral resorption, as for sample w13-3 located close to ancient thrust and for samples w13-2 and w13-1 located close or within the Wenchuan Shear Zone. While the timing of the allanite growth may therefore depend on the bulk rock composition and on the appearance of biotite, the reactivity of allanite seems to be controlled by the fluid availability during metamorphism.

Critical evaluation of the geochronological data

Our thermometric estimates show that allanite formed below the closure T for lead diffusion in allanite, > 700-750 • C [START_REF] Rubatto | Zircon and monazite response to prograde metamorphism in the Reynolds Range, central Australia[END_REF][START_REF] Gregory | Allanite behaviour during incipient melting in the southern central Alps[END_REF]Engi, 2017). Allanite records therefore crystallization ages as soon as the isotopic record was not modified during post-crystallization alteration stages. As indicated in section 5.4.5.6 the isochron approach was used for the age calculation. However, in order to further check the quality of our age results we tested if the application of a common lead correction based on the isotopic ratio predicted by the 'global lead evolution model' of [START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF] still defined one single age group. This was verified for allanite of sample w13-2, w13-3 and w13-4. In sample w13-1, where two age groups were observed with the isochrones approach, two age groups were also obtained by applying the single-spot lead correction (see Fig. 5.28 of the supplementary material). These two populations of allanite were distinguish on the base of their age Ma for Aln1 and Aln2 respectively) and on their Al content measured by LA-ICP-MS. Aln1 ages are in good agreement with ages of sample w13-3 while Aln2 younger ages are consistent with ages obtained from allanite in sample w13-4. Younger ages may represent younger Al-depleted allanite rings (see 5.4.5.6). These rings are however hardly recognized in BSE images of allanite in sample w13-1. It has to be taken into account therefore that the higher Al contents and younger ages in Aln2 might be also due to the partial sampling of muscovite (Al-enriched and Th-Pb depleted relative to allanite), surrounding the allanite grains. Similarly, it could be argued that the presence of abundant secondary inclusions in primary allanite may also have affected the ages obtained in sample w13-4. However, only allanite with no Th and Pb zoning were selected to perform age calculations, thus minimizing the contamination effects. Hence, the geochronological results indicate that allanite in sample w13-4 yield younger ages than allanite in sample w13-3, which is very consistent with the petrological observations.

P-T-t paths, metamorphic rates and regional tectonic implications

The thermobarometric estimates show that studied samples followed a clockwise P-T path with peak conditions up to 10-11 kbar, 530 • C (suggesting a thickening of ∼ 30 km). Only one sample (w13-3), located in the hanging wall of a minor ancient WNW-ESE thrust re-equilibrated in the amphibolitic facies conditions at lower P-T conditions (5.75 kbar, 530 • C kbar). This indicates the existence of active thrusts in the Songpan-Garze sedimentary series during the Upper Triassic-Lower Jurassic deformation phase.

The shape and the P-T conditions of the metamorphic peak are in very good agreement with recent P-T estimates in Chapter 4 for samples located 40 km Northeastward (Tonghua area, Fig. 5.16). In both localities the P peak precedes the T peak or is near coeval. Such P-T path is relatively common in collisional contexts belts (e.g. [START_REF] Kohn | P-T-t data from central nepal support critical taper and repudiate large-scale channel flow of the Greater Himalayan Sequence[END_REF] and reflects thickening in an accretionary zone of a propagating orogen [START_REF] Jamieson | Crustal channel flows: 2. numerical models with implications for metamorphism in the Himalayan-Tibetan orogen[END_REF]. Temperature estimates for the amphibolitic facies metamorphism are consistent with the T-range predicted for allanite stability [START_REF] Janots | Thermochemistry of monazite-(La) and dissakisite-(La): implications for monazite and allanite stability in metapelites[END_REF] and with the T estimates of Robert et al. (2010b) for the northwest of the Pengguan massif.

Microtextural observation suggest instead that syn S2 allanite in sample w13-3 has most likely formed during the prograde path. The coupled petrological and geochronological study therefore allowed to bracket in time: (1) the prograde path from T of 450-550 • C occurred at 200 Ma related to the thickening of SPG sediments in the accretionary prism resulted from the closure of the Paleotethys and ( 2) the thermal relaxation and exhumation at ca. to 180 Ma (Fig. 5.27). The geochronological results are in very good agreement with the age reported in Chapter 5.2 for the central Longmen Shan (Fig. 5.27), although ages of the prograde path are slightly younger in the studied area, revealing a diachronism in the achievement of the amphibolitic metamorphic conditions across the belt. Results are also in line with ages obtained by [START_REF] Jolivet | Mesozoic-Cenozoic evolution of the Danba dome (Songpan Garzê, east Tibet) as inferred from LA-ICPMS U-Pb and fission-track data[END_REF]; Huang et al. (2003a); [START_REF] Weller | Quantifying barrovian metamorphism in the Danba structural culmination of eastern Tibet[END_REF] for the onset of the Barrovian metamorphism in the Danba area (∼ 150 km away Fig. 5.16A). Our multi-method petrochronological approach also show that in the Longmen Shan allanite used for radiometric dating also record the two-stage amphibolitic metamorphism revealed 40 km northeastward (Fig. 5.27) by petrological study and 40 Ar/ 39 Ar in-situ dating (Chap. 4 and 5.2). Overall these observations suggest that allanite formation during prograde up to peak metamorphism cover a range of ca. 20 Ma. A similar metamorphic interval is consistent with the interval of granite emplacement in the SPG block [START_REF] Roger | Timing of granite emplacement and cooling in the Songpan-GarzêFold Belt (eastern Tibetan Plateau) with tectonic implications[END_REF][START_REF] De Sigoyer | Generation and emplecement of Triassic granitoids within the Sonpan Ganze accretionary-orogenic wedge in a context of slab retreat accomodated by tear faulting, Eastern Tibetan plateau, China[END_REF]. The increasing greenschist retrogression approaching the Wenchuan Shear Zone supported the hypothesis that faults act as zone of localizing deformation and favored fluid paths trigging mineral re-equilibration. The greenschist re-activation took place at 350-410 • C, 3 ± 1 kbar. Conditions of 5 ± 1 kbar (for 400 • C) were calculated for mylonitisation of the samples located within the Wenchuan Shear Zone. The P-T estimates for the greenschist assemblage in the retrogressed samples w13-2 and w13-1 are in line with the T range of 400-450 • C proposed for the breakdown of allanite into monazite during greenschist retrogression [START_REF] Janots | Prograde metamorphic sequence of REE minerals in pelitic rocks of the central Alps: implications for allanite-monazite-xenotime phase relations from 250 to 610 • c[END_REF][START_REF] Bollinger | Evidence for Mio-Pliocene retrograde monazite in the Lesser Himalaya, far western Nepal[END_REF] and with T estimated for the greenschist facies assemblage in metapelites collected in the Tonghua area (Chap. 4, at a distance of 18 km from the WSZ. The crystallization of the Pb-depleted monazite in the only sample within the WSZ may mark the re-activation of the WSZ at <82 Ma under greenschist facies conditions (4.5 ± 1 kbar, 400 • C, Fig. 5.27).

Conclusions

Five samples collected in the central Longmen Shan at a decreasing distance of the major Wenchuan Shear zone experienced a consistent P-T path characterized a metamorphism under amphibolitic facies conditions up to 560-590 • C, 10-11 ± 1 kbar (suggesting a thickening of ∼ 30 km). Only one sample shows a complete mineral re-equilibration during isothermal decompression (at 5.75 kbar, 530 • C kbar), which may be triggered by the functioning of an ancient NNW-ESE oriented thrusts during the exhumation. At the proximity of the WSZ, partial to complete greenschist overprint occurred at 3-4 ± 1 kbar, 350-400 • C. Allanite in fresh garnet-biotite metapelites exhibits complex textures including a variable number of Y-enriched and Y-depleted epidote rings. In samples where both allanite and its rings are included in garnet, garnet is depleted in Y, suggesting that Y fractionnated in allanite and was not remobilized during garnet growth and rock re-equilibration (in absence of monazite). In samples where allanite is observed only in the matrix, garnet is Y-enriched since Y was provided by the breakdown of Y-bearing accessory phases involving allanite growth/resorption reactions. Pre-garnet allanite yield prograde Th-Pb ages of ca. 200 Ma, while post-garnet allanites exhibits ages of ca. 180 Ma. The timing of allanite formation seems to correlate with the appearance of biotite in the stable mineral assemblage. Difference in the textures of allanite and its rings may instead depend on fluid availability during metamorphism. In the more deformed and retrogressed samples, allanite preserves the same chemical and geochronological signature than in fresh garnet-biotite metapelites, thanks to the chemical and mechanical shielding effects of the ancient epidote rims, but it is partially replaced at its rims by monazite.

Results of this study enabled to link allanite ages to metamorphic stages revealing (1) a prograde path from T of 450-500 • C at 200 Ma related to the thickening of the Songpan-Garze sediments during the closure of the Paleotethys, and ( 2) thermal relaxation and exhumation at ca. to 180 Ma related to the advancing orogenic load. A re-activation of the fault zone is date at < 82 Ma, as indicated by the Pb-poor metamorphic monazite. Overall our multi-faceted petro-chronological approach shows that in the central Longmen Shan allanite records different stages of the metamorphic path similarly to Ar/Ar ages and that the study of the textures and composition of allanite in the only allanite stability field can provide precious information of the timing of allanite growth relative to other metamorphic rock-forming minerals.

Table 5.12: Maximal age calculated for monazite from U, Th values and Pb set at the detection limit of 130 ppm.

coefficients for further U-Th-Pb age quantification in one single measurement round. With this dating protocol, correct ages (controlled on three independent standards) can be obtained relatively fast and with low detection limits on the U, Th and Pb content.

Pb was analyzed on two WDS simultaneously, with associated detection limits of 130 and 85 ppm. Following the procedure of [START_REF] Montel | Electron microprobe dating of monazite[END_REF][START_REF] Montel | Preservation of old U-Th-Pb ages in shielded monazite: example from the Beni Bousera Hercynian kinzigites (Morocco)[END_REF] and assuming no perturbation of the U and Th system since monazite crystallization, it was possible to calculate a maximum age for the most radiogenic monazite (with the highest Th and U content, Tab. 5.12), fixing the D.L. of Pb at 130 ppm (the highest D.L. between the two detectors). With these Th, U and Pb values a maximal age of 82 Ma was calculated for the analysis containing the highest Th contents (Mnz2, Tab 5.12). THERIAK-DOMINO (de Capitani and Brown, 1987;[START_REF] De Capitani | The computation of equilibrium assemblage diagrams with Theriak/-Domino software[END_REF] and the Berman's extended database of 92.version 1 [START_REF] Duesterhoeft | Bed92.v1 -Theriak-Domino database[END_REF] build on JUN92d.bs database (based on Berman, 1988 + modifications). The following solution models where used: [START_REF] Berman | Mixing properties of Ca-Mg-Fe-Mn garnets[END_REF] for garnet; [START_REF] Fuhrman | Ternary-feldspar modeling and thermometry[END_REF] for feldspar; Cpx from DEC06.bs of win-TWQ2007 instead of the Omphacite model of [START_REF] Meyre | A ternary solid solution model for omphacite and its application to geothermobarometry of eclogites from the middle Adula nappe (Central Alps, Switzerland)[END_REF]; [START_REF] Keller | A quaternary solution model for white micas based on natural coexisting phengite-paragonite pairs[END_REF] for white mica; magnesite modified by [START_REF] Mäder | An equation of state for carbon dioxide to high pressure and temperature[END_REF] and ideal mixing models for amphibole [START_REF] Mäder | Amphibole thermobarometry, a thermodynamic approach, Current Research, Part E[END_REF][START_REF] Mäder | Thermobarometry of garnet-clinopyroxene-hornblende granulites from the Kapuskasing structural zone[END_REF], epidote and chlorite [START_REF] Hunziker | The stability of tri-octahedral Fe2+-Mg-Al Chlorite. A combined experimental and theoretical study[END_REF], annite and biotite solution properties [START_REF] Mcmullin | Calibration of the SGAM thermobarometer for pelitic rocks using data from phase-equilibrium experiments and natural assemblages[END_REF]. Moreover, with respect to [START_REF] Berman | Mixing properties of Ca-Mg-Fe-Mn garnets[END_REF] the used databased applied modification on grossular, pyrope and spessartine margules, add annite consistent with proposed Fe-Mg garnet mixing properties [START_REF] Duesterhoeft | Bed92.v1 -Theriak-Domino database[END_REF]. Titanite (sph), rutile, ilmenite and quartz were assumed to be pure phases. The isochemical P-T phase diagrams were made using the bulk-rock compositions without any garnet porphyroblasts fractionations since the interest was focused on the prograde to peak hisory. Fluid was considered as pure H 2 O since no carbonates were observed in the modeled samples. Since all the samples contained a significant amount of ilmenite suggesting highly reduced conditions, Fe 3+ was ignored [START_REF] Diener | Influence of ferric iron on the stability of mineral assemblages[END_REF][START_REF] Weller | Quantifying barrovian metamorphism in the Danba structural culmination of eastern Tibet[END_REF]. For each sample, the stable metamorphic assemblages predicted by the models were compared to those observed in thin sections. The optimal P-T conditions were then qualitatively estimated from garnet, biotite, micas isopleths and modal proportions. Two stages of garnet growth (core and rim) were also modeled using the program GRTMOD (Lanari et al., 2017). This program searches the optimal P-T condition of garnet using a fractional crystallization model combined with Gibbs free energy minimization. The errors are estimated using the auto-refinement procedure provided in GRTMOD and a residual variation (C0) of ± 1.5 corresponding to the uncertainty resulting from the EPMA chemical analyses (Lanari et al., 2017).

Equilibrium phase diagram calculations

Isochemical equilibrium phase diagrams were computed in a Na

2 O-CaO-K 2 O-FeO-MgO-MnO-Al 2 O3- SiO 2 -TiO 2 -H 2 O using
Th-isochron vs single-spot correction for allanite ages Figure 5.28: Comparison between Th-isochron (lower ages) and single-spot correction (upper age) methods for the calculation of the initial Pb in allanite for all dated samples. When the initial Pb is fixed at 2.09 in agreement with the 'global lead evolution' of [START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF] and the values provided by allanite in sample w13-3 (c), ages are overestimated of more than 20 Ma althought the same number of allanite population is observed at each time.

CHAPTER 6

Geological inheritance and changing deformation mechanisms in the long-term evolution of an active thrust belt: the case of the Longmen Shan, eastern Tibet 

Preface

Previous chapters provided detailed P-T-t conditions for a series of samples collected in the metasedimentary units of the internal Longmen Shan belt. The high-precision character of the results was crucial to unravel the different stages of the geological history experienced by this poly-phased thrust belt. However, they covered a restricted geographical area and mainly deal with small scale petrological processes. Therefore a general study that put the detailed petrochronological observations into a broader tectono-metamorphic context is still missing. This chapter presents additional thermobarometric constraints in remaining key areas of the Longmen Shan as the external sedimentary units and combines them with large scale tectonic observations acquired during the field work in order to provide a thermal, metamorphic and structural image of the belt. The chapter also encompass events that occurred during Mesozoic into the Cenozoic deformation of the belt, by providing new constraints on the Eocene re-activation of the Wenchuan Fault as strike-slip. The Lower Cretaceous event marks the achievement of a thermal equilibrium between the basement and the sedimentary cover, which enable the thick-skinned deformation to install. It is therefore quantify the importance of the Mesozoic tectonic, metamorphism, thickening and ductile deformation in the present structure of the Longmen Shan.

Introduction

The Longmen Shan thrust belt, at the eastern border of the Tibetan plateau (Fig. 6.1A), is a tectonically active region as demonstrated by the Mw 7.9 Wenchuan (2008) and Mw 6.6 Lushan (2013) earthquakes. Here the Tibetan crust (Songpan-Garze block) is overthickened (> 60 km, Fig. 6.2;Robert et al., 2010a;[START_REF] Zhang | Crustal structure across the Longmenshan fault belt from passive source seismic profiling[END_REF][START_REF] Zhang | Seismic signature of the collision between the East Tibetan escape flow and the Sichuan Basin[END_REF] and a strong topographic step survives despite the low convergence rates measured by GPS between the Tibet and the Yangtze Craton (westernmost part of the South China craton) < 3 mm/yr [START_REF] King | Geodetic measurement of crustal motion in southwest China[END_REF][START_REF] Shen | Contemporary crustal deformation around the southeastern borderland of Tibetan plateau[END_REF]Zhang et al., 2011). Lowtemperature thermochronology documents a Cenozoic phase of rapid cooling from c. 30 Ma [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF][START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF]Wang et al., 2012a;[START_REF] Tan | Late Cenozoic thrusting of major faults along the central segment of Longmen Shan, eastern Tibet: Evidence from lowtemperature thermochronology[END_REF] responsible for the exhumation of the Yangtze basement up to the surface (in the crystalline massifs, Wang et al., 2012a). These features make of the Longmen Shan the most enigmatic margin of the Tibetan plateau. Two classes of models have been proposed to explain the paradoxical Cenozoic deformation of this belt: the crustal shortening model [START_REF] Hubbard | Uplift of the Longmen Shan and Tibetan plateau, and the 2008 Wenchuan (M=7.9) earthquake, nature[END_REF][START_REF] Hubbard | Structural setting of the 2008 Mw 7.9 Wenchuan, China, earthquake[END_REF] and the channel flow model [START_REF] Royden | Surface deformation and lower crustal flow in eastern Tibet[END_REF][START_REF] Royden | The geological evolution of the Tibetan plateau[END_REF]. However, while the former can only account for a small part of the observed crustal shortening at the front of the belt (∼ 36 km, [START_REF] Hubbard | Uplift of the Longmen Shan and Tibetan plateau, and the 2008 Wenchuan (M=7.9) earthquake, nature[END_REF] and of the crustal thickness below the Songpan-Garze, the channel flow model has been seriously put into question by the 2008 and 2013 earthquakes. The occurrence of these seismic events underlined the necessity to better understand the crustal deformation mechanisms active in this region and their evolution with time.

The failure of the proposed models to account simultaneously for all the geological and geophysical observations may be due to the fact that they focus on the only tectonic history of the Longmen Shan post-dating the Cenozoic India-Asia collision, without considering possible contributions of the previous geological events ('geological inheritance') in the present structure of the belt neither possible changes in the deformation style over a long timescale. However, several lines of evidence of pre-Cenozoic deformation phases exist across the belt. Metamorphic and structural studies performed in the Danba area (Huang et al., 2003b,a;[START_REF] Wallis | Cenozoic and Mesozoic metamorphism in the Longmenshan orogen: Implications for geodynamics models of eastern Tibet[END_REF][START_REF] Weller | Quantifying barrovian metamorphism in the Danba structural culmination of eastern Tibet[END_REF][START_REF] Billerot | Gneiss domes of the Danba metamorphic complex, Songpan Ganze, eastern Tibet[END_REF] and in the central Longmen Shan [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF]Harrowfield and Wilson, 2005 and Chap. 5.2 and 5.4) attest indeed of a compressive phase of deformation during the Upper Triassic-Lower Jurassic time, caused by the closure of the Paleothethys and the formation of an accretionary wedge. This phase was followed by a Lower-Cretaceous re-activation (Chap. 3 and 5.2). Hence, in order to better constraint the geodynamics of the eastern Tibet, it is crucial to estimate the importance of the pre-Cenozoic geological inheritance in the present structure of the Longmen Shan. In-situ highresolution petrological and geochronological studies are essential to discriminate the timing and the effects of the different deformation phases since the rocks exposed across the belt preserve a complex tectono-metamorphic record. However, due to the time required for petro-chronological investigations, these studies are often limited to small spatial or temporal ranges. Consequently major questions remain unresolved at the scale of the belt: ( 1) is there any variation in the tectono-metamorphic evolution across the central Longmen Shan? [START_REF] Rolland | Prolonged Variascan to Alpine history of an active Eurasian margin (Georgia, Armenia) revealed by 40 Ar/ 39 Ar dating[END_REF] Have the mechanisms of the deformation substantially changed with time in response to evolving geodynamics? To provide elements of response, we present in this study new field observations and structural data, a comprehensive dataset of the paleo-temperatures across the entire central Longmen Shan and the only available first barometric estimates for low grade metasediments in the external domain of the belt. We then combine newly acquired and previously published results to link petrological, microstructural and geochronological data at small spatial scale with tectonic structures observed at the field scale to propose a long-term geodynamic evolution for the Longmen Shan and to estimate the total exhumation cumulated during multiple deformation phases across the major Wenchuan fault. Results have first order implications for the present geodynamics of the eastern Tibet. The deformation mechanisms and rates recognized for the Longmen Shan may be characteristic of other comparable geological settings, providing precious insights for the understanding of the evolution of maturing intracontinental thrusts belts. 

Geological setting

The Longmen Shan thrust belt

The Longmen Shan thrust belt is located at the eastern border of the Tibetan plateau, at the boundary between the Yangtze block (South China Craton) to the east and the Songpan Garze (SPG) block to the west (Fig. 6.1A). Three major northwest dipping fault zones strike parallel to the belt: the Wenchuan fault (WF) that lies in the Wenchuan Shear zone (WSZ) in the northwest of the belt, the Beichuan fault (BF) in the middle and the Guanxian fault (GF) in the eastern part (Fig. 6.1A and B). The Wenchuan and Beichuan faults are generally considered as inherited from the Paleozoic, when the Yangtze block represented a passive margin [START_REF] Burchfiel | Tectonics of the Longmen Shan and adjacent regions, central China[END_REF][START_REF] Chen | Emplacement of the Longmen Shan thrust-nappe Belt along the eastern magin of the Tibetan Plateau[END_REF][START_REF] Roger | The tectonic evolution of the Songpan-Garzê (North Tibet) and adjacent areas from Proterozoic to Present: A synthesis[END_REF] structured in tilted blocks [START_REF] Jia | Longmen Shan fold-thrust belt and its relation to the western Sichuan Basin in central China: New insights from hydrocarbon exploration[END_REF]. The Neoproterozoic Yangtze basement crops out through the sedimentary cover in the Xuelongbao, Pengguan, Baoxing [START_REF] Zhou | Subduction-related origin of the 750 Ma Xuelongbao adakitic complex (Sichuan province, China): Implications for the tectonic setting of the giant Neoproterozoic magmatic event in South China[END_REF][START_REF] Yan | Collapse of Songpan-Garze orogenic belt resulted from Mesozoic Middle-crustal ductile channel flow: Evidences from deformation and metamorphism within Sinian-Paleozoic strata in hinterland of Longmenshan foreland thrust belt[END_REF][START_REF] Meng | Petrogenesis and tectonic significance of the Baoxing granitic and mafic intrusions, southwestern China: Evidence from zircon U-Pb dating and Lu-Hf isotopes, and whole-rock geochemistry[END_REF] and Tonghua massifs (Fig. 6.2). In the central Longmen Shan, both the Pengguan and Tonghua massifs are metamorphosed under greenschist facies conditions at 280±30 • C, 7±1 kbar and 370 ± 35 • , 7 ± 1 kbar respectively close to the Beichuan and Wenchuan faults (Chap. 3 and5.2) and are roofed by Sinian carbonates (Fig. 6.1B and Fig. 6.2). In the Longmen Shan structural and stratigraphic data collected in the sedimentary series account of three sedimentary provenance:

1. Allochtonous units are constituted by an extremely deformed and thick (up to 10-15 km prior to deformation) series of Paleozoic-Lower Triassic pelitic-dominated sediments [START_REF] Chen | Emplacement of the Longmen Shan thrust-nappe Belt along the eastern magin of the Tibetan Plateau[END_REF][START_REF] Burchfiel | Tectonics of the Longmen Shan and adjacent regions, central China[END_REF][START_REF] Yan | Structural and geochronological constrains on the Mesozoic-Cenozoic tectonic evolution of the Longmen Shan thrust belt, eastern Tibetan Plateau[END_REF]Robert et al., 2010b) et al., 2014;[START_REF] Roger | The tectonic evolution of the Songpan-Garzê (North Tibet) and adjacent areas from Proterozoic to Present: A synthesis[END_REF], at a depth equivalent to 2.5-3 kbar [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF]. Older granites are pre-to syn-kinematic with respect to the main deformation of the SPG sediments and are related to crustal thickening [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF]. Younger granites are post-orogenic and derived from partial melting of the thickened sedimentary cover sequence [START_REF] Roger | Timing of granite emplacement and cooling in the Songpan-GarzêFold Belt (eastern Tibetan Plateau) with tectonic implications[END_REF]. Petrological studies show that allochtonous sediments underwent an amphibolitic facies metamorphism at P-T conditions of 9-12 kbar, 530-580 • [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF]Worley and Wilson, 1996, Chap. 4 and 5.4) followed by a greenschist overprint at 2-5 kbar, 350-400 • (Chap. 4 and 5.2) and Chap. 5.4).

2. Para-autochtonous units are still highly deformed and include a series of marble, carbonates and metapelites deposed in a more proximal environnement on the South China block compared to the allochtonous units [START_REF] Burchfiel | Tectonics of the Longmen Shan and adjacent regions, central China[END_REF]Yong et al., 2014a). Para-autochtonous units mainly crop out in the Juding Nappe (footwall of the Wenchuan fault, Fig. 6.1B) and at the southern end of the Pengguan massif.

3. Autochtonous units are characterized by a carbonated-dominated stratigraphy suggestive of a proximal depositional environment (∼5 km thick prior to deformation). They mainly outcrop at the front of the belt with a typical structure of a fold and thrust belt [START_REF] Jia | Longmen Shan fold-thrust belt and its relation to the western Sichuan Basin in central China: New insights from hydrocarbon exploration[END_REF]. Here, the para-autochtonous Triassic series are thrusted on the autochtonus Triassic units (Fig. 6.2;[START_REF] Chen | Emplacement of the Longmen Shan thrust-nappe Belt along the eastern magin of the Tibetan Plateau[END_REF]Robert et al., 2010b). The frontal part of the system of klippen is thrusted over the autochtonous units (e.g. [START_REF] Zheng | Time constraints on the emplacement of klippen in the Longmen Shan thrust belt and tectonic implications[END_REF]. The foreland Sichuan basin is poorly developed.

The boundary between the allochtonous and the para-autochtonous units is defined by the Wenchuan fault, the one between the para-authochtonous and the autochtonous units is instead defined by the NW dipping West Slope Fault (WSF in Fig. 6.1B and C;Wang et al., 2014a, elsewhere called the Juding Shan fault Chen and [START_REF] Chen | Emplacement of the Longmen Shan thrust-nappe Belt along the eastern magin of the Tibetan Plateau[END_REF] and the Beichuan fault. In the footwall of the Beichuan fault no metamorphism is observed (Robert et al., 2010b).

For clarity purposes two units were defined in this study: the internal units which include all the sedimentary series and crystalline massif located west of the Wenchuan Shear Zone (which include the WF) and the external units which include the Pengguan massifs and its sedimentary cover (units west of the Beichuan fault and east of the Wenchuan fault).

Studied areas

In order to understand the relation between the internal and external units (e.g. structural and metamorphic variations), a series of structural data and samples were collected both in the hanging wall and in the footwall of the ductile Wenchuan Shear Zone, across the entire central Longmen Shan.

In the hanging wall of the Wenchuan Shear zones, 4 cross sections perpendicular to the major structures were realized in order to track potential differences among areas where the basement is exhumed and areas where only the sedimentary cover crops out. The South Tonghua section was realized were the sedimentary cover is preserved (between the Tonghua and Xuelongbao massifs, section 1 in Fig. 6.1B). The North Tonghua section (North of the Tonghua crystalline massif, section 2 in Fig. 6.1B) and Shapai section (west of the Xuelongbao crystalline massif, section 4 in Fig. 6.1B) include instead both the basement and the sedimentary cover. A last cross section, the Sanjiang section, located at the southeastern end of the Pengguan massif (section 3 in Fig. 6.1B), aims for its intermediate position to link the internal and external domains.

In the footwall of the Whenchuan Shear Zone the sampling along continous profiles was prevented by the difficult field accessibility. Isolated samples were therefore collected in both the Juding Nappe and in the Sinian sediments roofing the external Pengguan crystalline massif.

Studied cross section in the internal units

• In the South Tonghua section Silurian metasedimentary units are folded in a system of tight anticlines and synclines deflected around the Xuelongbao massif to form N to W-verging structures (section 1 in Fig. 6.1A).

• North and South Tonghua areas. North of the Tonghua massif the Cambrian to Devonian allochtonous SPG meta-sedimentary series are folded in a NE-SW oriented and SE-verging anticline at the large scale (section 2 in Fig. 6.1B). At the core of the anticline the Sinian marbles crop out suggesting that the Yangtze basement is close to the surface and is folded to form an antiform like the external Pengguan massif (Fig. 6.2; Chap. 3). The Tonghua crystalline massif crops out as a tectonic window through the Songpan-Ganze sediments, bounded to the southeast by the WF (Fig. 6.3A). Field structures related to the WF and WSZ have been described in details by Wang et al. (2014a). Close to the Wenchuan fault the crystalline rocks are affected by a brittle-ductile deformation underlined by cm-scale greenschist facies metamorphic shear zones and veins of few mm to few cm. • Shapai section. Devonian and Carboniferous units >4 km eastward of the Xuelongbao massif (section 4 in Fig. 6.1A) are folded in a system of opened W-verging anticlines and synclines. Devonian and Silurian units <4 km eastward the Xuelongbao massif are affected by a pervasive S2 schistosity easily identifiable in the landscape (Fig. 6.3C) and folded in tight E-verging anticlines and synclines (Fig. 6.3B) to form a double verging structure (Fig. 6.4). At two locations the Devonian micaschists were observed in thrust contact with Carboniferous organic-rich schist (Fig.

6.3D

). E-verging thrusts are oriented N150 W44 and show a top-to-E movement (Fig. 6.3D and Fig. 6.4). They appear later re-activated as sub-vertical dextral strike-slip faults. At the eastern contact between the Xuelongbao massif and the Silurian sediments both the sediments and the crystalline basement are extremely deformed (C/S structures showing a top-to-E movement), witnessing of a tectonic contact between the two lithologies. In the Xuelongbao crystalline basement, mica-rich layers form in zones of high strain (Fig. 6.3E).

• Sanjiang section. Close to the south-east termination of the the Pengguan massif (section 3 in Fig. 6.1B) the Beichuan fault divides into two branches. West of the Pengguan massif metasediments comprises Silurian green and organic-rich schists and limestones (allochtonous units), folded according to F2 and F3 axes, sheared to form top-to-SE C/S structures and cross cut by late sub-horizontal decompression planes (Fig. 6.3F and G). East of the Pengguan massif, in the hanging of the northern branch of the Beichuan faults, sediments comprises para-autochtonous Silurian and Devonian series. In the footwall of the of the northern branch of the Beichuan faults sediments include calcschists and Triassic limestones suggestive of deposition in a proximal environment (autochtonous units). It is still unresolved in this area the exact location of the southern termination of the Wenchuan fault.

Field structures

The internal domains

In a regional framework the complexity of the deformation of the Paleozoic sedimentary series in the internal units of the Longmen Shan increases from the SPG terrain approaching the WSZ (this study and [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF][START_REF] Worley | Crenulation cleavage formation: Evolving diffusion, deformation and equilibration mechanisms with increasing metamorphic grade[END_REF] and is particularly intense close to the contact with the crystalline massifs around which structures are deflected (Fig. 6.4) and the base of the SPG sedimentary pile is exhumed. Macrostructures observed across all studied areas were considered as the result of the superposition of three phases of ductile deformation (D1, D2, D3). The first (D1) is only locally preserved, particularly in the North Tonghua section (Fig. 6.5C). It is characterized by a pervasive sub-vertical slaty cleavage (S1) striking N30-N55 in the northernmost areas and striking N10-N40 north of the Sanjiang area (Fig. 6.4). S1 is mildly crenulated during a second deformation phase D2 according to steeply plunging upright to inclined F2 fold axes striking N60-N75 (Fig. 6.4). F2 folds are similar, tight to isoclinal and show in general symmetrical limbs (Fig. 6.5A, C, D and E). The inter-limbs angles range from 53 to 90 • . An S2 cleavage develops parallel to the F2 axial planes (Fig. 6.5A and C). It strikes N40-N80 in the northernmost section and N10-N30 north of the Sanjiang area (Fig. 6.4) and is tilted of ∼90 • relative to S1 (Fig. 6.4). The S2 is deflected around the Xuelongbao massif (Fig. 6.4). Within the Tonghua and Xuelongbao crystalline massifs the main cleavage is S2-like oriented while within the Pengguan massif it is oriented N100. The third ductile deformation phase D3 is responsible for the folding of the S2 and F2, according to F3 folds axes (F3 in Fig. 6.4). This resulted in undulated F2 fold hinges or in twisted F2 folds. Folds tighten approaching the crystalline massifs. F3 are generally asymmetric, opened folds and develop with sub-horizontal axes striking at low angle with the north (N10-N40 or N160-N175, Fig. 6.5D and F). D3 leaded to a co-planar and oblique reactivation of the S2 cleavage resulting in C3/S2-S3 composite structures at relative angles of 30-45 • (Fig. 6.5B, G and H). C/S structures indicate a topto-SE sense of shear. Quartz veins associated to D2 are deformed by F3 resulting in quartz boudins (yellow in Fig. 6.5D). D3 is particularly well expressed in the Xuelongbao and Gengda cross sections.

In the Shapai section the F3 folds tightened approaching the Xuelongbao massif, resulting in the double verging structure described in section 7.3.

The different populations of striae recorded at the surfaces of single fault planes of minor faults (thin solid black lines in Fig. 6.4) indicate that the majority of the faults observed in the field experienced an early thrusting movement followed by one or more re-activations as normal or dextral strike slip faults. The preserved thrust faults are N60-N70 or N100-115, dipping 35S or 76-80W and show a top to south-east sense of shear (line 80-84NE). At the outcrop lm142 thrust faults were re-activated firstly as normal faults (line 56SW) and then in dextral strike-slip (9SW). At the outcrop to13-4 (see Fig. 6.1B), thrust faults were instead firstly re-activated with a dextral strike-slip movement (pitch N5) then with a normal movement (pitch N89). Dextral strike-slip faults are subvertical and oriented N50-62 (line 4E). Normal faults oriented N70 were locally observed North of the Pengguan massif and no large normal detachments were identified. Sub-horizontal fault planes may be also locally observed associated to kink bands (well preserved in the Shapai section) and minor normal faults. The normal and strike-slip faulting that overprints all previous ductile macrostructures is considered as a 4 th brittle deformation phase (D4).

The external domains

Three phases of ductile deformation were also observed in the external domain of the Longmen Shan, east of the Wenchuan fault. However they are confined to the para-autochtonous Silurian to Devonian SPG sediments west of the Western Slope Fault (Juding Shan Nappe, [START_REF] Chen | Emplacement of the Longmen Shan thrust-nappe Belt along the eastern magin of the Tibetan Plateau[END_REF]. In this area the main S2 cleavage is N35-oriented, NW dipping and associated to F2 folds. F2 are folded by later F3 folds (Fig. 6.4.

In the para-autochtonous units of the Sanjian sector, Silurian sediments are folded by F2 and F3 faults Fig. 6.3G) and exhibit C-S structures. S is oriented N35-56 33-56W. C planes are flatter than S, strike in average at N161 SE27 and are associated to folds of axes N140 NW50 (Fig. 6.3F). In the autochthonous units east of the West Slope Fault, the deformation is less intense and only one cleavage oriented NE-SW affects the original stratigraphy (S0). Its strike ranges from N30 to N95.

In the autochthonous units of the Sanjiang sector, east of the BF, only one ductile deformation is superimposed to the S0 (Fig. 6.4).

In the foreland belt system structural and seismic studies point out three successive phases of deformation [START_REF] Robert | Déformation polyphasée et importance de l'héritage structural dans les Longmen Shan (Sichuan, Chine). Apport d'une approche couplée entre géophysique et géologie[END_REF][START_REF] Jia | Longmen Shan fold-thrust belt and its relation to the western Sichuan Basin in central China: New insights from hydrocarbon exploration[END_REF][START_REF] Jia | Structural model of 2008 Mw 7.9 Wenchuan earthquake in the rejuvenated Longmen Shan thrust belt, China[END_REF][START_REF] Wang | Crustal structure beneath the eastern margin of the Tibetan plateau and its tectonic implications[END_REF][START_REF] Hubbard | Structural setting of the 2008 Mw 7.9 Wenchuan, China, earthquake[END_REF]. Middle and upper triassic sediments at the base of para-autochtonous klippen in the frontal belt are folded, witnessing of a post-Middle Triassic deformation phase [START_REF] Chen | Emplacement of the Longmen Shan thrust-nappe Belt along the eastern magin of the Tibetan Plateau[END_REF][START_REF] Robert | Déformation polyphasée et importance de l'héritage structural dans les Longmen Shan (Sichuan, Chine). Apport d'une approche couplée entre géophysique et géologie[END_REF]. The klippen were then emplaced over the folded units, witnessing of a second phase of deformation following Upper Triassic time [START_REF] Chen | Emplacement of the Longmen Shan thrust-nappe Belt along the eastern magin of the Tibetan Plateau[END_REF][START_REF] Zheng | Time constraints on the emplacement of klippen in the Longmen Shan thrust belt and tectonic implications[END_REF]. The entire system was then structured in a series of tectonic sheets separated by minor faults probably rooted at depth. This deformation also affects the Eocene units at the front of the belt [START_REF] Robert | Déformation polyphasée et importance de l'héritage structural dans les Longmen Shan (Sichuan, Chine). Apport d'une approche couplée entre géophysique et géologie[END_REF] and was therefore related to the Cenozoic re-activation of the Longmen Shan.

Sampling and sample description

For this work 38 samples were collected for thermobarometry and petrological purposes along four NW-SE oriented cross section in the studied areas (Fig. 6.1 and 6.2), in both internal and external units. Among samples collected in the internal units 20 were organic-rich schists and carbonates suitable for the Raman Spectroscopy on Carbonaceous Material (RSCM) thermometry. South-west of the Xuelongbao massif (Shapai section) samples were collected along a barrovian metamorphic profile, from the chlorite (ch09 241 and ch09-244) to the garnet-biotite (ch09-236) and garnet-biotitestaurolite zone (ch09-238, xb15-20). Sample lm223 was collected within the high strain Wenchuan Shear zone. Among samples collected in the external sedimentary units, 10 were organic-rich schists and carbonates while samples lm09-37, lm230 and sa14-2 (collected for barometric purposes) were metagreywackes with assemblages of Qz + K-wm + Chl + Ep + Fs + oxides (mineral abbreviations are from Whitney and Evans, 2010 except wm = white mica). While samples lm230 and lm09-37 belonged to the Sinian sediments roofing the Pengguan massif (Fig. 6.1 and Fig. 6.2B) and may indirectly inform upon the metamorphic conditions of the basement, sample sa14-2 was collected from the Triassic para-autochthonous Devonian sediments exposed in the Sanjiang area (Fig. 6.2C). It can therefore provide a fist order barometric estimates for the external para-autochthonous sedimentary units. In sample from the South Tonghua and Shapai sections garnet, biotite and staurolite are considered as index minerals of the amphibolitic metamorphism. Since they are both wrapped and deformed by the S2 they are interpreted as pre to syn-D2. In sample lm223, the Chl + Qz + Ep eye-shaped nodules are interpreted as the replacement of garnet. This suggests an extensive retrogression from the amphibolitic to greenschist facies conditions in sample within the Wenchuan Shear Zone.

External sedimentary units

In the external domain of the Longmen Shan a different number of microstructures were observed according to the sample location, in agreement with field observations. In all cases the only metamorphic assemblage characteristic of the greenschist facies conditions was observed.

In the para-autochtonous units (Juding Shan Nappe) (e.g. organic-rich schist lm09-59), the S1 cleavage is sub-parallel to S 0 (white layer in Fig. 6.6F) and cross cut by discrete S2 crenulation cleavage domains, folded at its turn. Oxides constitute aggregates with irregular borders, oriented in the main foliation, while the organic-rich material concentrate in the microfolds hinges or in lenticular layers (e.g. Fig. 6.6F).

In the para-autochtonous sedimentary units of the Sanjiang sector (e.g. sample sa14-2), on the contrary, only one crenulation cleavage is observed superimposed to the S0. In sa14-2 the main cleavage is underlined by elongated grains of 50-100 µm of white mica and organic-rich material wrapping rounded quartz grains (of 50-100 µm) which define eye-shaped structures sheared with a top-to-ESE sense of movement (Fig. 6.6H).

Sinian metasediments roofing of the Pengguan massif (lm230 and lm09-37) are the less deformed, metamorphosed under greenschist facies conditions with chlorite developing along the main cleavage, around epidote veins of few µm in size (lm230, Fig. 6.6E). In sample lm09-37 Chl + wm intergrowths develop in large (500-800 µm) flakes among Qz, Fs and Ap (Fig. 6.6G).

Chemical and metamorphic conditions of the samples 6.2.5.1 Analytical method

The maximum temperature (T max ) experienced by the organic-rich samples was estimated with the Raman Spectroscopy on Carbonaceous Material (RSCM) thermometer [START_REF] Beyssac | Graphitization in a high-pressure, lowtemperature metamorphic gradient: a raman microspectroscopy and HRTEM study[END_REF], using a Renishaw InVia Reflex microspectrometer (Paris, ENS) with a 514-nm Spectra Physics argon laser in circular polarization. Ten to fifteen spectra were acquired for each sample and then processed using the software Peakfit [START_REF] Beyssac | Experimental study of the microtextural and structural transformations of carbonaceous materials under pressure and temperature[END_REF]. Samples were collected going up in the valleys, close to the bed of the rivers, to minimize the effect of the altitude in the estimation of the temperature peak values. Their elevation range between 1585 and 1710 m for samples of the North Tonghua section, between 1460 and 1545 m for samples in the in the South Tonghua section and between 1720 and 1810 m for samples in the Sanjiang section (Fig. 6.7A). When present, oxides were well identified in the thin section forming aggregates separated from the organic-rich zones and thus preventing from any misidentification of the carbon Raman bands [START_REF] Brolly | Raman spectroscopy: Caution when interpreting organic carbon from oxidising environments[END_REF].

The multi-equilibrium thermobarometry was used to model the P-T conditions of the high variance assemblages involving Chl + wm + Qz + H 2 O of samples lm09-37, lm230 and sa14-2 following the procedure described in Chapter 3 and Lanari et al. (2012). Metamorphic conditions were estimated from the intersection between P-T lines calculated for wm and T estimated for Chl in textural equilibrium (lm09-37 and lm230) or whit RSCM T max (samples sa14-2), under the hypothesis that metamorphic wm re-equilibrated at the temperature peak.

The chemical composition of the index metamorphic minerals was analyzed with a a JEOL JXA-8230 electron probe micro-analyzer (EPMA) at Institut des Science de la Terre (ISTerre, Grenoble). Accelerating voltage was fixed at 15 keV with a beam current of 12 nA.

Chemical and thermobarometric results

Representative chemical analyses of metamorphic minerals are reported in Table 6.1. In samples lm230 and lm09-37 (Sinian sediments roofing the Pengguan massif in the external domain) muscovite shows a Si 4+ content of 3.25-3.34 and an X M g of 0.48-0.51. In sample sa14-2 (para-autochtonous external metasediment) while muscovite shows a slightly lower Si 4+ content of 3.15-3.2 for a higher X M g of 0.53-0.62 in sample sa14-2. Chlorite in sample lm09-37 has a Si 4+ of 2.92-2.97 and an X M g of 0.46-0.49 while it exhibits a Si 4+ pfu of 2.85-2.9 and an X M g of 0.43-0.59 in sample lm230.

P-T equilibrium conditions for sample lm09-37 and lm230 yield at 300 ± 30 5.4). Several analyses performed in the grey 'non metamorphic zones' exhibit temperatures below the minimum temperature of 330 • detectable with the technique of RSCM used in this study (Robert et al., 2010b). Results from the Genga area are from (Robert et al., 2010b).( 1), ( 2) and ( 3) T max are represented in a temperature vs distance to the WSZ diagram, for the South Tonghua, North Tonghua and Sanjiang sections respectively. Dashed black line: RSCM T error range. Green: supposed minor thrust in the hanging wall of the WSZ.

Supplementary Material. In the hanging wall of the WSZ T max range between 502 • C and 619 • C (± 30 • C) with few localities showing T max between 470 and 481 • C (tab 6.2). Samples that experienced the highest T max of 594-619 • C are located in the Devonian series west of the Xuelongbao massif (Shapai section, Fig. 6.7A). T max in the footwall of the WSZ do not exceed instead 381 • C.

Three NW-SE oriented profiles were realized perpendicular to the WSZ in order to track temperature differences among samples collected at similar altitudes (Fig. 6.7B, C and D). Samples collected in the Juding Nappe were projected along the profile of the North Tonghua section (profile 2 in Fig. 6.7). Samples of the Sanjian sector were integrated to published data of Robert et al. (2010b) few kilometers northwestward in a single profile (profile 3 in Fig. 6.7). The major thermal jump > 150 • C is observed between the hanging wall and the footwall of the Wenchuan fault in every profile. This jump is extremely sharp, restrained to a band few meters to few kilometers wide. In all profiles, in the hanging wall of the Wenchuan fault, isotherms wax and wane (Fig. 6.7B, C and D), with systematic temperature variations of 30-50 • C (above the thermometer uncertainty), drawing a series of antiforms and synforms progressively tightened approaching the Wenchuan fault. T peaks are less marked in the South Tonghua section, probably because of the changing polarity of the profile (from SE-NW to E-W). Systematic peaks of temperature suggest the existence of sub-parallel (blind) thrusts (dashed red lines in figure 6.7B, C and D).

Discussion

On the base of newly acquired and previously published results we discuss in the following the similarities and the differences in the structure, metamorphic conditions and the time of metamorphism across the central Longmen Shan to propose a scenario for the long-term geodynamical evolution of the belt.

Structural continuity in the hanging wall of the Wenchuan Shear Zone

A very constant deformation scheme is observed in the metasedimentary units of the internal Longmen Shan at different spatial scales. It includes three phases of ductile deformation (D1, D2, D3) and a phase of fragile-ductile deformation and tilting (D4) and roughly corresponds to the ones observed by [START_REF] Harrowfield | Indosinian deformation of the Songpan Garze fold belt, northeast Tibetan plateau[END_REF] in the Danba area and in the southern Longmen Shan. This suggests that at the first order the sedimentary units of the internal Longmen Shan underwent a similar deformation history. Secondary differences however exist in the orientation of the structures. In the Tonghua area the S2 cleavage is indeed ENE-WSW directed (parallel to the Tonghua massif boundary), while in the Shapai and northwest of the Sanjiang sections it develops at lower angle to the North, parallel to the borders of Xuelongbao and Pengguan massifs respectively. Both folds and isotherms tighten approaching the crystalline massifs. These observations suggest that the Xuelongbao, Pengguan and Tonghua massif acted as rigid buttress during the D2 deformation phase. We therefore relate such difference to the along-strike structural variations of the Yangtze craton inherited from the Paleozoic passive margin and to the early Mesozoic transpessive movement (see 6.2.7.1). Major and minor faults observed across the belt experienced a consistent early thrusting movement followed by one or more re-activations as normal or dextral strike slip faults. The normal faults might be related to a Lower Jurassic extensional phase (as proposed by [START_REF] Yan | Collapse of Songpan-Garze orogenic belt resulted from Mesozoic Middle-crustal ductile channel flow: Evidences from deformation and metamorphism within Sinian-Paleozoic strata in hinterland of Longmenshan foreland thrust belt[END_REF] or to the exhumation of the crystalline massifs during the Late Cenozoic. Strike-slip movements are instead well compatible with the strike-slip kinematic of the eastern Tibet at the Cenozoic (e.g. [START_REF] Tapponnier | Oblique stepwise rise and growth of the Tibet plateau[END_REF].

P-T conditions in the central Longmen Shan

Medium-grade metamorphism in the internal sedimentary units

The new RSCM T max estimated for the North Tonghua, South Tonghua, Xuelongbao and Sanjiang areas are in line with RSCM temperature reported in Chapter 4 and by Robert et al. (2010b). The highest T max were observed in the Devonian sediments along the Shapai cross section (where staurolite is observed) although the P-conditions are similar or lower than the ones obtained in the other studied areas [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF]. We therefore related the higher temperatures in the Shapai section to the round geometry of the Xuelongbao massif which may act as a buttress and favor the stacking of thrusted sedimentary units early in the P-T-history. In the Sanjiang sector the new RSCM temperatures reveal that the location of the Wenchuan fault -intended as thermal barrier between internal and external domains -is at least 2 km eastward than previously estimated (dashed red line in Fig. 6.7A).

The petrological observations of samples from the Shapai and South Tonghua sections are consistent with the mineral assemblages described by [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF]; [START_REF] Worley | Crenulation cleavage formation: Evolving diffusion, deformation and equilibration mechanisms with increasing metamorphic grade[END_REF] suggestive of an amphibolitic metamorphism at temperatures higher than 600 • C (presence of staurolite). However, no kyanite was observed questionning the shape of the isogrades previously proposed for the Xuelongbao area (Fig. 6.2B; [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF]. To shed light on the metamorphic variations among different units of the belt, the new petrological observations and thermobarometric estimates were integrated to P-T data from metasediments collected in the North Tonghua section (Chap. 4), South Tonghua section (Chap. 5.4), Gengda section (northeast of the Sanjinag section, Robert, 2011) and with P-T estimates of [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF] and de Sigoyer et al. ( 2011) (e.g ch09-236, ch09-241 and ch09-244) for samples collected along the Shapai section (Fig. 6.8).

In general, metasedimentary units of the internal Longmen Shan experienced comparable clockwise P-T paths characterized by: (1) heating and burial up to 11 ± 1 kbar, 530-580 • C, ( 2) decompression and heating down to 5-7 kbar, 580-600 • C and ( 3) minor decompression and greenschist overprint at 3-5 kbar, 300-400 • C. Assuming a density for the crust of 2700 kg m -3 and the lithostatic pressure hypothesis, peak P-conditions >10 kbar imply that a pile of ca. 30 km of sediments already covered the eastern border of the South China craton at the time of the SPG nappe emplacement (ca. 200-180 Ma ago, see 6.2.6.3).

The shape of the P-T paths suggests a relatively fast burial of the sedimentary units without a complete thermal relaxation and a mid to long permanence of the metamorphic rocks in the core of the advancing orogenic prism [START_REF] England | Pressure-temperature-time paths of regional metamorphism i. Heat transfer during the evolution of regions of thickened continental crust[END_REF][START_REF] Kohn | P-T-t data from central nepal support critical taper and repudiate large-scale channel flow of the Greater Himalayan Sequence[END_REF].

Geochemical and geochronological data document that the Triassic granites were emplaced in the Songpan Ganze sedimentary units coevally to the amphibolitic metamorphism (224-188 Ma, Fig. 6.9 and [START_REF] Roger | Timing of granite emplacement and cooling in the Songpan-GarzêFold Belt (eastern Tibetan Plateau) with tectonic implications[END_REF][START_REF] De Sigoyer | Generation and emplecement of Triassic granitoids within the Sonpan Ganze accretionary-orogenic wedge in a context of slab retreat accomodated by tear faulting, Eastern Tibetan plateau, China[END_REF]. The syn-metamorphic magmatism may have therefore exerted a strong effect on the thermal structure of the thickened crust. 2D thermal modelling of [START_REF] Lyubetskaya | Modeling metamorphism in collisional orogens intruded by magmas: II. Fluid flow and implications for Barrovian and Buchan metamorphism, Scotland[END_REF] suggests that in the case of magmatic intrusions the peak temperatures in surrounding crustal rocks may increase by more than 100 • C from their values for the non-magmatic case at few kilometers from the intrusion. The timing of the temperature peak is expected, in this case, to be synchronous within different crustal levels (different metamorphic zones) over the depth range of up to 20 km. However, in the Longmen Shan, different metamorphic zones -corresponding to different structural levels -are preserved at the local (as in the Xuelongbao area) and regional scale (Songpan-Ganze, this study, [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF] and are reached at different times (e.g. [START_REF] Weller | Quantifying barrovian metamorphism in the Danba structural culmination of eastern Tibet[END_REF]. Furthermore numerous granites are undeformed [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF] and exhibit extremely localized contact aureoles showing temperatures below 650 • C [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF]. This suggests that metamorphic conditions in the internal Longmen Shan were mainly driven by crustal thickening. The emplacement of granites may have however provoked the thermal softening of the crust [START_REF] Sandiford | Mechanical consequences of granite emplacement during high-T, low-P metamorphism and the origin of "anticlockwise" PT paths[END_REF] prior and during the thrusting of the Songpan-Ganze units over the Yangtze block.

Increasing greenschist metamorphic overprint approaching the Wenchuan Shear Zone

Approaching the Wenchuan shear zone amphibolitic mineral assemblage is progressively overprinted by a greenschist metamorphism. The greenschist overprint is complete within the WSZ, as in samples lm223 (this study) and in w13-1 (Chap. 5.4). A similar phenomena is observed in samples lm09-223 collected close to a fault parallel to the WSZ (Chap. 4) and in sample ch09-241 and ch09-244 close to the Xuelongbao crystalline massif. Greenschist retrogression seems thus to be confined to zones of high strain (fault zones and strong lithological contrast) that may act as favored fluid paths enhancing chemical re-equilibration of the peak mineral assemblage.

Close to the WSZ and to the contact between Silurian sediments and the crystalline basement, field observations reveal that the Tonghua and Xuelongbao massifs (in the hanging wall of the Wenchuan fault) also experienced greenschist facies metamorphism and a brittle-ductile deformation underlined by mica-bearing shear zones more pronounced than in the Pengguan massif. The Tonghua and Xuelongbao massifs may have therefore experienced higher peak metamorphic conditions. This is consistent with thermobarometric estimates revealing higher T in the Tonghua massif (ca. 400 • C) than in the Pengguan massif (280 • C, Chap. 3) and with zircon fission track (ZFT) data showing that the Pengguan massif (in the hanging wall of the Beichuan fault) resided at T<280 • C since Triassic time (Wang et al., 2012a) while the Tonghua and Xuelongbao massifs were buried under the advancing SPG fold system earlier in the deformation history and exhumed at similar temperatures at 10 Ma ago [START_REF] Tan | Late Cenozoic thrusting of major faults along the central segment of Longmen Shan, eastern Tibet: Evidence from lowtemperature thermochronology[END_REF]. P estimates for the Tonghua massif (7±1 kbar; Chap. 5.2) are instead extremely similar to the ones obtained for the Pengguan massif (7 ± 1 kbar) in Chap. 3), suggesting that both units were exhumed from a depth of ca. 20 km depth (density of the crust = 2700 kg.m-3). This supports the merging of the decollement level at ca. 20 km depth already during the Mesozoic, that extends from the Beichuan fault westward in the SGP block, in agreement with geophysical observations (Robert et al., 2010a;Wang et al., 2011b[START_REF] Wang | Active fault-related folding beneath an alluvial terrace in the Southern Longmen Shan Range Front, Sichuan Basin, China: Implications for seismic hazard[END_REF] and references therein).

Greenschist facies metamorphism in the external sedimentary units

In the external sedimentary units of the Longmen Shan the metamorphic conditions estimated with the multiequilibrium approach are supported by the RSCM and reveal T max < 400 • C. In the Devonian sediments (sample sa14-2) the P-T conditions of the peak greenschist facies assemblage (4.5 ± 2 kbar, 340 ± 30 • C) are very close to the P-T conditions estimated for the greenschist retrogression in the internal sedimentary units suggesting that the late low-P metamorphism is the only significant event of recrystallization in the external domain. The P conditions at 8 ± 1 kbar, 300 ± 30 • C obtained in the Sinian sediments are in good agreement with the thermobarometric estimates in Chapter 3 for the external crystalline Pengguan massif. Assuming a density for the crust of 2700 kg.m -3 and the lithostatic pressure hypothesis, this implies that the Devonian sediments were exhumed from a depth of 14-15 km and were partially thickened. This explains their higher temperatures than the ones estimated for the external crystalline Pengguan massif (Chap. 3) and indicate that they were detached over the basement, confirming their para-autochtonous origin. On the other hand, the Sinian sediments remained joint to the basement and were exhumed from a depth of c. 20 km.

Timing of metamorphism relative to deformation

In the internal sedimentary units of all studied cross sections similar metamorphic assemblages are associated to similar microstructures, formed during the D1, D2, D3 ductile deformation phases. Different geochronological studies show that the metamorphic peak was reached in different localities of the internal Longmen Shan in the time interval 200-180 Ma (Fig. 6.9, Chap. 5.2, Chap. 5.4 and Chapter 6. Geological inheritance and changing deformation mechanisms in the long-term evolution of an active thrust belt: the case of the Longmen Shan, eastern Tibet 185 Huang et al., 2003a;[START_REF] Weller | Quantifying barrovian metamorphism in the Danba structural culmination of eastern Tibet[END_REF], where the age of 200 Ma marks the maximum burial of the sedimentary units (Chap. 4,5.2 and Chap. 5.4) 20 Ma after the beginning of the advancing orogenic load recorded in the Sichuan foreland basin (Yong et al., 2003b). The kinematic of the D2 top-to-SE shear observed in the field and at the sample scale indicates that T-peak is contemporary to the initiation of a tectonically driven exhumation, as also proposed by Fig. 6.9 [START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF]. The folded isotherms revealed by RSCM also indicate that a deformation phase was coeval or postdated the metamorphic peak event. The greenschist overprint, dated at 120-140 Ma (Chap. 3 and 5.2) is instead related to the D3 since at the sample scale the greenschist assemblage develops in porphyroblasts pressures shadows deformed by the D3. Therefore, based on thermobarometric results, the internal sedimentary units experienced between the Late Triassic and the Lower Cretaceous up to c. 12 km of exhumation (P decrease of ∼5 kbar) from 200 to 180 Ma and 5-6 km of exhumation (P decrease of 2-3 kbar) from 180 to 130-140 Ma.

Small differences exist however across the belt in the timing of metamorphism relative to the deformation. Our petrological observation reveal indeed that in samples from the South Tonghua and Shapai sections garnet and biotite are post-D1 and pre to syn-D2. In sample from the North Tonghua section, on the contrary, garnet and biotite are syn to post-D2 (Chap. 4), suggesting that in this area the thermal peak was reached once the main D2 deformation phase ceased. Hence, as also indicated by the younger ages obtained for the prograde path in the South Tonghua section relative to the north Tonghua section (Chap. 5), the deformation may have been slightly diachronous in the central Longmen Shan, propagating from the NW to the SE portion of the internal domain during the Late Triassic.

In the external sedimentary units no ages are yet available for the metamorphic peak, which makes it difficult to precisely date the onset of the deformation and metamorphism. New and published field observations indicate however that deformation reached the front of the Longmen Shan by the Late Triassic, in agreement with the ZFT at 180 Ma obtained by [START_REF] Arne | Differential exhumation in response to episodic thrusting along the eastrn margin of the Tibetan Plateau[END_REF] at the front of the belt and with the timing of the klippen emplacement [START_REF] Zheng | Time constraints on the emplacement of klippen in the Longmen Shan thrust belt and tectonic implications[END_REF]. In the para-autochtonous units of the external domain, the greenschist metamorphism may therefore be Triassic in age.

Local tectonic implications

The long-term thrusting component of the rift-inherited Wenchuan fault

The sharp metamorphic jump of ∼5-6 kbar and 150-200 • C observed between the internal and external Longmen Shan is located across the WSZ. This suggests that sediments in the hanging wall of the Wenchuan fault were exhumed from a greater depth than sediments in the footwall and that the WSZ largely contributed to the deep rock exhumation. Recent 40 Ar/ 39 Ar data show that the internal sedimentary cover experienced a higher exhumation than the crystalline massifs prior to the Lower Cretaceous (Chap. 5.2). These results underline the importance of the thrusting movement in the long-term behavior of the WSZ during the Mesozoic, as also observed for the Beichuan fault [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF]Godard et al., 2009 and Chap. 3).

The sharp limit between highly-deformed and high-metamorphic units and low-deformed and lowmetamorphic units has also been observed in the central Alps and was interpreted as the rift-related necking zones inherited from the passive margin geometry [START_REF] Mohn | The role of rift-inherited hyper-extension in Alpine-type orogens[END_REF]. Similarly, in the Longmen Shan, the WSZ may constitute the necking zone inherited from the rifting phase that acted as a topographic barrier during the margin inversion (Fig. 6.11A). Allochtonous units were thus stopped against this buttress and then exhumed. The existence of a significant topographic steps at Triassic time is supported by the fact that the cleavage related to the D2 ductile deformation is deflected around the crystalline massifs and that isotherms draw a system on antiforms and synforms progressively tightened approaching the Wenchuan fault. The record of lower Jurassic metamorphism in the internal Tonghua crystalline massif (Chap. 5.2) but not in the external Pengguan massif also suggests that the Wenchuan fault constituted a major tectonic boundary already at that time. Furthemore, if the Cenozoic contribution of the Yangtze craton is substracted from the thickeness of the Tibetan crust observed by geophysics below the SPG block (Fig. 6.1C) an overthickened crust still persists below the WSZ, suggesting that the WSZ already constituted a major boundary prior to the Cenozoic (as also observed by [START_REF] Roger | Timing of granite emplacement and cooling in the Songpan-GarzêFold Belt (eastern Tibetan Plateau) with tectonic implications[END_REF][START_REF] Roger | Tectonic evolutionof the Triassic fold belts of Tibet[END_REF][START_REF] Roger | The tectonic evolution of the Songpan-Garzê (North Tibet) and adjacent areas from Proterozoic to Present: A synthesis[END_REF]. The inherited geometry of the passive margin may have therefore been of primarily importance in the deformation style of the Longmen Shan during the subsequent collision.

Different tectono-metamorphic evolutions for the allochtonous and (para-)autochtonous units

The thickening of the internal units up to ∼30 km is typical of a accretionary wedge geodynamical setting (e.g. [START_REF] Guillot | Exhumation processes in oceanic and continental subduction contexts: A review[END_REF], as the one resulting from the closure of Paleotethys during Triassic (pink in Fig. 6.10). The lack of medium-grade metamorphism in the external domain of the Longmen Shan suggests instead that para-autochtonous units occupied a more proximal and shallower position.

The metamorphic jump between the SPG allochtonous metasediments and the Yangtze basement imply the existence of major decollement between the two units, at the time of the SPG nappe emplacement (Upper Triassic-Lower Jurassic, pink in Fig. 6.11). Field observations, RSCM temperature profiles and petrological studies suggest the existence of successive sub-parallel thrusts within the SPG sedimentary pile pre-dating the Cenozoic strike slip re-activation, coeval with the medium-grade metamorphism and therefore active during the Upper Triassic-Lower Jurassic (section 6.2.5.2 and Chap. 5.4). This is in agreement with [START_REF] Yan | Origin and tectonic significance of a Mesozoic multi-layer over-thrust system within the Yangtze block (South China)[END_REF] observations and with a classical scheme of belt structuration, according which the NW-SE thrusts within the Silurian sediments should have been active before the re-activation of the more frontal Wenchuan fault. These thrusts were likely to be structurally rooted in a shallow decollement (or ductile crustal layer) located in the Silurian schists (at the base of the post-rift sediments), as proposed by numerical modelling of passive margin inversion of [START_REF] Buiter | Numerical models of the inversion of half-graben basins[END_REF]. The predominant structural style in the Longmen Shan during the Upper Triassic-Lower Jurassic was therefore thin-skinned. The folded shape of the Tonghua massif and the Th-Pb ages on metamorphic allanite however show that, at Lower Jurassic time, the basement was also marginally affected by metamorphism and deformation (Chap. 5.2). Such a situation is also observed in Danba area [START_REF] Billerot | Gneiss domes of the Danba metamorphic complex, Songpan Ganze, eastern Tibet[END_REF] and might be valable also for the folded Pengguan massif (as suggested by the Triassic re-activation proposed for the Beichuan fault by [START_REF] Zhang | Pulsed exhumation of interior eastern Tibet: Implications for relief generation mechanisms and the origin of high-elevation planation surfaces[END_REF]. The intense deformation observed in the SE margin of Xuelonbao massif consistent with the D2 deformation affecting the Silurian sediments (Shapai section) also suggests of a minor basement-involving deformation during the early Mesozoic. We thus considered that the thin-skinned and thick-skinned structural styles were not mutually exclusive (as the definition given by Rodgers, 1949) but they occurred coevally (Lacombe and Bellahsen, 2016).

Mesozoic geodynamical evolution of the Longmen Shan: a succession of pulses of deformation and periods of quiescence

Since the Early Mesozoic the Longmen Shan experienced a complex and multi-phased deformation history articulated in pulses of deformation separated by period of quiescence. A succession of pulses of deformation and periods of slow cooling was also identified at shorter timescale since 30 Ma in the central Longmen Shan (Wang et al., 2012a). It could therefore represent a characteristic feature of the long-term tectonic activity of the region. With the contribution of the newly aquired structural and thermobarometric data we propose in the following a scenario for the long-term evolution of the Longmen Shan since the Early Mesozoic.

Upper Triassic-Lower Jurassic deformation phase

Our structural data indicate that the D1-related textures are only locally preserved and precede the temperature peak conditions. Hence, we associate the D1 deformation phase to the initial compaction of the 10-15 km thick sedimentary pile in the SPG basin deposed during the Paleozoic up to the middle Triassic, in agreement with [START_REF] Roger | Timing of granite emplacement and cooling in the Songpan-GarzêFold Belt (eastern Tibetan Plateau) with tectonic implications[END_REF]; [START_REF] Harrowfield | Indosinian deformation of the Songpan Garze fold belt, northeast Tibetan plateau[END_REF]. Structural and geochronological investigation suggest that the D1 lasted from c. 240 to 210 Ma (Yan et al., 2011 and Chap. 5.2). This is in line with the carbonate ramp migration caused by the orogenic wedge load during Carnian time (228-235 Ma) [START_REF] Wang | The 2013 lushan earthquake: Implications for seismic hazards posed by the Range Front blind thrust in the Sichuan Basin, China[END_REF], consistent with the transition from shales to sandstone ca. 223 Ma ago (Yong et al., 2003b;[START_REF] Wang | The 2013 lushan earthquake: Implications for seismic hazards posed by the Range Front blind thrust in the Sichuan Basin, China[END_REF]. The subsequent D2 deformation phase is characterized by ENE-WSW directed F2 folds in the SGP sediments. The F2 orientation is compatible with a top-to south thrusting in the central belt (Fig. 6.10A).

The re-orientation of the D2-related structures along the WSZ and the crystalline massif are also indicative of a senestral transpression movement. This is consistent with the southward propagation of the syn-orogenic deposition centers in the Sichuan basin [START_REF] Meng | Mesozoic sedimentary evolution of the northwest Sichuan basin: Implication for continued clockwise rotation of the South China block[END_REF][START_REF] Deng | Indosinian progressive deformation and its chronogenesis in Longmengshan structural belt[END_REF] and is related to the N-S directed closure of the northern branch of the Paleotethys and the contemporary clockwise rotation of the South China block [START_REF] Harrowfield | Indosinian deformation of the Songpan Garze fold belt, northeast Tibetan plateau[END_REF] (Fig. 6.10A). In this context internal sedimentary units of the Longmen Shan were buried down to ca. 30 km, thrusted over the Yangtze units and stacked against the internal crystalline massif that acted like buttress (Fig. 6.11B). Burial occurred at c. 200-215 Ma while exhumation during thrusting took place between c. 200 and 180 Ma (Chap. 5 and Harrowfield and Wilson, 2005;[START_REF] Yan | Structural and geochronological constrains on the Mesozoic-Cenozoic tectonic evolution of the Longmen Shan thrust belt, eastern Tibetan Plateau[END_REF]. Rocks in the footwall of the Wenchuan fault that occupied a relatively external position were less deformed under the thinner and thus colder top of the nappe sheet that succeed in overstepping the buttress formed by the crystalline massifs. Exhumation of the deep rocks in the internal domain of the belt at this time might be due to an intense erosion, as suggested by the geometry of the depositional centers in the Sichuan basin [START_REF] Meng | Mesozoic sedimentary evolution of the northwest Sichuan basin: Implication for continued clockwise rotation of the South China block[END_REF]Yong et al., 2014b) and the lack of sediments younger than the Upper Triassic (e.g. Yong et al., 2003a), coupled with the propagation of the orogenic wedge to the east. However, the occurrence of an extensional phase during the Lower-Middle Jurassic (as propoposed by [START_REF] Yan | Structural and geochronological constrains on the Mesozoic-Cenozoic tectonic evolution of the Longmen Shan thrust belt, eastern Tibetan Plateau[END_REF] cannot be excluded, although we did not observed direct evidence of large scale Mesozoic extension. 

Lower-Cretaceous re-activation

Although a period of quiescence has been proposed for the Longmen Shan during the Middle Jurassic and Cretaceous [START_REF] Roger | Geochronological and geochemical constraints on Mesozoic suturing in east central Tibet[END_REF]Huang et al., 2003a;[START_REF] Roger | Mesozoic-Cenozoic tectonothermal evolution of the eastern part of the Tibetan plateau (Songpan-Garze, Longmen Shan area): insights from thermochronological data and simple thermal modelling[END_REF][START_REF] Jolivet | Mesozoic-Cenozoic evolution of the Danba dome (Songpan Garzê, east Tibet) as inferred from LA-ICPMS U-Pb and fission-track data[END_REF], a deformation phase occurring at 140-130 Ma has been recently documented (Chap. 3 and 5.2) and is here related to the D3. This phase triggered the partial exhumation of the metasedimentary units and of the internal and external crystalline massif (Fig. 6.11C). A lower Cretaceous re-activation is also recognized in the stratigraphic record of the Sichuan basin [START_REF] Liao | Relation between structural evolution of the Longmenshan orogenic zone and sedimentation of its foreland basin[END_REF] and in the cooling history of the Xhianshui He fault zone, south-est of the Longmen Shan [START_REF] Xu | Tectonics and denudation adjacent to the Xianshuihe Fault, eastern Tibetan Plateau: Constraints from fision track thermochronology[END_REF]. Our structural observations indicate that the D3 is associated to NNE-SSW oriented F3 folds in the Longmen Shan, in the Danba area and further west (Fig. 6.10B) as well as to a top-to-SE shearing in greenschist facies conditions. It is therefore related to a E-W oriented compression (Fig. 6.10). Figure 6.12 summarizes the present day location that provide data on the age and kinematics of the Lower Cretaceous geodynamics for the eastern Asia. The Longmen Shan seats between two contrasted geodynamical provinces at this time (Fig. 6.12):

1. east of the Longmen Shan the tectonic setting was dominated by a WNW-ESE-directed extension, largely documented in the North China Block, the Dabia Shan belt, in the central Yangtze craton and in the coastal province of the South China Sea [START_REF] Nanni | Rifting and reactivation of a Cretaceous structural belt at the northern margin of the South China Sea[END_REF][START_REF] Chan | Polyphase rifting of greater Pearl River Delta region (South China): Evidence for possible rapid changes in regional stress configuration[END_REF][START_REF] Faure | Extensional tectonics within a subduction-type orogen. the case study of the Wugongshan dome (Jiangxi province, southeastern China)[END_REF][START_REF] Lin | Early cretaceous extensional reworking of the triassic HP-UHP metamorphic orogen in eastern China[END_REF]Wang et al., 2012b[START_REF] Wang | Constraints on crustal evolution and gold metallogeny in the northwestern Jiaodong Peninsula, China, from SHRIMP U-Pb zircon studies of granitoids[END_REF]. This large-scale extensional event marks the end of the Yanshan Revolution in the central and east Asia (see [START_REF] Dong | Late jurassic-Early Cretaceous continental convergence and intracontinental orogenesis in east Asia: A synthesis of the Yanshan Revolution[END_REF] for a review). The causes of the extension are related to the changing polarity of the paleo Pacific (Izanagi) subduction (from NW-SE to N-S) at ca. 140 Ma, the roll-back of the subducting plate [START_REF] Daoudene | Late mesozoic continental extension in northeast Asia-relationships to plate kinematic[END_REF]Wang et al., 2011a) or the delamination of the thickened crust as in the eastern part of the north China block (e.g. [START_REF] Gao | Recycling lower continental crust in the North China Craton[END_REF]).

2. West of the Longmen Shan the tectonic setting is dominated by the N-S compression (dashed red lines in Fig. 6.12) leading to the closure of the Meso-Tethys and the collision between the Lhasa and Qiantang blocks. The occurrence of late to post-collisional granites (the oldest dated at 115 Ma), the apatite fission tracks (AFTs) data in central Tibet and the stratigraphic and structural evolution of basins in different regions of Tibetan plateau indicates that the Lhasa-Qiantang collision was already ongoing in the Middle Jurassic -Early Cretaceous [START_REF] Yang | Middle-late jurassic tectonostratigraphic evolution of central Asia, implications for the collision of the Karakoram-Lhasa block with Asia[END_REF][START_REF] Xu | Tectonics and denudation adjacent to the Xianshuihe Fault, eastern Tibetan Plateau: Constraints from fision track thermochronology[END_REF]Jolivet et al., 2001 references therein). During the Late Mesozoic the eastern Tibet was therefore under a collisional uplifting environment (Wang et al., 2014a and references therein).

In this framework, we propose that at Lower Cretaceous the Longmen Shan were under the influence of the compressive tectonics [START_REF] Rolland | Prolonged Variascan to Alpine history of an active Eurasian margin (Georgia, Armenia) revealed by 40 Ar/ 39 Ar dating[END_REF]. The fact that thrust faulting occur coevally in the central and eastern Tibet suggests that the Lhasa-Qiangtang collision caused the clockwise escape of the Tibetan crustal material towards the Longmen Shan. At least since Lower Cretaceous this escape was favored by the space created by the extensional tectonics in the East Asia (Fig. 6.12) and the related asthenospheric flow [START_REF] Sternai | On the influence of the asthenospheric flow on the tectonics and topography at a collision-subduction transition zones: Comparison with the eastern Tibetan margin[END_REF].

The Cretaceous phase was followed by a Cenozoic re-activation (since 30 Ma, Wang et al., 2012a), well documented by low-T thermochronological and geomorphological studies (e.g. [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF][START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF]Wang et al., 2012a;[START_REF] Jolivet | Mesozoic-Cenozoic evolution of the Danba dome (Songpan Garzê, east Tibet) as inferred from LA-ICPMS U-Pb and fission-track data[END_REF][START_REF] Tan | Late Cenozoic thrusting of major faults along the central segment of Longmen Shan, eastern Tibet: Evidence from lowtemperature thermochronology[END_REF]. The re-activation of Chapter 6. Geological inheritance and changing deformation mechanisms in the long-term evolution of an active thrust belt: the case of the Longmen Shan, eastern Tibet 191 Figure 6.12: Summary of data on the age and kinematics of the Late Jurassic-Early Cretaceous deformation in eastern Asia, inspired from [START_REF] Ratschbacher | Exhumation of the ultrahigh-pressure continental crust in east-central China: Cretaceous and Cenozoic unroofing and the Tan-Lu fault[END_REF]. Localities from where data were collected are presented in their present geographical emplacement. SPG: Songpan-Garze, SCC: South China Craton, NCC: North China Craton. References are detailed in the image and in the text. The tectonic structures in the NCC marked with pink arrows is from [START_REF] Faure | Is the Jurassic (Yanshanian) intraplate tectonics of North China due to westward indentation of the North China block?[END_REF] the thrusts observed in the field into normal faults attest of a generalized tilting of the pre-existing structures and the activation of normal faults (D4 in Fig. 6.9), during the exhumation of the crystalline massif up to the surface.

Implication for geodynamics in the eastern Tibet since the Mesozoic

This study, integrated to previous works on the long-term geodynamical evolution of the eastern Tibetan plateau underlines the importance of the geological inheritance in the present structure of the central Longmen Shan. The crust was indeed already thickened up to >30 km during the Early Mesozoic, all the metamorphism and ductile structures observed across the belt are Mesozoic in age. inherited major faults (as the WF and BF) played a key role for the exhumation of the deep rocks prior to the Cenozoic, deeply influencing the distribution of the metamorphic rocks now observed at the surface. The deformation was therefore localized along major lithospheric faults. Furthermore, the along-strike variation of ductile structures was influenced by the geometry inherited from the passive margin as the existence of crystalline massifs (buttress) and of a necking zone (WSZ).

The location of the highest grade metamorphic rock in the hanging wall of the WSZ, the fact that they are exhumed from different depths partly during the Mesozoic, the absence of preserved largescale detachment and the documented propagation of the Mesozoic deformation from the sedimentary cover to the basement and from NW to SE are hardly compatible with the existence of a pure channel flow [START_REF] Royden | Surface deformation and lower crustal flow in eastern Tibet[END_REF][START_REF] Royden | The geological evolution of the Tibetan plateau[END_REF][START_REF] Clark | Dynamic topography produced by lower crustal flow against rheologic strenght heterogeneities bordering the Tibetan Plateau[END_REF] either at the Cenozoic or at the Mesozoic. We underline instead the importance of the pre-Cenozoic geological inheritance in the present structure of the belt, which may explain why the upper crustal model of [START_REF] Hubbard | Uplift of the Longmen Shan and Tibetan plateau, and the 2008 Wenchuan (M=7.9) earthquake, nature[END_REF]; [START_REF] Hubbard | Structural setting of the 2008 Mw 7.9 Wenchuan, China, earthquake[END_REF] that opposes to the channel flow can only account for a small amount of shortening and crustal thickening observed in the Longmen Shan.

In a broader framework, from the Early Mesozoic to the Late Mesozoic, the geodynamic scenario strongly changed, passing from a context of accretionary wedge (related to the closure of Paleotethys) to the intracontinental re-activation. The mechanisms of deformation passed from a dominant thinskinned to a dominant thick-skinned structural style. However, the different Mesozoic deformation phases responded to the same N-S convergence responsible for the E-SEward extrusion of the SPG crustal material above the western margin of the rigid Yangtze craton that is observed at the present day. Hence, despite the changing geodynamics and deformation modes, the kinematic context remained rather constant over time.

The role of the thermal state of the crust in the transition from thin-skinned to thick-skinned deformation

In the Longmen Shan, the eplacement of the Songpan-Garze allochtonous units (at a T>500 • C) over the cold Yangtze units (at T<400 • C) at Upper Triassic-Lower Jurassic was likely to result in a strong thermal disequilibrium. We observe that, during this period, the structural style was mainly thinskinned (see section 6.2.6.4.2). This is in line with the numerical simulations by [START_REF] Bauville | Transition from thin-to thick-skinned tectonics and consequences for nappe formation: Numerical simulations and applications to the Helvetic nappe system, Switzerland[END_REF] that relate the formation of fold nappe with a prevalent thin-skinned structural style. At Chapter 6. Geological inheritance and changing deformation mechanisms in the long-term evolution of an active thrust belt: the case of the Longmen Shan,eastern Tibet 193 this time the basement was indeed probably too cold and consequently too strong to undergo shortening. Hence, the sedimentary cover was preferentially shortened over a major decollement, as proposed by [START_REF] Mouthereau | The Zagros folded belt (Fars, Iran): constraints from topography and critical wedge modelling[END_REF] and [START_REF] Mouthereau | Rheology and strength of the Eurasian continental lithosphere in the foreland of the Taiwan collision belt: Constraints from seismicity, flexure, and structural styles[END_REF].

The successive lower Cretaceous re-activation was marked by greenschist metamorphism, ductile deformation, partial thrusting and exhumation of both the allochtonous metasedimentary cover and the basement to similar T metamorphic conditions. Exhumation rates estimated in Chapter 5.2 clearly show a convergence of the T conditions of the internal sedimentary units and crystalline massifs at 138-140 Ma, similarly to the one observed in the Danba area (∼150 km southeastward, Huang et al., 2003a) in the same time range. This event seems to correspond to the onset of the thick-skinned deformation in the central Longmen Shan. Hence, we propose that as soon as the basement and the sedimentary cover reached similar P-T conditions, the basment and its sedimentary cover experienced a coherent exhumation history and the deformation became thick-skinned. The long-lasting temperature peak due to the emplacement of the allochtonous nappes may have indeed ductilized the upper crust providing favorable conditions for strain ductile localization in the basement [START_REF] Lacombe | Thick-skinned tectonics and basement-involved fold-thrust belts: insights from selected Cenozoic orogens[END_REF][START_REF] Bellahsen | Collision kinematics in the western external Alps[END_REF]. The weakening of the basement may have been also favored by the presence of inherited faults (from the passive margin as the BF and WF) and by the increasing temperature in the basement up to ca. 400 • C, resulting in major rheological changes like the ductile deformation of feldspar [START_REF] Sibson | Seismogenic framework for hydrothermal transport and ore deposit[END_REF]. The fact that the basement was involved earlier than previously thought in the tectonic history of the Longmen Shan (Lower Cretaceous instead of Cenozoic) may patially explain why the foreland basin is poorly developed. As noticed by [START_REF] Bonnet | Interactions between tectonics, erosion, and sedimentation during the recent evolution of the Alpine orogen: analogue modeling insights[END_REF] in the Alps, the orogenic foreland basin grows indeed in width and thickness until the basement units start to be exhumed.

Once the thermal relaxation achieved, the thick-skinned structural style in the Longmen Shan became progressively dominant until the present day, as suggested by reconstructed balanced cross sections [START_REF] Hubbard | Uplift of the Longmen Shan and Tibetan plateau, and the 2008 Wenchuan (M=7.9) earthquake, nature[END_REF][START_REF] Hubbard | Structural setting of the 2008 Mw 7.9 Wenchuan, China, earthquake[END_REF] and the recent 2008 Wenchuan Earthquake, nucleated in a basement fault. It became therefore progressively difficult to deform the thickened internal Longmen Shan; the Cenozoic shortening was limited to the frontal part of the belt (of ∼ 36 km, Hubbard and Shaw, 2009;[START_REF] Hubbard | Structural setting of the 2008 Mw 7.9 Wenchuan, China, earthquake[END_REF].

Conclusion

New petrological observations show a metamorphic jump of 150-200 • C, 5-6 kbar between the metasediments of the internal units of the Longmen Shan, in the hanging wall of the Wenchuan fault (T>500 • C) and metasediments in the external units of the belt, in the footwall of the fault (T<400 • C). The P-T equilibrium conditions of the greenschist metamorphic assemblage in the external units yield at 300 ± 30 • C, 8 ± 1 kbar and 300 ± 30 • C, 7 ± 1.5 kbar for the Sinian sediments roofing the Pengguan massif and at 340 ± 30 • C, 4.5 ± 2 kbar for the para-autochtonous Devonian sediments. In the internal units the medium-grade metamorphism was followed by a greenschist overprint at T conditions similar to the ones estimated for the internal crystalline massifs (T ∼ 350-380 • C). Structural and microstructural observations indicate that the internal sedimentary units underwent a consistent P-T-t and deformation history across the entire central Longemn Shan. Medium-grade metamorphism was related to the D2 ductile deformation, while greenschist metamorphism was related to the D3. D2 includes NE-SW trending folds formed during the thickening of internal Songpan-Ganze allochtonous units (up to 30 km) in a context of accretionary wedge at Upper Triassic-Lower Jurassic (closure of the Paleotethys) and their thrusting over the external Yangtze units. D3 is related to E-W trending folds and is associated to the effects of the Lower Cretaceous collision between the Lhasa and Qiangtang blocks. From D2 to D3 the predominant structural style in the Longmen Shan passed from thin-skinned to the thick-skinned in response to the thermal relation of the belt. Results underline the importance of the geological inheritance in the present structure of the central Longmen Shan. The crust was indeed already thickened up to >30 km during the Early Mesozoic, all the metamorphism and ductile structures observed across the belt Mesozoic in age. Inherited major faults (as the Wenchuan fault) played a key role in the exhumation of the deep rocks, deeply influencing the distribution of the metamorphic rocks now observed at the surface. The inherited geometry of the passive margin influenced the orientation of the D2 structures, the crystalline massifs acting like a buttress against which the SPG were stacked.

The deformation during the Mesozoic was therefore localized along major lithospheric faults. This work demonstrates how the study of the geological inheritance can greatly improved the comprehension of the complex and polyphase history of the central Longmen Shan, with major implications for the understanding of the present geodynamics in the eastern Tibet.

Further comments 6.3.1 Chemistry of the Tonghua crystalline massif

The Tonghua massif, exhumed in the central Longmen Shan is generally considered as an analogue of the Xuelongbao massif (e.g. Chap. 5.2) and Chap. 5.4) although its belonging to the Yangtze basement (westernmost margin of the South China craton) has not yet be confirmed. Since in the central Longmen Shan both Triassic and Neoproterozoic grainites are present (see Fig. 6.1 of this Chapter), it is extremely important to identify the origin of the Tonghua massif. For this, samples to13-12 and lm09-52 (see Chap. 5.2 for sample location) and to13-11 (sampled close to to13-12) were collected to preform major and trace element analyses. The bulk rock composition was obtained by LA-ICP-MS at SARM laboratory (Nancy, France).

In a SiO 2 versus Na 2 O + K 2 O diagram samples to13-11b, to13-12 and lm09-52 plot in the field of diorite, syeno-diorite and granite respectively (Fig. 6.13A). Diorites show a SiO 2 content of 60-65 wt% for a K 2 O content of 1.36 wt% (to13-11) and 3.1 wt% (to13-12). Granite lm09-52 shows on the contrary higher SiO 2 (74.7 wt %) and K 2 O (4.15 wt %) contents. Such chemical compositions are typical of the medium and high-K calc-alkaline series (Fig. 6.13A). REE element composition was normalized to chondrite of [START_REF] Boynton | Chapter 3 -cosmochemistry of the rare earth elements: Meteorite studies[END_REF] while multi-elements were normalized to the primitive mantle of [START_REF] Mcdonough | The composition of the earth[END_REF]. Meta-diorites to13-11 and to13-12 present a weakly positive Eu anomaly while granite lm09-52 a weakly negative one. The metadiorite shows a moderate enrichment in LREEs ((La/Yb)N = 4.1-4.3 while meta-granite shows an enrichment of ca. 9.7. All samples present almost no fractionation in HREEs. Samples are also enriched in LILEs (e.g. Rb, Ba, Th and U) and are depleted in Nb, Ta and Zr. The granite lm09-52 also shows a strong depletion in Sr.

The meta-diorite to13-11 and the metasyeno-diorite to13-12 reveal chemical composition close to the one of the Pengguan granitoid [START_REF] Billerot | De la marge Ouest du craton du Yangtze á la bordure Est du plateau Tibétain: Evolution géodynamique á partir de l'étude structurale, pétrologique, géochimique et géochronologique de roches magmatiques et métamorphiques[END_REF]. Granite lm09-52 is on the contrary closer to the Gezong composition [START_REF] Billerot | De la marge Ouest du craton du Yangtze á la bordure Est du plateau Tibétain: Evolution géodynamique á partir de l'étude structurale, pétrologique, géochimique et géochronologique de roches magmatiques et métamorphiques[END_REF], a granitic complex of South China affinity situated in the Danba area (Fig. 6.13). All samples from Tonghua massif are calk-alkaline in nature as the ones from Pengguan [START_REF] Billerot | De la marge Ouest du craton du Yangtze á la bordure Est du plateau Tibétain: Evolution géodynamique á partir de l'étude structurale, pétrologique, géochimique et géochronologique de roches magmatiques et métamorphiques[END_REF] and Xuelongbao massifs [START_REF] Zhou | Subduction-related origin of the 750 Ma Xuelongbao adakitic complex (Sichuan province, China): Implications for the tectonic setting of the giant Neoproterozoic magmatic event in South China[END_REF]. Furthermore, similarly to all other crystalline massifs in the LMS belonging to the South China craton, samples of Tonghua massif also show a depletion in Sr and an enrichment in LREE compared to HREE with a pronounced U positive anomaly and negative anomalies in Nb, Ta and Ti (Fig. 6.13). HREE profile of metagranite lm09-52 is similar to the one of Pengguan and Baoxing granites [START_REF] Billerot | De la marge Ouest du craton du Yangtze á la bordure Est du plateau Tibétain: Evolution géodynamique á partir de l'étude structurale, pétrologique, géochimique et géochronologique de roches magmatiques et métamorphiques[END_REF][START_REF] Meng | Petrogenesis and tectonic significance of the Baoxing granitic and mafic intrusions, southwestern China: Evidence from zircon U-Pb dating and Lu-Hf isotopes, and whole-rock geochemistry[END_REF] while to13-12 shares similar features with the Xuelongbao massif [START_REF] Billerot | De la marge Ouest du craton du Yangtze á la bordure Est du plateau Tibétain: Evolution géodynamique á partir de l'étude structurale, pétrologique, géochimique et géochronologique de roches magmatiques et métamorphiques[END_REF] and Baoxing diorites [START_REF] Meng | Petrogenesis and tectonic significance of the Baoxing granitic and mafic intrusions, southwestern China: Evidence from zircon U-Pb dating and Lu-Hf isotopes, and whole-rock geochemistry[END_REF]. Finally, the HREE content of sample to13-11 is close to the one of the Gezong granitoid in the Danba area also belonging to the Yangtze craton (Fig. 6.13B). In summary, our results suggest that the Tonghua massif constitutes a slice of South China basement equivalent to the Xuelongbao, Pengguan, Baoxing and Gezong (Danba) massifs. The calk-alcaline nature of the Tonghua massif as well as its depletion in Nb, Ta and Ti without elevated contents of Hf and Zr could be related to a subduction mantle source as suggest for the other crystalline massif [START_REF] Meng | Petrogenesis and tectonic significance of the Baoxing granitic and mafic intrusions, southwestern China: Evidence from zircon U-Pb dating and Lu-Hf isotopes, and whole-rock geochemistry[END_REF][START_REF] Billerot | De la marge Ouest du craton du Yangtze á la bordure Est du plateau Tibétain: Evolution géodynamique á partir de l'étude structurale, pétrologique, géochimique et géochronologique de roches magmatiques et métamorphiques[END_REF]. This hypothesis is supported by the low Th/Ta, Ba/nb, Sr/Y and high Y and Yb contents of Tonghua granitoids which plot in the field of arc magmatic rocks [START_REF] Meng | Petrogenesis and tectonic significance of the Baoxing granitic and mafic intrusions, southwestern China: Evidence from zircon U-Pb dating and Lu-Hf isotopes, and whole-rock geochemistry[END_REF]. [START_REF] Tapponnier | Oblique stepwise rise and growth of the Tibet plateau[END_REF][START_REF] Decelles | Implications of shortening in the Himalayan fold-thrust belt for uplift of the Tibetan plateau[END_REF]; see also Chap. 2). However, while from the Mesozoic to the Late Cenozoic, the prevalent deformation style in the central Tibet was dominated by thrust faulting, evidence of syn-convergence strike-slip faulting progressively increased during the Cenozoic [START_REF] Armijo | Late Cenozoic right-lateral strike-slip faulting in southern Tibet[END_REF][START_REF] Mccaffrey | Role of oblique convergence in the active deformation of the Himalayas and southern Tibet plateau[END_REF][START_REF] Tapponnier | Oblique stepwise rise and growth of the Tibet plateau[END_REF][START_REF] Yin | A special issue on the great 12 May 2008 Wenchuan earthquake (Mw 7.9): Observations and unanswered questions[END_REF]. This is attested by multiple currently active strike-slip faults as the senestral Xianshui He and the dextral Jiali faults in the central and southeastern Tibet, the senestral Khulun fault in the central-northern Tibet and the senestral Altyn-Tagh and Haiyuan faults bordering the Qaidam basin and the northern Tibetan plateau respectively (Fig. 6.14A).

Strike-slip movements also characterize the tectonics of the eastern Tibet [START_REF] Zhang | Implications from the kinematic pattern of the Longmenshan region[END_REF]. This is documented in the Longriba fault zone and along the Wenchuan and Beichuan major faults in the Longmen Shan belt since the Late Miocene by geomorphological studies [START_REF] Ansberque | The Longriqu fault zone, eastern Tibetan Plateau: Segmentation and Holocene behavior[END_REF][START_REF] Ren | Holocene paleo earthquakes of the Maoergai fault, eastern Tibet[END_REF], paleosismology [START_REF] Densmore | Active tectonics of the Beichuan and Pengguan faults at the eastern margin of the Tibetan Plateau[END_REF][START_REF] Ran | Paleoseismic events and recurrence interval along the Beichuan -Yingxiu fault of Longmenshan fault zone, Yingxiu, Sichuan, Chine[END_REF], investigations of co-seismic rupture during the 2008 Wenchuan earthquake (e.g. [START_REF] Liu-Zeng | Co-seismic ruptures of the 12 May 2008, Ms 8.0 Wenchuan earthquake, Sichuan: East-west crustal shortening on oblique, parallel thrust along the eastern edge of Tibet[END_REF]de Michele et al., 2010a;[START_REF] Qi | Rupture of deep faults in the 2008 Wenchuan earthquake and uplift of the Longmen Shan[END_REF] (Fig. 6.14B) and the co-seismic rupture occurred during the M w 6.5 Yongle earthquake, occurred on August the 8th 2017 (three days before giving this manuscript) in the prolongation of the Maoergai fault (Longriba fault system, Fig. 6.14B). At the long-term petrochronological studies attest of a strong thrusting component in the behavior of the Beichuan and Wenchuan faults (e.g. this Chapter and Chap. 4. Low temperature thermochronology also indicates that in the central Longmen Shan the crystalline massifs were exhumed up to the surface in the last 30-10 Ma (Wang et al., 2012a;[START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF] and show a Cenozoic differential uplift at each side of these faults [START_REF] Tan | Late Cenozoic thrusting of major faults along the central segment of Longmen Shan, eastern Tibet: Evidence from lowtemperature thermochronology[END_REF][START_REF] Tian | Constructing the Longmen Shan eastern Tibetan plateau margin: Insights from low-temperature thermochronology[END_REF] which suggests a strong vertical component of the major Wenchuan and Beichuan faults (WF and BF) during the Late Cenozoic. The long-term thrusting component of the Wenchuan fault zone was accompanied from the Triassic-Lower Jurassic time to the Lower Cretaceous by a senestral strike-slip movement triggered by the clockwise rotation of the South China block revealed by paleomagnetism, structural studies and by the migration of the depocenters in the Sichuan foreland basin (e.g. [START_REF] Harrowfield | Indosinian deformation of the Songpan Garze fold belt, northeast Tibetan plateau[END_REF][START_REF] Meng | Mesozoic sedimentary evolution of the northwest Sichuan basin: Implication for continued clockwise rotation of the South China block[END_REF]. The present day functioning of the Wenchuan fault corresponds to a dextral strike-slip. It remains therefore unclear when the Wenchuan fault swithched from a senestral to a dextral strike-slip fault.

To provide additional constraints on the long-term evolution of the Wenchuan fault partially discussed in the previous sections, we provide in the following new 40 Ar/ 39 Ar ages of syn-kinematic white mica collected in a semi-consolidated fault gouge within the Wenchuan fault zone, associated to strike-slip kinematic. This is, to our knowledge, the first attempt to directly date the long-term functioning of the WF.

Textural and chemical description of the sample

Sampling

The studied area is located ∼ 5 km SEward from the southeastern border of the Xuelongbao massif, within the Wenchuan fault zone, in the central Longmen Shan (Fig. 6.14B, long E103.435612, lat N31.29615). Here the Wenchuan fault forms a 500 m large valley in the landscape (Fig. 6.15A) and is characterized by a wide zone of intense deformation underlined by steeply dipping Silurian sedimentary units. Sediments are strongly cataclased and locally assume the aspect of a black and fine-grained fault gouge, characterized by a high carbon content (Fig. 6.15B and C). The fault gouge xb15-42 was collected for this study on a fault plane oriented N40 NW 84 with 'en echelon' striae related to strike slip movement, as revealed by the low angle strie and the tension joints (Fig. 6.15C). The majority of the criteria observed on the fault plane were related to senestral strike-slip movement. However dextral criteria were also observed. The fault gouge was halfconsolidated and exhibited hydrothermal quartz-rich veins intercalated with syn-tectonic calcite veins, both associated to strike-slip movement criteria (probably senestral). No criteria related to the normal or thrusting movement were observed on the fault plane. In the hydrothermal veins syn-kinematic muscovite grains developed.

Mineral and chemical composition

The black matrix and the hydrothermal veins of the fault gouge were crashed separately and analyzed by X-ray diffraction at Institut des Sciences de la Terre (ISterre, Grenoble, France) with a Siemens D5000 et Bruker Axs D8 instrument, in order to determine its mineral composition (Fig. 6.16). White mica grains of 600 µm to 1 mm size were hand-picked from the gouge and fixed in the epoxy to be analyzed with an Electron Microprobe Analyser (EPMA) JEOL JXA-8230 (ISTerre). X-Ray compositional maps were acquired in order to track chemical heterogeneities within the grains, using 15 keV accelerating voltage, 100 nA beam current and a dwell time of 150ms. Point analyses were acquired using 15 keV accelerating voltage, 12 nA beam current with a beam diameter of 2 µm. Compositional maps were standardized with the XMAPTOOLS software (Lanari et al., 2014a), using the new standardization procedure (see Appendix 2). XMAPTOOLS was also used to calculate the structural formula of white mica.

The black rock matrix is composed by 22.97% of mica, 70.90% of quartz, 3.33% of NaCa plagioclase and 2.80% of carbonaceous material. A similar mineral composition is observed in hydrothermal veins, but with different mineral modal abundance (Fig. 6.16) including 7% of well-crystallized withe mica, 89.5% of quartz and 3.5% of NaCa plagioclase (relicts of feldspar from the matrix). The predominant content of quartz within the vein relative to plagioclase and the absence of K-feldspar exclude the possibility that the veins may derive from the partial melting of hosting rock (migmatite veins) and confirm that they are indeed hydrothermal veins.

Syn-kinematic white mica grains exhibit an elevated muscovite fraction (0.62-0.63) and are chemical heterogeneous with variations in Ti 4+ , Al 3+ and Si 4+ contents regardless the different grain size, as shown by compositional X-ray maps (Fig. 6.17). The Ti 4+ content varies from 0.001 to 0.04 (pfu) and is generally lower in the core of the grains (Fig. 6.17C). The Al 3+ distribution mimes the Ti zoning but with small variations ranging between 2.78 and 2.68 pfu (Fig. 6.17A). Similarly, Si 4+ slightly varies from 3.11 to 3.14 (Fig. 6.17B). Muscovite is relatively enriched in BaO (2.6-3 wt%) which exhibits a textural distribution similar to the one of Ti and Al (Fig. 6.17D). Figure 6.17: Compositional X-ray maps for white mica grains associated to hydrothermal veins in the fault gouge. Al, Si 4+ and Ti + are in apfu. Ba is in oxyde wt%.

Table 6.3: Raman temperatures for the black matrix of the fault gauge collected in the Wenchuan fault zone

Thermometry

The maximum temperature (T max ) experienced by the black matrix forming the fault gouge was estimated with the Raman Spectroscopy on Carbonaceous Material (RSCM) thermometer [START_REF] Beyssac | Graphitization in a high-pressure, lowtemperature metamorphic gradient: a raman microspectroscopy and HRTEM study[END_REF] to test if it was possible to retrieve the temperature of the gouge formation. Analyses were performed using a Renishaw InVia Reflex microspectrometer (Ecole Normale Supérieure, Paris) with a 514-nm Spectra Physics argon laser in circular polarization. Ten spectra were acquired and processed using the software PEAKFIT [START_REF] Beyssac | Experimental study of the microtextural and structural transformations of carbonaceous materials under pressure and temperature[END_REF]. All Raman spectra acquired for the carbonaceous material (CM) in the fault gouge show a predominant G band (graphite band) over the D1 and D2 bands, suggestive of little defaults in the CM with respect to graphite (see Appendix 1). Calculated temperature range between 640 • and 519 • C, with an average of 553 • C (Tab. 6.3).

Geochronological results

Muscovite grains of 1 to 2 mm in size were washed, packed and sent to the McMaster University Reactor, Ontario, for irradiation with the irradiation flux being monitored using the biotite standard GA1550 with an age of 99.74 ± 0.10 Ma [START_REF] Renne | Response to the comment by schwarz et al., on joint determination of 40K decay constants and 40Ar*/40K for the Fish Canyon sanidine standard, and improved accuracy for 40Ar/39Ar geocrhonology[END_REF]. They were subsequently dated by in-situ IR-laser ablation at The Open University (UK) with a Nu instruments Noblesse, following the procedure described in Chapter 5.2. Sample J values (0.00688233 ± 0.00005071) were calculated by linear interpolation between two bracketing standards with standards included between every 8-10 samples in the irradiation tube. Background (blank) measurements bracketed every 1-2 sample measurements, and average daily values (Tab. 6.4). Analyses were corrected for mass spectrometer discrimination, using a value of 295 determined from regular analysis of modern glass and for 36 atmospheric Ar. Isotope data were reduced using the in-house software package ArMaDiLo, using a decay constant of 5.530 x 10 -10 ± 0.013 a -1 [START_REF] Renne | Response to the comment by schwarz et al., on joint determination of 40K decay constants and 40Ar*/40K for the Fish Canyon sanidine standard, and improved accuracy for 40Ar/39Ar geocrhonology[END_REF] and corrected for blank values, radioactive decay, mass discrimination and interfering reactions. Age uncertainties are reported to 2σ; uncertainties on the isotopic measurements are reported to 1σ. One single age was retrieved from each of the 17 grains analyzed.

Ages obtained for all analyzed grains are reported in Figure 6.18A and in table 6.4. They range from [START_REF] Furuichi | Vitrinite reflectance and raman spectra of carbonaceous material as indicators of frictional heating on faults: Constraints from friction experiments[END_REF]. A slip rate increasing from 0.01 to 1.3 m/s was used to perform high-velocity dry friction experiments in fault gouges located close to the Beichuan fault and returns fracture energies values close to the ones seismically determined for the 2008 Wenchuan earthquake [START_REF] Togo | High-velocity frictional behavior of Longmenshan fault gouge from Hongkou outcrop and its implications for dynamic weakening of fault during the 2008 Wenchuan earthquake[END_REF]. However, the RSCM T max calculated for the fault gouge are also very close T max estimated in the sedimentary units in the hanging wall of the Wenchuan Shear Zone (see section 6, Chap. 4 and Chap 5). The T max in the fault gouge may therefore simply represents the regional metamorphic conditions experienced by the rocks of the Songpan-Garze unit during the Upper Triassic-Lower Jurassic (Chap. 5). In this case the later re-activation of the Wenchuan fault occurred at temperatures < 519 • C, without overprinting the acquired thermal signature. In the front of the Longmen Shan the RSCM thermometry performed on the gouge faults of deformed rocks in the Beichuan fault zone re-activated during the Wenchuan earthquake shows low-grade structures, no graphite and temperatures of 160-230 • C [START_REF] Kouketsu | Raman spectra of carbonaceous materials in a fault zone in the Longmenshan thrust belt, China; comparisons with those of sedimentary and metamorphic rocks[END_REF] and 250 • C (Liu et al., 2016b), similar to the surrounding sedimentary rocks [START_REF] Kouketsu | Raman spectra of carbonaceous materials in a fault zone in the Longmenshan thrust belt, China; comparisons with those of sedimentary and metamorphic rocks[END_REF]. In the sampled gouge, the presence of hydrothermal veins and well crystallized muscovite may suggest a range of possible thermal conditions for the gouge formation between 250 • C (limit of zeolite facies conditions) and 519 • C. We cannot exclude, however, a perturbation of the crystallinity of the carbonaceous material caused by the intense deformation experienced by the rocks in the fault gouge during the fault re-activation. Our results therefore show that the WSZ underwent a re-activation at 45 Ma -before the pulse of exhumation recorded by low-T thermochronology initiated at ca. 30 Ma (Wang et al., 2012a and references therein) -and its activity was protracted at least until 31 Ma. They also suggest that a senestral strike-slip component was still present in the behavior of the Wenchuan fault at the Eocene time. The re-activation of the Wenchuan fault as dextral strike slip fault would therefore be extremely recent. This is in agreement with structural observations and thermal data from the west margin of the Sichuan basin and from the Xianshu He area, showing the initiation of the counterclockwise rotation of the Sichuan basin at ∼13 Ma (Wang et al., 2014a). This change in the kinematic of the SOuth China block may have triggered the re-activation of the Wenchuan fault as dextral strike-slip.

CHAPTER 7

Metamorphic segmentation in a non-cylindrical belt: the petrochronological study of the Southern Longmen Shan 

Preface

Previous chapter focused on the tectono-metamorphic evolution of the central Longmen Shan, since this is the part of the belt where the basement and the base of the Songpan-Garze sedimentary pile are exhumed the most. This is also the part of the belt where the crustal structure has been better constrained, especially after the occurrence of the 2008 Wenchuan earthquake. On April the 20 th 2013 a second earthquake of Mw 6.6 hit the southern Longmen Shan (Lushan earthquake), leaving a 50 km wide seismic gap between the rupture zones associated to the Wenchuan and Lushan earthquakes (Fig. 7.1). After the Lushan earthquake, geophysical investigations extended from the central to the southern Longmen Shan (e.g. [START_REF] Wang | The 2013 lushan earthquake: Implications for seismic hazards posed by the Range Front blind thrust in the Sichuan Basin, China[END_REF][START_REF] Zhan | Deep structure beneath the southwestern section of the Longmenshan fault zone and seismogenic context of the 4.20 Lushan Ms 7.0 eathquake[END_REF][START_REF] Zheng | Crustal and upper mantle structure and the deep seismogenic environment in the source regions of the Lushan earthquake and the Wenchuan earthquake[END_REF] but only recently high-resolution tomography provided an image of the differences in the crustal structures between the Lushan and Wenchuan seismogenic zones [START_REF] Wang | New insights into the generation of the 2013 Lushan earthquake (Ms 7.0), China[END_REF]. The origin of Lushan earthquake is controversial. While some studies suggest that it was triggered by the increased coulomb stress due to the 2008 Wenchuan earthquake and its aftershocks [START_REF] Shan | Stress changes on major faults caused by Mw 7.9 Wenchuan earthquake[END_REF][START_REF] Wang | New insights into the generation of the 2013 Lushan earthquake (Ms 7.0), China[END_REF], other propose that the two earthquakes were independent. The main arguments that support the latest hypothesis are the fact that the Lushan earthquake was not in the area of Wenchuan earthquake aftershocks, that the two earthquakes occurred on two different fault systems and that an unbroken segment still remains in between (Li et al., 2014c;[START_REF] Jia | Possibility of the independence between the 2013 Lushan earthquake and the 2008 Wenchuan earthquake on Longmen Shan fault, Sichuan, China[END_REF] and references therein)(Fig. 7.1). The occurrence of the Lushan earthquake thus revealed the 207 fault segmentation of the Longmen Shan belt and the existence of different seismogenic zones. If an increasing number of short term studies is investigating the fault behaviour in the southern Longmen Shan, only few of them explored the medium and long-term geological history [START_REF] Tian | Late Cretaceous-earliest Paleogene deformation in the Longmen Shan fold-and-thrust belt, eastern Tibetan plateau margin: Pre-Cenozoic thickened crust?[END_REF]. They mainly focused on the Late Cenozoic exhumation of the crystalline massifs (e.g. [START_REF] Cook | Constraints on Cenozoic tectonics in the southwestern Longmen Shan from low-temperature thermochronology[END_REF][START_REF] Tan | Exhumation history and faulting activity of the southern segment of the Longmen Shan, eastern Tibet[END_REF]; no long-term petro-chronological constrains are yet available for the southern Longmen Shan. This is mainly due to the low grade metamorphism and the correlated scarcity of index metamorphic mineral which make the P-T-t estimation particularly challenging and strongly limited the number of samples suitable for in-situ petrological studies.

In this chapter the petrological approach previously used to constraint the Mesozoic geological history of the central Longmen Shan was extended to the southern segment in order to unravel if a metamorphic continuity exists across the belt and if it can be correlated to the present fault segmentation. This work aims to demonstrate that petrology can provide precious information complementary to geophysics to understand the importance of the geological inheritance in the present deformation of an active belt. The core of this chapter has been written as an article to comply with the rest of the manuscript but it has to be intended as a preliminary and exploratory work. 2). This segment corresponds to a low P and S-wave velocities (V p , V s ) and high Poisson's ratio zone extending from the surface down to the middle crust [START_REF] Wang | New insights into the generation of the 2013 Lushan earthquake (Ms 7.0), China[END_REF], in contrast to the high V p , V s and relatively low Poisson's ratio zones determined at the Lushan and Wenchuan earthquakes hypocenters [START_REF] Zheng | Crustal and upper mantle structure and the deep seismogenic environment in the source regions of the Lushan earthquake and the Wenchuan earthquake[END_REF][START_REF] Wang | New insights into the generation of the 2013 Lushan earthquake (Ms 7.0), China[END_REF]. The crustal structure of the southern Longmen Shan is still unclear. Many studies have proposed a direct connection between the fault systems of the central and southern Longmen Shan, although each one with a different geometry. However, after the 2013 Lushan earthquake, the formation of a 'seismic gap' has seriously put into question the assumption that the faults of the central Longmen Shan prolonged southwards. Furthermore, geomorphological investigations show significant along-strike differences. The southern segment of the belt exhibits indeed higher mean elevation, lower relief and lower channel steepness than the central LMS (Zhang et al., 2011). In the only southern LMS the deformation propagated into the Sichuan basin. The southern Sichuan basin was also the only locus of deposition during the Cenozoic [START_REF] Burchfiel | Tectonics of the Longmen Shan and adjacent regions, central China[END_REF][START_REF] Densmore | Active tectonics of the Beichuan and Pengguan faults at the eastern margin of the Tibetan Plateau[END_REF]. Despite all these differences, the Longmen Shan are commonly considered as behaving as a cylindrical belt structured along a continuous net of parallel faults. This may however not be necessarily true: are the differences between the central and southern segments 'inherited' from the long-term geological history of the belt? Can we provide independent geological constraints to legitimate the direct link between the central and southern Longmen Shan fault systems ? Low-temperature thermochronology reveals that east of the Wenchuan fault (WF), in the external domain of the central LMS, the crystalline massif (South China basement) was exhumed above 200 • C more than 200 Ma ago (Wang et al., 2012a), while all ages obtained from sample in an equivalent structural position in the southern LMS are Cenozoic (<25 Ma; [START_REF] Cook | Constraints on Cenozoic tectonics in the southwestern Longmen Shan from low-temperature thermochronology[END_REF][START_REF] Tan | Exhumation history and faulting activity of the southern segment of the Longmen Shan, eastern Tibet[END_REF].

The southern and central LMS may have therefore experienced different long-term geological evolutions. In the central LMS, two phases of deformation preceding the well-known Cenozoic re-activation were identified. One occurred at the Upper Triassic-Lower Jurassic and was accompanied by metamorphism up to 530-580 • C, 11 ± 2 kbar at the base of the thickened series of the Songpan-Garze sediments (West of the WF, internal LMS) (e.g. [START_REF] Dirks | Tectonic evolution of the NE margin of the Tibetan Plateau; evidence from the central Longmen Mountains, Sichuan Province, China[END_REF][START_REF] Worley | Deformation partitioning and foliation reactivation during transpressional orogenesis, an example from the central Longmen Shan, China[END_REF]Harrowfield and Wilson, 2005 and Chap. 4 and 5.2) and thrusting of the SPG units above the South China block. The other occurred at the Lower Cretaceous and was responsible for the partial exhumation and greenschist overprint of the crystalline massifs (at 280-350 • C , 7 ± 1 kbar) and sedimentary cover (350-400 • C, 2-5 kbar) (Chap. 3,5.2 and Chap. 5.4). The absence of long-term petro-chronological studies in the southern Longmen Shan, however, prevents to construct an image of the past thermal state of the crust at the scale of the belt. In this study we provide new constraints on the timing and conditions of metamorphism in both the crystalline basement and the sedimentary cover of the southern LMS showing that the Longmen Shan behaved as a non-cylindrical belt since the Mesozoic. The metamorphic segmentation was compared to the present structural and seismogenic segmentation to better understand the importance of the geological inheritance in the present tectonic activity.

Metamorphism and deformation in the Baoxing area

The studied area is located in the Southern Longmen Shan (Fig. 7.2A and B). Here the belt is structured along several NE-SW trending faults. The three major faults are, from est to west: the Shuangshi fault, the Xiaoguanzi fault and the Wulong fault (Fig. 7.2B and Fig. 7.3B). A blind thrust, named Range Front Blind thrust (RFBT) has also been identified in the footwall of the Shuangshi fault (Fig. 7.3B), after the occurrence of the 2013 Lushan earthquake. The Proterozoic and Neoproterozoic South China basement crops out through the Paleozoic sedimentary cover, in the hanging wall of the Xiaoguanzi (Baoxing massif) and Wulong faults (Fig. 7.2A and B, Fig. 7.3B;[START_REF] Meng | Petrogenesis and tectonic significance of the Baoxing granitic and mafic intrusions, southwestern China: Evidence from zircon U-Pb dating and Lu-Hf isotopes, and whole-rock geochemistry[END_REF], as it occurs in the hanging wall of the Beichuan and Wenchuan faults in the central Longmen Shan (Fig. 7.2A and 7.3A). The Xiaoguanzi and Wulong faults are therefore commonly considered as the southern prolongation of the Beichuan and Wenchuan faults (e.g. [START_REF] Zhan | Deep structure beneath the southwestern section of the Longmenshan fault zone and seismogenic context of the 4.20 Lushan Ms 7.0 eathquake[END_REF][START_REF] Cook | Constraints on Cenozoic tectonics in the southwestern Longmen Shan from low-temperature thermochronology[END_REF][START_REF] Lichun | The 2013 lushan ms 7.0 earthquake: Varied seismogenic structure from the 2008 wenchuan earthquake[END_REF][START_REF] Wang | New insights into the generation of the 2013 Lushan earthquake (Ms 7.0), China[END_REF], ancient faults inherited from the Paleozoic passive margin. A slice of basement also crops out in the hanging wall of the Shuangshi fault, which has often been assimilated to the Guanxian fault of the central Longmen Shan (GF in Fig. 7.2A; e.g. [START_REF] Lichun | The 2013 lushan ms 7.0 earthquake: Varied seismogenic structure from the 2008 wenchuan earthquake[END_REF]. The connection between the faults of the southern and central Longmen Shan remains however far from be established. • and also root in a decollement level at 17-20 km (Fig. 7.3B) which would be therefore linked to the one below the central Longmen Shan (Li et al., 2014c). However, weather this decollement exists is still debated. 

Petrology and chemistry

We collected 11 samples in both the crystalline basement and in the sedimentary cover. The chemistry of the major mineral phases was analyzed with an Electron Probe Micro-analyzer (EPMA) JEOL JXA-8230 at Institut des Sciences de la Terre (ISTerre, Grenoble, France). Point analyses were acquired using 15 kev accelerating voltage and 12 nA beam current with a beam size of 1 µm. X-ray maps were acquired at 15 kev, 100nA and with a dwell time of 200 msec. X-ray maps of major mineral phases were standardized using the program XMAPTOOLS 2.3.1 (Lanari et al., 2014a). Representative chemical analyses are reported in Table 7.1.

Seven samples are carbonates with organic-rich layers defining the main cleavage (S0-S1), folded by a S2 crenulation cleavage (Fig. 7.6A). Top-to-E shear microstructures were observed in samples collected for barometric purposes in the crystalline basement and in the sedimentary rocks and were associated to a greenschist-facies assemblage (Fig. 7.5A and 7.6B and C). In particular sample ba15-12 and ba15-15 are mylonites from the crystalline basement, with assemblage of Ms + Fs (K-fs and Ab) + Qz ± Pl ± Bt ± Ap (Fig. Sample ba15-10 (sedimentary cover) is a deformed metacarbonates with pelitic layers. A thigh organic-rich foliation (S0-S1) is cross cut by Qz veins rimmed by a Chl + Ms + Qz 200 µm large grains (Fig. 7.6B). Ms and Chl exhibit an homogeneous chemical composition (Si 4+ 3.05-3.11, X M g 0.3-0.5 and Si 4+ 2.68-2.8, X M g 0.67-0.7 respectively). Sample ba14-14 is a Ca-rich metagreywacke with Ms-rich layers defining the main cleavage (Fig. 7.6C). Ms and Chl were only observed in the zone of intense deformation and were therefore considered as index minerals of the greenschist metamorphism associated to the top-to-the-E deformation (S2). In the crystalline sample ba15-12, muscovite with the highest Ti 4+ content was interpreted as a partial product of the destabilization of biotite during the greenschist overprint. In this same sample, the ductile deformation and the undulate extinction in Qz suggest temperatures of 300-450 • C [START_REF] Sibson | Seismogenic framework for hydrothermal transport and ore deposit[END_REF][START_REF] Stöckhert | Thermochronometry and microstructures of quartz-α comparison with experimental flow laws and predictions on the temperature of the brittle-plastic transition[END_REF][START_REF] Passchier | Microtectonics[END_REF].

Conditions and age of metamorphism

Methods

The scarcity of the index metamorphic minerals in the studied low grade metamorphic rocks made the thermobarometric estimates particularly challenging. Pressure conditions of metamorphism in the crystalline basement were evaluated with the empirical barometer of Massonne and Schreyer (1987) (2010) (ba14-14). Peak temperatures experienced by organic-rich carbonates were estimated with the Raman Spectroscopy on Carbonaceous Material (RSCM) thermometry [START_REF] Beyssac | Graphitization in a high-pressure, lowtemperature metamorphic gradient: a raman microspectroscopy and HRTEM study[END_REF]. Sample ba14-14 and ba14-15 were selected to perform in-situ 40 Ar/ 39 Ar of white mica. Samples were irradiated at McMaster University Reactor, Ontario. Irradiation flux being monitored using the biotite standard GA1550 with an age of 99.74 ± 0.10 Ma [START_REF] Renne | Response to the comment by schwarz et al., on joint determination of 40K decay constants and 40Ar*/40K for the Fish Canyon sanidine standard, and improved accuracy for 40Ar/39Ar geocrhonology[END_REF]. Sample J values (reported in Tab 7.3) were calculated by linear interpolation between two bracketing standards with standards included between every 8-10 samples in the irradiation tube. The following corrections were applied to the standards: ( 39 Ar/ 37 Ar)Ca = 0.00065 ± 0.0000033, ( 36 Ar/ 37 Ar)Ca = 0.0002654 ± 0.0000013, ( 40 Ar/ 39 Ar)K = 0.0085 ± 0.0000425 based on analyses of Ca and K salts; only the K correction was applied to the analyzed samples due to negligible Ca in the sample micas. Analyses were performed with a Nu Instruments Noblesse on polished 300 µm-thick sections with an ultraviolet laser (ablation) of 65 µm of diameter, at the Open University (UK), following the procedure described in Chapter 5.2. Analyses were corrected for mass spectrometer discrimination determined from regular analysis of modern glass. Background (blank) measurements bracketed every 1-2 sample measurements, and average daily values were used to correct the data (Tab. 7.3). Isotope data were reduced using the in-house software package ArMaDiLo, using a decay constant of 5.530 x 10-10 ± 0.013 a-1 [START_REF] Renne | Response to the comment by schwarz et al., on joint determination of 40K decay constants and 40Ar*/40K for the Fish Canyon sanidine standard, and improved accuracy for 40Ar/39Ar geocrhonology[END_REF], and corrected for blank values, radioactive decay, mass discrimination and interfering reactions. Age uncertainties are reported to 2σ; uncertainties on the isotopic measurements are reported to 1σ. The absence of any contamination by calcite or chlorine-bearing mineral phase was checked using the 38 Ar/ 39 Ar and 37 Ar/ 39 Ar ratios.

Results

In the crystalline basement (sample ba15-12) P-T conditions were estimated for the only newly grown muscovite (Ms2 and Ms3). They yield at 10 ± 2 kbar, 350-400 • C for Ms2 and 6 ± 2 kbar (for the same temperature of 350-400 • C) for Ms3 with the multi-equilibrium approach (Fig. 7.7A). Note that the T interval was kept constant for Ms2 and Ms3 to underline that Ms2 plot at higher P than Ms3. P-T estimates for Ms analyses of [START_REF] Tian | Late Cretaceous-earliest Paleogene deformation in the Longmen Shan fold-and-thrust belt, eastern Tibetan plateau margin: Pre-Cenozoic thickened crust?[END_REF] provide consistent P-T results (Fig. 7.7B) at 6.5 ± 3 kbar (larger error), with the highest density of analyses at 6 ± 1 kbar, 350-400 • C. The P-map obtained with the thermometer of [START_REF] Massonne | Phengite geobarometry base on the limiting assemblage with K-feldspar, phlogopite, and quartz[END_REF] (Fig. 7.7C) shows P conditions of 7-7.5 kbar for Ms2 and of ∼5.5 kbar for Ms3 (at T=400 • C).

In the sedimentary cover (samples ba15-10, ba14-14) T conditions for chlorite yield at 350 ± 20 • C. With this temperature as reference, P-T conditions for the Ms-bearing assemblage in sample ba14-14 were estimated at 3 ±1 kbar, 350 ± 20 • C (Fig. 7.7D). RSCM T max range between 394± 15 • C and 320 ± 30 • C (Fig. 7.2B,Fig. 7.9A and Tab. 7.2). No systematic temperature jumps were observed across the major faults.

Geochronological results are reported in 

Interpretation of the P-T-t results

Our thermobarometric results show that in the whole southern Longmen Shan the metamorphism does not exceed the greenschist facies conditions. Temperatures obtained with the RSCM thermometry are in good agreement with temperatures evinced from the deformation of the Fs and Qz and with T estimates with the multi-equilibrium approach. Both the Phg-Qz-H 2 O modelling and the barometer of [START_REF] Massonne | Phengite geobarometry base on the limiting assemblage with K-feldspar, phlogopite, and quartz[END_REF] show higher P conditions for Ms2 than for Ms3, suggesting a decompression (exhumation) during the greenschist overprint and the associated deformation. However, the P estimated with the [START_REF] Massonne | Phengite geobarometry base on the limiting assemblage with K-feldspar, phlogopite, and quartz[END_REF] barometer are generally lower than the P estimated with the multi-equilibrium approach of 1-2 kbar, especially for Ms2. It has been observed that the chemical mass transfer from the metastable granitic rocks to mylonite and ultramylonite zones as well as the decreasing in water content (below the water saturated conditions) during mylonitisation can have a non-negligible influence on the phengite composition [START_REF] Oliot | Role of plagioclase and reaction softening in a metagranite shear zone at mid-crustal conditions (Gotthard Massif, Swiss central Alps[END_REF][START_REF] Goncalves | Role of chemical processes on shear zone formation: an example from the Grimsel metagranodiorite (Aar massif, Cenral Alps)[END_REF], altering the barometric estimates performed with the Si-in-Ms based barometer of [START_REF] Massonne | Phengite geobarometry base on the limiting assemblage with K-feldspar, phlogopite, and quartz[END_REF]. This may explain, in our case, the discrepancy between the methods used.

The T estimates in both the basement and in the sedimentary cover are lower than the nominal closure T for Ar in muscovite (425 • C for a 100 µm radius grain, a cooling rate of 10 • C and P=10 kbar; [START_REF] Harrison | Diffusion of 40 Ar in muscovite[END_REF]: 40 Ar/ 39 Ar dates represent therefore Ms crystallization ages. In the crysalline basement, however, relicts of different chemical groups of muscovite have been observed. Since the chemical heterogeneities within muscovite are smaller (10-20 µm) than the spatial resolution used for the in-situ dating (65 µm), the final Ar-Ar age might be affected by different contributions. Hence, older ages (68-74.5 ± 6.1) may correspond to partial sampling of relicts of Ms1. The youngest ages (58-60 ± 9 Ma) are instead likely to correspond to the growth of Ms2 or Ms31 . In the metasediments, Ms ages define two plateaux, which may corresponds to two phases of Ms growth, one immediately following the deformation event affecting the basement (in the range of 49-52 Ma) and the other post-dating this event (32-46 Ma). 2 The greenschist metamorphic overprint and the associated topto-E deformation (included mylonitisation) was associated to the thickening phase occurring between the Upper Cretaceous-Paleocene and the Eocene.

Local tectonic implications

P-T conditions obtained for the crystalline rocks suggest that the basement W of the Wulong fault was exhumed from ∼16-20 km depth (assuming the lithostatic pressure hypothesis with a crustal density of 2700 kg m -3 ), in agreement with P-T-z conditions obtained for the Pengguan and Tonghua massifs in the central Longmen Shan (Chap. 3 and 5.2). This result shows incredible consistency with the seismic reflection studies suggesting that the major thrust fault in the Baoxing area are rooted in a basal detachment at 17-20 km depth, as suggested by [START_REF] Hubbard | Structural setting of the 2008 Mw 7.9 Wenchuan, China, earthquake[END_REF]; Wang et al. (2014a).

The geochronological results are in good agreement with previously published 40 Ar/ 39 Ar and U-Pb ages for the Baoxing and Danba areas (∼100 km northeast of the Baoxing area; [START_REF] Wallis | Cenozoic and Mesozoic metamorphism in the Longmenshan orogen: Implications for geodynamics models of eastern Tibet[END_REF][START_REF] Tian | Late Cretaceous-earliest Paleogene deformation in the Longmen Shan fold-and-thrust belt, eastern Tibetan plateau margin: Pre-Cenozoic thickened crust?[END_REF]. Ar-Ar ages indicate that a deformation phase accompanied by greenschist metamorphism precedes the fast cooling period recorded by low-T thermochronology in the Baoxing area. Available data show in particular that the Baoxing massif was exhumed above the closure temperature of the fission track in zircon (ZFTs, ∼250 • C) at c. 30-25 Ma east of the Wulong fault [START_REF] Tan | Exhumation history and faulting activity of the southern segment of the Longmen Shan, eastern Tibet[END_REF] and at 13-14 Ma west of the Wulong fault [START_REF] Cook | Constraints on Cenozoic tectonics in the southwestern Longmen Shan from low-temperature thermochronology[END_REF][START_REF] Tan | Exhumation history and faulting activity of the southern segment of the Longmen Shan, eastern Tibet[END_REF]. The basement in the hanging wall of the Wulong fault was therefore still buried at T > 250 • C at c. 40 Ma, when the exhumation of the frontal units (footwall of the Wulong fault) began, in good agreement with our results indicating that the Tibetan plateau was already thickened in the Early Cenozoic (in agreement with [START_REF] Wallis | Cenozoic and Mesozoic metamorphism in the Longmenshan orogen: Implications for geodynamics models of eastern Tibet[END_REF][START_REF] Tian | Late Cretaceous-earliest Paleogene deformation in the Longmen Shan fold-and-thrust belt, eastern Tibetan plateau margin: Pre-Cenozoic thickened crust?[END_REF] and the deformation actively involved the basement (thickskinned deformation) since ca. 75 Ma in the Baoxing area. Furthermore, the combination of our P-T-t data with low-T thermochronology also imply that the Baoxing massif was exhumed of 3-5 km from 60-70 to 20-30 Ma (assuming a thermal gradient of 20 • C/km), at a calculated average exhumation rate < 1 mm/y.

Top-to-E shearing in the southern Longmen Shan

Existing structural studies of the mylonitic zones in the Baoxing basement (north of the Wulong fault) have proposed the existence of top-to-W ductile detachments, firmly related to a Late Cretaceousearliest Paleogene extensional phase [START_REF] Tian | Late Cretaceous-earliest Paleogene deformation in the Longmen Shan fold-and-thrust belt, eastern Tibetan plateau margin: Pre-Cenozoic thickened crust?[END_REF]. This is however in contrast with our field observations according which the major ductile deformation phase is related to a top-to-E shearing and is only locally superimposed by normal top-to-W structures (Fig. 7.4). We therefore relate the top-to-W structures to late normal detachments activated during the Miocene exhumation of the crystalline massif (in agreement with [START_REF] Burchfiel | Tectonics of the Longmen Shan and adjacent regions, central China[END_REF][START_REF] Cook | Constraints on Cenozoic tectonics in the southwestern Longmen Shan from low-temperature thermochronology[END_REF]. This is in line with the presence of Late-Cretaceous-early Paleogene basins -interpreted as foreland basins-at the front of the southern Longmen Shan [START_REF] Guo | Formation and evolution of the Sichuan Basin[END_REF] and with the absence of an extensional basin filled with Paleogene sediments in the hanging wall of the presumed extensional area, as expected in the case of a large detachement. Moreover, Late Cretaceous-earliest Paleogene top-to-the-WNW shearing has been mentioned to have been reported in the Danba area (∼100 km northeast of the Baoxing area; [START_REF] Tian | Late Cretaceous-earliest Paleogene deformation in the Longmen Shan fold-and-thrust belt, eastern Tibetan plateau margin: Pre-Cenozoic thickened crust?[END_REF]. However, recent surveys in Danba region document that the majority of the structures are top-to-the SW thrusting and top-to-the-NE late normal faults [START_REF] Billerot | Gneiss domes of the Danba metamorphic complex, Songpan Ganze, eastern Tibet[END_REF]. Furthermore, a potential extensional phase is difficult to put in the context of the India-Asia convergence.

We therefore propose that the ductile deformation in the southern Longmen Shan is relate to a late Cretaceous-Cenozoic thickening phase.

The Longmen Shan: a non-cylindrical belt since the Mesozoic

The Wulong fault in the southern Longmen Shan, as the Wenchuan fault in central part of the belt, separates intensely deformed units to the west from the less deformed units to the east; similarly to the WF it may therefore represents a topographic step (e.g. ancient necking zone, see Chap. 6) inherited from the passive margin geometry, against which the sedimentary units were stacked during the major phase of deformation. The P-T conditions obtained for the metasedimentary cover in the southern Longmen Shan are in good agreement with the ones observed in the external sediments of the central LMS (east of the Wenchuan fault, Chap. 6). The medium-grade metamorphism that characterizes the allochtonous Songpan-Garze sediments in the central Longmen Shan (west of the WF, red area in Fig. 7.8A) is however not observed in the studied area. This suggests that the southern LMS never experienced the overthrusting of the thickened Songpan-Garze units. The compilation of previous (Chap. 4 and Robert et al., 2010b) and newly acquired thermometric results (Fig. 7.8A) also reveals that in the 30-40 km wide area that separates the central and southern Longmen Shan (Baoxing area), where the basement is not exposed, sediments did not experienced any metamorphism (T <330 • C, white area and white dots in Fig. 7.8A). This non-metamorphic zone extends from the front of the belt, westward within the Songpan-Garze terrain (Fig. 7.8A) and well corresponds to the area where ZFTs data show unresetted Triassic ages [START_REF] Tan | Exhumation history and faulting activity of the southern segment of the Longmen Shan, eastern Tibet[END_REF]. Deep metamorphic units were therefore never exhumed within this area. The along-strike distribution of the metamorphic rocks (Fig. 7.8A) shows therefore that while in the central Longmen Shan the Wenchuan fault played a major role in the exhumation of the amphibolitic rocks from the base of the thickened series of the SPG sediments (Chap. 4,5.2 and Chap. 6), in the southern Longmen Shan the Wulong fault contributed to the exhumation of relatively low-grade metamorphic rocks. Hence, if the Wenchuan fault (or its Mesozoic expression, the ductile Whenchuan Shear Zone) is defined as the limit between the medium-grade and the low grade metamorphic rocks, the Wulong fault cannot be considered as the southern prolongation of the WF, as often previously proposed. Nortwest of the Baoxing area, the south China basement is exposed in the Danba dome, surrounded by medium-grade metamorphic SPG rocks as it occurs in the central Longmen Shan. This suggests that the Wenchuan Shear Zone may actually deviate westward from the central Longmen Shan (along the limit of the non-metamorphic white area in Fig. 7.8) to reach the Danba zone, according the general curvature of the structures observed at the large scale (Fig. 7.2A).

Our petrological results therefore demonstrate that an along-strike metamorphic segmentation exists within the belt.

In the southern Longmen Shan, the youngest Ar-Ar ages obtained for the greenschist metamorphism in metasediments (32-46 Ma) immediately precede the pulse of exhumation recorded by ZFTs in the central Longmen Shan (since 30 Ma, Wang et al., 2012a). However, in the central Longmen Shan, the greenschist metamorphism in both the basement and the sedimentary cover (west of the Wenchuan fault) is aged of Lower Cretaceous (Chap. 3 and 5.2) and no metamorphism related to the Cenozoic deformation has been observed so far. On the other hand, in the Baoxing area, no signs of a Lower Cretaceous metamorphism have been identified. This suggests that, while the central Longmen Shan experienced a phase of thickening and exhumation at the Lower Cretaceous, the southern Longmen Shan did not, or the Lower Cretaceous event is there completely overprinted by the Cenozoic history.

During the Cenozoic, the central Longmen Shan were already at a higher structural level (below closure T of ZFTs) while the southern Longmen Shan experienced thickening and deformation. Different portions of the belt were therefore re-activated at different times, maybe due to different stage of maturation of the associated fault systems. This is consistent with the stratigraphic record in the foreland Sichuan basin showing a migration of the depocenter northwards during the Lower Cretaceous and southwards during the Cenozoic [START_REF] Burchfiel | Tectonics of the Longmen Shan and adjacent regions, central China[END_REF][START_REF] Densmore | Active tectonics of the Beichuan and Pengguan faults at the eastern margin of the Tibetan Plateau[END_REF][START_REF] Meng | Mesozoic sedimentary evolution of the northwest Sichuan basin: Implication for continued clockwise rotation of the South China block[END_REF]. Thus, the central and southern Longmen Shan underwent different tectono-metamorphic histories since the Early Mesozoic and during the Cenozoic. The fault systems of the central and southern Longmen Shan contributed to the exhumation of rocks from different structural levels: they are therefore not directely linked at the long-term. The different Cenozoic histories in the southern and central Longmen Shan may have been triggered by the effects of the India-Asia collision, firstly perceived in the southern LMS, as suggested by thermochronological data [START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF][START_REF] Cook | Constraints on Cenozoic tectonics in the southwestern Longmen Shan from low-temperature thermochronology[END_REF]. 

Along-strike metamorphic segmentation and present tectonics

It is interesting to notice that the southern limit of the 'deep rock exhumation zone' observed in the only central Longmen Shan in the hanging wall of the Wenchuan fault (red in Fig. 7.8A) corresponds to the locality where the Wenchuan and Beichuan faults get closer and to the southern limit of the coseismic rupture of the 2008 Wenchuan earthquake along the Beichuan fault (e.g. Wang et al., 2014a;Fig. 7.8B). In addition, we observe that the zones where the basement crops out (e.g Pengguan and Baoxing massifs, case 3 in Fig. 7.8A and 7.9A) or the deep metamorphic rocks forming the base of the thickened Songpan-Garze sedimentary series are exposed (case 2 of Fig. 7.8A and red dot in case 2 of Fig. 7.9A) correspond to the high V p , V s and low Possion's ratio seismogenic zones where the Lushan and Wenchuan earthquakes nucleated (green stars in Fig. 7.8A and B). On the contrary, the size of the area where the basement is not exposed and no metamorphism is observed in the outcropping sediments is consistent with the location of the low V s and high Poisson's ratio zone extending at the front of the belt, far into the SPG terrain (Fig. 7.8A and B). The long-term data are therefore incredibly consistent with the present image of the upper crust in the southern and central Longmen Shan.

While the exposure of the basement and the dense metamorphic rocks in the seismogenic zones can account for the high V p , V s measured at epicenter of the Wenchuan and Lushan earthquakes (Fig. 7.8B; [START_REF] Reid | Contribution of metapelitic sediments to the composition, heat production, and seismic velocity of the lower crust of southern New Mexico[END_REF][START_REF] Wang | New insights into the generation of the 2013 Lushan earthquake (Ms 7.0), China[END_REF], the absence of metamorphic rocks in the seismic gap may indicate that the base of the thickened SPG series is not exhumed and it is therefore preserved be- low the surface down to 15 km depth (minimal original thickness of the SPG nappe, [START_REF] Xu | Orogenic processes of the Songpan-Garze orogneic belt of China[END_REF][START_REF] Calassou | Etude tectonique d'une chaîne de décollement: (a) tectonique triasique et tertiaire de la chaîne de Songpan-Garze. (b) géometrie et cinématique des déformations dans les prismes d'accrétion sédimentaires: modélisation analogique[END_REF]Yong et al., 2003a, see case 3 in Fig. 7.8A and Fig. 7.9). The detection of V p and V s anomalies down to 15-20 km depth at this locality is consistent with this interpretation (Fig. 7.8B; [START_REF] Wang | New insights into the generation of the 2013 Lushan earthquake (Ms 7.0), China[END_REF]. Non-metamorphic sediments, may incorporate a larger amount of fluids than the less pours and dense metamorphic rocks, also partially explaining the higher Poisson's ratios and lower V s in the areas where non-metamorphic rocks are preserved.

It has been argued that the Lushan earthquake did not propagate into the seismic gap because of the presence of a structural discontinuity, a later ramp of the RFBT (Li et al., 2014c). This sort of structures may have been actually already present at the Early Mesozoic, explaining the inherited along-strike metamorphic segmentation in the belt. This structural discontinuities are therefore likely to be inherited from the Paleozoic passive margin geometry of the South China block and may partially limit the propagation of the recent earthquakes.

Conclusion

In this study we quantify the P-T metamorphic conditions of the southern Longmen Shan (Baoxing area) at 10 ± 2 kbar to 6 ± 2 kbar, 350-400 • C for the basement and 3 ±1 kbar, 350 ±20 • C for the metasedimentary cover. RSCM T max in the sedimentary cover range between 394± 30 • C and 320 ± 15 • C. Greenschist facies metamorphism was related to a E-ward thrusting and thickening phase occurred at the Paleogene-Eocene time (58-74 Ma in the basement, 32-52 Ma in the metasediments), as suggested by the in-situ 40 Ar/ 39 Ar dating of muscovite. This phase is not observed in the central Longmen Shan while no signs of the Mesozoic deformation and metamorphism recorded in the central Longmen Shan were identified in the studied area. Furthermore, the medium-grade metamorphism that characterizes the SPG sediments in the central Longmen Shan was not observed in southern part of the belt. The southern and central Longemn Shan appear to be separated by a 30-40 km wide area where the basement is not exposed and the sediments did not experienced any metamorphism. All these observations suggest that an along-strike metamorphic segmentation clearly exists in the Longmen Shan since the Mesozoic and that the southern and central Longmen Shan -and the related fault systems-were re-activated at different times. The LMS therefore behaved as a non-cylindrical belt since the Mesozoic and at the long-term the major faults of the southern part of the belt (e.g. Wulong fault) cannot be considered as the southern prolongation of the major faults in the central The in-situ petro-chronological approach shed light onto the petrological process that have affected the low to medium grade metamorphic rocks of the Longmen Shan and on their influence on the age record. In particular it was shown that:

• the complete re-equilibration in matrix minerals (phyllosilicates) in garnet-biotite bearing metapelites of the internal Longmen Shan was not achieved during the metamorphic history (for temperature conditions < 600 • C, Chap. 4). Since the metamorphic muscovite preserved in different microstructures only re-equilibrated at keys stages of the metamorphic path (P and T peaks), the P-T conditions do not directly correlate with the metamorphic conditions at which the different phases of deformation occurred, but rather indicates successive re-equilibration events. The amount of fluid available during the whole metamorphic history (immediately reactive once released into the system) and the degree of deformation were the main factors controlling matrix re-equilibration.

• multiple stages of metamorphism are also recorded in the 40 Ar/ 39 Ar signature of white mica and biotite of these same metamorphic rocks. The age variability cannot be explained indeed with simple open system Ar diffusion models, nor with more complex T-t paths and a partially closed system (Chap. 5). It is rather suggestive of different biotite and muscovite crystallization 225 histories and differences in Ar retention due to the existence of compositional heterogeneities, to different microstructural positions of the minerals in the sample (main foliation vs porphyroblast) and to the fluid availability during metamorphism.

• multiple stages of metamorphism are also recorded in the textures and composition of allanite (Chap. 5). Garnet is Y-enriched in the only samples where its growth is coeval to allanite growth and resoption which provides to the reactive volume the Y that is incorporated into garnet. Different timing of allanite formation and allanite textures may depend upon the bulk rock composition, fluid availability during metamorphism and eventually the appearance of biotite in the stable mineral assemblage. The study of the allanite textures and composition can therefore provide major insights on the timing of allanite growth/resorption relative to other major mineral phases. In the more deformed samples close to the Wenchuan fault (retrogressed under greenschist facies conditions) allanite preserves the same chemical and geochronological signature than in fresh garnet-biotite metapelites -although partially replaced by monazite-since it was shielded by ancient epidote rings.

Conclusions over the long-term evolution of the Longmen Shan

The understanding of small scale processes turn out to be crucial to precisely link ages to specific rockforming processes and P-T conditions and thus to unravel metamorphic and tectonic stages hardly recognizable with the only geochronological investigations. The petrochronological study carried out on a wide geographical area, associated to large scale observations provided major insights on the tectono-metamorphic evolution of the Longmen Shan belt (summary in Fig. 8.1) and demonstrated that the structuration of the eastern margin of the Tibetan plateau is a long-lasting, complex and polyphase process. In particular it has been shown that: tions of mylonitisation within the Wenchuan Shear Zone (Chap. 5), re-activated at <82 Ma. Exhumation of deep rocks might be due to an intense erosion, as suggested by the geometry of the depositional centers in the Sichuan basin [START_REF] Meng | Mesozoic sedimentary evolution of the northwest Sichuan basin: Implication for continued clockwise rotation of the South China block[END_REF]Yong et al., 2014b) and the lack of sediments younger than the Upper Triassic in the internal part of the belt (e.g. Yong et al., 2003a), coupled with the propagation of the orogenic wedge to the east. However, the occurrence of an extensional phase during the Lower-Middle Jurassic (as propoposed by [START_REF] Yan | Structural and geochronological constrains on the Mesozoic-Cenozoic tectonic evolution of the Longmen Shan thrust belt, eastern Tibetan Plateau[END_REF] cannot be excluded, although we did not observed direct evidence of large scale Mesozoic extension.

3. a sharp metamorphic jump of 5-6 kbar, 150-200 • C and ∼100 • C is localized across the Wenchuan and Beichuan fault respectively; while the internal units experienced medium grade metamorphism, T conditions in the external units never exceed 400 • C (Fig. 8.1). This underlines the importance of the Wenchuan and Beichuan faults as major lithospheric boundaries since the Mesozoic that favored the exhumation of metamorphic rocks from depth.

4. the internal sedimentary units experienced up to c. 12 km of exhumation (P decrease of 5 kbar) from 200 to 180 Ma, 5-6 km of exhumation (P decrease of 2-3 kbar) from 180 to 130-140 Ma at a rate of c. 4.5 ± 0.5 • C/Ma. The crystalline Tonghua massif cooled more slowly, at 1.4 ± 0.3

• C/Ma from c. 140 Ma to the Cenozoic (Chap. 5).

5. the internal domain of the central Longmen Shan (West of the WSZ) experienced a similar tectono-metamorphic evolution which includes: the D1 and D2 ductile deformation phases at the Upper-Triassic Lower Jurassic (Chap. 6), during which the SPG units were thickened up to 30 km in an accretionary wedge and were thrusted over the South China autocthonous units. This phase was followed by a previously poorly recorded Lower Cretaceous re-activation event (D3) responsible for the partial exhumation of the medium-grade metamorphic rocks and the crystalline massifs and the formation of E-W trending folds due to the effects of the collision between the Lhasa and Qiangtang blocks (Chap. 6).

6. Although the geodynamic scenarios changed with time (accretionary wedge to intracontinental belt), the long-term deformation responded to a constant N-S convergence that built up the Tibetan plateau and provoked the extrusion of the Songpan-Garze sediments towards the SE above the rigid South China craton (Chap. 6).

These results, integrated to previous works on the long-term geodynamical evolution of the East Asia, therefore show that (1) the Mesozoic history of the eastern border of the Tibetan plateau is not limited to the Upper Triassic-Lower Jurassic orogeny and Cenozoic re-activation, and the crystalline massifs were actively involved in the deformation history since the Lower Cretaceous and ( 2) the pre-Cenozoic geological inheritance has a great impact on the present structure of the eastern border of the Tibetan plateau. In particular, the Songpan-Garze crust was already significantly thickened at the Mesozoic (> 30 km). The metamorphic conditions of the belt (from peak to retrogression), included the folded shape of the isotherms, were also acquired during Mesozoic. Furthermore, several structural features seems to derive from the inherited geometry of the passive margin. They can explain differences in the orientation of the structures along the belt developed during the same deformation phase, the along-strike diachronism in the timing of metamorphism relative to deformation and the localization of the sharp metamorphic jump across the Wenchuan Shear Zone (Chap. 6). The fact that numerous features of the Longmen Shan appear to be inherited from its Mesozoic history suggests that the Cenozoic re-activation only marginally changed the already acquired thermal and structural state of the crust (as suggested by [START_REF] Harrowfield | Indosinian deformation of the Songpan Garze fold belt, northeast Tibetan plateau[END_REF].

Concerning the Cenozoic evolution of the Longmen Shan, our results show that:

• the Wenchuan fault zone re-activated with a (senestral) strike-slip component at 45 Ma and its activity protracted at least until 31 Ma, which broadly correspond to the re-activation of the Xianshui He fault zone (e.g. [START_REF] Li | Zircon u-pb geochronology of the konggar granitoid and migmatite: Constraints on the oligo-miocene tectono-thermal evolution of the xianshuihe fault zone, east tibet[END_REF]).

• the only metamorphism observed in the southern Longmen Shan is related to a E-ward thrusting and thickening phase occurred at the Paleogene-Eocene time (Chap. 7). The Longmen Shan therefore behaved as a non-cylindrical belt since the Mesozoic. The different geological evolutions between the southern and central segments resulted in an along-strike metamorphic segmentation which corresponds to the present fault segmentation.

The combination of the results obtained for the Mesozoic and Cenozoic period and the comparison with the present seismic fault behavior allowed different temporal scales to be reconciled (see 1.3). Moreover, it is proved that petrochronology can provide precious information on the long-term behavior of the inherited faults and on the thermal state of the crust.

Implications for the deformation models of the Tibetan plateau

As introduced in Chapter 2.2 one of the major issue in the study of the Tibetan plateau formation is the discrimination of the dominant deformation mechanism within the active plateau margin between the brittle upper crustal faulting [START_REF] Tapponnier | Oblique stepwise rise and growth of the Tibet plateau[END_REF][START_REF] Hubbard | Uplift of the Longmen Shan and Tibetan plateau, and the 2008 Wenchuan (M=7.9) earthquake, nature[END_REF] and the ductile lower crustal flow (channel flow model). This latest is inspired by geophysical studies showing the existence of middle and lower crustal layers beneath the Longmen Shan characterized by S-and P-wave velocity anomalies (see Fig. 2.11D), generally interpreted as layers of ductile to partilially melted crust. One of this layers is the decollement level at ∼20 km depth where the major faults of the central and southern Longmen Shan are rooted (see Chap. 2, 3 and 7).

In the Longmen Shan, the channel flow model proposed to explain the Cenozoic deformation of the plateau margin predicts that the deep metamorphic rocks are exclusively exhumed in a narrow band parallel to the strike of the belt. This band should be bounded to the east by the Beichuan fault functioning as a thrust and to the west by the Wenchuan functioning as a normal detachment [START_REF] Beaumont | Himalayan tectonics explained by extrusion of a low-viscosity crustal channel coupled to focused surface denudation[END_REF]. In the southern Longmen Shan, where the Cenozoic history is preserved, no large detachments were however observed and no medium grade metamorphic rocks are exhumed. The pure channel flow model is therefore, in this case, hardly reconcilable with our observations. In the central Longmen Shan, the exhumation of deep metamorphic rocks partially precedes the Cenozoic period. Hence, we could question if a channel flow may have been active during the Mesozoic. The highest grade metamorphic rocks are however exhumed in the hanging wall of the Wenchuan fault and not in the hanging wall of the Beichuan fault and no large detachments were observed within the Wenchuan Shear Zone. Furthermore, it has been shown in this manuscript how the major Beichuan and Wenchuan faults played a key role in the exhumation of the deep units. Minor thrusts also existed during Mesozoic in the hanging wall of the Wenchuan fault, rooted at a shallow crustal level. This imply that also prior to the Cenozoic the deformation was localized along thrusting faults and major lithospheric boundaries. In addition, the deformation propagated during the Mesozoic from the sedimentary cover to the basement and from the Songpan-Garze terrain towards the front of the Longmen Shan. This suggests that the ductile crustal layers imaged by geophysics are not the dominant controlling factor and promoter of the rise and deformation of the upper crust in the Longmen Shan area at least since the Mesozoic. The present structure of the belt is instead strongly controlled by the Mesozoic geological inheritance, which may also explain why the upper crustal model of Hubbard and Shaw (2009); [START_REF] Hubbard | Structural setting of the 2008 Mw 7.9 Wenchuan, China, earthquake[END_REF] that contrast the channel flow can only account for a small amount of shortening and crustal thickening observed in the hanging wall of the Beichuan fault.

Implications for crustal dynamics in intra-continental thrust belts

Beyon its regional interest, this PhD work provides insights on major questions concerning the largescale processes that take place in the continental lithosphere in convergent settings that never experi-enced subduction, relative to (1) the impact of geological inheritance in a range of geological hazards and ( 2) the punctuated vs continuous character of the geological processes within orogenic belts (see questions raised in Chap. 1.1). It is indeed possible to conclude (in the case of the Longmen Shan) that:

1. the metamorphic segmentation of the belt (inherited from the Mesozoic history) corresponds to the present seismogenic and fault segmentation. The former is likely to be due to the existence of an inherited structure located between the central and southern Longmen Shan that prevented the deep rocks to be exhumed. This barrier may therefore also be the limiting factor to the propagation of the earthquake rupture in the seismic gap. The architecture resulting from preexisting features may be therefore a key component in a range of geological hazards.

2. the long-term evolution of the Longmen Shan was articulated since the Upper Triassic in pulses of intense deformation separated by periods of relatively tectonic quiescence (or slow cooling, Chap. 6). A succession of pulses of exhumation was also recognized within the latest Cenozoic re-activation of the belt (e.g. Wang et al., 2012a). This suggests that the large scale processes within the Longmen Shan orogenic belts operate in a punctuated way, although we may have sometimes access to a limited number of these events. The processes at the samples and mineral scales were also recognized to partially operate in a punctuated way, controlled for example by pulses of fluid influx.

Furthermore, this work provides structural, microstructural, thermobarometric and geochronological constraints that enable to quantify the duration and rates as well as the depths and temperatures at which the different stages of the maturation of a thrust belt as the Longmen Shan occur. The petrochronological study carried out on a wide geographical area and in a large time range reveals indeed that in the Longmen Shan the deformation is initially localized in the allochtonous sedimentary cover (thin-skinned deformation). Twenty Ma after the beginning of the propagation of the orogenic load in response to the ongoing convergence, the allochtonous units reach their maximum depth of burial (∼30 km) at 530-550 • C (c. 200 Ma) followed c. 20 Ma later by the thermal relaxation at 580-600

• C (c. 180 Ma,Fig. 8.2). A quiescence period of c. 40 Ma (between 180 and 140 Ma) -during which no pulses of deformation are identified-enables the belt to become thermically mature, until the basement reaches similar T conditions than its sedimentary cover at 350-400 • C (Fig. 8.2). The thermal state of the basement inherited from the previous geological history and the existence of inherited faults makes at this stage the basement rheologically ready to be reactivated (in an intracontinental setting); during the subsequent pulse of deformation the basement is therefore partially exhumed along faults that are rooted at a deeper level (at ∼ 20 km depth) compared to the shallow thrusts that characterize the thin-skinned structural style of previous deformation stages. The in-situ geochronological data show a propagation of the thick-skinned deformation from the internal parts to the external part of the belt within c. 15-20 Ma. The transition between the thin-skinned and thickskinned deformation is therefore a long-lasting process, spanning over 60-80 Ma and being controlled by changes in the geodynamic scenario during the ongoing convergence (from a accretionary wedge during Triassic to a intracontinental belt during Cretaceous), by the inherited structural and thermal state of the crust and by the achievement of a thermal equilibrium between the sediments and the basement (Fig. 8.2). As underlined by [START_REF] Lacombe | Thick-skinned tectonics and basement-involved fold-thrust belts: insights from selected Cenozoic orogens[END_REF] while comparing various thinskinned and thick-skinned dominated orogens, the evolution towards the thick-skinned tectonic style during convergence seems to be a necessary step to achieve a stable orogenic system, at the end or significantly after the thin-skinned deformation phase.

In the case of the Longmen Shan, the Cenozoic re-activation of the belt occurs c. 100 Ma after the first pulse of thick-skinned deformation and is also characterized by a dominant thick-skinned structural style. The internal units of the belt -where both the sedimentary cover and the basement have been thickened during the previous geological events-are reactivated (from 45 Ma) and the basement is exhumed from 350-400 • C up to the surface in the last 30-10 Ma. However, the total crustal thickness of the internal units derived from the long-lasting geological history (> 30 km during the burial of internal units) makes at this stage the internal units hardly deformable. The deformation therefore propagates towards the front of the belt, where the majority of the Cenozoic shortening (∼36 km) is observed at the present day [START_REF] Hubbard | Uplift of the Longmen Shan and Tibetan plateau, and the 2008 Wenchuan (M=7.9) earthquake, nature[END_REF].

Outlooks

This PhD is only one element in the chain of the understanding of the Tibetan plateau formation and of the study of the crustal deformation mechanisms in active intra-continental thrust contexts. Based on this work results, different outlooks may be proposed to gain additional insights on the long-term evolution of the Longmen Shan, of the eastern Tibet and of (now) collisional belts in general. They may be grouped in 4 research axes.

8.2.0.0.1 Axis 1: Acquisition of complementary data at small scale. A series of additional in-situ analyses would be required to precisely bracket in time all phases of fault reactivation and to appreciate the small diachronism in the deformation and metamorphism between the different segments of the belt. In particular, dating the thin monazite replacing allanite in samples within the Wenchuan Shear Zone may provide better insights on the timing of re-activation of the Wenchuan fault. Because of the low Pb content of monazite (below the EPMA detection limits) a microprobe dating was not applicable: monazite should therefore be dated by laser ablation. Quantitative X-ray maps should also be acquired in the southern Longmen Shan (Baoxing area) to correctly interpret the reported Ar-Ar ages. Similarly, supplementary Ar analyses should be carried out in white mica (the only datable index metamorphism mineral in the external domain) of para-autochtonous units of the central Longmen Shan to obtain absolute time constraints on the age of the greenschist overprint. (1) In the southern Longmen Shan the good exposure of the outcrops seats a promising framework to study the structures at the large scale, in particular the Wulong fault that separates the strongly deformed sedimetary units to the west to the undeformed units to the east. This would enable to clarify the Late Cretaceous-Cenozoic kinematic related to the first stages of the India-Asia collision and the structural connection between the southern Longmen Shan and the Xianshui He fault zone.

(2) A detailed structural study should be carried out within the seismic gap and at the southern end of the Pengguan massif in order to confirm the existence of an inherited "tectonic barrier" explaining why the medium-grade metamorphic rocks are here not exhumed (within the limits of field access possiblities).

(3) In the northern Longmen Shan it is observed that the basement does not crops out. Zircon and apatite fission track ages indicate that the northern Longmen Shan cooled more rapidly during Mesozoic and slowlier during the Cenozoic than the central and southern part of the belt (Li et al., 2012b). Hence, the northern segment of the belt may have experienced a different long-term history than the central and southern segments. Unfortunately no petro-chronological studies are available for the area. The characterization of the long-term evolution of the northern segment may not only shed light onto the along-strike structural and metamorphic variations but also onto the long-term history of the active northern branch of the Beichuan fault that was re-activated during the 2008 Wenchuan earthquake.

8.2.0.0.3 Axis 3: In depth understanding of the connection between the Longmen Shan system and the southern and central Tibetan plateau. At a regional scale it would be crucial to strengthen the link between the evolution of the Longmen Shan and the long-term geodynamic of the central Songpan-Garze terrain, along the Jinsha suture zone (delimiting the Songpan-Garze and the Qiangtang blocks). A triassic accretionary wedge tectonics is indeed observed in both the Longmen Shan and Yushu zone, although in this latest locality metamorphic conditions do not exceed the greenschist facies conditions. The link between the long-term evolution of the Longmen Shan faults and of the Longriba fault system (to the NW) has also to be clarified. Similar to the Longmen Shan, a Lower Cretaceous phase of exhumation is indeed documented by the zircon (U-Th)/He ages in the hanging wall of the Maoergai fault (Longribra fault zone) and northwest in the Ruorgai basin in the central SPG (Ansberque C., personal communication).

Further investigations should also be carried on to relate the Longmen Shan long-term tectonics with the Danba dome to the west (an analogue of the central Longmen Shan, Billerot et al., 2017;[START_REF] Weller | Quantifying barrovian metamorphism in the Danba structural culmination of eastern Tibet[END_REF][START_REF] Jolivet | Mesozoic-Cenozoic evolution of the Danba dome (Songpan Garzê, east Tibet) as inferred from LA-ICPMS U-Pb and fission-track data[END_REF] and the Xianshui He fault (still largely unconstrained) to the south. The XianShui He fault is the eastward prolongation of the triassic Jinsha suture zone. This fault may have played a major role in the transfer of deformation between the N-S main convergence in the central Tibet and the oblique deformation in the Longmen Shan. Evidence of dextral strike-slip movement preceding the present senestral movement has been observed in the field (Anne Replumaz and Hervet Leloup, personal communication). However the timing of the dextral strike-slip remains for the moment unconstrained and might link with the re-activation of the Wenchuan fault at the Eocene time (see Chap. 6.3.2).

8.2.0.0.4 Axis 4: Comparaison with other collisional contexts. The comparison between the rates and mechanisms of the tectono-metamorphic evolution of the Longmen Shan with pure collisional contexts may provide major insights on the dynamics of the continental lithosphere. Comparable contexts that exhibits the crystalline basement outcropping through an (para-)autochtonous sedimentary cover overthrusted by allochtonous units may include the external domains of the Alps and the Caledonies in the Highlands (Scotland), the back portion of the Caledonian wedge issue from the closure of the Iapetus ocean at the Ordovician-Silurian time (Jewison et al., 2016 and Bellahsen N. personal communication) .

Beyond the regional studies, the incredible preservation of structures at all scale in the Longmen Shan (and the related mineral assemblage) makes of this belt an ideal framework to investigate the petrological processes active in metapelites that have experienced a polyphase history. In particular:

• a series of additional in-situ analyses could be conducted to gain major insights on the petrological processes occurring close to the major faults. The long-term functioning of these structure was indeed pointed out to have a major role in the localization of the deformation and channelization of fluids triggering an extensive greenschist overprint. Taking advantage of this phenomena it would be interesting to investigate if it is possible to discriminate the role of deformation relative the role of the greenschist retrogression in controlling the 40 Ar 39 /Ar signal in muscovite (although they are intimately linked, e.g. [START_REF] Goncalves | How does shear zone nucleate? An example from the Suretta nappe (Swiss eastern Alps)[END_REF]. Several studies have directly dated mylonitic and shear zones by 40 Ar 39 /Ar (e.g. [START_REF] Kellett | Influence of deformation and fluids on Ar retention in white mica: Dating the Dover fault, Newfoundland Appalachians[END_REF][START_REF] Mulch | In-situ UV-laser 40 Ar/ 39 Ar geochronology of a micaceous mylonite : an example of defect-enhanced argon loss[END_REF][START_REF] Mulch | Recrystallisation or cooling ages: in situ uv laser 40 Ar/ 39 Ar geochronology of muscovite in mylonitic rocks[END_REF][START_REF] Mulch | Time scales of deformation and exhumation in extensional detachment systems determined by high-spatial resolution in situ UV-laser 40 Ar/ 39 Ar dating[END_REF][START_REF] Schneider | Dating the longevity of ductile shear zones: Insight from 40 Ar/ 39 Ar in situ analyses[END_REF], but in these cases a great attention was paid for the only deformation or the deformation and low grade overprint coexisted making their relative contribution to the resetting of the Ar ages indistinguishable. In the internal Longmen Shan it is instead possible to collect a series of samples at an increasing distance of the major faults (e.g. Wenchuan fault) showing different degree of deformation and greenschist overprint. In these same samples the systematic analyses of muscovite in different structural position may also allow the dependence of the Ar signature with the microstructural position of the grain to be quantified. Investigation might start from samples collected along the South Tonghua cross section (series w13, see section 5.4) waiting for specific supplementary field work.

• the observation of a larger set of samples among metapelites of the South Tonghua sections (series w13, see Chap. 5.4) would enable to select samples were the epidote rings around allanite are sufficiently large to be dated with no interference by the allanite. This may provide the rate of metamorphic reactions involving allanite growth and resorption. Such a study should be combined with LA-ICP-MS -based analysis of the whole REE content of garnet (to complete the Y analyses) and biotite to confirm the hypothesis that allanite appear at the biotite-in reac-tion. However, since biotite has a capacity to fractionate REE element much lower than garnet, appropriate instruments (LA-ICP-MS with a higher resolution) should be used.

• the re-equilibration processes observed in muscovite of the internal sedimentary units of the Longmen Shan constitute a good examples of how the re-equilibration in matrix minerals depends upon the fluid availability during metamorphism. Fluids may be internally or externally derived (as most likely for samples close to the major faults). The analysis of oxygen isotopes in mica could be a good proxy to track the origin and the mobility of fluids and to unravel if they were released during multiple and disconnected events. The study of muscovite might be coupled with oxygen isotopic analysis of garnet to construct a consistent P-T-fluid metamorphic history. Three different detectors are located in the EPMA to record the information derived from these three different phenomena (Fig. 8.3). The Backscattered Electron (BSE) image shows the differences in the average atomic number of phases in the specimen. The Secondary Electron Image (SEI) provides instead a magnified image of the sample surface. The characteristic X-ray are used for the chemical analysis by selecting and counting specific X-ray energies by wavelength dispersive spectroscopy (WDS) or energy dispersive spectroscopy (EDS). The WDS detector (Fig. 8.3) separates the X-ray received in function of their wavelength, following the law of the diffraction. The EDS detector (Fig. 8.3) is instead composed by a semi-conductor that generates current pulses proportional to the intensity of the received X-ray. The EDS spectrometer has a counting time capacity lower than that of the WDS. The first is therefore preferred for sample exploration while the second is preferred for precise quantitative analyses (e.g. De Andrade et al., 2006;Lanari, 2012). In order to be able to precisely quantify the intensity related to the presence of an element in the sample, the WDS is associated to a mirror (for the X-ray diffraction) oriented at a fixed angle to the sample to detect the emitted X-ray at a precise wavelength (Fig. 8.3). Therefore a single WDS can The chemical composition of the analyzed mineral is then retrieved by comparing the X-ray intensities of the target material with those obtained from primary standards of known composition. However, as mentioned in Chap. 4.3.2 (and described in more details in Appendix 2), the X-ray intensity measured for the target material may be affected by multiple errors including systematic errors (e.g. beam current stability, peak shift etc.). These latest lead to statistical errors in the accuracy and precision of the raw data that are quantified from the measured intensity and allow to assess how good the data are. The statistical error due to the fluctuation of the X-ray counting (standard deviation where t peak , t P BL and t P BH are the counting time (sec) at the peak and background (at low and high angles).

The average detection limit represents instead the lowest concentration of an element that is statistically above the background continuum level by 3σ. They are provided by measuring the net quantity of the element present in the target (in ppm). The detection limit for a specific element is calculated as follows (for 1σ):

D.L. = 1 
I netST D mass(%) ST D 2 × I back t back (8.3)
where I back is the average intensity of the background signal; t back is the counting time of the background signal; I netST D is the intensity of net X-rays of the standard sample; mass(%) std is the Mass concentration in the standard sample.

When applying this relation, the difference in the beam current value used for the analysis of the standard and of the unknown has to be taken into account (e.g. 20 nA are used to analyze standards of monazite and 200 nA for unknown monazites).

For X-ray compositional map acquisition, all the major elements are analyzed during two passages of the electron beam over the target surface. The composition of each pixel in terms of oxide weight % is then obtained by comparing pixel map intensity with the composition of point analyses acquired in key mapped mineral phases (calibrated with the external standards). This is achieved with the XMAP-TOOLS software (Lanari et al., 2014a, see Chap. 4.3.2) and a new advanced standardization function (see Appendix 2).

For both point analyses and compositional maps, multiple parameters have to be optimized to obtain a high quality data. They include the position of the peak intensity for each element, the counting time (dwell time for the maps), the specimen current (which will depend on the concentration of the element in the analyzed mineral) and the accelerating voltage. The acquired data need to be corrected a posteriori from errors of physical and user-dependent origin (e.g. matrix effects and other sources of errors, see Chap. 4.3.2).

On the other hand, if the solid solution does not behave like an ideal solution (e.g. plagioclase, amphibole) the activity of an end-member has to be described with a more complex activity model. Activity models are therefore integrated in the internally-consistent thermodynamic database used for equilibrium phase diagram calculations.

It is therefore possible to evaluate the P-T conditions of a stable mineral assemblage by the direct comparison between the mineral phase and phase composition and modal abundance predicted by the model and those observed in the studied sample.

Multi-equilibrium approach

The multi-equilibrium approach has been applied to retrieve the equilibrium P-T conditions of the high variance muscovite-chlorite-quartz-H 2 O bearing assemblages. In contrast to the equilibrium phase diagram computation described above, this method uses a backward thermodynamic modelling method, based on the assumption that when a mineral assemblage is at the thermodynamic equilibrium all the chemical equilibrium reaction lines have to intersect at a unique pair P-T (Lanari, 2012). Unlike to the forward modelling approach, this technique requires to assume a priori the phases that are at the thermodynamic equilibrium (e.g. white mica, chlorite, quartz in presence of water). Different solution models can be used for the P-T computation with the multi-equilibrium approach:

• Model of [START_REF] Vidal | Thermodynamic properties on the Tschermak solid solution in Fechlorite: application to natural examples and possible role of oxidation[END_REF]Vidal et al. ( , 2006) ) for chlorite -Chl+Qz+H 2 O, which includes 5 end-members of the chlorite solid solution: amesite (ames), clinoclore (clin), daphnite (daph), sudoite (sud) and Fe-amesite (fames). The standard parameters and the solid solution models have been retrieved from existing experimental data, standard properties of pure end-members (e.g. [START_REF] Berman | Internally-consistent thermodynamic data for minerals in the system Na2O-K2O-CaO-MgO-FeO-Fe2O3-Al2O3-SiO2-TiO2-H2O-CO2[END_REF] and natural data from hundreds of chlorites for which independent T estimates are available. This model allows the temperature of chlorite crystallization to be constrained at a given pressure from the combination of reaction lines between the end-members, the quartz and water. The convergence is achieved by iteratively adjusting the Fe 3+ content of chlorite. This model therefore also provides an estimation of the minimal Fe 3+ content of chlorite (difficult to characterize with common analytical methods).

• Model of (Dubacq et al., 2010) -Phg (Phengite)+Qz+H 2 O to calculate the P-T conditions of crystallisation of the dioctahedral aluminous phyllosilicates (phengite, muscovite, illite, smectite). This model involves 8 end-members: muscovite (mus), paragonite (para), Fe-celadonite (fcel), phlogopite (phl), annite (ann), pyrophyllite (prl) and hydrous phyrophyllite (prl1h). The thermodynamic properties used in this model have been calibrated from analysis of natural samples with well constrained P-T conditions of phengite crystallization. For every analysis of phengite a P-T line is constrained, the inter-layer water content of phengite varying along the line. It is thus possible to estimate the T conditions of crystallization of phengite at a given pressure or the P conditions for a known temperature (e.g. retrieved with the model of [START_REF] Vidal | Thermodynamic properties on the Tschermak solid solution in Fechlorite: application to natural examples and possible role of oxidation[END_REF]Vidal et al., , 2006 in chlorite and muscovite are in chemical equilibrium).

• Model of Parra et al. (2002) for micas, involving cel, fcel, prl, para, phl and ann as end-members and calibrated with experimental data and natural mica analyses.

• The combination of the models of [START_REF] Vidal | Thermodynamic properties on the Tschermak solid solution in Fechlorite: application to natural examples and possible role of oxidation[END_REF]Vidal et al. ( , 2006) ) and Parra et al. (2002) allow the P-T equilibrium conditions for chlorite-phengite pairs to be simultaneously constrained. The multi-equilibrium approach with the models described above was applied through the use of three softwares: PTLINES (for Chl-Qz-H 2 O and Phg-Qz-H 2 O), MUTLIPLOT (Chl-Phg pairs) (Lanari et al., 2012;Lanari, 2012) and the updated version CHLMICAEQUI (Lanari, P. personal communication).

Raman Spectroscopy on Carbonaceous Material

During burial and heating the carbonaceous material contained in organic-rich rocks is progressively transformed to acquire a planar structure close to the crystalline structure of graphite (Fig. 8.5).

This process is irreversible and thus not sensitive to retrograde transformation during the exhumation of the rock up to the surface. It is possible to quantify by Raman Spectroscopy how close the crystalline structure of the organic material contained in a rock is with respect to the structure of graphite and translate this 'difference' in the maximum temperature experienced by the sample [START_REF] Beyssac | Graphitization in a high-pressure, lowtemperature metamorphic gradient: a raman microspectroscopy and HRTEM study[END_REF]. This technique is called 'Raman Spectroscopy on Carbonaceous Material Thermometry' [START_REF] Beyssac | Graphitization in a high-pressure, lowtemperature metamorphic gradient: a raman microspectroscopy and HRTEM study[END_REF][START_REF] Lahfid | Geothermomètres dans les séries argileuses très matures[END_REF]. The Raman Spectroscopy technique consists in illuminating the sample with a monochromatic laser beam and to study the diffused light coming back. The frequency of the light beam is indeed modified by the target material, by energy exchanges between the light and the sample. This "shift" is called Raman Shift and informs upon the nature and structure of the target material.

For the characterization of the Carbonaceous Material the spectral window is centered on a wave length (λ) of 514 nm (1/λ = 1945 cm -1 ). The characteristic peaks related to the vibrational mode of the chemical bonds in the organic material occur at a given Raman shifts around the reference value, in particular: the peak D1 is located at 1350 cm -1 , peak D3 at 1500 cm -1 , the peak G at 1580 cm -1

(peak of graphite) and the peak D2 at 1620 cm -1 (Fig. 8.5A). The more organized the crystalline structure of the analyzed carbonaceous material (and close to graphite which corresponds to high temperatures conditions), the predominant the G band is over the D1 peak (D2 and D3 almost absent). G is indeed the vibrational mode proper to graphite. D1, D2 and D3 are additional vibration modes that appear by diffraction when graphite exhibits crystalline defects. On the other hand, the less the crystalline structure of the carbonaceous material is organized (low temperatures), the most predominant the peak D1 is relative to G (D3 and D2 well developed, Fig. 8.5).

Once acquired, the Raman spectra are corrected from the baseline (contribution of fluorescence).

Secondly, the peak positions and peak width are manually defined and automatically refined. The R2 parameter is then calculated from the area below each peak of interest (G, D1, D2 and D3) for a range of temperature 330-650 • C as follows:

R2 = D1 G + D1 + D2 (8.5)
Temperature is then calculated with:

T ( • C) = -445 * R2 + 641 (8.6)
40 Ar/ 39 Ar mica dating

The 40 Ar/ 39 Ar dating technique derives from the K-Ar dating method based on the natural decay of 40 K to 40 Ar. While in the former technique K is measured 'directly' (e.g. using flame photometry, atomic absorption spectroscopy or isotope dilution) and Ar is separately measured from another part of the mineral or rock sample, in the second approach K is measured 'indirectly', by transforming 39 K into 39 Ar by neutron bombardment [START_REF] Kelley | K-Ar and Ar-Ar dating[END_REF]. While the age is therefore calculated in the first case from the ratio of K and Ar, in the second case it is calculated from the ratio of argon isotopes. Dates retrieved with both techniques are directly translated into ages on the base of two major assumptions:

(1) the measured 'dates' represent the time since the radiogenic argon produced by the decay of 40 K was trapped in the dated mineral (time for diffusion to become negligible), being the mineral (or whole rock) closed since then and (2) all radiogenic 40 Ar measured is supposed to result from the decay of 40 Ar.

In this PhD work the 40 Ar/ 39 Ar dating technique was preferred. Dating is performed on bits of 0.5 mm x 0.5 mm of rock ∼ 300µm thick constructed mirror-like to thin section used for EPMA analyses. They are first sent to irradiation, during which the small amount of argon isotopes other than 39 Ar is measured along with the neutron flux (J). Samples are loaded into an ultra-high vacuum laser port and placed under a heat lamp for 8 hours to reduce atmospheric background levels. They are then transferred on a MAP or Nu Noblesse instrument (Fig. 8.6) for in-situ dating in the Ar laboratory of the Open University (UK, see 5.2).

The mineral of interest is ablated with a ultraviolet (UV) laser for 90 s followed by 90 s gettering time.

In the in-situ melting technique, an Infra-Red laser is used to achieve the melting of larger mineral volumes. The gas with the ablated material is then translated into a mass spectrometers (run in singlecollector mode). Each peak of 40 Ar, 39 Ar, 38 Ar, 37 Ar and 36 Ar is scanned ten times and the data are where 40 Ar is the argon naturally produced by the decay of 40 K and 39 Ar is issued from the irradiation of the 39 K. This equation is only applied once the 40 Ar-39 Ar ratio has been corrected from the nonradiogenic Ar contribution (e.g. atmospheric argon and argon issued from the chlorine and Ca-bearing phases).

U-Pb-Th in-situ allanite dating

Allanite is analyzed by the Laser Ablation (LA) coupled with the Inductively Coupled Plasma Mass Spectrometer (ICPMS) at the University of Bern (Switzerland). Samples are placed under vacuum, under an the optical microscope with reflected light which allows the laser spot on the sample surface to be localized. The laser ablation of the sample produces an aerosol (thin particle-bearing gas). The aerosol is transported to an inductively coupled Ar plasma (ICP) by a carrier gas which converts the particles into ions [START_REF] Sylvester | A brief History of Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)[END_REF]. The mass spectrometer enables to sort the particles based on their mass-to-charge ratios. Particles are finally quantified by a detector. Intensity are translated into element concentration in the sample if an external calibration was previously performed.

Otherwise it is transformed into isotopic ratio or age. 

Different methods to estimate the initial Pb composition in allanite

Unlike monazite and zircon, allanite tends to incorporate significant amount of non-radiogenic Pb, making difficult to obtain precise ages. Lead has several isotopes: 206 Pb, 207 Pb and 208 Pb resulting from the radiogenic decay of 238 U, 235 U and 232 Th respectively while 204 Pb is non-radiogenic. The quantity of radiogenic lead isotopes in minerals is the sum of the initial amount and of the radiogenic production. Hence, isotopic data used for dating must be corrected from the initial lead content. It is thus crucial to use the right initial led composition when large amounts of initial led are incorporated in allanite [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]. Two approaches are generally used to estimate the initial lead composition of allanite, for both Th-Pb and U-Pb systems (see Engi, 2017 for a review):

1. SINGLE-SPOT CORRECTION. This method assumes that the initial led composition in allanite corresponds to the value predicted by the 'global lead evolution' model of [START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF] and that it does not change during allanite growth.

2. ISOCHRON METHOD. This method relies on the variability of the initial Pb in different allanite grains that are supposed to have grown at the same time -thus indicating the same age-but with different compositions [START_REF] Gregory | Allanite microgeochronology: A LA-ICP-MS and SHRIMP U-Th-Pb study[END_REF][START_REF] Gregory | Allanite behaviour during incipient melting in the southern central Alps[END_REF]. In the U-Pb system, the The isochron approach can only be applied when allanite grains exhibits a sufficient variability in the amount of initial lead, radiogenic led U and Th. For young samples characterized by high Th/U and Pb content the Th-isochron approach is the most precise correction method [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].

In this PhD the isochron method has generally been preferred since the analyzed allanite grains exhibit a high content of non-radiogenic Pb and show a high variability in U, Th and Pb. 

77

For the current example, the X-ray maps were standardized using spot 78 analyses as internal standards (Fig. 1c) and the software XMAPTOOLS 2.4.1 (Lanari et 79 al. 2014b). The calibrated map contains 312,000 pixels. After the exclusion of the 80 'mixed' pixels occurring at the grain boundaries, ~290,000 spatially resolved fully 81 quantitative analyses were obtained. The average analytical precision for a single 82 garnet pixel composition ranges between 2.8 % for Si and 20 % for Mn (2σ, see Tab. The point-by-point investigation of a surface by analysis of the characteristic 114 X-ray emission has been initiated by [START_REF] Castaing | Application des sondes électroniques à une méthode d'analyse 859 ponctuelle chimique et cristallographique[END_REF] who built the first practical 115 micro-beam instrument called electron probe micro-analyser. Only a few years later, 116 this technique was expanded to acquire two-dimensional qualitative images of 117 element distribution using the 'flying spot X-ray' method [START_REF] Cosslett | Micro-analysis by a Flying-Spot X-Ray Method[END_REF].

118 This analogue operational mode became rapidly popular in the community because it 119 enabled to detect the element distribution at a microscopic scale by analysing the areal 120 density of flashes generated by the X-ray of a specified energy range on a cathode X-121 ray tube. Nevertheless this method has suffered from several limitations (e.g.

122 Newbury et al. 1990a) and has remained in most of the cases purely qualitative. To 123 our knowledge, only a few studies managed to derive a fully quantitative contour map 124 using the flying spot X-ray method [START_REF] Heinrich | Concentration Mapping Device for the Scanning Electron 950 Probe Microanalyzer[END_REF][START_REF] Jansen | Elemental mapping of minerals by electron 971 microprobe[END_REF]. In the 125 most recent study by [START_REF] Jansen | Elemental mapping of minerals by electron 971 microprobe[END_REF], this achievement was possible only for metals are reported in several text books (e.g. Goldstein et al. 2003;[START_REF] Reed | Electron Microprobe Analysis and Scanning Electron Microscopy[END_REF].

The direct calculation of absorption in the original ZAF correction scheme 347 was lately improved by introducing an empirical expression of ϕ(ρz)

to correct for 348 absorption [START_REF] Packwood | A Gaussian expression to describe ϕ(ρz) curves 1100 for quantitative electron probe microanalysis[END_REF]. In the mid-80 's several ϕ(ρz) algorithms (e.g. modern EPMA instruments. It is crucial for the ZAF or ϕ(ρz) corrections to measure 353 all the major and minor elements present in the specimen to ensure that all the 354 possible matrix effects are taken into account.

355

Both ZAF and ϕ(ρz) correction algorithms have been apply to X-ray maps to 356 generate maps of oxide mass concentrations [START_REF] Jansen | Elemental mapping of minerals by electron 971 microprobe[END_REF]Cossio & 357 Borghi 1998;[START_REF] Prêt | A new method for quantitative petrography based on image processing of chemical 1139 element maps: Part I. Mineral mapping applied to compacted bentonites[END_REF]) and this option is currently available in the software 358 PETROMAP [START_REF] Cossio | PETROMAP: MS-DOS software package for 889 quantitative processing of X-ray maps of zoned minerals[END_REF] keV, 100 nA 438 and for counting time < 300 ms (Fig. 2). A particular attention has to be paid while 439 comparing differences of minor to trace elements concentrations in phases occurring 440 both as inclusion in a porphyroblast and within the mineral matrix (Fig. 2d). In this 441 example, quartz exhibits higher count rates of Ca in the grains trapped as inclusion in 442 garnet compared to the one in the mineral matrix. Note that a slight secondary effect 443 is also observed in the pressure shadows of garnet where chlorite is present (light grey 444 in Fig. 2d). If a mineral with low Ca, Fe and Ti concentrations displays higher

The multi-channel classification process allows the pixels of X-ray maps to be Click here to download Figure Figure_06.tif Click here to download Figure Figure_08.tif
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 611 Figure 1.1: Examples of control of pre-existing structure on active fault emplacement and segmentation in the Himalaya-Tibetan region. (A) Map showing the major graben systems in the southern Tibet (B, Burang; L: Lunggar; TC: Tangra Yum Co; T, Thakkhola; SL, Senza-Laze; YG, Yadong-Gulu) and inferred ridges of the Indian basement (dashed light brown), from Godin and Harris (2014). (B)Earthquakes (M>4.5) for the period of 1964 to 2010 superimposed over a topographic map the Himalaya and Tibetan region together with major faults, rifts and subsurface ridges in the Gangec plain from Gahalaut and Kundu (2012). Red: ruptures of earthquakes of M>7.2 of past 200 years.
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 12 Figure 1.2: Examples of control of pre-existing structure on present geodynamics in different geological settings. (A) Simplified structural map of the axial zone of the central Apennines (Italy) from Pizzi and Galadini (2009) showing the geometry of the Quaternary/active extensional faults and the inhereted NNE dextral (and ESE sinistral) transpressive thrust ramps. (B) Geometric configuration of the northern termination of the 1991 Chi-Chi earthquake (Taiwan) in a 3D block diagram from Lee et al. (2002). (C) Left: transition from an upper plate margin to a lower plate margin in the northwestern Canada inherited from the Neoproterozoic-Early Cambrian rifted margin of Laurentia along the Liard transfer zone (LTZ, Audet et al., 2016). Right: Present day inferred location of North American (NA) upper mantle underlying the Cordilleran crust south of the LTZ in relation with seismic activity (shown by earthquakes, Audet et al., 2016). (D) Conceptual scenario for the seimic rupture during the M w 7.7 2013 Balochistan earthquake (Pakistan) from Vallage et al. (2016). Blue: pre-existing structures. Red: trace of the seismic rupture. Inset shows detail of the branching process[START_REF] Vallage | Geological structures control on earthquake ruptures: The mw7.7, 2013, balochistan earthquake, pakistan[END_REF].
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 21 Figure 2.1: (A) Elevation of the Tibetan plateau (https://commons.wikimedia.org). Insets on the right indicate N-S and E-W cross sections at the plateau margins, along profiles AA' and BB' of the left panel. (B) Depth of the Mohorovicic discontinuity below the Tibetan plateau (Replumaz et al., 2010). (C) Efficiency of Sn and Pn wave propagation in the central Tibet. The yellow contour defines the area were the lower Tibetan crust is potentially partially melted (McNamara et al., 1997).
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 22 Figure 2.2: (A) Field of Global Positioning System (GPS) data for the Tibetan plateau[START_REF] Gan | Present-day crustal motion within the Tibetan plateau inferred from GPS measurements[END_REF]. Blue arrows represent the GPS velocity field around the Tibetan plateau relative to the stable Eurasia. Red arrows are the calculated rigid rotation velocity field with the Euler vector of the plateau. (B) Strain rates calculated from the GPS data at the scale of the eastern Asia[START_REF] Calais | Continental deformation in Asia from combined GPS solution[END_REF]. Low strain areas correspond to rigid cratons.
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 23 Figure 2.3: Summary of the deformation mechanisms proposed to explain the rise and thickening of the Tibetan plateau for a N-S cross section (1) and a E-W cross section in the Longmen Shan area[START_REF] Rolland | Prolonged Variascan to Alpine history of an active Eurasian margin (Georgia, Armenia) revealed by 40 Ar/ 39 Ar dating[END_REF]. Sketches in the first column are from[START_REF] Hetényi | The effective elastic thickness of the India plate from receiver function imaging, gravity anomalies and thermomechanical modelling[END_REF], sketches in the right column are from[START_REF] Guo | Imaging the crustal structure beneath the eastern Tibetan plateau and implications for the uplift of the Longmen Shan range[END_REF]. LMS: Longmen Shan.
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 24 Figure 2.4: Extract of the structural map of the of the Eastern Eurasia, centered in the Tibetan plateau (modified from Pubellier et al., 2008). Different colors represents different geological units (different accreted blocks since the Triassic time). SPG: Songpan-Garze, LMS: Longmen Shan, XHF: Xianshui He fault, HF: Haiyuan fault, ATF: Altyn-Tagh fault, SZ: Suture Zone, MFT: Main Frontal Thrust.
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 25 Figure 2.5: (A) Paleogeographic reconstruction of continents at the Triassic time (modified from @slothcreek.com). (B) Schematic representation of the closure of the Paleotethys (central, southern and northern branches) during Triassic time[START_REF] Billerot | Gneiss domes of the Danba metamorphic complex, Songpan Ganze, eastern Tibet[END_REF].
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 26 Figure 2.6: Schematic cross section representing the accretion of the different blocks now forming the Tibetan plateau from Early Triassic to Middle Cretaceous (modified from[START_REF] Yin | Geologic evolution of the Himalaya-Tibetan orogen[END_REF]. Colors corresponds to the ones in Figure2.5B.
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 27 Figure 2.7: Present geography of the eastern Asia, inspired from Dong et al. (2015) (for clarity purposes north Asian orogens were ignored). Orogens in the region of interested are indicated in italics. The position of the subduction of the Paleopacific plate in the Middle Jurassic-Early Cretaceous is also indicated.
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 22 Figure 2.8: (A) Location of the studied area at the India-Asia scale. ATF: Althyn-Tagh Fault, HF: Hayuan Fault, KLF: Kulun Fault, TB: Tarim Basin, SG: Songpan-Garze, RRF: Red River Fault, XHS: Xianshui He fault, GXF: Xianshui He Fault, JF: Jiali Fault SF: Saingaing Fault, KF: Karakorum Fault. (B) Simplified structural and geological map of the Longmen Shan region modified from Tian et al. (2016). WF: Wenchuan Fault, BF: Beichuan Fault, GF: Guanxian Fault; WuF: Wulong Fault, XF: Xiaoguanzi Fault. Numbers 1, 2 and 3 represent ideal locations of the corresponding stratigraphic columns in Figure 2.10. (C) Topographic gradient across the central Longmen Shan (modified form Ansberque et al., 2015).

Chapter 2 .Figure 2 .

 22 Figure 2.10: Stratigraphic columns (modified from Robert, 2011) for the Songpan-Garze fold belt est of the Longmen Shan (1), the Longmen Shan belt (2) and the Foreland Sichuan Basin (3) (see Fig. 2.8B for ideal columns location). To notice the carbonate-dominated stratigraphy and the thin series of Triassic sediments in column 3 in contrast to the pelitic-dominated stratigraphy and the thick series of triassic sediments in column 1.

Figure 2 .

 2 Figure 2.11: Crustal structure in the Longmen Shan retrieved from geophysics. (A) Location of the area studied by Liu et al. (2014) in panels B and D, modified from Liu et al. (2014). Solid black line: profile of the cross section in panel D. Thin black lines: faults, White dots: epicenters of earthquakes between 1901 and 2010. Blue arrows: crustal motion (relative to the Sichuan Basin). In the inset large arrows indicate the plate motion in the Tibetan area. XSHF: Xianshui He Fault, LMSF: Longmen Shan Faut (including WF: Wenchuan Fault and BF: Beichuan fault), LJF: Lijiang-Xiaojinhe Fault, ANHF: Anninghe Fault, XJF: Xiaojiang Fault, LTF: Litang Fault. (B) Map view of the S-wave speed variation at 50 and 60 km depth (Liu et al., 2014). (C) Map view of P-wave tomography at 150 km depth from Lei and Zhao (2016). (D) Vertical section of the wave speed model modified from Liu et al. (2014) along the profile in panel A.

Figure 2 .

 2 Figure 2.12: (A) Location of the Wenchuan and Lushan earthquakes epicenters (red stars) and aftershocks (yellow and blue dots), modified by Wang et al. (2014a). White line: profile of the cross section in panel D. (B) and (C) Co-seismic rupture in the field. (B) Thrusting component on the Guanxian fault from Liu-Zeng et al. (2009), (C) Strike-slip component of the Beichuan fault, modified from Xu et al. (2009). (D) Cross section of the ruptured zone during the 2008 Whenchuan earthquake modified from Xu et al. (2009).

Figure 2 .

 2 Figure 2.13: Geological map of the Longmen Shan and Songpan-Garze area adapted from 1:200,000 geologic maps (Ministry of Geology and Mineral Resources, 1991). Dashed white frames delimited the studied areas that I have explored during the field work within the Longmen Shan belt. Dashed black line indicates instead the itinerary in the Songpan-Garze block (October 2014). White dots represent the principal sampled localities in the SPG. BF: Beichuan Fault, WF: Wenchuan Fault, GF: Guanxian Fault, WuF: Wulong Fault, XF: Xiaoguanzi Fault. The Maoergai Fault (MF) and the Longriqu Fault (LF) belong to the Longriba fault system.
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 31 Figure 3.1: Surface displacement distribution of the 2008 Wenchuan earthquake modified from de Michele et al. (2010a). Colours: vertical displacement. Vectors: horizontal displacement. Red lines: earthquake surface rupture trace. Black line: crystalline massifs contours. WF: Wenchuan fault, BF: Beichuan fault, GF: Guanxian fault, XF: Xiaoyudong minor fault, GS: Gaochuan Segment.
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 2 Article. Total exhumation across the Beichuan fault in the Longmen Shan (eastern Tibetan plateau, China): constraints from petrology and thermobarometry

Figure 3 . 2 :

 32 Figure 3.2: Simplified geological map of the Longmen Shan thrust belt showing the Neoproterozoic basement of South China craton (Pengguan Massif) outcropping through the Paleozoic-Mesozoic sedimentary cover. The segments of the major Beichuan and Guanxian faults which ruptured during the 2008 Wenchuan earthquake are indicated in red. Location of samples is shown with white dots. Grey dots are field localities described in Section 3.2.2.1. The black line indicates the location of the profile for the cross sections of Fig. 3.3.
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 33 Figure 3.3: (a) Schematic NW-SE cross section of the Pengguan massif showing the major structural and petrological features (see text for details). Location of studied samples and field localities projected on the cross section are also indicated (see Fig. 3.2). WSZ: Wenchuan Shear Zone, BF: Beichuan Fault. (b) Crustal section across the Eastern border of the Longmen Shan (see Fig. 3.2 for the location of the profile) imaged by receiver functions (modified from Robert et al., 2010b). The Wenchuan earthquake (red star) nucleated deeper than the junction between the Beichuan and Guanxian faults. Red lines indicate the fault segments that ruptured during the 2008 Wenchuan earthquake.

Figure 3 . 4 :

 34 Figure 3.4: Photographs of the field structures observed in the Pengguan massif. (a) Close to Yingxiu village, the Beichuan fault separates the metamorphic crystalline rocks of the Pengguan massif (basement) in the hanging wall of the fault to the north-west from the non-metamorphic Triassic sedimentary cover in the footwall to the south-east. (b) Close to Yingxiu village the Pengguan massif appears strongly cataclased and crosscut by greenschist metamorphic veins. (c) Metagranite close to the Beichuan fault showing a combination of ductile top-to-SE structures and brittle fractures. (d) Mafic enclaves stretched during granite emplacement and cross cut by greenschist metamorphic veins. (e) Greenschist-facies metamorphic veins crosscutting the Pengguan crystalline rocks in the Lanjiaping area. Inset shows the epidote + chlorite + white mica+ quartz-bearing greenschist-facies equilibrium assemblage observed in the veins. (f) top-to-SE C-S structures and chlorite +epidote + white mica greenschist-facies veins in the metagranite of the Pengguan massif close to the WSZ.
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 3535 Figure 3.5: Macroscopic and microscopic views of samples selected for this study under cross polarized (b, i, o) and uncrossed polarized light (c, e, f, h, i, k, l, m, n). Abbreviations from Whitney and Evans (2010). K-wm: K-white mica. (a) Optical image of the meta-granodiorite LM04-205. At the grain boundary between amphibole and feldspar (albite), a greenschistfacies assemblage of epidote + chlorite crystallized. (Caption next page.)
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 36 Figure 3.6: Chlorite chemical analyses represented in a Si 4+ (p.f.u.) vs X M g diagram

2 :

 2 Representative chemical analyses for K-white mica for all studied samples. K-wm: K-white mica. Xcel= celadonite fraction, Xmus= muscovite fraction, Xpyr = pyrophyllite fraction, Xpar=paragonite fraction. c). A second (M2) K-white mica group is recognized in flakes of ca. 100 µm observed in equilibrium with chlorite. The M2 generation contains a higher celadonite content ranging from 0.21 to 0.45 for a lower muscovite content comprised between 0.45 and 0.65 (Fig.3.7a and b).

Figure 3 . 7 :

 37 Figure 3.7: Xceladonite (XCel) vs Xmuscovite (XMu) diagram of K-white micas (K-wm) analyses for all studied samples and corresponding X-ray maps of celadonite content. Solid lines in panel a and d indicate density contours for K-white mica analyses. (a) XMu vs XCel diagram of K-wm analyses for samples LM04-205 and LM04-206. Two chemical groups of K-wm are identified. (b) X-ray map of the celadonite content in K-wm of sample LM04-205. M1: M1-K-wm, M2: M2-K-wm. (c) Zoomed X-ray map of M1-K-wm grains developing within K-feldspar grains. (d) XMu vs XCel diagram of K-wm in deformed meta-granitoids YI13-1b, YI13-1c and in meta-diorite YI13-2. One family of K-wm (M2) is observed. (e) X-ray map of the celadonite content in K-wm stretched in the main foliation of sample YI13-1c. (f) X-ray map of the celadonite content of K-wm developed in association with chlorite in the shear band of metadiorite YI13-2.

  3.8b). Following the technique described in Lanari et al. (2012) P-T equilibrium conditions of the greenschist overprint were then estimated from the intersection of the mica-quartz-H 2 O and chl-quartz-H 2 O equilibria obtained for M2K-white mica group and chlorite since they are considered to have crystallized at the thermodynamic equilibrium. Estimated P-T conditions yield at 290 ± 20 • C, 6.5 ± 1 kbar for samples LM04-205 and LM04-206 and at 280 ± 20 • C, 7 ± 1 kbar for samples YI13-1b, YI13-1c and YI13-2 (Fig. 3.8b).

Figure 3 . 8 :

 38 Figure 3.8: Thermobarometric estimates. (a) Temperature estimated from chl-qtz-H2O multiequilibrium method(Vidal et al., 2006) for low-deformed meta-granodiorites (orange) and more deformed samples (red). (b) K-white mica equilibrium lines obtained with the mica-qtz-H 2 O multi-equilibrium method(Dubacq et al., 2010). M2-K-wm P-T lines are marked in red and orange. M1-K-wm P-T lines are marked in blue. Boxes indicate the interval for estimated P-T conditions. (c) P-T estimates obtained by chlorite-M2K-wm multi-equilibrium modelling (sample YI13-1b). The insert shows an example of equilibrium conditions constrained by the intersection of the chl-K-wm-qz-H2O reaction lines at a unique point (P-T conditions), for a maximum residual of 100 kJ.
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 39 Figure 3.9: Reflected light image of M2K-white mica bands in sample YI13-1c, oriented along the main cleavage (dashed white contour). An example of the profile ablated by the UVlaser (for 40 Ar/ 39 Ar) is shown in yellow.

Figure 3 .

 3 Figure 3.10: Exhumation path of the Pengguan crystalline massif. Red: our results. Three possible exhumation paths relying the Lower Cretaceous cooling event to the Cenozoic one are proposed (1, 2, 3). Black: Wang et al. (2012a) exhumation path. Numbers in m/Ma: exhumation rates. Yellow square: P-t conditions for the Pengguan massif at the lower Cretaceous. Blue arrow: range of possible depths for the Pengguan massif (at ca. 60 Ma) assuming a thermal gradient between 15 • /km and 25 • /km. Dashed and filled blue lines: exhumation paths recalculated from Wang et al. (2012a) for a thermal gradient of 18 • /km and 15 • /km

Figure 3 .

 3 Figure 3.11: Sketch showing the major tectonics implications at the Early Cretaceous based on the results of this study (modified from[START_REF] Meng | Mesozoic sedimentary evolution of the northwest Sichuan basin: Implication for continued clockwise rotation of the South China block[END_REF]. Green arrow: effects of the ongoing collision between Lhasa and Quiantang blocks. Yellow arrow: re-activation of the Qinling belt. The clockwise rotation of the Sichuan basin is from[START_REF] Meng | Mesozoic sedimentary evolution of the northwest Sichuan basin: Implication for continued clockwise rotation of the South China block[END_REF] Early Lower Cretaceous the Pengguan massif (red) did not outcrop at the surface; in agreement with the lack of basement pebbles in pre-Eocene sedimentary deposits of the frontal Longmen Shan(Yong et al., 2003a; Robert et al., 2010a) 

Figure 3 .

 3 Figure 3.13: Results of the U-Pb dates obtained with in situ laser ablation of allanites in sample YI13-1c in a 238 U/ 206 Pb vs 207 Pb/ 206 Pb diagram. The intercept age is at 738.5 ± 21.3 Ma.
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 441 Figure 4.1: Structural and geological map of the studied area. (a) Inset represents the simplified structural map of the Tibetan plateau at Indian-Asian scale. Black frame indicates the location of the simplified structural map of the eastern border of the plateau modified from de de Sigoyer et al. (2014). The red square delimits the studied area. WSZ: Wenchuan Shear Zone, BF: Beichuan fault, GF: Guanxian fault, Xb: Xuelongbao. (b) Geological map of the Tonghua area. Samples collected for this study are shown with white dots. The black line indicates the location of the cross section profile. (c) NW-SE directed geological cross section of the studied area, showing the intense deformation affecting the sedimentary series.
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 42 Figure 4.2: (a) Optical image showing the different microstructures recorded in the matrix of a garnet-biotite metapelite from the Longmen Shan (see text). (b) X-ray map of the Si 4+ (pfu) content of white mica observed in the S1 and S2 cleavages of panel a. Different chemical domains are observed in the different microstructures.

  4.3a and b to illustrate the consequences of replacement or preservation of Kwm in a typical garnet-biotite metapelite affected by several phases of metamorphism and deformation(Fig. 4.3c). An early S1 subvertical cleavage composed of muscovite (ms A , red in Fig.4.3a), chlorite and quartz grains is preserved in the matrix. S1 is folded and a new S2 crenulation cleavage develops parallel to microfold axial planes. The S2 cleavage is composed of elongated grains of muscovite (ms B , yellow in Fig.4.3a). Garnet and biotite porphyroblasts are post S2 as they record both the S1 and S2 cleavages in their inclusion trails. The late muscovite (ms C , light blue in 4.3a) grew in porphyroblasts pressure shadows (P-shadows), in equilibrium with chlorite and quartz. The two idealized end member scenarios are considered assuming either a complete preservation (Fig.4.3a) or a complete compositional re-equilibration (Fig.4.3b) of the muscovite.

Figure 4 . 3 :

 43 Figure 4.3: Schematic sketch of the two end-member scenarios of matrix re-equilibration in a garnet-biotite metapelite affected by several deformation phases. (a) Scenario of total preservation: muscovite in each microstructure (S1, S2, P-shadows) preserves its original chemical composition. (b) scenario of total reequilibration (with H 2 O in excess): muscovite completely re-equilibrated by dissolution-precipitation or pseudomorphic replacement during D3 and shows the same composition (ms C ) regardless its microstructural position. (c) Theoretical P-T path associated to the development of the microstructures imaged in panels a and b. T-peak: thermal peak. GS: greenschist facies conditions.

  The studied area is located in the internal domains of the central Longmen Shan (West of the WSZ), north and north-east of the Tonghua crystalline massif (Fig. 4.1a and b). Here the Paleozoic sedimentary series of the Songpan-Ganze terrane consists of Cambrian meta-greywackes and mudstones overlaid by massif Ordovician limestones and marbles and covered by a thick series of Silurian metapelites and organic-rich schists. Sedimentary units are folded in thigh NE-SWdirected anticlines and synclines (Fig. 4.1b and c) and exhibits a pervasive NW dipping cleavage striking N40-N80. The Tonghua crystalline massif and its Neoproterozoic sedimentary cover are separated from the Paleozoic units to the North by a thrust oriented N40 and to the Silurian sediments to the South by the Wenchuan Shear Zone (Fig. 4.1b and c).
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 4 Preservation of different metamorphic stages in the internal sedimentary units of the Longmen Shan: a high-
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 45 Figure 4.5: Representative chemical analyses of K-white mica (in a X M g vs Si 4+ (pfu) diagram) for samples to13-4 (a), to13-7 (c) and lm09-223 (e) and related chemical maps of the Si 4+ pfu content (panels b, d, f). The composition of pixels of muscovite is represented by gray dots. Filled colored lines show muscovite density contours. Pixel compositions with Si 4+ < 3 pfu are interpreted as chlorite-muscovite intergrowths.
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 446 Figure 4.6: Phase diagrams calculated for sample to13-7 in a Na 2 O-CaO-K 2 O-FeO-MgO-MnO-Al 2 O 3 -SiO 2 -H 2 O-TiO 2 system with quartz and H 2 O in excess. (Caption next page).
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 46 Figure 4.6: (Previous page;) Blue and red frames indicate the P-T conditions estimated for the different stages of metamorphism from garnet and muscovite chemistry (isopleths) and mode (vol %) (see the text). (a) Phasediagram calculated with the bulk rock composition. (b) Phase diagram calculated afterfractionation of 5% of garnet from the initial bulk-rock. The red polygon indicates the P-T conditions at which ca. 9% (vol) of biotite is produced. (c) Phase diagram calculated after fractionation of 9% of biotite from the previous effective bulk composition. The red polygon indicates P-T conditions estimated from the muscovite chemistry (but only the dark red part also reproduces the mineral assemblage observed in thin section).
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 47 Figure 4.7: Phase diagrams calculated for sample to13-4 in a Na 2 O-CaO-K 2 O-FeO-MgO-MnO-Al 2 O 3 -SiO 2 -H 2 O-TiO 2 system with quartz and H 2 O in excess. (a) Phase diagramwith the initial bulk rock composition. Colored dots represent P-T conditions predicted for garnet core and rimwith GRTMOD. The cpx predicted stable at low-T is less than 0.5 vol %. This artefact is explained by a slight overestimation of CaO in the bulk rock composition due to the presence of apatite (not modeled). The presence of cpx does not significantly affect the predicted muscovite composition (Si 4+ and X M g , see Fig. 4.10b). (b) Phase diagram calculated after fractionation of 5 % of garnet and 10% of biotite from the initial bulk-rock.
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 4 Preservation of different metamorphic stages in the internal sedimentary units of the Longmen Shan: a high-resolution petrological approach 75 Table4.5: Maximum temperature obtained with the RSCM thermometer for organic-rich samples Table4.6: Temperature estimates with garnet-biotite thermometer (*) and Ti-in-biotite thermometer (**) for samples to13-4 and to13-7.

  • C for sample).
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 44 Figure 4.8: P-T lines calculated with the multi-equilibrium approach for the different generations of muscovite identified in samples to13-4, to13-7, lm09-221a and lm09-223. (a) P-T lines calculated for all muscovite generations of sample to13-4 (ms A , ms B , ms C ). (b) P-T lines calculated for the more preserved msB and ms C generations of sample to13-7. (c) P-T lines calculated for muscovite in different structural position (in the early S1-S2 cleavage and in the late retrogressed microstructures) of samples lm09-221a and lm09-223. Black frames indicate estimated P-T conditions for the greenschist stable assemblage (from chl-ms multi-equilibria).

Figure 4 .

 4 Figure 4.9: Comparison between P-T conditions calculated with the phase diagrams for the different generations of muscovite (circles) and the ones estimated with the multiequilibrium approach of Dubacq et al. (2010); Lanari et al. (2012) (triangles), for samples to13-4 and to13-7.

Figure 4 .

 4 Figure 4.10: Evolution of the minerals phases and muscovite chemistry along a synthetic P-T loop (insets) calculated with a forward equilibrium model for samples to13-4 (a, b) and to13-7 (c, d). Gray domains indicate temperature rangeswhere the different generation of muscovite (ms A , ms B , ms C ) are likely to develop. (a) and (c) Variation of the number ofmoles produced for garnet,muscovite, chlorite and biotite along the P-T paths. (b) and (d) Variation of X M g and Si (pfu) content inmuscovite along the corresponding P-T paths. The colored dashed lines in (c) indicate the muscovite composition in a Ca-free system prior to garnet growth (see text).

Figure 4 .

 4 Figure 4.11: Partial re-equilibration of muscovite by pseudomorphic replacement in sample to13-4. (a) Schematic sketch showing the partial re-equilibration of muscovite in the matrix, an intermediate scenario between the two end-member of Fig. 4.3. Blue arrow represents biotite resorption. (b) SEM image showing the typical features of mineral replacement described in Putnis (2009); Putnis and Timm (2010). (c) zoomof the Si 4+ (pfu) map for muscovite in the S1 cleavage (sample to13-4). A sharp reaction front can be recognized between the parent (ms A ) and the product (ms B ).

Chapter 4 .Figure 4 .

 44 Figure 4.12: Schematic tectonic evolution of the Songpan-Ganze sedimentary units (white) through time and corresponding stages on the P-T path (left side) for a representative sample (red dot) belonging to these units. (a) During the prograde P-T path the Songpan-Ganze sedimentary pile was thickened and then partially exhumed while emplaced on the South China basement (gray) as an accretionary wedge. The original S1 cleavage, related to the compaction of sediments was folded by the S2 crenulation cleavage (S2). (b) Themetamorphic overprint under greenschist facies conditions is related to the exhumation of the deep sedimentary units during the D3 deformation phase, associated with re-activation of ancient faults and a basement-involving deformation[START_REF] Airaghi | Total vertical offset for the Beichuan Fault (Longmen Shan, Sichuan, China) deduced from metamorphic minerals[END_REF] .
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 4144 Figure 4.14: Phase diagrams calculated for sample to13-4 with quartz and H 2 O in excess, for the Holland and Powell (1998) database. (a) Phase diagram with the initial bulk rock composition. (b) Phase diagram calculated after fractionation of 5% of garnet and 10% of biotite from the initial bulk-rock

Figure 4 .

 4 Figure 4.16: Evolution of the X M g in biotite along a synthetic P-T loop (insets) for samples to13-4 (a, b) and to13-7 (c, d), using the Holland and Powell (1998) (lowers insets) and Berman (1990) database. Grey domains indicate temperature ranges where the predicted X M g is closer to the ones observed in biotites of analyzed samples.

Figure 4 .

 4 Figure 4.17: Chemical heterogeneity in white mica during cleavage formation. (A) Chemical heterogenities in white mica between cleavage domains unrevealed by point analyses (MCWilliams et al., 2007). (B) Rax X-ray chemical map of matrix white mica (both the microfolds and the crenulation cleavage are visible) modified from Williams et al. (2001) The color represents the Na Kα content in white mica. (C) Zoom of panel B (Williamset al., 2001).

Figure 4 .

 4 Figure 4.18: Example of liner regression used for raw EPMA data correction, calculated for Al 2 O 3 and SiO 2 of a standard Orthoclase. (A) Example where no correction for Al 2 O 3 is needed since no drift is observed (m < 0.00099). (B) Example where a correction for SiO 2 is needed since a drift is observed (m > 0.00099). The equation is bracketed in the yellow frames.

Figure 4 .

 4 Figure 4.19: Example of diagrams showing the quality of X-ray map standardization in XMAPTOOLS. (A) Calibration lines used for X-ray map standardization for all the analyzed element. Colored '+' represent the composition (in wt %) of a point analysis vs the intensity of the corresponding pixel in the X-ray map. (B) Accuracy of the composition of the point analysis relative to the composition of the corresponding pixel in the X-ray map (case for Al 2 O 3 ).
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  Figure 5.1: (A) Simplified geological and structural maps of the eastern Tibet, modified from Billerot et al. (2017). The inset indicates the location of the Longmen Shan at the India-Asia scale. Xb = Xuelongbao Massif, P = Pengguan Massif, WF = Fault, BF = Beichuan Fault, GF = Guanxian Fault. (B) Geological map of the studied area. Sample locations are indicated by red dots. The black line defines the profile of the cross section in panel C. (C) Geological cross section along the profile AA'.
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 5 2A, C and E). Biotite grain surfaces are also crenulated by the S2-forming phase (Fig.5.2A). In samples to13-4, to13-7 and lm147 an earlier folded chlorite + white mica cleavage (S1) is preserved within the S2 cleavage domains (Fig.5.2A, B, D, F and G). The late breakdown of biotite results in the growth of chlorite + white mica intergrowths and white mica porphyroblasts (Fig.5.2A, C and E) at biotite and garnet rims. In all the metapelites, allanite forms 100-500 µm porphyroblasts subparallel to the S2 cleavage, or superimposed on it (Fig.5.2F and G). No allanite grains were observed included in garnet. In samples to13-4 and to13-5 allanite grains are surrounded a Th-rich rim of 10 and 15 µm (Fig.5.2F). In sample to13-7 allanite is surrounded by monazite and epidote (Fig.5.2G). Qualitative compositional maps show chemical homogeneity in REE-elements, U and Pb within the allanite grains (Fig.5.1 of the 5.2.8 S1).

Figure 5 . 2 :

 52 Figure 5.2: Photomicrographs of studied metapelites. Mineral abbreviations are from Whitney and Evans (2010) except for white mica= wm. (A) Plane polarized light (PPL) image of crenulated biotite porphyroblast and the S1 and S2 Ms-bearing cleavage in sample to13-4. (B) Backscatter (BSE) image showing the geometric relations between the crenulated S1 Chl + wm cleavage and the S2 wm-bearing cleavages in sample to13-4 (Chap. 4). (C) BSE image of garnet and biotite in sample to13-5. (D) PPL image of sample lm147. The inset shows the S1 cleavage preserved within S2 domains. (E) PPL image of biotite porphyroblasts in sample to13-5 overgrowing the main cleavage. Late, narrow white mica grains superimpose the biotite grain. (F) BSE image of allanite porphyroblasts overprinting the main S2 cleavage (recoded in the inclusion trails) in sample to13-4. (G) BSE image of allanite grains overprinting the S1-S2 cleavage in sample to13-7. Allanite is surrounded by a Mnz + Ep rims.
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 53 Figure 5.3: Samples from the Tonghua crystalline massif. (A) PPL image of the white mica-bearing domains in deformed metagranite lm09-52. (B) BSE image of the white mica bearing cleavage in deformed metagranodiorite to13-12. (C) PPL image of Chl + wm + Aln-bearing greenschist veins (GS) in metagranite lm09-52. (D) BSE image of mineral phases associated with Aln in sample lm09-52.
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 554 Figure 5.4: Quantitative compositional X-ray maps. (A) X M g (Mg 2+ /(Mg 2+ /Fe 2+ ) in biotite of sample to13-4. (B) Si 4+ (apfu) in muscovite in sample lm09-52. (C) Ti (pfu) content of biotite in sample to13-5. (D) S 4+ content of muscovite in the main cleavage of sample lm147. The saturated red regions in panel D corresponds to extremely small Quartz-rich cracks.
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 5556 Figure 5.5: Th-Pb allanite ages (A, C, D, E and F). Each ellipse represents one analysis. Initial values of common 208 Pb/ 206 Pbc are indicated in brackets below the age with the related error. Panel B is the Tera-Wasserburg diagram for sample to13-4.
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 57 Figure 5.7: 40 Ar/ 39 Ar results for white mica in samples to13-4, lm147, lm09-52 and to13-12. WF = Wenchuan Fault. (A) Analyzed S2-forming white mica (Ms2, yellow) in sample to13-4. (B) 40 Ar/ 39 Ar ages for all analyzed white mica with relative errors. (C) Analyzed white mica domains in meta-granite lm09-52. Laser spots are indicated by circles. One analysis (white dashed line) includes two spots. (D) Analyzed Ms2 (yellow) in sample lm147.
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 5 Figure 5.8: Estimated T-t path for the internal sedimentary units from petrological and geochronological constraints (see text for details). Tonghua M: Tonghua crystalline Massif. The rapid T-t variation in the last 10 Ma is constrained by apatite and zircon fission track thermochronology and (U-Th-He) data collected in the crystalline massifs[START_REF] Tan | Late Cenozoic thrusting of major faults along the central segment of Longmen Shan, eastern Tibet: Evidence from lowtemperature thermochronology[END_REF][START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF] Wang et al., 2012a and references therein and in the text). Time is from 250 Ma ago to present (left to right).

  3 and Fig. 5.9B and C) where temperature decreases linearly between the different T-t segments. In path A temperature decreases from 580 to 400 • C at 4 • C/Ma (constrained by this studies results for the Tonghua massif) and from 400 to 0 • C at 2.8 • C/Ma such that 0 • C is reached after 186 Ma model time (constant cooling as suggested by[START_REF] Roger | Mesozoic-Cenozoic tectonothermal evolution of the eastern part of the Tibetan plateau (Songpan-Garze, Longmen Shan area): insights from thermochronological data and simple thermal modelling[END_REF]. In path B temperature decreases from 580 to 400 • C at 4 • C/Ma as above, then from 400 to 200 • C at 1.5 • C/Ma (based on the fission track and U-Th-He ages of[START_REF] Kirby | Late Cenozoic uplift and landscape evolution along the eastern margin of the Tibetan Plateau: Inferences from 40 Ar/ 39 Ar and (U-Th)/He thermocronology[END_REF];[START_REF] Godard | Late Cenozoic evolution of the central Longmen Shan, eastern Tibet: Insight from (U-Th)/He thermochronometry[END_REF];[START_REF] Tan | Late Cenozoic thrusting of major faults along the central segment of Longmen Shan, eastern Tibet: Evidence from lowtemperature thermochronology[END_REF] and subsequently cools to reach 0 • C after 186 Ma model time (Table
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 559 Figure 5.9: Results of Ar diffusion modelling experiment for biotite (radius 0.5 mm) and muscovite grains (radius 0.05 mm) for cooling paths P1, P2, P3 in an open system (A), for path A and B in an open system (B) and for paths A and B in a partially closed system (C). Time is 'model time', where 0 = time of the T peak and 186 Ma = present day. The left diagrams are the modeled T-paths; middle diagrams represents the variation of the bulk age with time; right diagrams are the core to rim age variation within a single biotite grain. Grey box: range of Th-Pb allanite ages. Blue and red frames: time range of the Ar-bearing fluid pulse. Numbers in brackets are the equivalent age concentration of Ar in the model fluid.

  In the open system model experiments, the predicted model ages for biotite that cooled from 580 to 0 • C at 2, 15 and 30 • C/Ma (models P1, P2 and P3) were 58, 171 and 177 Ma respectively (Fig.5.9A). The bulk ages predicted for biotite cooling along path A were 131 Ma, whereas those for path B were 110 Ma. Muscovite models predicted ages of 93, 175 and 181 Ma for the paths P1, P2 and P3 respectively (Fig.5.9A), and 140 Ma and 133 Ma for open system paths A and B respectively (Fig.5.9B).

3 .

 3 in cases where the pulse of Ar-bearing fluid occurred in the interval of 320-370 • C (equivalent to the effective closure temperature in 0.5 mm biotite grains,[START_REF] Dodson | Closure temperature in cooling geochronological and petrological systems[END_REF] the modeled bulk-ages approaches the measured ones. The slower the cooling rate within the T interval 370-320 • C, the better the modeled ages approached the measured bulk ages.The best match between the model biotite cooling along path A and the measured bulk ages was obtained for a pulse of Ar-bearing fluid between 140 and 105 Ma and a concentration of 40 Ar in the fluid equivalent to 95 Ma (blue frame in Fig.5.9C). With this configuration, the predicted bulk age was 203 Ma, with rim ages of 190 Ma and core ages of 219 Ma (Fig.5.9C). The best match between the model biotite cooling along path B and the measured bulk age was obtained for a pulse of Arbearing fluid between 135 and 65 Ma and a concentration of 40 Ar in the fluid equivalent to 115 Ma (red frame in Fig.5.9C). With this configuration the predicted bulk age was 199 Ma, with rim ages of 180 Ma and core ages of 219 Ma. With these configurations of path shape and excess Ar pulses, model muscovite yielded bulk ages of 182 and 185 Ma for paths A and B respectively (dashed lines in Fig.5.9C). Chapter 5. Multi-mineral petrochronology and diffusion modelling: linking ages to stages in the internal units of the Longmen Shan 117 Table 5.3: T-t paths tested in Ar diffusion modeling experiments.
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 55 Figure 5.10: Sketch representing different factors favoring the diffusion or Ar resetting/removal in muscovite. (A) The post-biotite growth deformation is co-planar to the S2 and is mainly accommodated by muscovite stretched along the S2. Biotite grains are therefore less deformed and retain the Ar signature rather than Ms2. (B) The S2 muscovite-forming cleavage is the favored path for fluid percolating during metamorphism, flushing away Ar from muscovite grain boundaries. (C) Muscovite grains are partially replaced during metamorphism.Relics of the older generation in the core preserve an older 40 Ar/ 39 Ar signature than the replacement mica in the rims. The chemical heterogeneity within biotite is also partially responsible for the 40 Ar/ 39 Ar age differences between the cores and the rims.

Chapter 5 .Figure 5 .

 55 Figure 5.11: Summary of in-situ geochronological results and related metamorphic and tectonic events. *= age reported in Chapter 3 for the greenschist metamorphism in the Pengguan massif; **= 40 Ar/ 39 Ar IR-laser fusion (other ages are from laser ablation). Red: crystalline basement. Black: sedimentary cover. The yellow frame indicates the time range for the emplacement of the Mesozoic granites[START_REF] Roger | Timing of granite emplacement and cooling in the Songpan-GarzêFold Belt (eastern Tibetan Plateau) with tectonic implications[END_REF][START_REF] De Sigoyer | Generation and emplecement of Triassic granitoids within the Sonpan Ganze accretionary-orogenic wedge in a context of slab retreat accomodated by tear faulting, Eastern Tibetan plateau, China[END_REF].
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 5 Figure 5.12: Cooling histories for internal sedimentary units (red), internal Tonghua crystalline massif (black) and external crystalline Pengguan massif (green). Colored rectangles represent the estimated T conditions at each stage (from petrology). Numbers between the squares are cooling rates in • C/Ma. Red dashed cooling rate is the one also used in path B for Ar diffusion modelling. T-t estimates for the Pengguan massif are from 40 Ar/ 39 Ar muscovite ages (Chap. 3); T-t estimates for the Tonghua massif at 10 Ma are from zircon fission track (Tan et al., 2017); T-t estimates for the Pengguan massif at < 20 Ma are from zircon He ages (Godard et al., 2009). Yellow frame: interval of syn-to post-orogenic granite emplacement. D1, D2, D3 refer to the different deformation phases described in Chapter 4 associated to the Ms1, Ms3 and Ms3 forming stages. The timing of D4 is restrained to the Miocene pulse of exhumation identified by low-T thermochronology.
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 514 Figure 5.14: Thermobarometric estimates for samples from the Tonghua crystalline massif obtained with the multi-equilibrium approach. (A) White mica equilibrium P-T lines constrained with the white mica-H 2 O-Qz multi-equilibrium method of Dubacq et al. (2010)(colored lines) and temperature ranges retrieved with fromthe Chl-qz-H 2 O multi-equilibrium approach of Vidal et al. (2006) (red frames). Black rectangles indicate P-T equilibrium conditions estimated for the greenschist faices assemblage. (B) P-T estimates obtained by the simultaneous evaluation of chlorite and white mica multi-equilibria (as described in Chap. 4) in sample lm09-52.

131Figure 5 .

 5 Figure 5.15: Influence of the meshlenght on the calculation on the bulk 40 Ar/ 39 Ar age and core to rim age variation. Calculation are made for the path B in a closed system (see section 5.2.6.3 for further details). (A) Variation of the apparent bulk age with time for three different meshlengts(6, 8, 12) for a biotite grain radius of 0.5 mm (see text for details). (B) Since the error on the bulk age is linearly proportionally to the size of the grid (dashed black line), the real bulk age (198.7 Ma) for the case (A) is calculated by regression of each age/mesh spacing relationship. (C) Core to rim age variation for the three meshleghts of panels B and C. The size of the grid does not affect the age profile neither the core ages. Yellow frame: range of 'rim' ages considered in the text given the location of the ablated spot in the grain.

Figure 5 .

 5 Figure 5.16: (A) Simplified geological and structural map of the eastern border of the Tibetan plateau. The inset represents the location of the Longmen Sha area (black frame) at the India-Asia scale. Red frame indicate the location of the studied area. (B) Detailed geological map of the studied area. The ancient faults observed in the field are indicated in red. The WF (within the WSZ) is the only tectonic discontinuity that is active at the present day. (C) Cross section along the profile AA' of panel B. Samples are indicated by white dots. The dashed red fault represents the possible prolongation of the southern thrust of panel B in the Silurian sediments.

Five

  samples were selected for this study. Samples w13-5, w13-4 and w13-3 are 'fresh' garnet-biotite metapelites made of Grt + Bt + wm + Chl + Ilm + Qz +Fs with Ap, Tur and Aln as principal accessory phases (mineral abbreviations are fromWhitney and Evans, 2010, except for wm = white mica). Porphyroblast proportions were further qualitatively estimated from optical images. Samples w13-5 and w13-4 are the ones that best preserved the entire deformation history. Here the main foliation is defined by S2 cleavage domains 100-600 µm large underlined by elongated white mica grains 30-100 µm in size and quartz microlithons < 60 µm (fold hinge areas; Fig.5.17A, B, C and D). An earlier S1 cleavage is preserved in asymmetric microfold hinges among the S2 domains and is underlined by white mica (± chlorite) grains of 20-50 µm (e.g. Fig.5.17A). Few apatite grains of 5-10 µm are observed in the matrix. Samples w13-5 and w13-4 contain ∼6 % and ∼8 vol% of biotite respectively. Biotite appears as porphyroblasts of 500 µm up to 5 mm in size (Fig.5.17A, C and D), although few smaller biotite grains 200 µm large are also observed stretched in the S2 cleavage in the sample w13-5 (Fig.5.17B). Biotite porphyroblasts wrapped in the S2 cleavage exhibit surfaces crenulated according 1-2 different microfold axes, undulated extinctions and irregular grain boundaries (e.g. Fig.5.17D). At biotite grain boundaries a Chl+Qz-bearing assemblage develops in the pressure shadows. Biotite porphyroblasts are rich of plagioclase inclusions strongly albitized (samples w13-5), aligned along trails oblique or sub-parallel to the S2 (S1 in Fig.5.17A, C and D). In sample w13-5 albite is also observed in the S2. Garnet appears as subeuhedral porphyroblasts with sharp grain boundaries, wrapped by the S2 cleavage (Fig.5.17B and C). Sample w13-4 exhibits sparse garnet grains (∼5 vol %), 800 µm-1 mm large, characterized by a 200 µm-sized inclusion-free core, an intermediate inclusion-rich mantle zone, and a thinner (ca. 100 µm large) inclusion-free rim (Fig.5.17C and Fig. 5.19B). Garnet core and mantle exhibit lobate contours. The inclusion trails in garnet mimic the folded S1 cleavage, oblique to perpendicular to the S2 (Fig.5.17C). By comparison, sample w13-5 contains larger (1-4 mm) and more aboundant (7-8 vol %) garnet grains, with domains rich of micrometric Qz inclusions (few µm to 20-40 µm in size, Fig.5.17B and 5.19A). Lobate garnet grain boundaries indicate partial garnet resorption. In both samples w13-4 and w13-5, garnet and biotite porphyroblasts are rotated and deformed. In sample w13-5 biotite is in sharp contact with garnet (textural equilibrium) and fills the fractures in garnet, at garnet rims (e.g. Fig.5.17B). In sample w13-4, on the contrary, garnet shares sharp grain boundaries with chlorite (Fig.5.17C) but it is never observed in contact with biotite (they developed in distant growth sites). Garnet and biotite are associated to ilmenite, elongated in the S1 (w13-5) and in the S2 (w13-5 and w13-4) cleavages (Fig.5.17A, B and C). In sample w13-5 apatite

Figure 5 .

 5 Figure 5.17: Microphotographs of the studied samples. (A) Microview under cross-polarized light of sample w13-5. (B) Garnet porphyroblast wrapped in the white mica-bearing S2 cleavage in sample w13-5. (C) Deformed garnet and biotite porphyroblasts in sample w13-4, recording the folded S1 cleavage. (D) Microview under cross polars of a biotite porphyroblasts in sample w13-3. Biotite surface is crenulated according to two microfold axes. (E) Inclusion-free porphyroblasts of garnet in sample w13-3. (F) Biotite porphyroblast (partially resorbed) in sample w13-3 (left) and S1-S2 Ms + Chl+Aln-bearing cleavage almost totally overprinted by the growth of large grains (right). (G) Resorbed porphyroblasts of crenulated biotite in the retrogressed sample w13-2. (H) Mylonite w13-1. (I) Electron backscatter image (BSE) of dark porphyroblasts in panel H, made of aggregates of Rt + Chl + K-fs ± Pyrite ± Ms.
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 5 Figure 5.18: Bulk composition of analyzed samples. (A) Whole-rock composition of samples represented in a AFM diagram. (B) Chrondrite-normalized REE patterns of samples w13-1, w13-3 and w13-4. Chondrite data are from McDonough and Sun (1995).

Chapter 5 .Figure 5 .

 55 Figure 5.19: Representative chemical analyses for garnet in samples w13-5 (A), w13-4 (B) and w13-3 (C). In the left column the BSE images of analyzed garnet porphyroblasts are reported. White lines: profiles of point analyses. In the right column quantitative point analyses are reported for Mn, Fe and Y (apfu) respectively.
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 5 Figure 5.20: Compositional and X-ray map for garnet. (A) and (B) Representative quantitative chemical map of the grossular and spessartine contents respectively in a garnet porphyroblasts of sample w13-5. Maps are superimposed to BSE images. (C) MnO content in a garnet of sample w13-4. (D) Y2O3 content of a garnet in sample w13-4. (E) CaO content in a garnet of sample w13-3 (< 2 mm in size). Reference color bar is given in panel C. Bright areas are allanite grains and their epidote rings included in garnet. (F) X-ray map of the Mn content obtained by XRF for garnets > 2 mm in size in sample w13-3. (G) X-ray map of the Fe content obtained by XRF for garnets > 2 mm in size in sample w13-3.
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 5 Figure 5.21: Thermobarometric estimates. Equilibrium phase diagrams computed for the bulk rock compositions of samples w13-5 (A), w13-4 (B), w13-3 (C) and w13-2 (D). The bulk rock compositions are provided in Table 1. Yellow frames indicates the P-T equilibrium conditions estimated for the various stage of garnet and biotite growth (see the text for details). Dashed arrows indicate the sense of the P-T path. The green and red dots in panel A indicate optimal P-T conditions for garnet core and rims respectively estimated with the program GRTMOD. (E) and (F) P-T lines for phengite in retrogressed samples w13-2 and w13-1 respectively. The P-T conditions of the greenschist assemblages are indicated by black frames. Black cross in panel E represents the equilibrium conditions calculated for pairs of phengite and chlorite analyses (see the text for details).

  In sample w13-5 only few allanite grains (< 150 µm in size) were observed as inclusions in garnet porphyroblasts (Qz inclusion-rich allanite) or stretched in the main S2 cleavage of the matrix (inclusion-free allanite) (Fig.5.19C and 5.22A). Allanite exhibits a homogeneous LREE and Y contents of 0.78 apfu and 0.010 apfu respectively(Tab 5.10, Fig. 5.23A). It is surrounded by two thin epidote rings ∼5 µm large (inset in Fig.5.22A).

  5.22B, C and Fig. 5.24A and section 5.4.6.2.4). Allanite is only observed in the matrix where it appears as subeuhedral grains (100 -150 µm large) elongated in the main S2 cleavage (Fig.5.22B and C). Allanite has a homogeneous composition in REE-element (Fig.5.23B) with LREE and Y contents of 0.75 apfu and 0.017 apfu, respectively. It is surrounded by three generations of rings showing different compositions (Fig.5.23B and 5.24A). The first ring (R1) is extremely thin (< 5 µm) and enriched in REE elements (+ Y) and Th compared to allanite (Tab 5.10 and Fig.5.24A). R1 is only locally preserved and therefore difficult to analyze quantitatively (possibly REE carbonates/phosphates). Where it has been totally resorbed quartz fills the space between the allanite and its second ring (Fig.5.24A). This second ring (R2 in Fig.5.24A) is 20-25 µm large; it corresponds to a REE-rich epidote enriched in Y (Y = 0.2-0.26 apfu) and depleted in LREE (0.07-0.1 apfu) relative to the allanite core (and R1). The third ring (R3 in Fig.5.24A) is a thin (5-10 µm large) REE-rich epidote, enriched in Y compared to the allanite (Y = 0.021-0.27) but Y-depleted and LREE-enriched ( LREE 0.68-0.55 apfu) compared to R2 (Tab 5.10). R3 exhibits concentric zoning as indicated by the Ca X-ray maps (Fig.5.24A). While the boundary between the core and R1 is sharp, the one between R2 and R3 is gradual (Fig.5.24A).Allanite contains abundant "inclusions" (20-30 µm in size), oblique to the S2 in the basal sections, sub-parallel to the S2 in the longitudinal sections (Fig.5.22B, C and Fig.5.24A). Inclusions crosscut the allanite core and rings and are constituted by quartz surrounded by successive rings of epidote (T2 and T3 in Tab 5.10) with concentric zoning of compositions overlapping those of the R2 and R3 secondary rings surrounding the allanite grains. (Fig.5.23B and 5.24A).In sample w13-3, allanite grains are either shielded as inclusions in garnet (Fig.5.20E, Fig.5.22D) or elongated in the early S1-S2 cleavage (Fig.5.22E). In both microstructural positions, allanite occurs as inclusion-free sub-euhedral grains 50 µm large and 600 µm long, surrounded by two successive REE-bearing epidote rings. The allanite core has a homogeneous Y and LREE content of 0.009-0.010 apfu and 0.78 apfu respectively (Fig.5.24B and Tab 5.10). The first ring of REE-rich epidote (Ep1) is enriched in Y (Y= 0.13-0.18 pfu) and depleted in La, Nd, Sr and Ce compared to allanite ( LREE is 0.34-0.69 pfu, Fig.5.24B). The second ring (Ep2) exhibits a composition of LREE-enriched and Y-depleted clinozoisite ( REE = 0.73; Y < EPMA D.L). The transition from allanite to Ep1 is sharp -although less marked than in sample w13-4, while the one between Ep1 and Ep2 is gradual (Fig.5.22E and 5.24B). Allanite in the matrix is fractured and segmented.

Table 5 .Figure 5 .

 55 Figure 5.22: Backscatter images of allanites in the different studied samples.

Figure 5 .

 5 Figure 5.23: Chemical plot of allanite analyses. (A) Analyses for allanite of all samples. Left: Th-La-Nd plot of allanite analyses. Analyses for allanite of samples w13-1 and w13-5 are not clearly visible since they are overlapped by the ones of sample w13-4. Right: Y-La-Nd plot of allanite chemical analyses for all samples. (B) Y-La-Nd chemical plot of allanite analyses for sample w13-4. Left: Y variability of allanite rims and halos compared to allanite core. Allanite halos around dissolution figures reproduce the chemical composition of the rims (see the text for details). Right: U vs Th (apfu) diagram showing allanite rims slightly depleted in Th compared to allanite cores

Table 5 .

 5 11: Representative chemical analyses of monazite in sample w13-1. Detection limits (D.L.) are expressed in ppm distinct groups of allanite were observed in the Th-isochron diagram for sample w13-1 (Fig. 5.25A and B). The first one has low Al-content of 2.08-2.18 apfu (measured by LA-ICPMS), in line with the Al concentrations determined by EPMA for Aln and yield an age of 200.3 ± 7.3 Ma. The second group shows a higher Al content of 2.19-2.29 apfu, corresponding to EPMA values for Ep1 and yield ages of 180.3 ± 13.5 Ma (Fig. 5.25A).
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 55 Figure 5.25: Isochrones 208 Pb/ 206 Pbc vs 232 Th/ 206 Pbc diagrams obtained for all dated samples (A, C, D, E) and Al (apfu) content determined by LA-ICP-Ms for the same volume of material of the two population of allanite in sample w13-1 (B) (see text for details). Each allanite analysis is represented by an ellipse. The calculated age is reported in color above the isochrones. Blue: age < 200 Ma. Red: age > 200 Ma. Insets in isochron diagrams are representative allanite backscatter images showing the location of the laser spots.
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 5 Figure 5.26: Sketch illustrating possible allanite forming reactions and the evolution of its rings in sample w13-3 (A), and w13-4 (B). To notice that allanite precede the garnet growth in the case A and followed the garnet appearance in the case B (see the text for details). The size of allanite has been magnified x 2 (A) and x 5 (B) to allow the epidote rings to be distinguished.
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 55 Figure 5.27: Summary of the ages obtained in this study by U-Pb/Th allanite dating (bold lines) and their relation with petrological and microstructural events. a : ages from Chapter 5.2.
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 62 Article: The Mesozoic tectono-metamorphic evolution of the Longmen Shan belt (eastern Tibet): a succession of pulses of deformation and periods of quiescenceAiraghi, L., de Sigoyer, J., Guillot, S., Robert, A., Brau, J. 1 , Deldique, D., The Mesozoic tectonometamorphic evolution of the Longmen Shan belt (eastern Tibet): a succession of pulses of deformation and periods of quiescence, in preparation for TECTONICS.AbstractThe occurrence of the unexpected 2008 Wenchuan and 2013 Lushan earthquakes in the Longmen Shan (eastern Tibet) has required a deeper understanding of the crustal dynamics active in the region and of their evolution with time. New petrological and thermobarometric data offer a comprehensive dataset of the paleo-temperatures across the Longmen Shan belt and show a metamorphic jump of 150-200 • C, 5-6 kbar between the metasedimentary units in the hanging wall of the major NW dipping Wenchuan fault (amphibolitic metamorphism at T >500 • C) and units in the footwall (greenschist metamorphism at T<381 • C). Structural data and the folded shape of the isotherms reveal that the amphibolitic metamorphism is coeval with the D2 deformation, characterized by NE-SW-trending folds related to the thickening (up to 30 km) and thrusting of Songpan-Garze (SPG) units over the Yangtze block (South China craton) during the Triassic closure of the Paleotethys. At this time, inherited major faults across the Longmen Shan belt (as the Wenchuan and Beichuan faults) play a key role in the exhumation of the deep rocks. The Mesozoic deformation is therefore localized along lithospheric discontinuities. A Lower Cretaceous re-activation occurs at c. 120-140 Ma, accompanied by greenschist metamorphism in the internal crystalline massifs and sedimentary units. It is related to the D3 E-W trending folds due to the collision between the Lhasa and Qiangtang blocks, which responds to a long-lasting N-S convergence and E-ward extrusion kinematic.

Figure 6 . 1 :

 61 Figure 6.1: Structural and geological map of the studied area. (A) Simplified structural and geological map of the eastern border of the Tibetan plateau, modified from Billerot et al. (2017) and geographic location at the scale of the eastern Asia (inset). WF: Wenchuan Fault, BF: Beichuan Fault, GF: Guanxian Fault. The black frame indicates the studied area. (B) Geological map of the central Longmen Shan. Black line: profile of the cross section in Figure 6.2. Numbers 1-4 are the studied cross sections (see text). Yellow colors in symboles indicate samples that are already described in the liturature (Chap. 5 and Airaghiet al., 2017; Robert et al., 2010b 

Figure 6 . 2 :

 62 Figure 6.2: NW-SE directed geological cross section of central Longmen Shan (see Fig. 6.1 for profile location and legend). The lithospheric structure is from the receiver fonction analyses of Robert et al., 2010a

  of Songpan-Garze origin. About 40 km northwest of the WF the SPG sediments are intruded by different generations of granites emplaced at the end of the closure of Paleotethys, between 224 and 188 Ma (de Sigoyer

Figure 6 . 3 :

 63 Figure 6.3: Photographs of representative macro and meso-structures observed in the internal and external domain of the belt. (A) The Tonghua crystalline massif is exhumed in the hanging wall of the Wenchuan fault (WF) over the Silurian sediments. (B) F2 folds in the Devonian metasediments South-West of the Xuelongbao massif (Shapai section). (C) Panoramic view showing the pervasive S2 cleavage that affects the sedimentary series around the Xuelongbao massif. (D) Exemple of SE-verging thrust at the contact between Devonian grey schists and carboniferous organic-rich schists in the Shapai section. (E) Cm-scale phyllosilicate-rich shear zone in the Xuelongbao massif, at the contact with the Silurian metasediments along the Shapai section. (F) C-S structure cross-cut by sub-horizontal planes in the Sanjian sector. (G) F2 and F3 in the Silurian sediments of the Sanjiang sector.
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 6465 Figure 6.4: Structural map of the central Longmen Shan, based on our field investigations superimposed on the geological map of the Longmen Shan and Songpan-Garze area adapted from 1:200,000 geologic maps (Ministry of Geology and Mineral Resources, 1991. Black and grey stereograms indicate the orientations and dips of the S1 and S2 cleavages respectively. Points in the stereograms are plane poles. Rose diagrams represent the direction of the F2 and F3 folds measured in the field. Major tectonic discontinuities are indicated by continuous black lines. WF: Wenchuan Fault, WSF: West Slope Fault, BF: Beichuan Fault, GF: Guanxian Fault
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 1 Internal sedimentary units Samples from the internal sedimentary units collected for RSCM thermometry exhibit in general three types of ductile microstructures related to three ductile deformation phases (D1, D2, D3). They include(1) an early cleavage S1 related to the D1 deformation phase preserved in the inclusion trails of garnet, biotite and staurolite porphyroblasts (Fig.6.6A, B), (2) a crenulation cleavage (S2) characterized by elongated crystals of K-white mica 100-200 µm in size (e.g. samples ch09-236, xb15-20 and lm09-223, Fig.6.6A, B, and C) and (3) euhedral porphyroblasts of biotite (± garnet, ± staurolite) 500 µm -3 mm in size wrapped in the S2 cleavage (Fig.6.6A and B). Porphyroblasts are generally turned (as indicated by inclusion trails oblique to the S2), exhibit irregular rims and crenulated surfaces (especially biotite and staurolite, Fig.6.6B). Staurolite is only observed in samples collected in a narrow zone along the Shapai section as 500 µm large porphyroblasts up to huge (1 mm to 3 cm large) chiastolitic porphyroblasts (Fig.6.6B). No kyanite was observed. Biotite and ilmenite developed in staurolite pressure shadows (Fig.6.6B). Samples close to the Xuelongbao massif (e.g. ch09-241 and ch09-244) exhibit a tight folded cleavage made of elongated crystals of white mica and quartz microlithons (Fig.6.6C). Muscovite is folded at both the micrometric and the cm-scale along with Qz veins. In the less deformed domain of the samples relics of biotite are preserved. Chlorite appears as crenulated flakes 200-500 µm large (Fig.6.6C). Approaching the Wenchuan Shear Zone the only greenschist metamorphic assemblage is observed. In the strongly deformed sample lm223 eye-shaped nodules are wrapped in the main cleavage. They are composed of Qz, brown to yellow Ep 200-300 µm in size and Chl suggestive of late replacement of an earlier mineral phase (Fig.6.6D).
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 66 Figure 6.6: Microscopic photographs (under uncrossed polarized light) of representative samples collected in the internal sedimentary units, along the shapai section (A, B, C) and within the WSZ (D). Abbreviation are from Whitney and Evans (2010). (E) Greenschist facies bearing assemblage in sample lm230. (F) Deformed organic-rich schist lm09-59. (G) Backscatter image of the Chl + wm intergrowths in sample lm09-37 (see Fig. 6.1 for location). (H) Cross polars image of the wm-bearing metagreywacke sa14-2.
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 67 Figure 6.7: Maximum temperatures (T max ) obtained with the RSCM thermometry. (A) Distribution of T max in the geological map. Black lines B, C, D indicate profile of the right side. Red dots with no temperature information represent samples for which T > 500 • C was calculated with other themometric methods (e.g. see Chap.5.4). Several analyses performed in the grey 'non metamorphic zones' exhibit temperatures below the minimum temperature of 330 • detectable with the technique of RSCM used in this study(Robert et al., 2010b). Results from the Genga area are from(Robert et al., 2010b).(1), (2) and (3) T max are represented in a temperature vs distance to the WSZ diagram, for the South Tonghua, North Tonghua and Sanjiang sections respectively. Dashed black line: RSCM T error range. Green: supposed minor thrust in the hanging wall of the WSZ.

Figure 6 . 8 :

 68 Figure 6.8: Compilation of metamorphic paths (filled arrows) and P-T-t conditions (colored rectangles) estimated for the internal and external units of the Longmen Shan. Within a single inset one color represents P-T conditions for one sample. Filled and dashed horizontal lines: temperature ranges obtained with the garnetbiotite and Ti-in-biotite thermometers respectively. Yellow: RSCM temperatures. Dashed light grey domains: metamorphic facies. Filled grey lines: andalusite/sillimanite/kyanite reaction lines. (A) P-T data for the North Tonghua section. (B) P-T data for the South Tonghua section. (C) P-T data for the Shapai section. (D) P-T data for Gengda area[START_REF] Robert | Déformation polyphasée et importance de l'héritage structural dans les Longmen Shan (Sichuan, Chine). Apport d'une approche couplée entre géophysique et géologie[END_REF], northwest of the Sanjiang section (see Fig.6.7 for location). (E) P-T data for the external domain of the belt (see the text in sections 6.2.6.2.1 and for thermobarometric and geochronological references).

Figure 6 .

 6 Figure 6.9: Summary of the principal tectono-metamorphic events documented in the Longmen Shan, their age and related structures. I.U.: Internal Units, E.U.: External Units. 1: Yong et al. (2003a), 2: Yong et al. (2014a), 3: Chap. 5.2, 4: Chap. 5.4, 5: Arne et al. (1997), 6: Kirby et al. (2002), 7: Godard et al. (2009), 8: Wang et al. (2012a), 9: Zheng et al. (2014), 10: Yan et al. (2011), 11: Roger et al. (2004).
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 66 Figure 6.10: Interpretative schematic geodynamical evolution of the Eastern Tibet from Middle-Upper Triassic time (A) to Upper Jurassic-Lower Cretaceous time (B), inspired from Roger et al. (2008). Zooms of the red frames are reported below each panel. Large arrows represent the compressional directions, thin arrows represent fold axes. Black profile show the location of reconstructed cross sections of Fig. 6.11

Chapter 6 .Figure 6 .

 66 Figure 6.11: Interpretative cross sections of the tectonic evolution of the Longmen Shan from the Paleozoic to the present (see Fig. 6.10 for profile location). Note that the shortening during Triassic-Jurassic time is only qualitative. Yellow dots indicate the position of the the highest metamorphic rocks at each stage. White arrows indicate the shortening direction. WF: Wuenchuan Fault, BF: Beichuan Fault, GF: Guanxian Fault, SPG: Songpan-Garze. (A) At Paleozoic the Yangtze passive margin is composed of the basement (grey) and paraautoctonous and autochtonous sedimentary units (green) and is structured in tilted blocks. (B) At the Upper Triassic-Lower Jurassic time the SPG allochtnous sedimentary units (pink) were thickened and thrusted above the (para-)autoctonous units over a large decollement level. (C) At Lower Cretaceous allochtonous, para-autochtonous metasediments and crystalline massifs are affected by a phase of rapid exhumation. (D) At Cenozoic the Longmen Shan are re-activated with a deeply rooted deformation. The crystalline massifs are exhumed up to the surface and the deformation propagate at the front of the belt, activating the GF.

Chapter 6 .Figure 6 .

 66 Figure 6.13: (A) Major and REE elements analyses of the Tonghua crystalline massif. (i) Lithological definition of the samples in a Na2O+K2O vs SiO 2 diagram; (ii) All analyzed samples plot within the calc-alkaline series in a K 2 O vs SiO 2 diagram; (iii) light REE content of analyzed samples normalized to chondrite of (Boynton, 1984); (iv) heavy REE content of analyzed samples normalized to the primitive mantle of (McDonough and Sun, 1995). (B) and (C) Light (right) and heavy (left) REE contents for the crystalline massifs belonging to the Yangtze craton and outcropping in the Longmen Shan (Baoxing, Xuelongbao, Pengguan and Gezong). See section the text for details.
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 6632 Figure 6.14: (A)Simplified structural map of the Tibetan plateau, modified from Tapponnier et al. (2001). The blue frame indicates the studied area.(B) Simplified structural map of the eastern border of the Tibetan plateau showing strike-slip and thrust faults. White arrows are GPS velocities of Shen et al. (2009b)(error ellipses represent 70% confidence) referred to the Sichuan basin. The geometry of the Longriba fault system is from Ansberque et al. (2016). Blue star and related inset: epicenter and moment tensor of the earthquake of the 8th August 2017 (M w 6.5) from the USGS NEIC database. The white dot is the sample location. SBC: South China Basement

Figure 6 .

 6 Figure 6.15: Sampling locality of the fault gauge. (A) Large valley formed by the Wenchuan Shear zone Est of the Xuelongbao Massif (see Fig. 6.14 for location). (B) Fault plane showing strike-slip movement criteria. (C) The sampled half-consolidated fault gauge and related hydrothermal veins.
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 66 Figure 6.16: Results of the X-ray diffraction for the fine-grained black matrix collected in the fault gouge (left) and for the hydrothermal veins (right).

Figure 6 .

 6 Figure 6.18: Geochronological results for analyzed white mica grain. Each point correspond to one analysis (unit is in counting atoms). (A) 40 Ar/ 39 Ar age diagram order according to increasing ages. (B) Age vs 40 Ar diagram.
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 2 Different metamorphic evolution for the southern and central Longmen Shan belt: implications for the present fault and seismic segmentation . . . . . . . . . . 208

Figure 7 . 1 :

 71 Figure 7.1: Figure 2 of Wang et al. (2015). (a) Three dimensional distribution of 30,893 earthquakes used for seismic tomography. Faults are shown in red, tectonic boundaries are shown in blue. Yellow and red dots show the 2013 Lushan and 2008 Wenchuan aftershocks. (b) Locations of the 234 seismic stations used by Wang et al.(2015). SG, Songpan-Garze Block; CD, Chuandian Fragment; SB, Sichuan Basin; XSHF, Xianshuihe Fault.

  In active collisional contexts the underestimation of the seismic hazard partially derives from the difficulty to reconcile short term studies (seismic scale) with long-term investigations (up to 10s Ma). While the first inform upon the fault behavior during an earthquake, the latest provide major insights Chapter 7. Metamorphic segmentation in a non-cylindrical belt: the petrochronological study of the Southern Longmen Shan 209 on long-term deformation mechanisms operating in mountain belts allowing the influence of inherited structures on the present tectonic activity to be better understood. The difficulty of reconciling different timescales was particularly evident after the unexpected 2008 Wenchuan earthquake (M w 7.9) in the central Longmen Shan (LMS, eastern Tibetan plateau), located at the eastern border of the Tibetan plateau (Sichuan, China), between the South China craton (east) and the Songpan-Garze (SPG) block (west, Fig.7.2). After 2008, a second earthquake of M w 6.6 occurred in 2013 in the southern LMS (Lushan area), leaving in the middle a segment ca. 50 km unbroken (Fig.7.
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 72 Figure 7.2: (A) Simplified geological and structural map of the eastern Tibet, modified from Billerot et al. (2017). Black frame: studied area. Red star: Wenchuan (2008) earthquake epicenter. Yellow star: Lushan (2013) earthquake epicenter (from Wang et al., 2014b). Red: surface trace rupture of the 2008 Wenchuan earthquake. WF: Wenchuan fault, BF: Beichuan fault, GF: Guanxian fault. White profile locate the cross sections of Fig. 7.3A and B. (B) Geological map of the studied area modified from Cook et al. (2013). The orientation of the main cleavage (S2) and faults measured in the sampled localities (white dots) are reported in the insets. Black dot: additional field stop.
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 7 Metamorphic segmentation in a non-cylindrical belt: the petrochronological study of the Southern Longmen Shan 211 While in the central Longmen Shan the Beichuan and Guanxian faults dip steeply NW-wards at the surface, gently at depth, merging at c. 13 km depth and rooting in a decollement level at c. 15-20 km (as revealed by the relocation of the focal mechanisms related to the 2008 Wenchuan earthquake, Fig. 7.3A), the geometry of the faults in the southern segments of the belt is less constrained. It has been argued that the Xiaoguanzi, Shuangshi faults and the RFBT dip about ∼35

Figure 7 . 3 :

 73 Figure 7.3: Interpretative crustal sections for the central Longmen Shan (A) and the southern Longmen Shan (B) (see Figure 7.2A for profile locations). WF: Wenchuan fault, BF: Beichuan fault, GF: Guanxian fault, WuF: Wulong fault, XF: Xiaoguanzi fault, SF: Shuangshi fault, RFT: Range front thrust, RFBT: Range front blind thrust. (A) The fault geometry is inspired from Hubbard and Shaw (2009) and Zhang et al. (2015). (B) The fault geometry is from Li et al. (2014c), except the Wulong fault.
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 74 Figure 7.4: (A) Top-to-the-E shearing structures in the mylonitic zones of the basement, lately cross cut by topto-the W detachments. (B) Kink bands at location BA14-13 (see Fig. 7.2 for sample location). (C) Top-to-the-E shear in the Silurian sediments at the location BA14-19 (see Fig. 7.2).
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 75 Figure 7.5: Petrological and chemical results. Mineral abbreviations are from Whitney and Evans (2010) (A) Microphotographs under cross polarized light of the mylonitic basement. (B) Triplot of the chemical composition of muscovite (ba15-12). (C) Compositional map of the Si and Ti (apfu) content of muscovite in sample ba15-12.
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 76 Figure 7.6: (A) Representative organic-rich carbonate used for the Raman Spectroscopy on Carbonaceous Material Thermometry. (B) Microphotographs under uncross polars of the greenschist facies assemblage in the metapelite ba15-10. (C) Top-to-E shearing microstructures in the metasediment ba14-14.
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 77 Figure 7.7: Thermbarometric and geochronological results. Crosses represents P-T equilibrium conditions (and relative errors). (A) P-T muscovite lines for the crystalline basement. Inset: 40 Ar/ 39 Ar muscovite ages. (B) P-T muscovite lines obtained from Ms chemical analyses of Tian et al. (2016). (C) P estimates for samples ba15-12 with the empirical barometer of Massonne and Schreyer (1987), showed in a map format (see 7.5C for comparison). (D) P-T muscovite lines for the metasediment ba14-14. The lower inset represent Chl temperatures for sample ba15-10, the upper one the 40 Ar/ 39 Ar muscovite ages (ba14-14).

Figure 7 .

 7 Figure 7.8: (A) Temperature map from a compilation of previously (Chap. 4 and Robert et al., 2010b; Robert, 2011) and newly acquired RSCM T max and other thermometric results (e.g. Chap. 3 and 4). Temperatures in the central part of the Songpan-Garze terrain are evinced form existing literature showing a Upper Triassic-Lower Cretaceous granite emplacement (e.g. Roger et al., 2004). Dashed circle: seismic gap. Black contours: crystalline massifs (South China basement). Green stars: Lushan (2013) and Wenchuan (2008) epicenters. The inset (B) indicate V s anomalies at 20 km depth (modified from Wang et al., 2015). WF: Wenchuan Fault, BF: Beichuan Fault, WuF: Wulong Fault, XF: Xiaoguanzi Fault.
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 7 Figure 7.9: (A) Interpretative and schematic cross section for areas where no metamorphism is observed (case 1), deep metamorphic rocks crops out (case 2) and the South China basement is exposed (case 3) (see Fig. 7.6 for location).
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 7 Metamorphic segmentation in a non-cylindrical belt: the petrochronological study of the Southern Longmen Shan223Longmen Shan (e.g. Wenchuan fault). The long-term metamorphic segmentation show incredible consistency with the present structure of the upper crust imaged by geophysics. This segmentation may be explained by the presence of structural barriers inherited from the geometry of the Paleozoic passive margin that .
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 12 the external Pengguan massif in the hanging wall of the Beichuan fault underwent a greenschist facies metamorphic overprint at 280 ± 30 • C, 7 ±1 kbar at 137 ± 3 Ma associated to a brittleductile deformation (Chap. 3). Similar P-T were estimated for the internal Tonghua crystalline massif -which we demonstrate to belong to the South China basement-at 7 ± 1 kbar, 350-400 • C) (Chap. 5) and for the Baoxing massif (southern Longmen Shan) at 10-12 kbar to 6 ± 2 kbar, 350-400 • C (Chap.7 and Fig. 8.1). Silurian garnet-biotite metapelites at the base of the Songpan-Garze sedimentary series in the internal Longmen Shan (the Tonghua area) underwent a three-stage metamorphic path including: (1) burial up to 11 ±2 kbar, 530-580 • C, (2) decompression and heating at 6.5 ±1 kbar, 575 ±10 • C and (3) greenschist low-P overprint during exhumation down to 4-5 kbar, 380-450 • C (Chap.4 and Fig. 8.1). In-situ 40 Ar/ 39 Ar biotite and U-Pb/Th allanite ages constrain the timing of the prograde metamorphic path at c. 215 Ma, and of the metamorphic peak (T peak) at c.180 Ma. The metamorphic overprint in greenschist facies conditions in both the sedimentary units and the Tonghua and Pengguan crystalline massifs occurred at 130-140 Ma (Chap. 5) and corresponds to the onset of the thick-skinned deformation in the belt. About 40 km southeast, between the Xuelongbao and the Tonghua crystalline massifs, SPG sediments also underwent a multi-stage metamorphism, including a prograde path from T of 450-500 • C up to ∼ 530 • C at c. 200 Ma, and thermal relaxation and exhumation to 580-600 • C at c. 180 Ma. Greenschist overprint occurred at 2-5 kbar, 320-400 • C. These are also the condi-

Figure 8 . 1 :

 81 Figure 8.1: Summary of the principal petrochronological estimates for the different units of the Longmen Shan, combining this study results, sedimentary record in the Sichuan basin (for the onset of the burial period), lowtemperature thermochronological data (last 20 Ma, see 6). WF: Wenchuan fault, WSZ: Wenchuan Shear Zone, BF: Beichuan fault, GF: Guanxian fault, WuF: Wulong fault, XF: Xiaoguanzi fault, SF: Shuangshi fault.Blue lines: supposed prolongation of faults, e.g. the WSZ (limit between the medium grade metamorphic units and the low grade to non-metamorphic units). In the insets the Y axis is depth, calculated from pressure values assuming a crustal density of 2700 kg m -3 . The intial average depth for the internal (allochtonous) and for the external (autochtonous) sedimentary series was assumed to be 12 and 5 km respectively (see Chap. 2).

Figure 8

 8 Figure 8.2: T-t path showing the thermal dependence of the transition between the thin-skinned and the thickskinned structural styles in the Longmen Shan, modified from Fig. 5.12.
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 2 In depth understanding of the long-term along-strike structural and metamorphic variations in the Longmen Shan At this purpose, further work should be carried out in three key areas: the southern Longmen Shan (Baoxing area), the zone corresponding to the seismic gap and the northern Longmen Shan (NE of the Pengguan massif).
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 83 Figure 8.3: Schematic and simplified representation of a classical Electron Probe Micro-Analyzer of JEOL-type, inspired from https://www.jeol.co. Only one WDS Spectrometer is represented.

Figure 8 . 4 :

 84 Figure 8.4: Example of a EPMA analysis displayed in real time in a Intensity vs Time diagram. The different intensities and lengths measured by the instrument are indicated in black. Each analysis includes 30 s of counting at peak, preceded and followed by 15 s of background measure.
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 85 Figure 8.5: Representative spectra of the Raman Shift of vibration modes in carbonaceous material modified from[START_REF] Beyssac | Graphitization in a high-pressure, lowtemperature metamorphic gradient: a raman microspectroscopy and HRTEM study[END_REF]. (A) Characteristic peak (and associated raman shifts) of a low-organized carbonaceous material crystalline structure (low temperature). (B) Evolution of the shape of the spectra with the degree of organization of the carbonaceous material and with temperature.
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 86 Figure 8.6: Nu-noblesse instrument used for 40 Ar/ 39 Ar dating in this study, modified from http://nuins.com/noblesse/.

Figure 8 . 7 :

 87 Figure 8.7: Schematic representation of the LA-ICP-MS system from Elkadi et al. (2010).

  Alpes, CNRS, ISTerre, F-38000 Grenoble, France 10 * corresponding author (pierre.lanari@geo.unibe.ch) Compositional mapping has greatly impacted the mineralogical and 14 petrological studies over the past half-century while the electron probe micro-analyser 15 became increasingly used. Many technical and analytical developments have 16 benefited from the synergies of physicists and geologists and they have greatly 17 contributed to the success of this analytical technique. Large-area compositional 18 mapping has become routine practice in many laboratories worldwide improving our 19 ability to measure the compositional variability of minerals in natural geological 20 samples and reducing the operator bias as to where to locate single spot analyses. This 21 chapter aims to provide an overview of the existing quantitative techniques for the 22 evaluation of the rock and mineral compositions and to present various examples of 23 applications. A new advanced method for compositional map standardization that 24 relies on internal standards and accurately corrects the X-ray intensities for continuum 25 background is also presented. This technique has been implemented into the computer 26 software XMAPTOOLS. The improved workflow defines the appropriate practice of 27 accurate standardization and provides data-reporting standards to help improving by electron probe micro-analyser 33 (EPMA) is increasingly being applied in Earth's sciences as the burgeoning literature 34 reported in this chapter attests. This technique has proved to be very useful and 35 powerful to image small scale compositional heterogeneities in geological materials 36 especially in mineral phases. The characterization of the compositional variability in 37 minerals of a given sample significantly benefits the mineralogical and petrological 38 studies and allows the processes controlling the formation and transformation of 39 magmatic and metamorphic rocks to be investigated. 40 The EPMA instrumental and software solutions have significantly evolved 41 over the past half century (de Chambost 2011), breaking down the barriers to routine 42 effective measurements of reliable X-ray maps for minerals at a resolution of a 43 micrometre. Any X-ray map of elemental distribution is semi-quantitative in essence 44 because it is built by collecting characteristic X-rays emitted by the elements of the 45 specimen excited under a finely focused electron beam. X-ray maps are raw data and 46 they are corrected neither for background nor for matrix effects such as the mean 47 atomic number, absorption and fluorescence (ZAF) effects. Similarly to single spot 48 analyses, a calibration stage called 'analytical standardization' is thus required also 49 for X-ray maps to derive fully quantitative data of element concentrations. 50 Modern EPMA instruments are equipped with beam current stabilization 51 systems and mapping is classically done over a time period ranging from 1 to 4 days. 52 An example of quantitative mapping by EPMA with a typical analytical setup is 53 presented in the following to show some advantages of this approach compared to 54 single-spot analyses. A map of 600 × 520 pixels was measured at the Institute of 55 Geological Sciences of the University of Bern using a JEOL 8200 superprobe drift corrections are presented below.
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 1 . One of the main advantages of the quantitative mapping approach compared to 84 traditional single-spot analyses is that the composition of several pixels of 85 homogenous material can be averaged, significantly increasing the analytical 86 precision and the possibility to detect slight compositional zoning. An averaging over 87 a 10 × 10 µm 2 square window as the one plotted in Figure1areduces for example the 88 mean analytical uncertainty of garnet composition to 0.28 % for Si and 2 % for Mn.89Statistic tools are therefore needed to integrate pixel information along several spatial 90 and compositional dimensions to identify and quantify small compositional zoning in 91 the studied sample[START_REF] Cossio | PETROMAP: MS-DOS software package for 889 quantitative processing of X-ray maps of zoned minerals[END_REF][START_REF] Tinkham | XRMapAnal: A program for analysis of 1182 quantitative X-ray maps[END_REF] Lanari et al. 92 2014b). The example presented above shows that quantitative X-ray mapping 93 represents an extremely precise analytical technique, opening new prospects for 94 accurate studies of various geological materials. 95 In this chapter, we will mostly deal with cases involving quantitative 96 compositional maps measured by EPMA most of them using wavelength-dispersive 97 spectrometers (WDS). Applications with other instruments such as SEM equipped 98 with energy-dispersive spectrometers (EDS) are very popular in the mining industry 99 (Gottlieb et al. 2000) and can also been used in a quantitative way (Seddio 2015; 100 Ortolano et al. submitted). However, despite technical improvements, the EDS still 101 suffer from a much lower analytical precision than WDS. The goal of this chapter is 102 two-folds. Firstly, the increasing success of X-ray quantitative mapping, requires to 103 highlight the technical and computational advances made over the past half-century 104 that provided the foundation of the more recent developments. This review is partly 105 based on case studies where quantitative compositional mapping has been a considerable advantage to investigate specific rock-forming processes. Secondly, we 107 introduce an advanced standardization function that correct for the X-ray continuum 108 (background) attributable to the X-ray bremsstrahlung (literally "braking radiations") 109 effect. This standardization procedure is implemented into an improved workflow for 110 the program XMAPTOOLS (Lanari et al. 2014b

  126after several corrections steps and a standardization based on the ZAF correction, 127 including some simplification such as the use of composite calibration factors and 128 smoothing of the X-ray intensities to eliminate the variations due to statistical errors, 129 small-scale sample tomography and defocusing[START_REF] Mayr | Concentration mapping-a software package for the 1069 quantitative determination of two-dimensional elemental distribution by an electron 1070 probe microanalyser[END_REF] Marinenko et 130 al. 1989).131An alternative strategy applied by[START_REF] Tracy | Garnet composition and zoning in 1189 the determination of temperature and pressure of metamorphism, central 1190 Massachusetts[END_REF] has consisted of 132 measuring several high-resolution spot analyses within individually zoned grains and 133 then to extract contour maps of chemical composition. For the first time, garnet 134 compositional zoning -already recognized along one-dimensional transects(Atherton 135 & Edmunds 1966;[START_REF] Hollister | Garnet zoning: an interpretation based on the Rayleigh 958 fractionation model[END_REF]) -appeared as two-dimensional quantitative images.136 More important than the quantification of element distribution patterns in two 137 dimensions was the resulting interpretation that the equilibrium conditions (here 138 pressure and temperature) changed during garnet growth. The intimate story of garnet 139 and quantitative compositional mapping is a long-standing one as this inspiring 140 mineral for metamorphic petrologists has also been used to produce quantitative maps 141 of trace element concentrations by EPMA[START_REF] Spear | Trace element zoning in garnet as a monitor of crustal 1167 melting[END_REF][START_REF] Cossio | Quantitative Modal Determination of 893 Geological Samples Based on X-ray Multielemental Map Acquisition[END_REF] 142 and LA-ICP-MS[START_REF] Raimondo | Trace 1143 element mapping by LA-ICP-MS: assessing geochemical mobility in garnet[END_REF], and to quantify[START_REF] Kohn | Retrograde net transfer reaction insurance for 988 pressure-temperature estimates[END_REF] and 143 model(Lanari et al. 2017) the amount of garnet resorption during cooling and 144 exhumation. Clearly, the contouring technique of Tracy et al. (1976) was a major step 145 forward in our understanding of garnet zoning systematics by EPMA. However it has 146 remained time consuming and limited to a very low spatial resolution. 147 Instrumental and computational improvements in the early 90 's have paved the 148 way to the direct acquisition of digital intensity maps in which a semi-quantitative 149 microanalysis is carried out at every beam location in a digitally controlled scan 150 producing numerical X-ray matrices (Marinenko et al. 1989; Newbury et al. 1990b, a; 151 Launeau et al. 1994). Traditionally the maps were acquired in electric beam-tracking 152 mode with a moving beam on a stationary sample. Focusing issues were successfully 153 solved during the analysis or by applying post-processing corrections (Newbury et al. 154 1990a and references therein). The development of high-precision computer-155 controlled x-y-z stage with an absolute accuracy <1 µm over the sample position was a precondition to the acquisition of maps in a mechanical beam tracking mode. The 157 stage was set for the next major steps forward in the quantitative compositional 158 mapping of mineral phases and assemblages. However, the petrologic community did 159 not immediately grasp the fundamental advantages of this technique due to the initial 160 lack of adapted computer tools. A new generation of instruments combined with the 161 development of new software solutions on personal computers clearly favoured the 162 emergence of robust quantitative mapping techniques at the dawn of the 21 st century 163 (Kohn & Spear 2000; Clarke et al. 2001; De Andrade et al. 2006). 164 The fundamental contribution of computer hardware and software 165 developments in this endeavour deserves to be pointed out. Any X-ray map measured 166 at a specific X-ray emission line typically contains > 100,000 pixels (up to several 167 millions). The matrices are organized along height to twenty dimensions, each of 168 them corresponding to a given element. A project file thus contains several millions of 169 measurements and this extensive geochemical dataset need to be carefully evaluated 170 and investigated along several successive steps of data processing (see below). The 171 multi-channel chemical classification used to take a few hours for instance in the 90 's 172 (Launeau et al. 1994) whereas it is now generally performed within a few seconds or a 173 couple of minutes, using the automated clustering approach implemented in the 174 software XMAPTOOLS (Lanari et al. 2014b). The appearance of such user-friendly 175 software solutions for classification and standardization has increased the popularity 176 of this technique (Cossio & Borghi 1998; Tinkham & Ghent 2005; Lanari et al. 177 2014b; Ortolano et al. 2014) and fostered the development of thermodynamics models 178 based on local bulk compositions (see Lanari & Engi 2017 for a review). 179 In the past fifteen years, the quantitative compositional mapping technique has 180 been intensively applied to metamorphic and magmatic rocks in order to investigate 181 specific petrological processes. In the following sections we provide a short review of 182 a few key studies that emphasize the advantages of this technique. 183 Modal abundances and local bulk compositions 184 The quantitative mapping technique can be greatly helpful to determine modal 185 abundances of mineral phases and thus the trace element distribution among minerals 186 (Martin et al. 2013). Several unsupervised and supervised multi-channel chemical 187 classification algorithms are available in the literature (Wilson & MacRae 2005) and 188 they perform generally well, although the selected algorithm can significantly affect 189 the predicted phase proportions (e.g. Maloy & Treiman 2007) and the local bulk 190 composition estimates (Carpenter et al. 2014). For mineralogical and industrial 191 applications, the chemical classification can also be associated with automated phase 192 determination (Pownceby et al. 2007). In most cases, modal abundances are retrieved 193 from semi-quantitative maps only, acquired either by EPMA or SEM, with relatively 194 short dwell time (< 10 ms) that reduce the measurement time to a few hours while 195 investigating larger areas. The standardization of X-ray maps is however a significant 196 step forward in the effectiveness of these methods and is systematically recommended 197 as the knowledge of the absolute concentrations of each pixel offers several additional 198 opportunities. 199 Samples with complex textures and heterogeneities can be investigated locally 200 provided that quantitative maps are available (Lanari et al. 2013; Carpenter et al. 201 2014; Riel & Lanari 2015). Ebel et al. (2016) for instance analysed both the size and 202 the distribution of chondrules and refractory inclusions in chondrites. Because the 203 maps were calibrated, they were able to extract the compositions in major elements of 204 those objects. In another study, quantitative maps were used to determine the bulk 205 composition of a single basaltic clast (with a size of 1 × 1.2 mm 2 ) in a lunar impact-microstructural positions and the quantification of the modal abundance of each 259 chemical group have been used to demonstrate that the phyllosilicates partially re-260 equilibrate during prograde metamorphism through pseudomorphic replacement, 261 process mostly controlled by the presence of a metamorphic fluid in the intergranular 262 medium (Airaghi et al. 2017a). In a detailed study of the compositional record of 263 muscovite in amphibolite facies metapelite, Airaghi et al. (2017a) retrieved the P-T 264 conditions of different chemical muscovite groups observed in different 265 microstructural positions. This study showed that the metamorphic conditions 266 retrieved for the muscovite groups in different micro-structural positions do not 267 reflect the P-T conditions of the microstructures-forming stages. They rather witness 268 of successive fluid-assisted re-equilibration events. Matrix minerals can continue 269 indeed to partially re-equilibrate during prograde metamorphism once the deformation 270 ceased. Similar replacement textures have been also observed in other phases such as 271 chlorite (Lanari et al. 2012), biotite (Airaghi et al. 2017a) and garnet (Martin et al. 272 2011; Lanari et al. 2017) using compositional mapping. 273 Petrochronology 274 The technique of quantitative compositional mapping is extremely helpful in 275 petrochronological studies (see Engi et al. 2017) to link metamorphic stages and 276 reactions to ages retrieved from major and accessory minerals dating (Williams et al. 277 2017). It allows indeed the most appropriate spots for dating to be identified. For 278 example, quantitative compositional mapping of allanite may reveal the existence of 279 cores and rims of different composition that, if large enough, could be dated 280 separately (Burn 2016; Engi 2017). The mapping of the chemical heterogeneities in 281 white mica enables to choose the most homogeneous grains for the 40 Ar/ 39 Ar dating. 282 On the other hand, it provides a strong petrological support to interpret the variability 283 of the Ar dates obtained with the in-situ 40 Ar/ 39 Ar dating (Airaghi et al. 2017b), which 284 is often characterized by a spatial resolution lower than the characteristic size of the 285 compositional variations in mica (Cossette et al. 2015; Laurent 2017; Airaghi et al. 286 submitted; Berger et al. submitted). 287 To conclude this short overview we can state that quantitative mapping is 288 therefore becoming an essential tool to provide a comprehensive image of the 289 petrological, themobarometric and geochronological evolution of metamorphic rocks. 290 Standardization techniques: advantages and pitfalls 291 The extraction of elemental concentration values from X-ray intensities 292 requires matrix and other corrections. The X-ray data need to be standardized post-293 collection either relative to similar data collected on natural and synthetic standards 294 using an empirical correction scheme (Jansen & Slaughter 1982; Newbury et al. 295 1990b, a; Cossio & Borghi 1998; Clarke et al. 2001; Chouinard & Donovan 2015) or 296 against internal standards assuming no matrix effects (De Andrade et al. 2006). Those 297 techniques are separately described in the following. 298 Castaing's first approximation to quantitative analysis and matrix effects 299 As first noted by (Castaing 1952), the primary generated X-ray intensities are 300 proportional to the respective weight concentration of the corresponding elements in 301 the specimen. In absence of significant matrix differences between unknown and 302 standard materials, this assumption can expressed as: ray intensities corrected for continuum background (see below) and 306 any possible other issues such as peak overlap or drift. In the case of significant 307 physical and/or chemical differences between the unknown and the standard (causing 308 the so called matrix effects), the Equation (1k a correction coefficient expressing the non-linear matrix effects. In the 310 specialized literature these effects are divided into atomic number (Zi), X-ray 311 absorption (Ai) and X-ray fluorescence (Fi) effects. The correction must be applied 312 separately for each element present in both the analysed specimen and in a given 313 standard reference material. 314 Bence-Albee empirical correction 315 The empirical procedure of Bence & Albee (1968) is based upon known 316 binary experimental data and it involves less computation time than the ZAF 317 correction described in the following. It assumes a simple hyperbolic calibration curve 318 between the weight concentrations and the net intensities of a given oxide in binary 319 systems (Ziebold & Ogilvie 1964). The calibration curve is described in terms of a 320 single conversion parameter known as the αthe α-factor for a binary between elements A and B; IA and Ca the net 322 intensity and mass concentration, respectively. This approach has been generalized by 323 Bence & Albee (1968) to more complicated oxide systems of n components using α-factor for the n1 binary used to determine the concentration of 326 element n in a binary between n and 1. 327 Clarke et al. (2001) applied this procedure to standardize X-ray maps into map 328 of oxide mass concentrations. Several tests have indeed shown that the Bence & 329 Albee (1968) procedure yields results comparable to those obtained with the ZAF 330 method(Goldstein et al. 2003) while reducing significantly the computation time for 331 corrections[START_REF] Clarke | A method for applying matrix 879 corrections to X-ray intensity maps using the Bence-Albee algorithm and Matlab[END_REF]. The accuracy of this method mostly depends on the 332 quality of the α-factor estimates, as well as the choice of homogeneous and well-333 characterized standard materials. Most of the correction factors for oxides and 334 silicates are well constrained and updates including small improvements are regularly 335 published[START_REF] Albee | Correction factors for electron probe microanalysis of 814 silicates, oxides, carbonates, phosphates, and sulfates[END_REF][START_REF] Love | Evaluation of a new correction procedure for 1037 quantitative electron probe microanalysis[END_REF][START_REF] Armstrong | Quantitative analysis of silicate and oxide minerals: a 823 reevaluation of ZAF corrections and proposal for new Bence-Albee coeficients[END_REF][START_REF] Kato | New Accurate Bence-Albee α-Factors for Oxides and Silicates 980 Calculated from the PAP Correction Procedure[END_REF]. The 336 software XRMAPANAL[START_REF] Tinkham | XRMapAnal: A program for analysis of 1182 quantitative X-ray maps[END_REF] uses the Bence-Albee algorithm to 337 standardize X-ray maps and provides several tools to display maps, compositional 338 graphs and to perform advanced statistical analyses.339ZAF and ϕ(ρz) corrections 340The ZAF matrix correction was the first generalized algebraic procedure. This 341 standardization method is based on a more rigorous physical model taking into 342 account the atomic number effects, the absorption and fluorescence in the specimen.343The ratio of concentration in unknown and standard of an element i is given 𝑖 is the ZAF correction coefficient. Typical values of the ZAF coefficient 345

  SX100. The two main limits of this technique are quickly discussed 360 below. First, it is necessary to perform an accurate background correction to the X-ray 361 maps prior to standardization. This correction requires either the acquisition of upper 362 and lower peak background maps or the use of models to predict the theoretical 363 background values (e.g. Tinkham & Ghent 2005). The MAN algorithm for instance 364 allows the background value to be predicted from the mean atomic number of the 365 specimen (Donovan & Tingle 2003; Chouinard & Donovan 2015; Wark & Donovan 366 2017), significantly reducing the total acquisition time. The second limitation is the 367 large relative uncertainty in the intensity of each pixel (see Tab. 1). This uncertainty is 368 propagated through the ZAF factors. To overcome this issue, Jansen & Slaughter 369 (1982) applied a preliminary ZAF correction to a group of pixels of the same mineral 370 phase to approximate the ZAF correction factors yielding for this phase. These factors 371 were then used to correct compositionally similar pixels. This option is not available 372 to our knowledge in any commercial software or freeware solution. 373 Internal standardization using high-precision spot analyses 374 Of primary importance in the routine EPMA analyses, are the analytical 375 precision and accuracy of spot analyses. The quality of standardization in spot 376 analysis can be quickly evaluated using either a reference material with known 377 concentration, or stoichiometric constraints on unknown mineral phases. These tests 378 are routinely applied before each analytical session and ensure the high quality of the 379 data produced. The internal standardization procedure of X-ray maps takes advantage 380 of the excellent quality of spot analyses. The goal is to calibrate the X-ray maps of 381 every mineral phase using high precision spot analyses of the same mineral phase 382 (Mayr & Angeli 1985; De Andrade et al. 2006). In this case, there are no matrix 383 effects between the unknowns (X-ray maps) and the standards (spot analyses)ray intensity of the unknown uncorrected for background and 𝐼 𝑖 𝑏𝑎𝑐𝑘 385 the intensity of background. This approach results in a strong dependence of the 386 accuracy of the compositional maps upon the accuracy of the spot analyses selected 387 for the standardization. The internal standardization procedure has been implemented 388 in a MATLAB © -based computer program (De Andrade et al. 2006) and in the 389 software XMAPTOOLS (Lanari et al. 2014b). (see XMAPTOOLS' user guide for examples).
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  spacing between two pixels, 396 an increasing beam size will increase the fraction of 'mixed' pixels (see below) 397 Chemical resolution 398 The chemical resolution of an individual pixel depends on the dwell time, the 399 accelerating voltage and the beam current. The relative precision of any measurement 400 can be estimated using counting statistics (the generation of characteristic X-rays is a 401 Poisson process) from the total number of X-rays collected by the detector. Examples 402 of analytical precisions for different elements are given in Table 1. 403 As shown in the introduction, as soon as several pixels are taken into account, 404 the relative uncertainty and detection limits decrease relative to the values obtained by 405 single pixel counting statistics. Averaging of pixels of unzoned material or of a single 406 growth zone virtually increases the counting time thus reducing the relative 407 uncertainty (Tab. 1). This effect applies to any map, as the human eye is an 408 outstanding integrator of visual information as the human brain is able to detect 409 gradients even in noisy signals. If a chemical structure extends over a substantial 410 lateral range of pixels, it might be possible to discern compositional zoning below the 411 detection limit despite the noise that results from statistical fluctuations in the count at 412 a single pixel (Newbury et al. 1990b; Friel & Lyman 2006). 413 Issues 414 Radiation damage. Some elements, and particularly light elements, are 415 affected by degradation induced by local heating effects from electron beam exposure 416 over time. Either an increase or decrease in intensity could be observed because of 417 radiation damage. Typically, a decrease in intensity is referred to a loss of mass by 418 volatilization. The low-energy X-rays of volatile elements undergo a strong self-419 absorption in the specimen that increases if the beam energy is increased (Goldstein et 420 al. 2003). Therefore, light elements (Na. K, Ca) have to be measured with the lowest 421 beam energy possible, during the first pass of the beam over the mapped area 422 Secondary fluorescence effects. A secondary fluoresce effect occurs when 423 the characteristic X-rays of a given element generate a secondary generation of 424 characteristic X-ray of another element. Since X-rays penetrate into matter farther 425 than electrons, the interacting volume of X-ray-induced fluorescence is generally 426 greater (up to 99% larger as proposed byGoldstein et al. 2003). This volume may 427 include more than one phase, and the induced X-rays originate from different 428 contributions. In X-ray images, secondary fluorescence effects can occur near phase 429 boundaries (e.g. Fig.2) or melt inclusions[START_REF] Chouinard | Quantitative Mapping of 875 and Secondary Fluorescence Effects in Olivine Hosted Melt Inclusions[END_REF]. Compositional 430 mapping is a powerful tool to detect potential effects of secondary fluorescence that 431 would not be seen otherwise. Figure 2 shows a few examples involving an apparent 432 compositional zoning that is caused by secondary fluorescence effects. Secondary 433 fluorescence can affect several elements and is commonly associated to the presence 434 of anorthite (Ca), chlorite (Fe), epidote (Fe), garnet (Ca) or rutile (Ti). One of the best 435 candidates to observe secondary fluorescence effects is quartz (Fig. 2a-c-d). The X-436 ray intensity caused by secondary fluorescence in a surrounding mineral decreases 437 from the source toward the inner part with a distance up to 100 μm at 15

1243 Fig. 1 .Fig. 2 .

 124312 Figure captions 1243 Fig. 1. Mapping example of a HP mylonite from the Southern Sesia Zone (Western 1244 Alps, Italy) and test of the stability of the mapping conditions in homogeneous 1245 material during analysis. (a) Semi-quantitative Al Kα X-ray map. White square 1246 (bottom left part of the garnet): example of integration 10 × 10 pixels window (see 1247 Tab. 1 and text for details). The Al content in garnet core (Grt1) is lower due to the 1248 presence of Fe 3+ substituting with Al. (b) Mask image of the mapped sample. White: 1249 pixels used for the stability test. The phase boundaries were removed using the BRC 1250 correction of XMAPTOOLS to avoid mixed pixels and secondary fluorescence effects. 1251 Ion probe spot analyses (SIMS spots in panel a) were manually removed as the 1252 topography of the crater affected the measured X-ray intensity because of variable 1253 absorption thickness. (c) Calibration curve (dashed line) for garnet Grt2 using the 1254 advanced standardization procedure described in this study. The error bars represent 1255 the uncertainty on individual pixel composition determined from the counting 1256 statistics (at 2σ) using a Poisson law. (d) Test for time-dependent drift in Al Kα X-ray 1257 intensity of Grt2 with time. Al is assumed to be constant in Grt2 in the absence of 1258 significant variations of XFe 3+ (< 0.01 %). The red spots represent the mean value of 1259 each pixel column (measured in a time range of ~ 90 seconds) and the vertical bars 1260 represent the relative standard deviation (at 2σ). No time-related drift in the measured 1261 intensity is observed over 15 hours of acquisition for this map. 1262 Fig. 2. Examples of apparent compositional zoning in quartz caused by secondary 1264 fluorescence effects. The scales bars show number of recorded X-ray counts. Mineral 1265 abbreviations are from Whitney & Evans (2010). Mixed pixels have been removed 1266 using the BRC correction (see text). The phases shown in white do not play any role
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: Representative analyses of chlorite for all studied sample

Table 3 . 4

 34 

: Ages obtained by in situ 40 Ar/ 39 Ar technique and their uncertainties, for the deformed metagranodiorite YI13-1c.

  interpreted their lower Cretaceous 40 Ar/ 39 Ar ages on white micas, obtained in the hanging wall of the Wenchuan fault, as a local reactivation of the fault zone at that time. Xu et al. (2008) associated lower Cretaceous 40 Ar/ 39 Ar biotite ages obtained in the mylonitic zone in Danba area to the formation of a detachment and consequent exhumation at the western margin of the Longmen Shan. Yan et al. (2011) also related the greenschist overprint observed in central LMS crystalline massifs to an extensional event occurred during the Early to Late Jurassic times. Lower Cretaceous 40 Ar/ 39

Table 4 . 2

 42 

: Representative mineral composition for analyzed samples. Mineral abbreviations are from

Whitney and Evans (2010)

. XMg=Mg/(Mg + Fe).

Table 4 . 3 :

 43 Degree of muscovite preservation (fraction of pixel surface with a given chemical composition, see text for details).

Table 5 .

 5 1: Location and physical conditions of the samples. RSCM: Raman Spectroscopy on Carbonaceous Material.

a : data from Chap. 4.

2.5.2 Results

  

	to13-4 it was
	more difficult to spatially resolve the core and the rims age of biotite given the lower resolution of the
	IR-laser technique. For this sample ages range from 215.5 ± 3.3 Ma to 187.6 ± 0.9 Ma (mean bulk
	age at 205 Ma) (Fig. 5.6C and D).
	The majority of the white mica grains stretched along the main S2 cleavage (msB in Chap. 4 and Ms2
	Fig. 5.7A and D) in metapelite to13-4 yielded in-situ laser ablation ages ranging from 168.6 ± 9.1

• C). A liquid nitrogen cold trap on the MAP 215-50 provided additional gas cleaning prior to inlet to the mass spectrometer. Peaks of 40 Ar, 39 Ar, 38 Ar, 37 Ar and 36 Ar were scanned ten times each and the data extrapolated back to the inlet time (time zero). Isotope data were reduced using the in-house software package ArMaDiLo, using a decay constant of 5.530 x 10-10 ± 0.013 a-1

[START_REF] Renne | Response to the comment by schwarz et al., on joint determination of 40K decay constants and 40Ar*/40K for the Fish Canyon sanidine standard, and improved accuracy for 40Ar/39Ar geocrhonology[END_REF]

), and corrected for blank values, radioactive decay, mass discrimination and interfering reactions. Age uncertainties are reported to 2σ; uncertainties on the isotopic measurements are reported to 1σ. The absence of any contamination by calcite or chlorine-bearing mineral phase was checked using the 38 Ar/ 39 Ar and 37 Ar/ 39 Ar ratios.

5.

40 Ar/ 39 Ar analyses are reported in

Figures 5.6 and 5.7 and in Tables 5.5, 5.6 and 5.7 

of the Supplementary material S1. Biotite in sample to13-5 yielded UV laser 40 Ar/ 39 Ar dates ranging from 230.6 ± 17.9 Ma to 200.7 ± 7.3 Ma (with a single outlier at 233.6 ± 58.8 Ma) for grain cores and from 182.6 ± 12.2 Ma to 175.9 ± 13.7 Ma (with a single outlier at 159.1 ± 10.1 Ma) for grain rims (Fig.

5

.6A and B). The bulk (mean) age is 197 Ma. Ages yielded by IR-laser analyses range from 189.7 ± 1.2 Ma (mean biotite core) to 171.1 ± 1.4 Ma (mean biotite rim, Fig.

5

.6D). In sample Ma to 135.7 ± 6.8 Ma with four significantly older ages ranging from 173.8 ± 13.8 to 210.1 ± 22.1 Ma (Fig.

5

.7B). The mean bulk age was 155 Ma (outliers included) or 148 Ma (outliers excluded). The spatial resolution of the ablation spot was not sufficient to distinguish different core and rim ages. Three ages ranging between 128.1 ± 1.3 and 130.8 ± 0.7 Ma were yielded by IR laser melting in the same sample. 40 Ar/ 39 Ar muscovite dates obtained in the S2 cleavage of sample lm147 range from

  Airaghi, L., Janots, E., Lanari, P., de Sigoyer, J., Magnin, V. Complexity of allanite textural, compositional and chronological record in fresh and retrogressed garnet-biotite metapelites from the Longmen Shan (eastern Tibet). In prep. for Journal of PetrologyAbstractThe variety and complexity of allanite textures are investigated in a series of garnet-biotite metapelites retrogressed at different extents from the internal domain of the Longmen Shan (eastern Tibet) to gain insights into the timing of allanite growth and reactivity relative to other major mineral phases. The combination of microstructural observation, compositional mapping of major and accessory minerals and in-situ U-Pb-Th allanite dating enable linking allanite ages to specific metamorphic stages and to mineral reactions. Although all samples experienced similar thermal peak at 560-580 Close to the major Wenchuan Shear zone, in the internal part of the Longmen Shan belt, samples are strongly deformed up to mylonitisation and retrogressed from amphibolite to greenschist facies conditions(2-4 kbar, 350-410 • C). Here allanite and its epidote rims are fragmented and partly replaced by a retrograde assemblage of Pb-depleted Mnz + Ms + Qz. Our multi-facetted approach allows the different stages of the amphibolitic metamorphism in the central Longmen Shan to be refined. They include:(1) a prograde path at c. 200 Ma and (2) thermal relaxation and exhumation at c. 180 Ma (3) reactivation of Wenchuan Shear zone at < 82 Ma under greenschist facies conditions.

• C, allanite exhibits different textures, including a variety of epidote rings with distinct rare element (REE) contents and late inclusion-like dissolution figures. Textural variations of allanite are attributed to different allaniteinvolving exchange reactions and on the availability of fluids during metamorphism. Garnet and allanite are critical to reconstruct the REE budgets of theses rocks, as they are the two main carriers for these elements. In samples showing pre-garnet allanite (∼470-530 • C), Y fractionated in prograde allanite and epidote rings with no further equilibration with garnet growing at the metamorphic peak. In this case, garnet exhibits low Y contents with no significant compositional zoning. When matrix is re-equilibrated after the allanite growth allanite is not remobilized and preserved the prograde textures. In samples showing syn-to post-garnet allanite, garnet exhibits a composite texture with strong Y compositional zoning. The conditions of allanite appearance in the P-T path strongly correlate with the biotite appearance in the stable assemblage. Relative timing of allanite growth, determined microstructurally, is consistent with in-situ Th-Pb ages showing ages of c. 200 Ma for pre-garnet allanite and of c. 180 Ma for syn to post garnet allanite.
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8: Bulk rock composition for the studied samples. LOI: Loss on ignition (%).
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1: Representative chemical compositions of index metamorphic minerals of metasediments of the external domain from the Longmen Shan.
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 6 4: Ar/Ar data for all analyzed samples Chapter 6. Geological inheritance and changing deformation mechanisms in the long-term evolution of an active thrust belt: the case of the Longmen Shan, eastern Tibet
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3.2.4.2 Age interpretation and implication for the Cenozoic re-activation of the Wenchuan fault

  Geochronological results attest of a significant ages variability within the white mica grains. Since the intensity of the 40 Ar is proportional to the quantity of Ar released during ablation, in presence of variable grains size, it may reflect the size of the grain; finest grains would then exhibit low 40 Ar signals, while the larger grain fraction would show the highest 40 Ar values. However, while the youngest ages (26.1 ± 2.8 and 27.1 ± 3.4 Ma) are only reproduced by low Ar signals, ages > 30 Ma are reproduced by grains with variable Ar signal. This suggest that, ages > 30 Ma are independent from the grain size of analyzed white mica. Compositional X-ray maps reveal a strong chemical heterogeneity within the syn-kinematic white mica grains, suggesting that the range of ages obtained by 40 Ar/ 39 Ar geochronology may not be due to Ar loss by diffusion but to different Ar signatures preserved in white mica grains grown at different times (Chap. 5.2). The obtained age interval was therefore related to a prolonged functioning of the Wenchuan fault. However, Ar diffusion cannot be neglected for the finest grain fraction. Young ages may therefore represent the minimal age of the fault re-activation, while the oldest ages of 45.5 ± 1.1 are more likely to indicate the maximum age of the re-activation of the Wenchuan fault with a strike-slip movement.

Table 7

 7 [3][4][5][6][7][8][9][10][11][12][13][START_REF] Sinclair | Asymmetric growth of the Pyrenees revealed through measurement and modeling of orogenic fluxes[END_REF][15] yield ages between 58.8 ± 5.7 and 74.6 ± 6.1 Ma. Muscovite ages in the metasediment ba14-14 are form instead two plateaux: one ranging from 52 ± 2 to 49 ± 1 Ma and the other ranging from 46 ± 2.3 to 33 ± 1.3 Ma (Fig.7.7D).

Table 7 . 2

 72 

: Raman Spectroscopy on Carbonaceous Material temperatures for samples collected for this study. STD: Standard Deviation.

Table 7 . 3 :
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  D.) in %) is calculated with the equation: The S.D. is calculated with the equation:

	S.D.(%) =	100 I net	I peak t peak	+	L P BH L	2 I P BL t P BL	+	L P BL L	2 I P BH t P BHL	(8.2)

1 

All the equations presented in this Chapter are part of the technical note provided with the Jeol-type EPMA for ISTerre.
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  207 Pb/ 206 Pb and 238 U/ 206 Pb are plotted in a diagram to apply the isochron correction(Tera-Wasserburg diagram).The intercept of the y axis define the 207 Pb/ 206 Pb initial led composition. An age is calculated and the concordance between the age and the initial led composition enable to estimate the quality of the data and the age uncertainty. Data can also be represented in a concrodia diagram ( 206 Pb/ 238 U vs 207 Pb/ 235 U). For the application of the isochron correction to the Th-Pb system, allanite analyses are plotted in a 208 Pb/ 206 Pb c vs 232 Th/ 208 Pb ratio diagram. Pb c is the initial lead composition at the time of the mineral crystallization and replace the stable isotope in conventional isochrones diagrams. A first order common lead correction is needed to estimate the amount of 206 Pb c(Burn, 2016). At the time of mineral growth the initial 208 Pb/ 206 Pb ratio is provided by the y-intercept defined by different Th/Pb ratios. The 232 Th produces the radiogenic 208 Pb, resulting in the increase of the 232 Th/ 208 Pb ratio, defined by a line. The slope of the line provides the age and the y-intercept the intial 208 Pb/ 206 Pb c ratio. This method provides important insights into the origin of the Pb in allanite. 207 Pb/ 206 Pb allanite contents lower than the Stacey and Kramer global evolution values may indeed reveal the presence of inherited radiogenic Pb in the initial Pb composition.

Table 1 .

 1 Uncertainties on raw map data acquired by EPMA. The precision at 2σ-level (in %) was estimated on the average intensity of the garnet external rim pixels. Oxide weight % values are derived from quantitative spot analyses on the same garnet zone.

	20×20	pixels	uncertainty	(% 2σ)	0.1409	0.2054	0.1622	0.1841	1.0000	0.5199	1.8257
	10×10	pixels	uncertainty	(% 2σ)	0.2817	0.4108	0.3244	0.3682	2.0000	1.0398	3.6515
	1 pixel	uncertainty	(% 2σ)	2.8172	4.1082	3.2444	3.6823	20.0000	10.3975	36.5148
		X-ray	intensity		5040	2370	3800	2950	100	370	30
		Oxide	wt%		37.99	20.88	12.23	27.02	0.99	0.77	0.10
			Element			Si	Al	Ca	Fe	Mg	Mn	Ti

Table 2 .

 2 Average compositions and standard deviation of garnet.

			1.061	0.052	0.736	1.062	0	0.083	0.344	0.283	0.05	0.05		0.054	0.062	0.041	0.069	0.008	0.025	0.014	0.002	0.013	0.008
	Garnet core (n = 825) Garnet rim (n = 1282)	... Average St. Dev. Average St. Dev.	SiO2 37.54 1.092 37.804	TiO2 0.076 0.056 0.07	Al2O3 20.751 0.736 21.022	FeO 32.78 1.076 31.823	Fe2O3 0 0 0	MnO 1.11 0.095 0.59	MgO 2.107 0.292 2.873	CaO 4.917 0.264 5.086	Na2O 0.035 0.047 0.036	K2O 0.052 0.032 0.055	Structural formula (12 anhydrous oxygen basis)	Si 3.031 0.055 3.03	Al 1.975 0.062 1.986	Mg 0.254 0.035 0.343	Fe 2+ 2.215 0.071 2.135	Mn 0.005 0.007 0.006	Ca 0.426 0.023 0.437	XAlm 0.746 0.012 0.722	XSps 0.026 0.002 0.014	XPrp 0.085 0.011 0.116	XGrs 0.143 0.008 0.148

Table

  Click here to download TableLanari_Tables.docx

this observation was mentionned in a dicussion that took place in the forum GEO-TECTONICS in December

on the quasi-steady vs punctuated character of tectonic processes

Table 5.6: Geochronological results (continued)

Table 5.7: Geochronological results (continued)

Table5.9: Representative chemical analyses of major mineral phases for the studied samples.

Figure 5.24: X-ray maps of two representative allanite grains of samples w13-4 (A) and w13-3 (B).

student of L3 (3rd year) that I supervised at 100 % in

Her research project allowed to specify the maxiumum temperature experienced by the rocks in the Sanjiang sector

Further investigations are required to unravel the Ar signature of each chemical group of muscovite

The acquisition of X-ray compositional mapping in Ms of metasediments is required to resolve the heterogeneity of the Ar ages.

student of M1 (4 th year) that I supervised at 60 % in 2016. Her research project helped to characterize the metamorphism in the southern Longmen Shan

Supplementary Material has not been integrated in this chapter but will be available in the online version of the manuscript

successively developed: PROZA[START_REF] Bastin | A Further Improvement in the 836 Gaussian ϕ(ϱ) Approach for Matrix Correction in Quantitative Electron Probe 837[END_REF], citiZAF[START_REF] Armstrong | Quantitative analysis of silicate and oxide minerals: 828 comparison of Monte Carlo, ZAF and Phi-Rho-Z procedures[END_REF], PAP

[START_REF] Pouchou | Quantitative Analysis of Homogeneous or 1130 Stratified Microvolumes Applying the Model "PAP[END_REF], XPhi[START_REF] Merlet | An accurate computer correction program for quantitative electron 1074 probe microanalysis[END_REF]. Some of them are still used in
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Chapter 4. Preservation of different metamorphic stages in the internal sedimentary units of the Longmen Shan: a high-resolution petrological approach 87 .
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Table 5.4: Chemical analyses for allanite of two representative metapelites (in oxide %): samples to13-5 and to13-4 

Supplementary Material

Protocol used for monazite EPMA compositional analysis

Monazite was analyzed with an electron microprobe (EPMA) JEOL JXA-8230 instruments at the Institute des Sciences de la Terre (ISTerre, Grenoble) on thin section coated with a 55-60 nm thick layer of carbon to avoid the material degradation during the analysis at high current [START_REF] Montel | Monazite from mountain to ocean: a case study from Trolognaro (Fort-Dauphin), Madagascar[END_REF].

For the point analyses, the acceleration voltage was set at 15 Kev with a spot beam size (< 1 µm) and a specimen current of 200 nA. The duration of the analysis was of ∼9 minutes. The absorbed current during the analysis was negligible (< 5 nA). A standard monazite (Madagascar, [START_REF] Paquette | High resolution (5 µm) U-Th-Pb isotope dating of monazite with excimer laser ablation (ELA)-ICPMS[END_REF] was run before and after the unknow analyses of the target (5 points each time) to track the instrumental beam drift and to verify the consistency of the age calculated for monazite grains. Other standards used were ThO 2 for thorium, UO 2 for uranium and crocoite (PbCrO 4 ) for lead. Si, Th, U (Mβ), P, Y, Pb (Mβ) were analyzed by WDS while LREE elements where analyzed by EDS. A PETH crystal was used for Pb analysis while a PETL crystal for the U and Th analysis. While this protocol do not provide precise analyze for the LREE contents, it enables to obtain a correct matrix correction

Supplementary Material

Chapter 6. Geological inheritance and changing deformation mechanisms in the long-term evolution of an active thrust belt: the case of the Longmen Shan, eastern Tibet Appendix 1: Instruments and methods

A multi-method approach

This PhD work combines different analytical techniques for the acquisition of compositional and chronological data from metamorphic minerals, as well as different methods for the estimation of the P-T-t conditions. These techniques are now increasingly used in the petro-chronological community and have already been described in details in the international literature (e.g. Lanari, 2012;De Andrade et al., 2006;[START_REF] Gregory | Allanite microgeochronology: A LA-ICP-MS and SHRIMP U-Th-Pb study[END_REF][START_REF] Sylvester | A brief History of Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)[END_REF][START_REF] Kelley | K-Ar and Ar-Ar dating[END_REF]. Hence, for synthetic purposes, while the methodology is described in the main text of the different chapters of the manuscript, the foundation and principles of the techniques are summarized in the following Appendix, for the interested reader.

Electron Microprobe data aquisition

Point analyses and X-ray compositional maps of metamorphic minerals have been acquired with an Electron Probe Microanalyzer (EPMA, Fig. 8.3) at the Institut des Sciences de la Terre (ISTerre, Grenoble, France). Thin sections of rock (30 µm thick) were coated with carbon (∼ 15 nm of carbon coating for standard analyses, 55-60 nm for monazite analyses see Chap. 5.4.7), assembled on a homologated EPMA support and placed in the machine under vacuum (at 1.9-2.4 10 -4 Pa for the ISTerre instrument). In the EPMA, an optical camera enables to surf on the surface of the sample to select the analytical spots. The optical image is completed by Backscatter and Secondary electron live images (BSE and SEM respectively, see below). In the EPMA, the specimen is fired with an electron beam (red in Fig. 8.3) that can be rastred across the sample or used in spot mode to excite the specimen atoms.

The incoming electron beam provokes three different phenomena in the specimen:

1. emission of secondary electrons by atoms of the specimen excited by the incident electron beam 2. re-emission of electrons from the incident electron beam that come back out of the specimen without slowing down (backscatter electrons)

3. the emission of X-rays from the de-excitation of electrons of to the specimen atoms.

265

P-T estimates

Two thermodynamic modelling approaches were used to calculate the P-T equilibrium conditions of stable mineral assemblages: the equilibria phase diagrams (forward thermodynamic modelling) and the multi-equilibrium approach (backward thermodynamic modelling).

Equilibria phase diagrams

Equilibria phase diagrams (often called pseudosections) were computed in this PhD work with the Theriak-Domino software [START_REF] De Capitani | The computation of chemical equilibrium in complex systems containing non-ideal solutions[END_REF][START_REF] De Capitani | The computation of equilibrium assemblage diagrams with Theriak/-Domino software[END_REF] following a forward thermodynamic approach. The most stable mineral assemblage in a chemically closed system for a given bulk rock composition, H 2 O and CO 2 activity, oxygen fugacity and pair of P-T conditions is reconstructed by minimization of the total Gibbs free energy. The total Gibbs energy of a combination of phases (G T OT ) can be expressed as:

where: T = temperature; µ i = chemical potential of the phase i at P and T conditions; n i = molars of phase i;

= chemical potential of the phase i at the reference conditions; R = perfect gaz constant; a i = activity of the phase i at the pressure P and temperature T (see below); δ i = algebraic stoichiometric coefficient.

Unlike the software THERMOCALC [START_REF] Holland | An internally consistent thermodynamic data set for phases of petrological interest[END_REF][START_REF] Powell | On thermobarometry[END_REF] which calculates individual equilibria among phase end-members focusing on the definition of stability fields boundaries, the THEIRIAK-DOMINO software first defines the phase stability fields by minimization of the total Gibbs energy for a combination of phases. It successively draws the stability field boundaries by interpolation. The computation of the equilibrium phase assemblages requires an internally consistent thermodynamic database with Gibbs free energy values (e.g. [START_REF] Berman | Mixing properties of Ca-Mg-Fe-Mn garnets[END_REF][START_REF] Holland | An internally consistent thermodynamic data set for phases of petrological interest[END_REF]. While some phases (e.g. quartz) are pure, others are more variable in composition (e.g. garnet). In this case, additional components in the mineral can modify the mineral stability field (e.g. high MnO content in the bulk rock stabilizes garnet at lower metamorphic conditions). Therefore, a new thermodynamic property has to be introduced: the activity of a component i in a phase (j) (a j i ). When the phase is pure as in the case of quartz, the activity is equal to 1. When a phase is variable in composition as in garnet, a j i indicates how reactive a particular end-member (i) is in the phase solution j (e.g. Almandine in garnet, a GRT Alm ). If the solid solution behaves like an ideal solution the activity of an end-member corresponds to the end-member molar fraction (x) in the solution: instrument, along two passes. Accelerating voltage was fixed at 15 keV, specimen 57 current at 100 nA, the beam and step sizes at 1µm and the dwell time at 160 ms. This 58 setup enabled to measure nine and seven elements by WDS and EDS respectively.

59

The total measurement time for mapping was approximately 30 h corresponding to 15 60 h per scan (Fig. 1). The investigated sample is a garnet-bearing metasediment from 61 Val Malone (Southern Sesia Zone, Italian Western Alps) recording blueschist to 62 eclogitic facies conditions during the Alpine orogeny [START_REF] Pognante | Lawsonite, blueschist and eclogite formation in the southern Sesia 1123 zone (Western Alps, Italy)[END_REF]. To track 63 possible drift in the X-ray production during the time window of the map acquisition, 64 the average and standard deviation (2σ) of the aluminium Kα X-ray counts of every 65 single column (corresponding to an acquisition time of 90 seconds) in the map were 66 plotted against the measurement time (Fig. 1d). Aluminium is expected to be constant 67 in the alpine garnet in absence of ferric iron (labelled Grt2 in Fig. 1a). It is interesting 68 to note that no significant time-dependent intensity drift was observed during this first 69 pass and thus the corresponding X-ray maps can be directly transformed into maps of 70 element concentrations using one of the standardization procedures available in the 71 literature (e.g. [START_REF] Cossio | PETROMAP: MS-DOS software package for 889 quantitative processing of X-ray maps of zoned minerals[END_REF][START_REF] Clarke | A method for applying matrix 879 corrections to X-ray intensity maps using the Bence-Albee algorithm and Matlab[END_REF]De Andrade et al. 2006).
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Acquisition times longer than 30 h may involve a time-dependent drift in the X-ray 73 production caused by small variations of the beam energy in the specimen. In this along the X-ray path toward the detector. This effect is known as the geometric 484 absorption effect (Goldstein et al. 2003).

485

Quantitative mapping procedure In XMAPTOOLS software, the analytical standardization is performed using 655 high-precision spot analyses as internal standard (Lanari et al. 2014b) to obtain 656 numerical concentrations. To be accurate, the X-ray maps need to be corrected for 657 background (see Equation 6) prior to standardization. 5a) to fit the slope of the calibration curve and to approximate the 674 corresponding background (Equation 6, see the star in Fig. 5a). For this 675 approximation to be accurate, the spot analyses need to capture the majority of the 676 compositional variability of the (zoned) minerals. This pseudo-background correction 677 is not applied to homogeneous phases where ΔC is small (case 1 in Fig. 5b). For 678 elements present traces, the chemical variability can be only captured by the spot 679 analyses (case 2 in Fig. 5b), showing that the measured element is below the detection 680 limit for the mapping conditions (Lanari et al. 2014b). As previously mentioned, the 681 difference between a calibration using a background correction and a calibration 682 assuming a fixed background value of zero decreases with increasing intensity-to-683 background ratios (Fig 5c). It is also important to notice that this advanced technique 684 can only be applied in absence of significant matrix effects in the mineral phase.

685 Matrix effects generally occur if a strong compositional zoning is observed between 686 the core and the rim of a dense mineral such as garnet. In this case it may be 687 necessary to apply several distinct standardizations one for each garnet generations 688 (Fig. 5d). The matrix effects affect the slopes of the calibration curves (e.g. Lanari et 689 al. 2014b) by underestimating the background value (see the continuous line in Fig. 690 5d).

An example of garnet standardization is given in Figure 6. The investigated 692 sample is a garnet, kyanite and staurolite bearing metasediment from the Central Alps 693 [START_REF] Todd | Metamorphic field gradients in the Central Alps[END_REF]. A millimetre size garnet crystal has been compositionally 694 mapped at the Institute of Geological Sciences of the University of Bern using a JEOL 695 8200 superprobe instrument. The analytical conditions are reported in Lanari et al.
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(this issue). The compositions of garnet core (MnO > 1 wt%) and rims (MnO < 0.7 697 wt%) are reported in Table 2. The standardization of aluminium does not require any 698 background correction (Fig. 6a), as the intensity-to-background ratio is typically 699 higher than 60 for almandine-rich garnet. The intensity-to-background ratios are much 700 smaller for Mn and Mg (~3 for both cases) and thus a background correction is 701 required. For both elements the background values have been approximated using the 
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