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Tracking the long term carbon cycling in subduction zones

Le cycle long du carbone a des implications majeures à l'échelle de la planète, notamment sur la composition de l'atmosphère et sur l'émergence et la persistance de la vie sur Terre. Ce cycle est intimement lié au processus de subduction, lors duquel le carbone stocké dans la lithosphère océanique est entrainé vers les profondeurs de la Terre. Cependant, le devenir du carbone, et plus particulièrement du carbone organique, lors de la subduction reste largement méconnu. L'objectif de cette thèse est d'apporter de nouvelles contraintes sur le cycle profond du carbone organique. Pour cela, nous nous sommes intéressés à la méta-ophiolite du Monviso (Alpes occidentales) qui a été subduite dans le faciès éclogite lors de la subduction alpine. Cette méta-ophiolite présente une grande variété de lithologies incluant des métaserpentinites, des méta-ophicarbonates, des méta-sédiments, abondants dans la partie Nord du massif, et des méta-basites, abondantes dans la partie Sud. L'étude pétrographique de ces roches, combinée à des modélisations thermodynamiques, montrent qu'elles enregistrent des conditions pression température (P-T) comparables, de l'ordre de 520-570°C et 2,6-2,7 GPa. En dépit de cet enregistrement P-T homogène, la variété d'assemblage minéralogique observée dans les serpentinites témoigne de fortes variations de fugacité en oxygène (fO2) dans la plaque plongeante lors de la subduction. Près du paléoplancher océanique, les serpentinites enregistrent des conditions de fO2 basses (-4 par rapport au tampon Fayalite-Magnetite-Quartz) et sont associées à des formes de carbone organique variées. Grâce à une étudie spectroscopique à micro-échelle, nous avons identifié de la matière carbonacée désordonnée associée à des minéraux organiques et des nanodiamants. Ces minéraux se formeraient par réduction des carbonates lors de la déshydratation des serpentinites à haute pression et haute température. Le carbone organique resterait piégé dans la roche lors du métamorphisme prograde. L'étude des isotopes stable du fer et du zinc montre un découplage du carbone lors de la déshydratation de la plaque plongeante. La majeure partie des carbonates est dévolatilisée sous forme de CO2 dans la phase fluide, conduisant à un fractionnement isotopique important du fer et témoignant de la mobilité de cet élément sous forme de complexes carbonatés isotopiquement légers (Fe(II)-CO3). A l'inverse, le carbone organique survivrait au processus de subduction et serait recyclé vers l'intérieur de la planète.

Mots clés

Chapitre I. Le carbone dans le manteau et dans la croûte océanique : état de l'art, formes et quantités, devenir lors de la subduction Le cycle du carbone est au coeur de l'actualité depuis plusieurs décennies, l'humanité ayant pris conscience de son importance dans l'existence et la pérennité du monde tel que nous le connaissons aujourd'hui. Ce cycle peut être subdivisé en un cycle court qui équivaut à des échanges rapides entre la biosphère et les réservoirs de surface (hydrosphère et atmosphère) et en un cycle long s'effectuant à l'échelle des temps géologiques et qui correspond aux échanges chimiques et thermiques entre la Terre profonde (et notamment le manteau) et sa surface. Le cycle long du carbone régule, depuis la genèse de notre planète, les concentrations en dioxyde de carbone (CO2) de l'atmosphère et donc le climat. Il joue ou a joué un rôle majeur dans les grands évènements ayant modelé la composition de la planète (e.g., "Great Oxydation Event", [START_REF] Lyons | The rise of oxygen in Earth's early ocean and atmosphere[END_REF]Duncan et Dasgupta 2017 ;Eguchi et al. 2020) et l'apparition de la vie sur Terre [START_REF] Sleep | Serpentinite and the dawn of life[END_REF][START_REF] Schrenk | Serpentinization, Carbon, and Deep Life[END_REF]. Étudier le cycle long du carbone est ainsi d'importance majeure dans la compréhension des processus contrôlant l'habitabilité de notre planète.

Malgré son rôle majeur pour notre planète, le cycle long du carbone reste largement méconnu et les flux de carbone depuis la surface vers le manteau sont notamment très débattus dans la communauté scientifique. Sur la Terre moderne, l'extraction du carbone profond vers la surface se produit principalement au niveau des dorsales médio-océaniques, des points chauds et des zones de subduction par des processus de fusion partielle et de dégazage magmatique (e.g., [START_REF] Ballhaus | The generation of oxidized CO2-bearing basaltic melts from reduced CH4-bearing upper mantle sources[END_REF][START_REF] Sverjensky | Important role for organic carbon in subduction-zone fluids in the deep carbon cycle[END_REF][START_REF] Poli | Carbon mobilized at shallow depths in subduction zones by carbonatitic liquids[END_REF]. De 20 à 80 % du carbone serait ensuite recyclé sous une forme solide dans le manteau profond par le processus de subduction [START_REF] Gorman | Modeling open system metamorphic decarbonation of subducting slabs[END_REF]Dasgupta et Hirschmann 2010 ;[START_REF] Johnston | Decarbonation efficiency in subduction zones: Implications for warm Cretaceous climates[END_REF][START_REF] Cook-Kollars | Subduction zone metamorphic pathway for deep carbon cycling: I. Evidence from HP/UHP metasedimentary rocks, Italian Alps[END_REF][START_REF] Collins | Subduction zone metamorphic pathway for deep carbon cycling: II. Evidence from HP/UHP metabasaltic rocks and ophicarbonates[END_REF]. Cependant, de récents calculs de flux remettent en cause ces estimations et prédisent que la majeure partie du carbone (jusqu'à 100%) de la lithosphère océanique subduite serait transférée vers le coin mantellique par les fluides aqueux (Kelemen et Manning 2015 ; Figure 1). Ces divergences soulignent la difficulté de déterminer dans quelle mesure le carbone (présent dans les sédiments océaniques mais aussi dans les roches mafiques et ultramafiques sous forme de composés inorganiques et organiques) est mobilisé pendant la subduction, et s'il est mobilisé sous forme de composés carbonés réduits (i.e., plus réduits que le graphite comme le méthane (CH4), ou les acides organiques) ou oxydés (COX ; e.g., [START_REF] Sverjensky | Important role for organic carbon in subduction-zone fluids in the deep carbon cycle[END_REF][START_REF] Milesi | Formation of CO2, H2 and condensed carbon from siderite dissolution in the 200-300°C range and at 50MPa[END_REF]. La spéciation du carbone influencera l'état redox et les teneurs en volatils des laves d'arc et leur transfert vers les enveloppes externes de la Terre, impactant ainsi la composition de l'atmosphère au cours des temps géologiques.

Figure 1 : Estimations des flux de carbone (en mégatonnes de carbone par an) par Kelemen et Manning (2015), avec en comparaison les valeurs de Dasgupta et Hirschmann (2010) (valeurs en parenthèses).

3 Ce premier chapitre a pour but de comprendre les disparités et les limites des modèles de flux de carbone sur Terre (Figure 1). Dans un premier temps, nous détaillerons comment sont déterminés les bilans et les flux de carbone entre les différents réservoirs terrestres, puis nous présenterons pourquoi les processus redox affectant la lithosphère océanique depuis sa genèse jusqu'à sa subduction peuvent exercer un rôle majeur sur le cycle long du carbone. Ces dernières années ont notamment été marquées par la mise en évidence de la présence de carbone organique dans la lithosphère océanique associée à l'activité hydrothermale aux dorsales, à savoir des composés d'origine biologique en lien avec l'ubiquité des écosystèmes profonds chimiolithotrophes (e.g., Ménez et al. 2012) et des composés abiotiques comme de la matière organique abiotique (Sforna et al. 2018) ainsi que des hydrocarbures polycycliques aromatiques (PAHs) [START_REF] Ciliberto | Aliphatic hydrocarbons in metasomatized gabbroic xenoliths from Hyblean diatremes (Sicily): Genesis in a serpentinite hydrothermal system[END_REF]) et plus anecdotiquement des acides aminés [START_REF] Ménez | Abiotic synthesis of amino acids in the recesses of the oceanic lithosphere[END_REF], dont le devenir lors de la subduction et l'impact sur le cycle long du carbone sont inconnus. Ces formes de carbone organique nouvellement découvertes ne sont pas prises en compte dans les modèles traditionnels de flux. Aussi, il a été montré que différents types de carbone organique peuvent perdurer ou même se former lors de la subduction que ça soit dans la phase fluide (Vitale Brovarone et al. 2017, 2020 ;Tao et al. 2018 ;[START_REF] Peng | Abiotic methane generation through reduction of serpentinitehosted dolomite: Implications for carbon mobility in subduction zones[END_REF]) ou sous forme solide (Galvez et al. 2013 ; Bouilhol et al. 2022 ;[START_REF] Debret | High-pressure synthesis and storage of solid organic compounds in active subduction zones[END_REF]. Durant les dernières décennies, l'accent a principalement été mis sur le carbone inorganique dans les études et modèles de flux, mais ces récentes découvertes ouvrent un champ de recherche important pouvant potentiellement bouleverser les connaissances établies.

Le carbone dans le manteau

La majorité du carbone terrestre est stockée dans le manteau (i.e., la péridotite) sous forme de phases accessoires : oxydées (carbonates), élémentaires (diamant ou graphite) ou réduites (carbures). Ceci est dû à la faible solubilité du carbone dans les silicates mantelliques (maximum 12 ppmw, i.e., part per million by weight, dans l'olivine à 11 GPa ; [START_REF] Keppler | Carbon solubility in olivine and the mode of carbon storage in the Earth's mantle[END_REF][START_REF] Shcheka | Carbon solubility in mantle minerals[END_REF][START_REF] Panero | Mantle-wide sequestration of carbon in silicates and the structure of magnesite II[END_REF]. Il peut être également présent en tant que phase fluide dans le système C-O-H. La stabilité des phases carbonées dans le manteau est dépendante des conditions de pression, température, fugacité en oxygène (fO2 : Luth 1999 ;[START_REF] Frost | Experimental measurements of the fugacity of C02 and graphite/diamond stability from 35 to 77 kbar at 925 to 1650°C[END_REF] et pH [START_REF] Sverjensky | Important role for organic carbon in subduction-zone fluids in the deep carbon cycle[END_REF].

Les estimations des quantités de carbone dans le manteau s'effectuent de manière indirecte à partir de la concentration en CO2 des basaltes médio-océaniques (MORB: Mid-Ocean Ridge Basalt) et des îles océaniques (OIB: Ocean Island Basalt). Il existe différentes méthodes pour remonter aux quantités initiales de carbone dans la source des basaltes. Cependant, les sources d'erreur liées à ces approches sont importantes car la solubilité du carbone dans les liquides basaltiques est faible (environ 11,4 x 10 - 3 µmol/bar/g à 0,2 GPa ; [START_REF] Dixon | An Experimental Study of Water and Carbon Dioxide Solubilities in Mid-Ocean Ridge Basaltic Liquids. Part I: Calibration and Solubility Models[END_REF][START_REF] Jendrzejewski | Carbon solubility in Mid-Ocean Ridge basaltic melt at low pressures (250-1950 bar)[END_REF]) et le dégazage des basaltes est important (>80%). Ces estimations sont donc souvent considérées comme minimum [START_REF] Wallace | Volatiles in subduction zone magmas: concentrations and fluxes based on melt inclusion and volcanic gas data[END_REF].

Chaque méthode possède ses propres postulats et simplifications, conduisant à des barres d'erreurs variables dans les estimations. Les premières estimations ont été réalisées dans les années 90 par mesures du CO2 dissous dans des verres basaltiques hawaïens [START_REF] Dixon | Degassing of Deep Submarine-erupted Alkalic Series Lavas[END_REF]) et dans les inclusions vitreuses et fluides provenant du Piton de la Fournaise [START_REF] Bureau | A melt and fluid inclusion study of the gas phase at Piton de la Fournaise volcano (Réunion Island)[END_REF]. Les concentrations en carbone dans le manteau ont été extrapolées à partir des mesures directes de CO2 en prenant en compte l'effet de la fusion partielle, de la cristallisation fractionnée et du dégazage. Une autre méthode consiste à utiliser les rapports de concentrations CO2/éléments incompatibles, tels que les rapports CO2/He [START_REF] Trull | C-He systematics in hotspot xenoliths: Implications for mantle carbon contents and carbon recycling[END_REF][START_REF] Zhang | Distribution and evolution of carbon and nitrogen in Earth[END_REF][START_REF] Marty | CO2 fluxes from mid-ocean ridges, arcs and plumes[END_REF][START_REF] Shaw | Contrasting He-C relationships in Nicaragua and Costa Rica: Insights into C cycling through subduction zones[END_REF], CO2/Nb [START_REF] Saal | Vapour undersaturation in primitive mid-ocean-ridge basalt and the volatile content of Earth's upper mantle[END_REF][START_REF] Cartigny | Towards a consistent mantle carbon flux estimate: Insights from volatile systematics (H2O/Ce, δD, CO2/Nb) in the North Atlantic mantle (14° N and 34° N)[END_REF][START_REF] Shaw | Deep pooling of low degree melts and volatile fluxes at the 85°E segment of the Gakkel Ridge: Evidence from olivine-hosted melt inclusions and glasses[END_REF], CO2/Ar [START_REF] Tingle | Accretion and differentiation of carbon in the early Earth[END_REF][START_REF] Cartigny | Volatile (C, N, Ar) variability in MORB and the respective roles of mantle source heterogeneity and degassing: the case of the Southwest Indian Ridge[END_REF]) ou CO2/Cl [START_REF] Saal | Vapour undersaturation in primitive mid-ocean-ridge basalt and the volatile content of Earth's upper mantle[END_REF] obtenus sur des verres basaltiques et des inclusions vitreuses. Ces rapports sont utilisés car il est notamment estimé que le comportement chimique du C durant la fusion mantellique est similaire à celui de l'He [START_REF] Marty | C 3 He in volatile fluxes from the solid Earth: implications for carbon geodynamics[END_REF][START_REF] Trull | C-He systematics in hotspot xenoliths: Implications for mantle carbon contents and carbon recycling[END_REF]) et du Nb [START_REF] Saal | Vapour undersaturation in primitive mid-ocean-ridge basalt and the volatile content of Earth's upper mantle[END_REF]. Les estimations diffèrent grandement en fonction de la méthode et du type de basalte analysé.

Pour un MORB appauvri, les concentrations estimées dans la source peuvent être très basses, descendant jusqu'à 20-30 ppm [START_REF] Saal | Vapour undersaturation in primitive mid-ocean-ridge basalt and the volatile content of Earth's upper mantle[END_REF]Hirschmann et Dasgupta, 2009) ; à l'inverse les estimations basées sur les OIBs [START_REF] Dixon | Degassing of Deep Submarine-erupted Alkalic Series Lavas[END_REF][START_REF] Bureau | A melt and fluid inclusion study of the gas phase at Piton de la Fournaise volcano (Réunion Island)[END_REF][START_REF] Aubaud | Degassing of CO2 and H2O in submarine lavas from the Society hotspot[END_REF][START_REF] Aubaud | Carbon and hydrogen isotope constraints on degassing of CO 2 and H 2 O in submarine lavas from the Pitcairn hotspot (South Pacific)[END_REF] ou les MORBs enrichis suggèrent des concentrations allant de 300 à 1300 ppm de carbone dans la source de ces magmas. Basés sur ces résultats, Dasgupta et Hirschmann (2010) proposent des valeurs comprises entre 0,8-1.2 × 10 11 Mt et 2, 7-12,5 × 10 11 Mt de carbone pour l'ensemble du manteau terrestre.

Flux de carbone vers l'atmosphère

Le dégazage volcanique est le principal flux de carbone de l'intérieur de la Terre vers la surface. Dû à sa faible solubilité dans les liquides magmatiques [START_REF] Holloway | Fluids in the evolution of granitic magmas: Consequences of finite CO2 solubility[END_REF], le CO2 est dégazé en grande quantité au niveau des volcans d'arcs, des points chauds et des dorsales océaniques [START_REF] Williams | Experimental demonstration of refractory carbonate-bearing eclogite and siliceous melt in the subduction regime[END_REF]. En effet, le CO2 est le second volatil le plus abondant dans les gaz volcaniques après l'eau [START_REF] Giggenbach | Chemical Composition of Volcanic Gases[END_REF]. En plus du CO2, d'autres composés carbonés sont émis. Dans l'ordre décroissant d'émission on retrouve le CH4, le CO et les OCS (Carbonyl sulfides). [START_REF] Cadle | A comparison of volcanic with other fluxes of atmospheric trace gas constituents[END_REF] estime que l'activité volcanique produit 0,34 Mt/C de méthane par an. Le rapport CO/CO2 varie entre 10 et 1000 en fonction de la fugacité en oxygène et de la température du fluide coexistant avec le liquide magmatique avant le dégazage [START_REF] Burton | Deep Carbon Emissions from Volcanoes[END_REF]. Les OCS sont émis en quantité beaucoup plus faible, typiquement 1000-10000:1 pour le rapport CO2:OCS [START_REF] Mori | Remote CO, COS, CO2, SO2, HCl detection and temperature estimation of volcanic gas[END_REF][START_REF] Burton | Magmatic Gas Composition Reveals the Source Depth of Slug-Driven Strombolian Explosive Activity[END_REF][START_REF] Oppenheimer | Probing the magma plumbing of Erebus volcano, Antarctica, by openpath FTIR spectroscopy of gas emissions[END_REF].

CO 2 émis par le volcanisme

Pour estimer les quantités de carbone émises au niveau des zones volcaniques, le rapport CO2/ 3 He dans les gaz ou les verres basaltiques est généralement utilisé. En effet, une mesure directe du CO2 dans les verres basaltiques donnerait des résultats plus faibles que la valeur initiale réelle, du fait de sa faible solubilité dans les magmas et de son dégazage efficace. De plus, mesurer directement le CO2 dans des environnements aériens sub-volcaniques est délicat, car l'interaction avec l'atmosphère dilue rapidement la signature du CO2 volcanique [START_REF] Burton | Deep Carbon Emissions from Volcanoes[END_REF]. L'isotope primordial 3 He est utile car son taux de dégazage est bien estimé dans les différents environnements volcaniques [START_REF] Marty | CO2 fluxes from mid-ocean ridges, arcs and plumes[END_REF] et références associées). Le rapport CO2/ 3 He permet ainsi d'évaluer les taux d'émission de CO2 par le volcanisme, soit en étudiant directement les gaz, soit en étudiant les verres basaltiques. Cependant, une autre approche existe basée sur les estimations de flux de SO2 et des rapports CO2/SO2 ; le SO2 offrant l'avantage de ne pas être présent dans la troposphère et d'être aisément mesurable [START_REF] Burton | Deep Carbon Emissions from Volcanoes[END_REF].

Pour le volcanisme d'arc, [START_REF] Sano | Fluxes of mantle and subducted carbon along convergent plate boundaries[END_REF] estiment un flux de carbone volcanique de 3,1 × 10 12 mol/an en se basant sur les rapports CO2/ 3 He de gaz volcaniques et de fumeroles provenant des régions volcaniques circum-pacifiques. [START_REF] Marty | CO2 fluxes from mid-ocean ridges, arcs and plumes[END_REF] utilisent aussi les rapports CO2/ 3 He sur des verres basaltiques et obtiennent une valeur de 2,5 × 10 12 mol/an de carbone émis au niveau des arcs volcaniques. Ce sont, entre autres, ces données qui sont utilisées par Dasgupta et Hirschmann (2010) dans leur travail de revue, ce qui donne des flux de 18 à 37 Mt de carbone par an (Figure 1). La revue de Kelemen et Manning (2015) considère aussi les rapports CO2/SO2, et propose des valeurs de 18 à 43 Mt de carbone émises par an par le volcanisme d'arc.

Le volcanisme des dorsales océaniques constitue 60% du volcanisme total de la planète. Les études sur les verres basaltiques utilisant soit le rapport CO2/ 3 He [START_REF] Marty | CO2 fluxes from mid-ocean ridges, arcs and plumes[END_REF], soit le rapport CO2/Nb [START_REF] Cartigny | Towards a consistent mantle carbon flux estimate: Insights from volatile systematics (H2O/Ce, δD, CO2/Nb) in the North Atlantic mantle (14° N and 34° N)[END_REF][START_REF] Shaw | Deep pooling of low degree melts and volatile fluxes at the 85°E segment of the Gakkel Ridge: Evidence from olivine-hosted melt inclusions and glasses[END_REF], s'accordent sur une valeur de 12 à 60 Mt de C/an (Dasgupta et Hirschmann 2010). Ces flux de CO2 seraient ainsi similaires au volcanisme d'arc.

Concernant les OIBs, les flux de carbone sont mal contraints. Ceci est notamment dû à la perte du CO2 liée au dégazage profond et à la variabilité des concentrations en carbone dans la source des OIBs.

Pour leurs estimations, Dasgupta et Hirschmann (2010) font l'hypothèse que le flux des OIBs correspond à environ 10-50% de celui des MORB, soit 1,2 à 30 Mt de C/an. Dasgupta et Hirschmann (2010) estiment ainsi un flux combiné de 13 à 90 Mt de C/an pour les dorsales océaniques et les OIBs. Kelemen et Manning (2015) se basent sur les études de [START_REF] Marty | Primordial origins of Earth's carbon[END_REF]et de Resing et al., 2004 qui estiment des flux depuis les dorsales océaniques de 8-21 Mt de C/an et de 6-24 Mt de C/an, respectivement. [START_REF] Marty | CO2 fluxes from mid-ocean ridges, arcs and plumes[END_REF] évaluant que les flux provenant des volcans intraplaques sont de 10 à 100% ceux provenant des dorsales océaniques, Kelemen et Manning (2015) obtiennent une estimation de 8 à 42 Mt de C/an pour le flux combiné des dorsales océaniques et des OIBs.

Il est important de noter que ces estimations sont basées sur un nombre limité d'études. Les teneurs en CO2 relâché dans l'atmosphère sont notamment influencées par la taille de la chambre magmatique et sont donc particulièrement variables d'un volcan à un autre. De même, l'accès aux dégazages sousmarins est plus sporadique que sur les continents. Ces chiffres sont donc amenés à évoluer au fil des explorations scientifiques et des développements analytiques et méthodologiques.

Dégazage diffus de carbone dans les zones non-volcaniques

Le dégazage diffus de carbone peut avoir lieu dans des zones non-volcaniques [START_REF] Mörner | Carbon degassing from the lithosphere[END_REF].

Le dégazage de CO2 par la tectonique extensive et l'activité hydrothermale dans les ceintures métamorphiques est considéré comme un facteur important de libération de carbone dans l'atmosphère et dans des environnements géologiques variés [START_REF] Gregory | Helium, carbon dioxide and oxygen soil gases: Small-scale variations over fractured ground[END_REF][START_REF] Mccarthy | A case study of soil gases as an exploration guide in glaciated terrain; Crandon massive sulfide deposit[END_REF][START_REF] Etiope | Evidence for radon transport by carrier gas through faulted clays in Italy[END_REF][START_REF] Guerra | Effects of gas-water partitioning, stripping and channelling processes on radon and helium gas distribution in fault areas[END_REF]. Dans leur travail de revue, [START_REF] Mörner | Carbon degassing from the lithosphere[END_REF] reportent d'autres processus permettant un dégazage diffus de gaz porteurs de carbone (CO2 et CH4) dans des environnements non-volcaniques, à savoir l'échappement de gaz du manteau supérieur, des roches carbonatées de la croûte, de réservoirs d'hydrocarbures dans les domaines sédimentaires, et du dégazage des dépôts de surface tels que les dépôts de sulfures. Il est extrêmement difficile de réaliser des bilans de carbone émis par ces différents environnements. Ainsi, pour réaliser leurs estimations, Kelemen et Manning (2015) se focalisent uniquement sur les émissions de CO2 évaluées dans deux études : (1) Seward et [START_REF] Sciurto | Water-rock interaction on Zabargad Island, Red Sea-A case study: I. Application of the concept of local equilibrium[END_REF] qui se penchent sur le système géothermique actif de la zone volcanique de Taupa située en Nouvelle Zélande. Ces auteurs proposent un flux diffus de 12 Mt de CO2 par an. (2) [START_REF] James | The use of temperature and the isotopes of O, H, C, and noble gases to determine the pattern and spatial extent of groundwater flow[END_REF] qui s'intéressent aux sources d'eaux froides et chaudes situées dans les Cascades de l'Oregon (USA) et estiment un taux de dégazage diffus de CO2 magmatique de 3,4 × 10 5 kg/an par kilomètres d'arc, soit 4 Mt de carbone par an le long des 44 454 km de zones de subduction (Kelemen et Manning 2015).

Le carbone dans la lithosphère océanique

La circulation hydrothermale, le métamorphisme associé et les processus de sédimentation sont les mécanismes majeurs de stockage du carbone dans la lithosphère océanique. La croûte mafique métamorphisée, les péridotites serpentinisées et les sédiments sont donc des puits de carbone. Bien que leur abondance soit variable aux dorsales océaniques (e.g., différence de structure de la lithosphère océanique entre dorsales lentes et rapides ; [START_REF] Mével | Serpentinization of abyssal peridotites at mid-ocean ridges[END_REF], les estimations de flux de carbone vers la lithosphère océanique montrent que ces différents réservoirs stockent des quantités comparables de carbone à l'échelle mondiale (Figure 1). Il est important de noter que quel que soit le modèle de flux considéré (e.g., Dasgupta et Hirschmann 2010 ;Kelemen et Manning 2015 ;[START_REF] Plank | Subducting carbon[END_REF], les quantités de carbone émises vers la surface (entre 26 et 127 Mt/an) sont en équilibre avec celles stockées dans la lithosphère océanique (40 et 114 Mt/an).

Formes et quantités de carbone prises en compte dans les modèles

Le carbone sédimentaire

La formation de sédiments au niveau du plancher océanique résulte à la fois de l'érosion des continents et de la productivité primaire dans les océans. Il existe une grande diversité de lithologies sédimentaires sur le plancher océanique. Afin de réduire le domaine d'étude, [START_REF] Plank | The chemical composition of subducting sediment and its consequences for the crust and mantle[END_REF] se focalisent sur la composition géochimique des sédiments entrants dans les zones de subduction, c'est-à-dire échantillonnés au niveau des fosses océaniques. Dans ces sédiments, le carbone est stocké sous forme de carbone inorganique (carbonate) et organique (kérogène d'origine biologique). Bien que les quantités de carbone organique stockées soient globalement faibles (<< 1 poids%, pds%) par rapport aux quantités de carbone inorganique constituant les sédiments [START_REF] Plank | Subducting carbon[END_REF], le carbone organique d'origine biologique peut dominer les flux de carbone dans certaines zones de subduction (e.g., Alaska subduction). De plus, sa stabilité est peu soumise à la profondeur des océans et, dans certaines zones de subduction, [START_REF] Plank | Subducting carbon[END_REF] notent que les quantités de carbone organique stockées dans les sédiments dépassent celles des réservoirs crustaux et/ou mantelliques. La fraction organique est donc à même de jouer un rôle majeur dans le cycle profond du carbone sur Terre.

Carbone inorganique sédimentaire

Le carbone inorganique des sédiments marins résulte de la mort des organismes ayant une coquille carbonatée, tels que les nanoplanctons, coccolites ou foraminifères. Cette accumulation d'organismes biominéralisés va permettre la formation de sédiments carbonatés (sous forme de calcite CaCO3 principalement) au fond des océans. Ce processus de stockage du carbone est limité par la profondeur de compensation des carbonates (Calcite Compensation Depth CCD) qui marque la transition entre des sédiments porteurs de carbonates et des sédiments où les carbonates sont absents. La CCD est d'environ 5000 m dans les océans actuels, et croît localement si le flux de carbonates solides est important. Le taux de carbonates subduits par les sédiments est donc variable en fonction de la profondeur à la fosse océanique. Par exemple, quasiment aucun carbonate sédimentaire n'est subduit le long des zones de subduction Tonga, Aleutian central et Kouriles-Kamchatka, alors qu'énormément de sédiments carbonatés sont recensés au niveau de la marge américaine centrale, avec une colonne de sédiments carbonatés de 250 m [START_REF] Plank | The chemical composition of subducting sediment and its consequences for the crust and mantle[END_REF], car il s'agit de régions à haute productivité primaire (Figure 2). D'autres marges sont notables dans les quantités de carbone inorganique y entrant en subduction, telles que Sumatra (≈7 Mt/an), Java (≈5 Mt/an), Andaman-Burma (≈8 Mt/an) et Makran (≈5 Mt/an) [START_REF] Clift | A revised budget for Cenozoic sedimentary carbon subduction[END_REF]) (Figure 3). On note que la dynamique du prisme sédimentaire, d'accrétion ou d'érosion, joue un rôle important sur les quantités de sédiments embarqués dans les zones de subduction [START_REF] Clift | A revised budget for Cenozoic sedimentary carbon subduction[END_REF]).

Carbone organique sédimentaire

De la matière organique d'origine biologique se retrouve fréquemment dispersée dans la matrice minérale des sédiments océaniques, voire quelques fois accumulée (par exemple dans le cas des sapropels présentant des teneurs > 2 pds%). Afin de permettre sa préservation, le carbone organique étant consommé dans l'océan et les sédiments oxiques par voies chimique ou biologique, un enfouissement rapide dans des lithologies de faible granulométrie (e.g., argiles ou boues micritiques) et/ou de faibles profondeurs de la colonne d'eau sont nécessaires. Les teneurs en carbone organique sont donc généralement plus élevées dans les zones à fort taux de sédimentation et aux conditions sub-oxique ou anoxique. La teneur totale en carbone organique (TOC) dans les sédiments marins est estimée entre <2,5 mg.g -1 dans les environnement pélagiques et 200 mg.g -1 au niveau des environnements côtiers et des marges continentales (revue de [START_REF] Burdige | Preservation of Organic Matter in Marine Sediments: Controls, Mechanisms, and an Imbalance in Sediment Organic Carbon Budgets[END_REF]. Les conditions permettant des taux importants de préservation de matière organique d'origine biologique se retrouvent dans les régions de haute productivité primaires et au niveau des deltas sous-marins.

Certaines zones de subduction telles que les Tonga ou Honshu (Figure 3) ne sont quasiment pas alimentées par du carbone organique, car les fonds sous-marins du Pacifique Ouest sont marqués par la présence de "tourbillons" (gyres) qui empêchent le dépôt de matière organique [START_REF] Plank | Subducting carbon[END_REF]. Au contraire, les turbidites des deltas du Bengal et de l'Indus contiennent énormément de carbone organique car les rivières provenant des continents (e.g., alimentées par l'érosion de l'Himalaya) drainent de la matière organique et le taux de sédimentation rapide permet une préservation importante de cette dernière malgré l'environnement océanique oxique [START_REF] Galy | Efficient organic carbon burial in the Bengal fan sustained by the Himalayan erosional system[END_REF]). Ces environnements deltaïques représentent ainsi les plus grands flux de carbone organique actuels arrivant aux fosses [START_REF] Plank | Subducting carbon[END_REF], en l'occurrence la fosse d'Andaman-Burma. D'autres zones de subduction sont alimentées par des quantités notables de carbone organique, à savoir les fosses de Nankai, des Cascades, de l'Alaska, du Sud du Chili et des Antilles Sud (Figure 3). (Vandenbroucke et Largeau 2007) Le carbone organique des sédiments marins peut être dérivé soit d'une source marine soit d'une source terrestre. Pour la source marine, il s'agit généralement de débris de phytoplancton amenant à la formation d'un kérogène de type II. La matière organique d'origine terrestre est quant à elle constituée de débris de plantes supérieures ou de matière organique du sol, apportés aux océans par les rivières (comme pour les deltas du Bengal et de l'Indus) et formant les kérogènes de type III. La diagenèse précoce affectant la fraction minérale et la matière organique issue d'êtres vivants dans les sédiments aboutit en effet à la formation de kérogène, par retrait partiel de l'oxygène et de l'azote par l'activité biologique et chimique. Le kérogène est, par définition, la fraction organique insoluble dans l'eau et les solvants organiques classiques. Il correspond à une structure macromoléculaire en 3 dimensions qui contient des éléments figurés (par exemple, des débris végétaux, des acritarchs) et de la matière organique amorphe, i.e., de la matière carbonacée peu ordonnée dont le degré de cristallinité est faible. Il est formé de cycles aromatiques, de chaînes aliphatiques ainsi que d'hétéroatomes (oxygène, azote, soufre) (Figure 4 ; Vandenbroucke et Largeau 2007). Il est suggéré que les teneurs en carbone organique ont été sous-estimées dans les études pionnières sur le carbone dans les sédiments (e.g., Kelemen et Manning, 2015). Néanmoins, de récentes études mettent en avant l'importance du carbone organique qui représenterait 20% du carbone total subduit. Dans deux fosses (Alaska et Aegean), le carbone organique représente même une plus grande proportion de carbone subduit que le carbone inorganique (Figure 3).

Estimation des flux sédimentaires

En étudiant des piles sédimentaires variées présentes au niveau des fosses océaniques actuelles, [START_REF] Plank | The chemical composition of subducting sediment and its consequences for the crust and mantle[END_REF] ont établi une composition globale des sédiments subduits dans les zones de subduction modernes (GLObal Subducting Sediment, GLOSS). Ils estiment une teneur en CO2 moyenne de 3,01 ± 1,44 pds%. Avec un flux de sédiments de 1,3 × 10 15 g/an le long des 2,97 × 10 4 km de fosses océaniques, cela donne donc une estimation de 13-17 Mt/an de carbone sédimentaire subduit, valeur utilisée par Dasgupta et Hirschmann (2010). Kelemen et Manning (2015) suggèrent que ces études ne prennent pas suffisamment en compte le carbone organique, particulièrement dans les sédiments pélagiques et les turbidites. Dans certains sédiments considérés comme dépourvus de carbone, ce dernier n'a pas été mesuré, alors que des études sur des boues hémipélagiques montrent que ce type de sédiment peut contenir jusqu'à 1 pds% de matière organique [START_REF] Mayer | Proceedings of the Ocean Drilling Program, Initial Reports[END_REF]. Kelemen et Manning (2015) réhaussent donc la limite haute à 23 Mt de carbone subduit par an. [START_REF] Clift | A revised budget for Cenozoic sedimentary carbon subduction[END_REF] révise ces données en prenant en compte le degré d'accrétion des sédiments dans le prisme d'accrétion, où il suggère que 80% des sédiments sont efficacement subduits, et obtient un flux de 60 Mt de carbone sédimentaire subduit par an, dont 80% de carbonates et 20% de carbone organique d'origine biologique (Figure 5). Cette étude met ainsi en avant des proportions importantes de carbone organique sédimentaire subduit et est, à notre connaissance, la seule à faire une distinction claire entre carbone inorganique et carbone organique. [START_REF] Clift | A revised budget for Cenozoic sedimentary carbon subduction[END_REF]. Le carbone organique représente une part non négligeable de 20% du carbone sédimentaire subduit.

Le carbone crustal

Bien que les roches basaltiques contiennent initialement du carbone issu de la fusion du manteau, c'est l'altération de la croûte mafique qui enrichit ce réservoir en carbone. En effet, en utilisant une technique de chauffage par palier des verres basaltiques, [START_REF] Gerlach | Degassing of carbon dioxide from basaltic magma at spreading centers: II. midoceanic ridge basalts[END_REF] propose une valeur initiale de CO2 maximale de 0,120 pds% et une valeur minimale de 0,065 pds% dans les MORBs. Cependant, une large partie de ce carbone est dégazée dans l'atmosphère (cf. section 2.1) et les quantités restantes dans la lithosphère océanique sont moindres. Les valeurs de CO2 dans les verres basaltiques de type MORBs sont ainsi bien plus basses que celles rapportées par [START_REF] Gerlach | Degassing of carbon dioxide from basaltic magma at spreading centers: II. midoceanic ridge basalts[END_REF]. Par exemple, [START_REF] Saal | Vapour undersaturation in primitive mid-ocean-ridge basalt and the volatile content of Earth's upper mantle[END_REF] proposent des valeurs de 44-244 ppm pour les MORBs formés au niveau de la faille transformante de Siqueiros (East Pacific Rise), [START_REF] Dixon | Infrared spectroscopic measurements of CO2 and H2O in Juan de Fuca Ridge basaltic glasses[END_REF] reportent des valeurs de 45-360 ppm pour les MORBs formés au niveau de la dorsale Juan de Fuca (chaînes de monts sous-marins de Cobb-Eickelberg, Vance Springfield et Heck ainsi que le mont sous-marin Explorer).

Les roches mafiques métamorphisées et altérées vont présenter des teneurs en carbone beaucoup plus élevées que les verres basaltiques. En effet, la circulation de fluides dérivés de l'eau de mer dans la partie supérieure de la croûte mafique océanique permet la précipitation de veines de carbonates (calcite, aragonite CaCO3, voire ankérite Ca(Fe,Mg,Mn)(CO3)2 et sidérite FeCO3) à des températures généralement inférieures à 60°C [START_REF] Coogan | Alteration of ocean crust provides a strong temperature dependent feedback on the geological carbon cycle and is a primary driver of the Sr-isotopic composition of seawater[END_REF]. Plusieurs mécanismes peuvent aboutir à la formation de carbonates, par exemple, la réaction entre les minéraux riches en calcium caractérisant les roches mafiques et les ions hydrogénocarbonates HCO3 -de l'eau de mer permettent la précipitation de calcite dans la croûte mafique (Alt et Teagle 1999). De même, l'assimilation du magnésium de la croûte océanique par l'eau de mer pourrait permettre la formation de magnésite. Les estimations des quantités de carbone stocké par ces processus d'altération sont en grande partie basées sur l'étude de forages océaniques par Alt et Teagle (1999). Pour réaliser cette estimation, Alt et Teagle (1999) ont analysé les teneurs en CO2 sur roches totales de quatre forages de la croûte océanique Pacifique. Les carottes de forage comprennent la croûte volcanique basaltique, le complexe filonien doléritique et les gabbros. La teneur moyenne en CO2 de la croûte mafique est ainsi estimée à 0,214 pds%. Alt et Teagle (1999) précisent que les valeurs obtenues sont des valeurs minimales, car une partie des carbonates est potentiellement perdue lors du forage. Cependant, cette valeur est comparable à celle de 0,15 +/-0,04 pds% récemment rapportée par [START_REF] Kendrick | Exhumation and carbonation of the Atlantis Bank core complex constrained by in situ U-Pb dating and Δ47 thermometry of calcite veins, SW Indian Ridge[END_REF] via l'étude de la croûte mafique formée au niveau de la ride sud-ouest indienne (Atlantis bank). La plus grande partie du carbone est stockée dans la croûte volcanique basaltique, qui présente une valeur moyenne de 3 pds%. En prenant un taux de production de croûte océanique de 7,0 x 10 16 g.an -1 , Alt et Teagle (1999) obtiennent un taux de stockage de 3,4 × 10 12 moles de carbone par an. Des estimations plus récentes (Alt 2004 ;Kelley et al. 2005b) montrent que les proportions de carbonates solides dans la croûte mafique sont dépendantes de l'âge de la croûte. Ainsi, ces études réévaluent la quantité moyenne de CO2 stockée dans les premiers 200-500 m de la croûte océanique anté-subduction (plus vieille que 100 Ma) à 5 pds% de CO2. Dasgupta et Hirschmann (2010) combinent cette valeur avec celle obtenue par Alt et Teagle (1999), et estiment une teneur moyenne de CO2 de la croûte océanique d'environ 0,3 pds%.

Pour une croûte de 7 km et un taux de subduction de 3 km 2 /an, les teneurs de carbone crustal subduit sont ainsi estimées entre 12 à 61 Mt/ an (Dasgupta et Hirschmann, 2010). Kelemen et Manning (2015) proposent une nouvelle compilation de données et suggèrent des teneurs en CO2 proches des données de Alt et Teagle (1999). Cependant, ces mêmes auteurs ré-évaluent la quantité de croûte mafique subduite dans le monde en se basant sur les travaux de Jarrard (2003). Ils obtiennent ainsi une estimation de 22 à 29 Mt de carbone subduit par an pour les roches mafiques.

Le carbone du manteau serpentinisé

Au niveau des dorsales lentes à ultra-lentes, l'extension océanique est accommodée par la mise en place de grandes failles de détachements appelées failles de détachement (intra)-océaniques (Oceanic Detachment Fault, ODF). Ceci permet l'exhumation du manteau et la circulation d'eau de mer en profondeur dans la lithosphère, jusqu' 9 km [START_REF] Gregory | Serpentinized peridotite versus thick mafic crust at the Romanche oceanic transform fault[END_REF]. Ce processus conduit à la formation d'une grande quantité de serpentinite. Lors de la serpentinisation, l'extraction du Ca et du Mg contenu dans les minéraux mantelliques (pyroxène et olivine) va permettre la complexation de ces éléments avec du carbone inorganique dissous dans l'eau de mer (CO2, H2CO3, HCO3 -, CO3 2-). Cette réaction permet la formation de carbonates dans les serpentinites. Les quantités de carbonates stockées par ce processus sont très variables (de quelques milliers de ppm à une dizaine de pds%). Lorsque la roche incorpore plus de 1 pds% de CO2, les carbonates deviennent une phase majeure de la roche et on parle souvent d'ophicarbonates. Le carbonate de calcium (calcite ou aragonite) est le principal carbonate observé dans les roches serpentinisées, car la relativement faible activité en CO2 aqueux (aCO2aq) et le faible rapport Mg/Ca de l'eau de mer favorise leur formation par rapport à la magnésite [START_REF] Bonatti | Aragonite from deep sea ultramafic rocks[END_REF][START_REF] Eickmann | Geochemical constraints on the modes of carbonate precipitation in peridotites from the Logatchev Hydrothermal Vent Field and Gakkel Ridge[END_REF][START_REF] Schwarzenbach | Serpentinization and carbon sequestration: A study of two ancient peridotite-hosted hydrothermal systems[END_REF][START_REF] Schroeder | Fluid circulation and carbonate vein precipitation in the footwall of an oceanic core complex, Ocean Drilling Program Site 175[END_REF][START_REF] Grozeva | Experimental study of carbonate formation in oceanic peridotite[END_REF].

En étudiant les isotopes de l'oxygène de calcites contenues dans les serpentinites, Lafay et al. (2017) estiment une température de précipitation des ophicarbonates située entre 110 et 180°C, ce qui est cohérent avec la température optimale théorique (environ 155°C) de carbonatation des serpentinites par un fluide aqueux saturé en CO2 [START_REF] Gerdemann | Carbon Dioxide Sequestration by Aqueous Mineral Carbonation of Magnesium Silicate Minerals[END_REF]. Les modélisations thermodynamiques de [START_REF] Klein | Thermodynamic constraints on mineral carbonation of serpentinized peridotite[END_REF] s'accordent aussi sur une température de l'ordre de 150°C. En plus de l'activité en CO2, l'activité de la silice (aSiO2) joue un rôle sur la stabilité des carbonates dans les serpentinites [START_REF] Klein | Thermodynamic constraints on mineral carbonation of serpentinized peridotite[END_REF][START_REF] Menzel | Carbonation of mantle peridotite by CO2-rich fluids: the formation of listvenites in the Advocate ophiolite complex (Newfoundland, Canada)[END_REF]. La présence de pyroxène dans la roche pourrait ainsi favoriser la formation de talc ou d'antigorite aux dépens des carbonates (Figure 6). CO2-H2O impliqués dans la carbonatation isotherme des serpentinites à 0,5 GPa (de [START_REF] Menzel | Carbonation of mantle peridotite by CO2-rich fluids: the formation of listvenites in the Advocate ophiolite complex (Newfoundland, Canada)[END_REF].

Les ophicarbonates contiennent environ 11 pds% de CO2 [START_REF] Sciurto | Water-rock interaction on Zabargad Island, Red Sea-A case study: I. Application of the concept of local equilibrium[END_REF][START_REF] Poli | Petrology of Subducted Slabs[END_REF]. Dans leur modèle, Dasgupta et Hirschmann (2010) font l'hypothèse que la présence d'ophicarbonates est restreinte aux premiers 100 mètres de la lithosphère océanique. Pour un taux de subduction de 3 km 2 /an, cela donne un flux de carbone mantellique de 3,6 × 10 13 g/an au niveau des zones de subduction. Ils notent qu'il existe de grandes incertitudes sur cette valeur. En effet, il n'est pas réaliste de faire l'hypothèse que les ophicarbonates sont présents partout dans le manteau exhumé étant donné qu'ils sont généralement restreints aux zones tectoniques de faibles températures. De plus, 100 m d'ophicarbonates semble être une valeur fortement surestimée car des études récentes sur des ophiolites alpines montrent que ces niveaux ne dépassent que très rarement 40 m (e.g., [START_REF] Coltat | Syntectonic carbonation during synmagmatic mantle exhumation at an ocean-continent transition[END_REF]. Enfin, la présence de serpentinites étant hypothétique dans les contextes de dorsales rapides, il est peu probable que des ophicarbonates se forment en profondeur sous le Moho dans ce contexte. Kelemen et Manning (2015) utilisent une approche différente pour estimer les quantités de carbonates stockés dans le manteau serpentinisé. Ces auteurs suggèrent que les quantités de carbone inorganique stocké dans les serpentinites aux dorsales lentes et ultra-lentes ne sont pas significatives. En effet, des études sismiques montrent que seulement 5 à 15% du plancher océanique formé au niveau des dorsales lentes à ultra-lentes sont composés de serpentinites [START_REF] Carlson | The abundance of ultramafic rocks in Atlantic Ocean crust[END_REF]. La lithosphère océanique formée aux dorsales lentes à ultra-lentes ne composant que 30% des plaques subduites, cela donne un plancher océanique subduit global composé seulement de 1 à 4% de serpentinites. A l'inverse, ces auteurs suggèrent que les serpentinites se forment principalement pendant la subduction lors de la flexure de la plaque plongeante. En effectuant une compilation minimaliste des données obtenues sur des serpentinites abyssales et d'ophiolites, Kelemen et Manning (2015) remarquent que la quantité de CO2 total stocké est proportionnelle au taux de serpentinisation (Figure 7). Ces auteurs estiment, en accord avec les études géophysiques de van Avendonk et al.

(2011), un taux de serpentinisation de la plaque subduite entre 10 et 30 % sur une épaisseur de 10 km.

En faisant l'hypothèse que les teneurs en carbone sont similaires entre les serpentinites des dorsales et celles des zones de subduction, ils proposent des valeurs de 4 à 15 Mt/an de carbone subduit par ces roches. Il est important de noter que ces études ne prennent en compte que le carbone inorganique. Or, l'étude de Shilobreeva et al. (2011) sur le trou ODP/IODP 1256D (East Pacific Rise) montre que plus de 75% du carbone total est sous la forme organique, contre 25% sous la forme de carbonates. De plus, de nombreuses études montrent que les quantités de carbone organique dans la croûte mafique et le manteau serpentinisé, bien que très variables, peuvent atteindre jusqu'à 7000 ppm (Delacour et al. 2008 ;[START_REF] Schwarzenbach | Serpentinization and carbon sequestration: A study of two ancient peridotite-hosted hydrothermal systems[END_REF]. En effet, La présence de composés organiques est maintenant reconnue non seulement dans les fluides (sous la forme notamment d'alcanes à chaîne courte dont le méthane et de petits acides organiques comme le formate HCOO -), mais aussi dans les roches formant, entre autres, de la matière carbonacée solide ou des minéraux (Sforna et al. 2018 ;[START_REF] Andreani | New perspectives on abiotic organic synthesis and processing during hydrothermal alteration of the oceanic lithosphere[END_REF], des alcanes et acides carboxyliques de poids moléculaires moyens et des acides aminés [START_REF] Pasini | Low temperature hydrothermal oil and associated biological precursors in serpentinites from Mid-Ocean Ridge[END_REF][START_REF] Ménez | Abiotic synthesis of amino acids in the recesses of the oceanic lithosphere[END_REF]. La nature, la diversité et la stabilité de ces composés organiques solides ou adsorbés restent mal connues, tandis que leur origine n'est pas limitée à l'activité biologique des océans, et environnements sédimentaires, mafiques et ultramafiques (i.e., sous la forme de cellules actives ou de kérogènes) mais peut également être abiotique.

Notamment, il est proposé que du carbone organique d'origine abiotique puisse se former via des processus de réduction ou d'hydrogénation du CO2, des ions carbonates ou du monoxyde de carbone CO (Figure 9) voire de graphite. En outre, il a récemment été proposé que des composés organiques puissent se former en profondeur sur Terre, dans des conditions pression-température (P-T) non compatibles avec la vie (e.g., [START_REF] Sverjensky | Important role for organic carbon in subduction-zone fluids in the deep carbon cycle[END_REF]. Or seules les parties superficielles de la lithosphère océanique, altérées dans des conditions oxydantes, sont accessibles aux forages océaniques. Dans ces niveaux altérés, Alt et Teagle (1999) montrent notamment une décroissance des quantités de carbone inorganique avec la profondeur. Il est donc possible d'émettre l'hypothèse que le carbone organique puisse dominer les parties profondes de la lithosphère océanique où les conditions anoxiques et la circulation limitée de l'eau de mer limitent la formation de carbonates tandis que la production d'H2 notamment liée à la serpentinisation y est optimale [START_REF] Klein | Compositional controls on hydrogen generation during serpentinization of ultramafic rocks[END_REF]. En effet, [START_REF] Martinez | The origin and fate of C during alteration of the oceanic crust[END_REF] montrent que les 300 premiers mètres de la croûte océanique sont dominés par le carbone inorganique dont la quantité diminue avec la profondeur, alors que les parties plus profondes sont dominés par le carbone réduit. Les auteurs proposent qu'une proportion de ce carbone réduit pourrait s'être formée à travers une réduction abiotique du CO2 magmatique. Aussi, même si les quantités de carbone organique dans la croûte océanique semblent inférieures à celles rapportées pour les carbonates solides, les mécanismes de formation et leur stabilité font qu'elles seraient potentiellement stables en conditions extrêmes et pourraient donc jouer un rôle majeur sur le cycle profond du carbone. En effet, au-delà des cheminées hydrothermales, il a été identifié des biopolymères dérivés de protéines, et de lipides dans des hydro-andradites présentes dans des serpentinites de la ride Médio-Atlantique (Figure 10 ; Ménez et al. 2012). Ceux-ci sont interprétés comme étant des reliques d'une colonisation microbienne endogène. Cependant, les conditions de piégeage de la matière organique via ces processus biologiques sont limitées à des températures inférieures à 122°C (température limite de la vie actuellement connue ; [START_REF] Kashefi | Extending the Upper Temperature Limit for Life[END_REF]. Ces processus sont donc peu étendus en profondeur.

Figure 10 : Association avec des hydro-andradites de polymères organiques portant des fonctionnalités biologiques (Ménez et al. 2012)

. (a,b) Images optiques des associations hydro-andradites (H-Adr) ± magnétite (Mt) formant des chaînes le long de microfractures dans les orthopyroxènes bastitisés (Bast). (c) Carte Raman pour les espèces inorganiques montrées en (b). (d-f) Distributions de l'intensité des séries de bio-pics (BPS) dans le premier (d) et second (e) ordre Raman, et spectre associé (f) extrait du point marqué par le symbole rouge en (e). Les deux distributions reflètent l'accumulation de composés

aliphatiques et aromatiques ainsi que de groupes fonctionnels dans le partie interne de l'hydroandradite et la bastite hôte.

L'un des premiers mécanismes de haute température de synthèse abiotique de composés organiques a été identifié dans les systèmes hydrothermaux hébergés par les serpentinites [START_REF] Charlou | Intense CH4 plumes generated by serpentinization of ultramafic rocks at the intersection of the 15°20ʹN fracture zone and the Mid-Atlantic Ridge[END_REF]Kelley et al. 2005a). Dans ces contextes, l'interaction de l'eau de mer avec les péridotites permet leur serpentinisation :

Olivine + H2O → Serpentine + Brucite + Magnetite + H2 Cette réaction a lieu à des températures comprises entre la température ambiante et 700°C [START_REF] Bromiley | The stability of antigorite in the systems MgO-SiO2 -H2O (MSH) and MgO-Al2O3 -SiO2 -H2O (MASH): The effects of Al 3+ substitution on high-pressure stability[END_REF][START_REF] Andreani | Dynamic control on serpentine crystallization in veins: Constraints on hydration processes in oceanic peridotites[END_REF]). L'eau oxyde le fer ferreux contenu dans les olivines et les pyroxènes, puis est réduite en H2. Le fer ferrique nouvellement formé est redistribué dans les serpentines et la magnétite [START_REF] Andreani | μXANES study of iron redox state in serpentine during oceanic serpentinization[END_REF][START_REF] Klein | Magnetite in seafloor serpentinite-Some like it hot[END_REF].

Le pouvoir réducteur dérivé des réactions de serpentinisation a été reconnu comme le moteur de la formation de composés organiques, comme le méthane (CH4), potentiellement via des processus tels que les réactions de type Fischer-Tropsch (FFT) ou Sabatier [START_REF] Holm | Initial indications of abiotic formation of hydrocarbons in the Rainbow ultramafic hydrothermal system, Mid-Atlantic Ridge[END_REF], dont l'équation générale est la suivante :

(2n+1) H2 + n CO → CnH2n+2 + n H2O
Cependant, les cinétiques de production du méthane étant relativement lentes dans les contextes de basse température (<400°C ; [START_REF] Mccollom | A reassessment of the potential for reduction of dissolved CO 2 to hydrocarbons during serpentinization of olivine[END_REF], ces réactions peuvent aboutir à la formation et la précipitation de matière organique abiotique dans les roches de la lithosphère océanique [START_REF] Milesi | Formation of CO2, H2 and condensed carbon from siderite dissolution in the 200-300°C range and at 50MPa[END_REF]. (Sforna et al., 2018). (b) Distribution élémentaire associée du carbone (rouge), du fer (vert) et du magnésium (bleu). (Sforna et al., 2018). (c) Image MEB en électrons rétrodiffusés de fins films organiques recouvrant la surface d'une hydro-andradite contenue dans les plans d'exsolutions d'un pyroxène mantellique bastitisé (Sforna et al., 2018). ( d (Sforna et al., 2018 (e) Image MEB en électrons rétrodiffusés de l'association à micro-échelle de la CCM et de la magnétite (Mag). [START_REF] Nan | The nanogeochemistry of abiotic carbonaceous matter in serpentinites from the Yap Trench, western Pacific Ocean[END_REF]. (f) Spectres Raman de la CCM mettant en évidence les liaisons aliphatiques et les groupements aromatiques [START_REF] Nan | The nanogeochemistry of abiotic carbonaceous matter in serpentinites from the Yap Trench, western Pacific Ocean[END_REF]. (g) Exemple d'un minéral organique : une veine de karpatite (cristaux jaunes) entourée de quartz (cristaux blancs) et de cinabre (HgS) (spots rouges) (Potticary et al. 2017).

(h) Molécules structurantes des minéraux organiques identifiés par [START_REF] Ciliberto | Aliphatic hydrocarbons in metasomatized gabbroic xenoliths from Hyblean diatremes (Sicily): Genesis in a serpentinite hydrothermal system[END_REF].

En effet, plusieurs études rapportent différents types de composés organiques dont l'origine serait abiotique. Par exemple, Sforna et al. (2018) observent différents types de matière carbonacée condensée (Condensed Carbonaceous Matter CCM) dans des serpentinites des ophiolites Liguriennes (Apennins du Nord), en association avec des paragenèses de très basse température (e.g., hydroandradite, hématite, saponite ; Figure 11). Le fait que différents types de CCM (i.e., qui montrent sur les spectres Raman associés des taux d'oxygénation, d'aromaticité et d'aliphaticité distincts ; Figure 11) soient associées à différentes paragenèses minérales suggère que leur formation est concomitante, et qu'il s'agit d'une genèse endogène abiotique de carbone organique. Cette dernière serait initiée par la formation d'H2 lors de la précipitation des hydro-andradites ou de l'hématite qui permet la réduction du carbone inorganique en carbone organique (e.g., réactions FFT). Cette formation de CCM serait favorisée en présence de catalyseurs comme le chrome. [START_REF] Ciliberto | Aliphatic hydrocarbons in metasomatized gabbroic xenoliths from Hyblean diatremes (Sicily): Genesis in a serpentinite hydrothermal system[END_REF] suggèrent la présence de minéraux organiques à partir de spectres DRX (exemple : karpatite, kratochvilite, idrialite, evenkite, simonellite ; Figure 11) obtenus sur des xénolithes gabbroïques provenant d'une ancienne zone hydrothermale (diatrèmes Hybléens, Sicile). Ce type de minéral consiste en l'arrangement périodique cristallin de molécules organiques (exemple : arrangement de coronene pour la karpatite) liées entre elles par des liaisons hydrogène (Figure 11). Parmi les minéraux organiques on trouve des minéraux de type alcanes, formés uniquement de chaînes aliphatiques (tel que l'evenkite), et aromatiques, formés de PAHs (tels que la karpatite, la kratochvilite, l'idrialite et la simonellite) (Figure 11). Les PAHs peuvent aussi contenir, par alkylation, des chaînes aliphatiques rattachées aux groupements aromatiques, expliquant le fait que [START_REF] Ciliberto | Aliphatic hydrocarbons in metasomatized gabbroic xenoliths from Hyblean diatremes (Sicily): Genesis in a serpentinite hydrothermal system[END_REF] observent de longues chaînes aliphatiques dans leurs minéraux organiques. Bien qu'il soit difficile de déterminer si ces hydrocarbures ont une origine biologique ou abiotique, ces auteurs proposent une formation abiotique où les réactions de type FTT auraient permis la synthèse de ce type de composés. En domaine abyssal aussi, des composés organiques d'origine abiotique a été identifiée. [START_REF] Ménez | Abiotic synthesis of amino acids in the recesses of the oceanic lithosphere[END_REF] observent ainsi des acides aminés dans des harzburgites serpentinisées provenant de l'Atlantis Massif et proposent que ceux-ci se forment grâce à des réactions de Friedel-Craft, catalysées par la présence de saponite riche en fer. De même, [START_REF] Nan | The nanogeochemistry of abiotic carbonaceous matter in serpentinites from the Yap Trench, western Pacific Ocean[END_REF] mettent en évidence de la CCM au niveau de l'actuelle fosse océanique de Yap (Pacifique Ouest). Cette CCM est intimement liée à de la magnétite, et est porteuse de chaînes aliphatiques et de groupements aromatiques (Figure 11). Le fait qu'aucun groupement fonctionnel typique d'organisme biologique n'ait été identifié dans ces roches supporte une origine abiotique de cette matière carbonacée.

Associé à la matière carbonacée, d'autres composés carbonés ont pu être identifiés. Notamment, dans des inclusions fluides provenant du massif ophiolitique de Moa-Baracoa (Cuba), [START_REF] Pujol-Solà | Diamond forms during low pressure serpentinisation of oceanic lithosphere[END_REF] montrent la présence de carbone amorphe (Figure 12). Ce dernier présente des spectres Raman avec une bande large à environ 1350 cm -1 caractéristique d'un faible degré d'organisation et une bande G du graphite peu prononcée, toutes deux témoignant d'un désordre important. Associé à ce carbone, [START_REF] Pujol-Solà | Diamond forms during low pressure serpentinisation of oceanic lithosphere[END_REF] rapportent aussi des nanodiamants (Figure 12). Cette observation démontre la possibilité d'une formation de diamant métastable à des conditions de faibles températures (T<350°C) et pressions (P<0,2 GPa). Les nanodiamants observés sont associés à du méthane, de la serpentine, de la magnétite ainsi qu'à des minéraux nouvellement formés (diopside, chlorite, C amorphe et calcite).

Les processus de serpentinisation permettent une formation importante d'H2, qui elle-même permet la formation de CH4 pouvant se retrouver ensuite piégé dans les inclusions fluides des minéraux des roches mafiques et ultramafiques. Les nanodiamants pourraient donc se former par rééquilibration du systèmes C-H-O selon la réaction suivante :

CH4 + CO2 = C(Dia) + 2H2O
Ainsi, les nanodiamants pourraient cristalliser à partir d'un fluide C-O-H dans le champ de stabilité du graphite, sans précurseurs. La stabilité des nanodiamants par rapport au graphite dépend principalement de la taille du cristal et de la température, et est indépendante de la pression [START_REF] Jiang | The size dependence of the diamond-graphite transition[END_REF]. Cependant, leur taille nanométrique fait qu'ils sont difficilement identifiables, les quantités de nanodiamants formés lors de la serpentinisation sont donc potentiellement largement sousestimées. 

Devenir du carbone lors de la subduction

Le devenir du carbone pendant la subduction est intimement lié aux réactions de déshydratation accompagnant l'enfouissement de la plaque plongeante. Les mécanismes de dissolution et de solubilisation du carbone dans les fluides à HP-HT et de précipitation dépendent du type de carbone considéré (i.e., inorganique versus organique) et des variations des conditions de pression, température, fugacité en oxygène (fO2), pH et activité en CO2 lors des réactions métamorphiques. Il existe de grandes divergences entre les modèles de flux vers le manteau profond (Figure 1). Ceci peut être expliqué par différents mécanismes pouvant opérer pendant la subduction et conduisant à des extractions plus ou moins efficaces du carbone depuis la plaque plongeante vers le coin mantellique.

Dévolatilisation des carbonates

Parmi les mécanismes mis en jeu lors de la subduction, la décarbonatation métamorphique « simple » correspond à une réaction métamorphique entre silicates et carbonates libérant du CO2. Ce type de réaction est principalement contraint par des variations en pression et température et peut être exprimé tel que :

CaCO3 + SiO2 = CaSiO3 + CO2 aragonite + quartz = wollastonite + CO2
Il s'agit de la première hypothèse formulée dans la littérature pour transférer du carbone depuis la plaque plongeante vers le coin mantellique [START_REF] Kerrick | Present and past nonanthropogenic CO 2 degassing from the solid earth[END_REF]. Cette hypothèse prend en compte un système fermé. Cependant, des expériences d'équilibre de phases [START_REF] Williams | Experimental demonstration of refractory carbonate-bearing eclogite and siliceous melt in the subduction regime[END_REF][START_REF] Molina | Carbonate stability and fluid composition in subducted oceanic crust: an experimental study on H2O-CO2-bearing basalts[END_REF][START_REF] Poli | The transport of carbon and hydrogen in subducted oceanic crust: An experimental study to 5 GPa[END_REF], ainsi que des calculs thermodynamiques [START_REF] Kerrick | Metamorphic devolatilization of subducted oceanic metabasalts: implications for seismicity, arc magmatism and volatile recycling[END_REF]Connolly 2005) suggèrent que ce mécanisme est peu efficace pour mobiliser le carbone dans les fluides. Par exemple, les modélisations thermodynamiques de Kerrick et Connolly (2001) montrent que les pertes en CO2 par décarbonatation métamorphique simple de la croûte basaltique altérée sont efficaces uniquement pour des géothermes de hautes températures, et ceci en proportion limitée (perte de 1 pds% de CO2 maximum) (Figure 13). En considérant uniquement ce type de mécanisme, la grande majorité du carbone stocké dans lithosphère océanique resterait stable lors de la subduction et serait transférée vers le manteau profond. De nombreuses études montrent que les carbonates sont particulièrement solubles dans les fluides aqueux et à des températures relativement basses [START_REF] Caciagli | The solubility of calcite in water at 6-16 kbar and 500-800°C[END_REF][START_REF] Frezzotti | Carbonate dissolution during subduction revealed by diamond-bearing rocks from the Alps[END_REF][START_REF] Facq | In situ Raman study and thermodynamic model of aqueous carbonate speciation in equilibrium with aragonite under subduction zone conditions[END_REF][START_REF] Milesi | Formation of CO2, H2 and condensed carbon from siderite dissolution in the 200-300°C range and at 50MPa[END_REF][START_REF] Poli | Carbon mobilized at shallow depths in subduction zones by carbonatitic liquids[END_REF]. Ceci suggère que l'infiltration de fluides aqueux dans les lithologies carbonatées pourrait initier une dévolatilisation importante des carbonates de la plaque plongeante à faibles profondeurs (entre 60 et 90 km ; [START_REF] Gorman | Modeling open system metamorphic decarbonation of subducting slabs[END_REF]Kelemen et Manning, 2015). En effet, les modèles thermodynamiques de [START_REF] Gorman | Modeling open system metamorphic decarbonation of subducting slabs[END_REF] montrent que ces mécanismes pourrait relâcher vers le coin mantellique jusqu'à 40% du carbone inorganique subduit.

Le paramètre majeur contrôlant la solubilité des carbonates dans les fluides serait l'activité en CO2 [START_REF] Gorman | Modeling open system metamorphic decarbonation of subducting slabs[END_REF]. Kelemen et Manning (2015) ré-évaluent les quantités de carbone transféré par ces mécanismes en considérant la solubilité de la calcite dans des fluides dérivés de la déstabilisation de la serpentine à HP-HT (Figure 14) et aboutissent à environ 5000 ppm de carbone inorganique dévolatilisé lors de la déstabilisation de l'antigorite à 700°C et 3 GPa. Une serpentinite contenant environ 14 pds% d'H2O, cela signifie que la déstabilisation de l'antigorite pourrait libérer suffisamment d'H2O pour lessiver tous les minéraux carbonatés de la plaque plongeante. Ainsi, Kelemen et Manning (2015) suggèrent que jusqu'à 100% des carbonates peuvent être solubilisés durant la subduction, prévenant ainsi l'existence d'un recyclage du carbone en profondeur. Cependant, Menzel et al. (2020) suggèrent que les prédictions de solubilité du carbone basées seulement sur une composition de roche totale initiale et constante surestiment grandement les quantités de carbone relâchées, et que la solubilité du carbone dans les ophicalcites diffère par rapport à un système CaCO3 pur. En effet, il se produit des changements minéralogiques importants lors de la déshydratation des serpentinites. Ces modélisations thermodynamiques plus récentes montrent que la solubilité du carbone inorganique dans les fluides décroît avec l'augmentation du rapport fluide/roche au cours des différentes réactions métamorphiques accompagnant la déshydratation des serpentinites à HT. Ces modèles montrent aussi que les ophicalcites conservent une grande partie de leur carbone durant la subduction, même pour des subductions chaudes. De même, la solubilité des carbonates est fonction de leur composition chimique : la calcite est plus soluble que la magnésite et la sidérite [START_REF] Pan | Dielectric properties of water under extreme conditions and transport of carbonates in the deep Earth[END_REF]) (Figure 15). Ainsi, les simplifications des modèles de Kelemen et Manning (2015) surestiment les quantités de carbone dissoutes dans les fluides aqueux relâchés par les serpentinites pendant la subduction. L'étude de Frezzotti et al. (2011) sur des inclusions fluides riches en carbone (présence de diamant, de matière carbonacée désordonnée ainsi que d'ions bicarbonates, carbonates et sulfates, de monomères de silices et de cristaux de carbonates et de silicates) dans des grenats contenus dans des roches métasédimentaires d'ultra-haute pression appuie l'hypothèse d'une dissolution significative des carbonates pendant la subduction. De même, les taux de perte de CO2 estimés dans des marbres subduits sont aussi largement supérieurs à ceux potentiellement atteints lors de processus de décarbonatation « simple », suggérant que la participation de fluides externes dans la déstabilisation des carbonates à HP-HT est un processus majeur pendant la subduction (Ague et Nicolescu 2014).

Cependant, l'existence de métabasaltes, de métasédiments et de méta-ultramafites carbonatés dans les méta-ophiolites alpines suggère que les lithologies de HP peuvent aussi conserver une partie importante de leur carbone inorganique pendant le métamorphisme prograde, au moins à l'écart des voies principales de circulation des fluides aqueux dans la plaque plongeante [START_REF] Cook-Kollars | Subduction zone metamorphic pathway for deep carbon cycling: I. Evidence from HP/UHP metasedimentary rocks, Italian Alps[END_REF][START_REF] Collins | Subduction zone metamorphic pathway for deep carbon cycling: II. Evidence from HP/UHP metabasaltic rocks and ophicarbonates[END_REF]. De plus, [START_REF] Menzel | Subduction metamorphism of serpentinite-hosted carbonates beyond antigorite-serpentinite dehydration (Nevado-Filábride Complex, Spain)[END_REF] ont montré que les relations entre les phases minéralogiques des méta-ophicarbonates des massifs de Milagrosa et de Cerro del Almirez (complexe Nevado-Filábride, Cordillères Bétiques, Espagne) indiquent une décarbonatation limitée en système ouvert en présence de fluides. Bien qu'il existe une potentielle carbonatation rétrograde tardive pendant l'exhumation des massifs ophiolitiques (e.g., [START_REF] Piccoli | Carbonation by fluid-rock interactions at highpressure conditions: Implications for carbon cycling in subduction zones[END_REF]Vitale Brovarone et al. 2017), l'abondance de marbres [START_REF] Piccoli | Carbonation by fluid-rock interactions at highpressure conditions: Implications for carbon cycling in subduction zones[END_REF]Scambelluri et al. 2016) [START_REF] Sverjensky | Important role for organic carbon in subduction-zone fluids in the deep carbon cycle[END_REF].

Au-delà des aspects de solubilité, de récentes études mettent en évidence que les carbonates peuvent être réduits lors des processus métamorphiques. Les premières évidences proviennent d'études expérimentales, telles que celle de [START_REF] Mccollom | Formation of meteorite hydrocarbons from thermal decomposition of siderite (FeCO3)[END_REF] où de la sidérite, chauffée en présence de vapeur d'eau à 300°C, est décomposée en CO2, H2, magnétite et composés organiques, principalement des composés aromatiques alkylés via la réaction suivante : 3FeCO3 + wH2O => Fe3O4 + xCO2 + yCO + zH2 + composés organiques, où w, x et y sont des coefficients stoechiométriques indifférenciés. [START_REF] Milesi | Formation of CO2, H2 and condensed carbon from siderite dissolution in the 200-300°C range and at 50MPa[END_REF] ont réalisé des expériences à moyenne température (200-300 °C, 50 MPa) en utilisant aussi de la sidérite en présence d'eau. Dans la phase gazeuse, ils détectent du CO2, et en moindre proportion de l'H2 et du CH4. Ils observent aussi dans la phase dissoute de l'acide formique (HCOOH), de l'acide acétique (CH3COOH), du méthanol (CH₃OH), de l'éthanol (C₂H₆O), du propanol (C₃H₈O) et de l'acétone (C3H6O) alors que les phases solides sont composées de magnétite et d'une phase condensée riche en carbone, probablement faite de courtes unités de graphène, suggérant un degré d'organisation faible. La sidérite est ainsi majoritairement réduite en matière carbonacée condensée en présence d'H2. L'étude de Galvez et al. (2013) montre que du carbone graphitique abiotique avec une cristallinité élevée peut se former dans le faciès schiste bleu, à partir de la réduction de la calcite dans une zone de réaction entre métasédiments et métaserpentinites. Du carbone graphitique et du méthane CH4 ont aussi été identifiés dans des ophicarbonates subduits (Vitale-Brovarone et al., 2017 ;Figure 17). Le carbone graphitique se formerait par sursaturation de méthane, via la réaction suivante : Antigorite + Ca-carbonate + H2 = Diopside + Brucite + CH4 +H2O D'autres exemples sont présents dans la littérature. [START_REF] Peng | Abiotic methane generation through reduction of serpentinitehosted dolomite: Implications for carbon mobility in subduction zones[END_REF] reportent la réduction de dolomite en calcite, brucite et méthane à la suite d'une serpentinisation de la ceinture métamorphique du Tianshan (Chine) ayant lieu lors du chemin rétrograde (à 7-9 kbar, 410-430°C). Tao et al. (2018) montrent que du graphite et des hydrocarbures peuvent se former à HP-HT lors de la subduction après la réduction de l'ankérite en présence d'eau, où le composant FeCO3 de l'ankérite est le réactant fondamental de réaction redox mise en jeu. [START_REF] Debret | High-pressure synthesis and storage of solid organic compounds in active subduction zones[END_REF] ont récemment reporté la formation de composés organiques aliphatiques solides dans des roches de HP. La nature de ces composés organiques n'est pas compatible avec la maturation du kérogène en graphite, suggérant ainsi une origine abiotique. Cette observation montre donc qu'il est possible de former la matière carbonacée à HP-HT à partir de carbonates pendant la subduction. Ces auteurs estiment qu'entre 5 et 54 % des carbonates de la plaque subduite pourrait être convertis en composé organique à HP lors du processus de subduction. 

Devenir du carbone organique lors de la subduction

L'augmentation de la pression et de la température lors de la subduction va permettre la graphitisation de la matière organique d'origine biologique présente dans les sédiments. La graphitisation correspond à la transition du kérogène immature peu ordonnée à du graphite. Comme vu en section 3.1.1.2, le kérogène immature est une structure macromoléculaire 3D constituée de cycles benzéniques ainsi que de chaînes aliphatiques et d'hétéroatomes (principalement de l'hydrogène, de l'oxygène, de l'azote et du soufre). Quant au graphite, cristal de carbone pur, il est constitué d'un empilement de plans d'unités aromatiques de carbone cohérents et répétitifs nommés graphène. Les orbitales du graphite sont d'hybridation sp 2 . Au fur et à mesure de l'augmentation en pression et température, le kérogène va se convertir en graphite en deux étapes : tout d'abord, la carbonisation va aboutir à la perte de l'oxygène, de l'azote et du soufre. Ensuite, vers 150°C, se produit un craquage des liaisons C-C des chaînes aliphatiques et une perte de l'hydrogène. Se forment ainsi des plans de graphène par aromatisation du carbone et baisse de la quantité relative d'hydrogène par rapport au carbone. Le Raman est une technique de spectroscopie vibrationnelle utile pour déterminer le degré de cristallinité de la matière carbonacée et du graphite. La matière carbonacée désordonnée comme le kérogène va présenter un spectre Raman avec deux bandes spécifiques dans le premier ordre : la bande D et la bande G. La bande D (D pour disorder) témoigne de la présence d'hydrogène, d'hétéroatomes ainsi que de défauts structuraux qui se traduit également par la petite taille des domaines cohérents constitués d'unités aromatiques. La bande G (G pour graphite) atteste quant à elle de la présence de plans de graphène. Ainsi, au fur à mesure de la subduction et de l'augmentation de la température, le degré de cristallinité de la matière carbonacée va s'accroître, faisant que la bande D va disparaître progressivement et la bande G va s'affiner (Figure 18). Des décalages de nombres d'ondes et une diminution de la largeur à mi-hauteur des bandes sont également observés de manière concomitante. Les spectres Raman peuvent ainsi être utilisés pour déterminer la température maximale que la matière carbonacée a connue lors de son métamorphisme (Beyssac et al. 2002). Le graphite a longtemps été considéré comme un composé réfractaire dans la plaque plongeante, montrant des solubilités faibles dans les fluides métamorphiques (Connolly et Cesare 1993) et les liquides silicatés (Duncan et Dasgupta 2017). Ainsi, Duncan et Dasgupta (2017) suggèrent que plus de 60% du graphite est efficacement recyclé dans le manteau profond. Cependant, les modélisations de [START_REF] Manning | The Chemistry of Carbon in Aqueous Fluids at Crustal and Upper-Mantle Conditions: Experimental and Theoretical Constraints[END_REF] montrent que la solubilité du graphite peut être étonnamment importante dans les fluides, notamment dominés par le CO2. Aussi, l'interaction de fluides aqueux profonds avec des roches silicatées et riches en graphite permettrait la dissolution des silicates, ce qui aurait comme conséquence d'accélérer la dissolution du graphite (et donc les concentrations en carbone du fluide) [START_REF] Tumiati | Silicate dissolution boosts the CO2 concentrations in subduction fluids[END_REF]. Le degré de cristallinité du graphite aurait aussi des conséquences sur sa solubilité [START_REF] Tumiati | Dissolution susceptibility of glass-like carbon versus crystalline graphite in high-pressure aqueous fluids and implications for the behavior of organic matter in subduction zones[END_REF]) : dans les débuts de la subduction, la matière organique désordonnée serait plus soluble que le graphite, mais ce serait l'inverse à plus haute pression et température. En ce qui concerne la matière organique d'origine abiotique formée au niveau des zones hydrothermales, il existe pour l'instant peu d'études s'intéressant à son devenir pendant la subduction. Bouilhol et al. (2022) observent une grande variabilité de types de carbone graphitique en inclusion dans des olivines métamorphiques formées pendant la déshydratation des serpentinites dans le faciès éclogite [START_REF] Dasgupta | The deep carbon cycle and melting in Earth's interior[END_REF][START_REF] Vitale Brovarone | Massive production of abiotic methane during subduction evidenced in metamorphosed ophicarbonates from the Italian Alps[END_REF] GPa, 550-650°C ; Figure 19). Cette variabilité est peu compatible avec la simple maturation thermique de la matière organique sédimentaire de type kérogène pendant la subduction (Figure 18), appelant à d'autres scénarios. Ces auteurs proposent notamment que la variabilité des composés graphitiques dans les serpentinites de HP pourrait refléter la maturation de différents composés organiques abiotiques d'origine hydrothermale pendant la subduction. Cependant, le devenir de ces composés lors de l'augmentation des conditions P-T accompagnant la subduction reste spéculatif. Concernant les PAHs, les expériences de HP-HT de Chanyshev et al. (2015de Chanyshev et al. ( , 2017) ) montrent que ces derniers se décomposent en graphite nano-cristallin présentant un désordre important et en H2 (Figure 20). Les diagrammes de phase montrent que les PAHs de HP sont peu stables lors du chemin rétrograde. 

Conclusion

Bien qu'il fût admis qu'entre 20 à 80% des carbonates étaient efficacement recyclés en profondeur, les études pétrologiques et les modélisations thermodynamiques ont permis de mettre en évidence une solubilisation importante de ces derniers lors de la subduction, bouleversant ainsi les modèles établis. Cependant, l'étendue de cette solubilisation est mal contrainte, car potentiellement limitée aux voies principales de circulation de fluides dans la plaque plongeante ou surestimée car ne prenant pas en compte les changements minéralogiques opérant lors de la subduction. D'autre part, le carbone organique d'origine abiotique, qu'il soit hérité de l'altération hydrothermale océanique ou néo-formé lors de la subduction, n'a pas été pris en compte dans les modèles de flux et il reste à déterminer si cette fraction du carbone est à même de jouer un rôle important sur Terre. Il apparaît ainsi important de contraindre dans quelles proportions le carbone est solubilisé et/ou réduit lors de la subduction, sous quelle forme et de connaître quels paramètres influencent ces différentes trajectoires.

Le principal objectif de cette thèse est de tester et quantifier les mécanismes de solubilisation versus réduction des carbonates à HP-HT lors de la déshydratation de la plaque plongeante en contexte de subduction. Pour cela, nous nous sommes intéressés aux méta-ophicarbonates et aux métaserpentinites de la méta-ophiolite du Monviso (Alpes occidentales). Celle-ci a été subduite dans le faciès éclogite (510-570°C et 2,6-2,7 GPa) pendant la subduction alpine. Nous avons choisi de réaliser en premier lieu une étude pétrologique des échantillons, afin de déterminer et d'établir l'origine des phases porteuses du carbone dans les roches éclogitiques (Chapitre I). Après avoir identifié des phases carbonées néo-formées résultant de la réduction des carbonates, nous avons réalisé une étude spectroscopique détaillée de ces différentes phases afin de contraindre leur chimie et leur structure (Chapitre II). Enfin, nous avons étudié les isotopes du Fe et du Zn des méta-ophicarbonates et des méta-serpentinites afin de déterminer l'étendue de la solubilisation des carbonates (Chapitre III).
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Introduction

Fluid/rock interactions between the slab and the mantle wedge are central in understanding geochemical cycles in subduction zones. These are particularly sensitive to redox processes and oxygen fugacity (fO2) that govern both element speciation in fluids and mineral equilibria at high pressure and high temperature (HP-HT). Strong redox gradients are observed in HP-HT slab relicts in mountain ranges (meta-ophiolites) and in active or orogenic mantle wedge areas (e.g., [START_REF] Cannaò | From oceanic to continental subduction: Implications for the geochemical and redox evolution of the supra-subduction mantle[END_REF][START_REF] Tumiati | Redox processes and the role of carbon-bearing volatiles from the slab-mantle interface to the mantle wedge[END_REF]. Although the latter were clearly shaped during subduction by slabderived fluid percolation, ongoing controversies concerns the origin of redox variations in metaophiolites and whether or not these are inherited from an abyssal stage (e.g., Bretscher et al., 2018;Vieira Duarte et al., 2021) or settled during prograde metamorphism (Debret et al., 2021;[START_REF] Padrón-Navarta | Mantle wedge oxidation due to sediment-infiltrated deserpentinisation[END_REF].

Serpentinites have the potential to record redox evolution within the subduction system. These rocks are observed in both slab and mantle wedge relicts, and have preserved a high level of redox heterogeneities (i.e., strong variations in fO2), with samples equilibrated between -4 to +3 relative to Fayalite-Magnetite-Quartz buffer (FMQ; Debret et al., 2015;Debret & Sverjensky, 2017;[START_REF] Evans | Effects of geodynamic setting on the redox state of fluids released by subducted mantle lithosphere[END_REF][START_REF] Evans | Deserpentinization in subduction zones as a source of oxidation in arcs: A reality check[END_REF][START_REF] Evans | The effect of subduction on the sulphur, carbon and redox budget of lithospheric mantle[END_REF]Galvez et al., 2013;[START_REF] Piccoli | Subducting serpentinites release reduced, not oxidized, aqueous fluids[END_REF]Vitale Brovarone et al., 2017). For example, the observation of graphite-like horizons at the contact between metaserpentinites and metasedimentary rocks in alpine meta-ophiolites (Galvez et al., 2013;Vitale Brovarone et al., 2017) suggests that fluid/rock interactions can promote carbonate reduction into methane and/or graphitic material constraining the assemblage observed in metaserpentinites to FMQ -4. At the opposite, highly oxidizing conditions were recorded in chlorite-harzburgites formed during antigorite breakdown in the Cerro del Almirez massif (Spain). There, the formation of hemo-ilmenite, chlorite, olivine and orthopyroxene could have been equilibrated up to FMQ +3 (Debret et al., 2015).

To complement these observations, thermodynamic and experimental studies have recently investigated fO2 variations during serpentinite dehydration and highlight the role of protolith (i.e., abyssal serpentinite) composition and mineralogy influencing metamorphic reactional pathways during subduction (Debret & Sverjensky, 2017;[START_REF] Evans | Effects of geodynamic setting on the redox state of fluids released by subducted mantle lithosphere[END_REF][START_REF] Evans | Deserpentinization in subduction zones as a source of oxidation in arcs: A reality check[END_REF][START_REF] Evans | The effect of subduction on the sulphur, carbon and redox budget of lithospheric mantle[END_REF][START_REF] Iacovino | Aqueous fluids are effective oxidizing agents of the mantle in subduction zones[END_REF][START_REF] Lazar | Using silica activity to model redox-dependent fluid compositions in serpentinites from 100 to 700 °C and from 1 to 20 kbar[END_REF][START_REF] Maurice | The intrinsic nature of antigorite breakdown at 3 GPa: Experimental constraints on redox conditions of serpentinite dehydration in subduction zones[END_REF]Vieira Duarte et al., 2021). However, when extrapolated to subduction systems, these models must be taken with caution as they often compare fO2 retrieved from bulk compositions and phase assemblages from various geological settings, with sometimes large uncertainties regarding the geodynamical setting (e.g., Cerro del Almirez, Spain).

The Western Alps are a relevant natural laboratory to study oceanic lithosphere cycle in subduction zones. They are among the best subduction archives in the world, with abundant eclogitic metaophiolites (500-650°C, 2-2.5 GPa) preserving fragments of oceanic mantle peridotites, gabbros, thinned continental margin and pelagic sediments partly within their pre-collisional architecture (Agard, 2021;[START_REF] Bernoulli | Ophiolites in ocean-continent transitions: From the Steinmann Trinity to sea-floor spreading[END_REF][START_REF] Lagabrielle | Mantle exhumation and lithospheric spreading: An historical perspective from investigations in the oceans and in the Alps-Apennines ophiolites[END_REF]. Subducted fragments experienced conditions typical of mature subduction worldwide and can therefore be used as a reliable proxy of metamorphic processes in subduction zones. Here we investigate the redox variations recorded in ultramafic rocks (i.e., not only metaserpentinites but also meta-ophicarbonates and chloriteschists)

composing the Monviso meta-ophiolite (Italy). The latter is a well-characterized section of oceanic lithosphere (Angiboust et al., 2012;Balestro et al., 2011Balestro et al., , 2013;;Locatelli, Federico, et al., 2019;Lombardo et al., 1978) that was subducted at eclogite facies P-T conditions before being exhumed during alpine orogeny. Based on thermodynamic models and petrological observations, we show that the meta-ophiolite recorded strong redox heterogeneities at eclogite facies conditions, from basal serpentinites equilibrated at about FMQ +2 as opposed to paleoseafloor serpentinites equilibrated at about FMQ -4. This redox gradient is opposed to what is expected at mid-ocean ridges in modern settings suggesting that it was settled during subduction. Interestingly, reduced conditions associated with paleoseafloor lithologies are likely promoted by carbonate reduction into disordered carbonaceous matter.

Geological setting

The Monviso meta-ophiolite is a mafic/ultramafic unit extending over 30 km along strike at the French-Italian border (Figure 1). It belongs to the Ligure Piemontese domain of the Western Alps, which regroups fragments of the Tethys oceanic lithosphere later subducted with the European continental crust under the Apulian margin, and exhumed during the alpine orogeny (see review by Agard, 2021).

The Monviso meta-ophiolite is separated from the blueschist-facies Queyras Schistes Lustrés Complex to the West and from the eclogite-facies Dora Maira continental unit to the East by two ductile normal faults (Ballèvre et al., 1990;Blake & Jayko, 1990). The first modern geological map of the Southern part of the Monviso massif was made by Lombardo et al. (1978) and was completed by Balestro et al. (2013) and Locatelli, Federico, et al. (2019). The Northern part of the massif was more recently mapped by Balestro et al. (2011).

The Monviso massif is mainly made of calcschists, pillowlavas, metabasalts, metagabbros and metaserpentinites. The original lithostratigraphical subdivision of the Monviso meta-ophiolite was defined in the Southern part of the massif by Lombardo et al. (1978). These authors distinguished six N-S striking and W-dipping subunits disrupted by shear zones, namely, from East to West, the Basal Serpentinite Unit, the Lago Superiore Unit, the Viso Mozzo Unit, the Passo Gallarino Unit, the Costa Ticino Unit, and the Vallanta metabasite Unit. This division was supported by P-T estimates on metagabbros, whereby ad hoc thermo-barometers [START_REF] Ellis | An experimental study of the effect of Ca upon garnet-clinopyroxene Fe-Mg exchange equilibria[END_REF][START_REF] Pattison | Reversed experimental calibration of the garnetclinopyroxene Fe -Mg exchange thermometer[END_REF] showed a heterogeneous metamorphic record along the massif, ranging from 450 ± 40°C -1.2 ± 0.3

GPa in the Passo Gallarino Unit to 620 ± 50°C -> 2.4 GPa in the Lago Superiore Unit [START_REF] Blake | The role of the serpentinite melange in the unroofing of UHPM rocks: an example from western Alps of Italy[END_REF]Schwartz et al., 2001). However, this model was revised by Angiboust et al. (2012) who tested potential heterogeneities within and between the various subunits using thermodynamic models applied to metagabbros and Raman Spectroscopy of Carbonaceous Material (RSCM) thermometry in metasedimentary rocks. These new P-T estimates rather suggest the existence of two main coherent tectonometamorphic subunits expending over 20 km long, namely the Upper and Lower Tectonic Units (also named Monviso and Lago superior Units in Angiboust et al., 2012; Figure 1). Each tectonometamorphic subunits has recorded a difference in temperature of about 70°C, with the Upper Tectonic Units being equilibrated at 480°C-2.2 GPa and the Lower Tectonic Units recording a metamorphic climax at 550°C-2.6 GPa. They were then juxtaposed at epidote-blueschist facies during alpine orogeny and are now separated by an alpine-related West-dipping shear zone, namely the Upper Shear Zone (USZ) (Figure 1a; Angiboust et al., 2012). More recently, Balestro et al. (2018) and Festa et al. (2015) proposed that the Lower Tectonic Unit could derive from an oceanic core complex, with some major shear zones resulting from the reactivation of pre-alpine structures (e.g., oceanic detachment fault, ODF). These structures were evidenced in the Northern part of the massif where the contact between metasedimentary rocks and (ultra)mafic units has been interpreted as a paleo-ODF (Figure 1a-c) separating seafloor (ophicarbonates, basalts and sedimentary rocks) and deep-seated (serpentinites and gabbros) oceanic lithologies. In the Southern part of the Lower Tectonic Unit, metasedimentary units are quasi-absent and the continuation of these paleoseafloor structures remains unclear (Figure 1a). Indeed, these were intensively reworked and overprinted by alpinerelated shear zones, namely the Intermediate and Lower Shear Zones (ISZ and LSZ, respectively; Figure 1d-e; Angiboust et al., 2012Angiboust et al., , 2014)). It is interesting to note that, despite numerous studies focusing on the Monviso meta-ophiolite over the last 30 years, the lack of systematic P-T estimates on the Northern part of the massif does not allow a truthful comparison of the metamorphic record from North to South in the massif.

Field occurrence of the studied samples

Our study aims at comparing the metamorphic and redox record of ultramafic rocks (metaserpentinites, meta-ophicarbonates, chloriteschists) along the Monviso Lower Tectonic Unit. The studied rocks were sampled along four cross sections (Figure 1b-e), namely from North to South, Colle del Baracun, Colle Armoine, Lago Superiore/Lago Fiorenza and Rifugio Quintino Sella cross sections. In addition, few metasedimentary rocks were sampled at the contact with ultramafic rocks for RSCM thermometry purpose.

Northern massif sampling

Both Colle del Baracun and Colle Armoine cross sections are characterized by a high amount of metasedimentary rocks stratigraphically sitting on metaserpentinites (thereafter referred to as paleoseafloor serpentinites, Figure 1b-c). The Colle del Baracun cross section represents an overturned fold, with the core of the fold consisting of paleoseafloor lithologies including metasedimentary rocks and few metabasalts overlying metaserpentinites (Figure 1b). Toward to the East, the limbs of the fold are composed of a ~ 300 m thick metaserpentinite layer made of foliated serpentinites embedding metagabbroic pods of several metres long. This deep-seated sequence is referred to as a basal serpentinite layer, outcropping from North to South (Lombardo et al., 1978) and stratigraphically sitting below paleoseafloor lithologies. The Colle Armoine cross section is characterized by a recumbent geometry with the core of the synformal anticlines consisting of metaserpentinites, and the limbs of metasedimentary rocks (Figure 1c). To the East, these paleoseafloor lithologies are separated from basal serpentinites by the LSZ.

Paleoseafloor lithologies were sampled at the Colle del Baracun and the Colle Armoine sensus stricto (Figure 1a). In these areas, the contacts between metasedimentary rocks and metaserpentinites are marked by intensively sheared metasomatic chloriteschist layers of several metres long. The chloriteschists are highly foliated and can display diopside and/or tremolite layers of several centimetres in thickness, associated with numerous magnetite crystals of millimetre size (Figure 2a).

Massive centimetric to metric blocks of lawsonite-rich eclogites and meta-ophimagnesites (Figure 2b) are embedded within chloriteschist foliation in both localities. Below the metasomatic shear zone, the paleoseafloor serpentinites can be associated with a pervasive network of brown veins mainly made of olivine, sometimes associated with centimetric titanoclinohumite crystals (Figure 2c).

Basal serpentinites were collected nearby the Rifugio Barbara Lowrie and toward to the North nearby Villanova village (Figure 1a-b). At Rifugio Barbara Lowrie, metaserpentinites were sampled along a cliff made of an alternance of metric to centimetric brown olivine-rich and dark blue serpentine-rich layers (Figure 2d). The brown layers form a dense anastomosed network of veins that cross-cut the dark-blue host serpentinite. Meta-rodingite dykes are also observed along the cliff. They display a black chlorite wall of about 10 cm wide, mainly made of chlorite, diopside, magnetite and andradite in contact with the host serpentinites. The Villanova metaserpentinites are intensively sheared and finely recrystallized. The rock foliation is materialised by small brown planes of several millimetre wide with sigmoidal shapes mainly made of olivine. The rock foliation can embed decimetre to metre size boudins of massive serpentinite with a pale green colour. Sella (e) areas (modified after (Angiboust et al., 2012;Balestro et al., 2018;Lombardo et al., 1978;Schwartz et al., 2001). The map at the bottom left shows the location of the Monviso meta-ophiolite in the Western Alps (after Schwartz et al., 2001). (a) The Upper Shear Zone (USZ) (dashed red line extending from North to South) delimits the main tectonic unit of the Monviso meta-ophiolite, namely the Upper and Lower Tectonic Units (Angiboust et al., 2012). The solid dark line is interpreted by Balestro et al. (2015) as a paleo-Oceanic Detachment Fault (ODF) separating crustal and/or sedimentary lithologies from ultramafic units. Yellow and pinks stars correspond to serpentinites (serp.) sampled near and away the paleo-ODF (LSZ-serpentinites and basal serpentinites, respectively). Orange stars denote sampling within the USZ, the Lower Shear Zone (LSZ) and the Intermediate Shear Zone (ISZ). (b-e) Cross sections showing the sample locations along the eclogitic oceanic lithosphere of the Monviso massif. Sampling for. Temperature estimates derived from RSCM in metasediments from Angiboust et al., 2012 and this study are reported in (a) (white and black boxes, respectively).

Southern massif sampling

The Lago Superiore/Lago Fiorenza and Rifugio Quintino Sella cross sections display similar lithostratigraphic structures. They consist, from West to East, of metabasalts sitting on a thick sequence of metagabbros and metaserpentinites (Figure 1d-e). Relative to those of the Northern part of the massif, these cross sections are characterized by scarce metasedimentary rocks and a large amount of metabasites. To the East, the cross sections are cut by the LSZ that separates metabasites from basal serpentinites (Angiboust et al., 2012;Locatelli, Verlaguet, et al., 2019). The LSZ includes highly deformed meta-ophidolomites within a serpentinite matrix (thereafter named LSZserpentinites). The LSZ-serpentinites are highly foliated and can embed massive serpentinite blocks of several metres in width. They are composed of an alternance of antigorite-rich and olivine-rich layers with sigmoidal shapes that contribute to a S-C fabric (Figure 2e -see also [START_REF] Schwartz | Pressuretemperature estimates of the lizardite/antigorite transition in high pressure serpentinites[END_REF]. To the West, the USZ (Figure 1a) also includes large block of meta-ophidolomites of metric size.

Metasedimentary rocks, meta-ophidolomites and LSZ-serpentinites were sampled at the Lago Superiore/Lago Fiorenza and nearby the Rifugio Quintino Sella. Beyond the LSZ to the East, the basal serpentinites are variably foliated with a West-dipping foliation and includes metre size eclogitic lenses. This unit wasn't resampled as sufficient data are already provided in the literature for this specific area (Gilio et al., 2020;[START_REF] Schwartz | Pressuretemperature estimates of the lizardite/antigorite transition in high pressure serpentinites[END_REF]. 

Methods

Bulk rock analyses

Bulk rock major and volatile (carbon and sulfur) elements were analysed at the SARM (Service d'Analyses des Roches et des Minéraux, Nancy, France) by Inductively Coupled Plasma Optical Emission Spectrometry (Thermo Scientific iCAP 6500) and HORIBA EMIA-320V2 Carbon/Sulfur Analyser, respectively. Sample digestions for major elements (SiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, TiO2) were performed using LiBO2 flux fusion process following the procedure described by Carignan et al. (2001). The analyses were accurate within 1-5% for SiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O and within 1-10% for TiO2 based on repeated analyses of U.S. Geological Survey and CRPG standards (Carignan et al., 2001).

Silicate and sulfide in situ analyses

In situ major element concentrations of the rock forming minerals were obtained in punctual mode on C-coated petrographic thin sections using a CAMECA SXFive electron microprobe at the CAMPARIS platform, Sorbonne Université (Paris, France; accelerating voltage 15 kV, beam current 10 nA). For representative analyses of major mineral phases, the reader is referred to Supplementary Table S1.

Scanning electron microscope (SEM) observations were performed at the platform PARI of the Institut de physique du globe de Paris of Université Paris Cité (IPGP-UPC, France) using a Zeiss EVO MA-10 and a Zeiss Auriga FEG-FIB on Au-coated petrographic thin sections. Images were collected using a backscattered electron (BSE) detector (NTS BSD) at 15 kV accelerating voltage and high current. Energy dispersive X-ray spectrometry (EDS) measurements were performed using a Bruker Quantax 200 detector (125 eV resolution).

Carbonaceous compound characterization

Sample preparation for in situ carbon compound characterization was performed at IPGP-UP. Rock samples were sawed with a cleaned Cu-core diamond blade and sterile ultrapure water to extract the inner core, free of possible post-sampling organic contamination. The inner core was then manipulated using clean pliers, thinned and polished on both faces (down to a thickness of tens of micrometres)

with pure ethanol using alumina polishing disks without any use of resin or glue.

SEM observations were performed on Au-coated samples at the platform PARI of the IPGP-UP using a Zeiss Auriga 40 field emission scanning electron microscope. Backscattered electron images were collected at high current with accelerating voltage ranging from 10 kV to 15 kV using a NTS BSD detector. EDS maps were collected at 15 kV accelerating voltage using a Bruker Quantax 200 detector.

Elemental distributions were processed using the ImageJ software [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF]. False colour images were obtained using PhotoFiltre 7 software.

Raman spectroscopy was performed on resin-free samples at the platform PARI of the IPGP-UP with a Renishaw InVia spectrometer using the 514nm wavelength of a 20 mW argon laser focused through an Olympus BX61 microscope with a x50 objective (numerical aperture: 0.75). This configuration yields a planar resolution close to 1 µm. The laser power delivered at the sample surface was 0.5 mW with integration times of 150 s, well below the critical dose of radiation that can damage carbonaceous matter [START_REF] Beyssac | On the characterization of disordered and heterogeneous carbonaceous materials by Raman spectroscopy[END_REF]. Light was dispersed by a holographic grating with 1800 grooves mm -1

and the signal analysed with a RENCAM charge-coupled device detector. Acquisition times were set at 5 × 30s. Raman was used to identify and characterize both silicates (e.g., serpentine minerals) and carbonaceous matter and for RSCM thermometry. As the chemical and structural evolution of carbonaceous matter after a temperature increase is irreversible, RSCM thermometry is a convenient tool to estimate maximum temperature experienced by sedimentary organic matter in the range of 330-640 (± 50) °C. For each metasediment sample, 10 spectra were averaged to smooth out the withinsample structural heterogeneity. Spectra were then fitted using PeakFit software (Systat Software, Inc.), based on the method of Beyssac et al. (2002). 

Thermodynamic models

We use a Gibbs free energy minimization strategy (Connolly, 2005[START_REF] Connolly | The geodynamic equation of state: What and how[END_REF] to compute, using Perplex software, phase equilibria in metaserpentinites during subduction. Pseudosections were calculated for four representative samples of paleoseafloor (VIS18-5A1 and VIS18-7 samples), LSZ-(VIS18-3 sample)

and basal (VIS20-1 sample) serpentinites (Table 1 and Supplementary Table S2).

Phase diagrams in SiO2-FeO-MgO-CaO-H2O [CO2-NiO-S2-O2] systems were calculated using the [START_REF] Holland | An internally consistent thermodynamic data set for phases of petrological interest[END_REF](revised in Holland & Powell (2003)) thermodynamic database. Al2O3 was not considered as the main Al-bearing phase would be chlorite, stable in all the studied rocks, whatever the considered P-T conditions. Although Al2O3 contents can enlarge the stability field of antigorite to higher temperatures [START_REF] Padrón-Navarta | Tschermak's substitution in antigorite and consequences for phase relations and water liberation in high-grade serpentinites[END_REF], these effects were considered negligible at the investigated temperatures, i.e., below temperatures of antigorite breakdown (620°C). This therefore does not affect the phase relationships, neither the dehydration reactions at the considered conditions. In calculations with Ni-S bearing species, awaruite, heazlewoodite, vaesite, millerite, pentlandite, pyrite and pyrrhotite have been implemented in the database (Table S3). The thermodynamic data of these species have been compiled from Evans et al. ( 2017 dolomite [START_REF] Navrotsky | Enthalpies of formation of dolomite and of magnesian calcites[END_REF], which is considered to be in good accordance with natural examples (e.g., Scambelluri et al., 2016, Debret et al. 2018). The fluid considered (COH-fluid, see perplex.ethz.ch) uses a hybrid equation of state derived from Connolly & Cesare (1993) and includes H2S and SO2 species.

Few adjustments of serpentinite bulk rock composition were performed depending on the considered solution models. Pseudosections were calculated considering FeO, therefore excluding Fe2O3 linked to magnetite according to [START_REF] Kempf | The role of the antigorite + brucite to olivine reaction in subducted serpentinites (Zermatt, Switzerland)[END_REF], and CaO bounded to silicates (Table S2). The amount of FeO was calculated considering a constant Fe 3+ /Fetotal ratio of 0.4, coherent with previous estimates in the eclogitic alpine meta-ophiolites (Debret et al., 2014), and a ratio of 0.66 for magnetite. This was with the exception of pseudosections calculated in SiO2-FeO-MgO-CaO-H2O-NiO-S2-O2 system that attempt to model Fe-bearing accessory phases (i.e., magnetite, sulfides) during thermodynamic calculations. The amount of CaO was calculated removing CaO bounds to carbonate, based on CO2 concentrations measured in bulk rock. This was with the exception of pseudosections in SiO2-FeO-MgO-CaO-H2O-CO2 in which carbonates were implemented during thermodynamic calculations.

Thin section observations and in situ analyses

The studied cross sections show from East to West a succession of deep-seated oceanic lithologies (basal serpentinites and metagabbros) to paleoseafloor lithologies (including calcschists, metabasalts, meta-ophicarbonates and paleoseafloor serpentinites; Figure 1). Here we describe the thin section petrology of metasedimentary and ultramafic rocks composing the massif from top to bottom: (i) metasedimentary rocks, (ii) the metasomatic contacts made of chloriteschists embedding blocks of meta-ophimagnesites, (iii) paleoseafloor serpentinites, (iv) LSZ-serpentinites and associated metaophidolomites related to shear zones in the Southern part of the massif and (v) basal serpentinites.

Metasedimentary rocks

Metasedimentary rocks were sampled all along the massif, at the contact with ultramafic rocks in the Northern massif and within the USZ and LSZ in the Southern massif (Table 1). These rocks are mainly made of calcite, quartz, white micas and graphite. Metasedimentary rocks from the Northern massif were selected to perform RSCM thermometry (Beyssac et al., 2002). Few variations in Raman spectra were observed passing from one sample to another (Figure 3). The obtained spectra are characterized by a broad disordered band (D) of low intensity at 1355 cm -1 and a sharp and more intense graphite band (G) at 1578 cm -1 . Temperatures obtained through the deconvolution of the D and G bands are shown in Figure 1a. Considering the errors of 50°C associated with these estimates (Beyssac et al., 2002), these temperatures overlap, spreading from 519°C at the Colle del Baracun to 558°C at the Colle Armoine. 

Metasomatic contacts

Metasomatic contacts made of chloriteschists embedding meta-ophimagnesites (Figure 2a-b) were sampled at the interface between metasedimentary and ultramafic units in the Northern part of the massif. The chloriteschists present an alternance of diopside (Di2)-rich and chlorite-rich folded layers (Figure 2a). Diopside layers are widely associated with large crystals of tremolite, interstitial talc and sulfides of more than 50 µm width and can contain rare calcite relicts in their centre (Figure 4a-b). Both diopside and chlorite crystals are orientated along rock foliation and are associated with abundant magnetite. Di2 grains of about 100 µm width with a XMg value (= Mg/(Mg + Fe)) ranging from 0.89 to 0.96 have low Al2O3 and Cr2O3 (<0.2 weight%, wt%) contents relative to mantle clinopyroxene (Table S1), supporting a metamorphic origin [START_REF] Nozaka | A note on compositional variation of olivine and pyroxene in thermally metamorphosed ultramafic complexes from SW Japan[END_REF]. Chlorite crystallized as orientated lamellae of 200 µm long. They have Al2O3 contents of 13.0-14.6 wt% and XMg values of 0.90-0.92. Raman and SEM analyses highlight the presence of carbonaceous matter in both diopside-and chlorite-rich layers (Figure 4c). Carbonaceous matter consists of dense aggregates of about 10 µm width with a gel-like texture and enclosed within diopside or chlorite crystals (Figure 4c). Associated Raman spectra are characterized by a broad and relatively intense D band at 1369 cm -1 and a relatively sharper G band at 1591 cm -1 (Figure 3). Based on these spectra, these are named disordered carbonaceous matter (DCM) thereafter.

Meta-ophimagnesites are made of large magnesite crystals of up to 10 cm width surrounded by white metamorphic coronas (Figure 2b). The latter includes large magnetite crystals, up to 1 cm width, associated with finely recrystallized assemblages made of antigorite-chlorite and dolomitetremolite/diopside ± chlorite ± talc (Figure 4d). Antigorites are systematically associated with chlorite in their centre. Antigorites are characterized by variable Al2O3 contents ranging from 0.1 to 2.3 wt% and XMg values ranging from 0.90 to 0.93 (Table S1). Chlorites have higher Al2O3 contents of 12.0 to 15.1 wt% and XMg values ranging from 0.88 to 0.92. DCM was also observed in the recrystallized assemblages, as embedded in chlorite. The associated Raman spectra are similar to that observed in chloriteschists and are marked by two broad D and G bands at 1369 cm -1 and 1591 cm -1 , respectively (Figure 3). 

Paleoseafloor serpentinites

Paleoseafloor serpentinites are observed directly below the metasomatic contacts separating metasedimentary and ultramafic units. These rocks present highly variable amount of olivine or diopside either at sample or thin section scales (Figures 2c and5). Diopside-rich layers are made of antigorite, two generations of diopside (Di1 and Di2), magnetite, chlorite, calcite and pentlandite ± ilmenite, hydroandradite, tremolite and talc. It must be noted that olivine is usually absent in diopsiderich layers (Figure 5a). The antigorites crystallized as lamellae of 50 to 200 µm long oriented along rock foliation. They have Al2O3 contents ranging from 0.05 to 3.8 wt% and XMg values of 0.94-0.96 (Table S1). Chlorite flakes can be observed in the centre of antigorite lamellae, sometimes completely replacing the latter (Figure 5c-d). These chlorite cores display higher Al2O3 contents (12.1-14.6 wt%) and similar XMg values (0.95) relative to antigorite. Rare and large diopside crystals (Di1) of up to 1 mm long, often presenting kink band structures, are disseminated within the antigorite matrix. They display mantle clinopyroxene like composition (e.g., [START_REF] Nozaka | A note on compositional variation of olivine and pyroxene in thermally metamorphosed ultramafic complexes from SW Japan[END_REF], with Al2O3 contents of 1.7-6.7 wt%, Cr2O3 contents of 0.3-1.4 wt% and XMg values of 0.90-0.95. A second generation of diopside (Di2) is either present as layers of about 300 µm width orientated along rock foliation (Figure 5a) or as small interstitial needles of 10-100 µm long disseminated within the antigorite matrix and orientated along rock foliation (Figure 5e-f). Di2 have lower Al2O3 (< 0.7 wt%) and Cr2O3 (<0.2 wt%) contents and higher XMg values (> 0.95) than that of Di1 (Table S1). Di2 can be intimately associated with carbonates, most of the time calcite but dolomite was also analysed in one sample (Figure 5b-d and Table 1). Carbonates were observed as small indented veins crenulated along rock foliation (Figure 5b) and as porphyroclasts of hundreds of micrometres (Figure 5d) to millimetre size (Figure 5c) embedded within rock foliation. The carbonates are always overgrown by antigorite lamellae (Figure 5b,d). The calcite veins are associated with thin coronas made of pentlandite, hydro-andradite, ilmenite and magnetite.

The sheared tails of the porphyroclasts are made of diopside (Di2), tremolite and talc (Figure 5c). At the contact with porphyroclasts tails, the antigorite is partly to fully replaced by chlorite (Figure 5c-d).

It is interesting to note that both carbonate veins and porphyroclast rims are associated with DCM.

The associated Raman spectrum is marked by two broad D and G bands at 1369 cm -1 and 1591 cm -1 , respectively, identical to that observed in chloriteschists and meta-ophimagnesites (Figure 3).

Olivine-rich layers are made of granoblastic olivine (Ol2), magnetite, titanochondrodite (TiChn), titanoclinohumite (TiCl), brucite, pentlandite and awaruite (Figure 5e-g). Granoblastic olivines crystallized as grains of variable width ranging from 10 to 400 µm. They display low NiO content (0.00-0.28 wt%) and XMg values (0.77 to 0.87, in average 0.82 on 15 analyses) relative to mantle olivine (e.g., [START_REF] Nozaka | A note on compositional variation of olivine and pyroxene in thermally metamorphosed ultramafic complexes from SW Japan[END_REF]. Brucite aggregates of up to 500 μm in width were observed within olivine-rich layers in few samples (Table 1 S1). Olivines are also intimately associated with small interstitial magnetite crystals and large automorphic pentlandite (about 50µm width) and/or awaruite (50-100 µm width; Figure 5g). 

Lower Shear Zone serpentinites

LSZ-serpentinites were samples in the Southern part of the Monviso massif in the Lower Shear Zone separating metabasites and basal serpentinites. These rocks are composed of an alternance of antigorite-rich and olivine-rich layers (Figure 6a) forming sigmoidal plans, contributing to a S-C fabric at the sample and thin section scales (Figure 2e, see [START_REF] Schwartz | Pressuretemperature estimates of the lizardite/antigorite transition in high pressure serpentinites[END_REF] for more details). The antigorite-rich layers are made of orientated antigorite lamellae of 100 µm long with Al2O3 contents ranging from 1.5 to 1.9 wt% and XMg values of 0.96 (Table S1). The olivine-rich layers are made of olivine (Ol2), magnetite, brucite, titanoclinohumite, pentlandite and awaruite. Olivine crystallized as grains of variable width, from 20 µm to 400 µm. They have similar XMg values of 0.84 -0.88 and low NiO contents (<0.12 wt%) (Figure 6a). Brucite is observed as patches composed of lamellae of about 200 µm long and surrounded by small grains of Ol2 of about 20 µm width. Brucites have high XMg values ranging from 0.94 to 0.97. They are closely associated with magnetite grains of about 400 µm width. Titanoclinohumite crystallized as small grains of about 50 µm disseminated within olivine-rich layers. They have TiO2 contents of ~6.2 wt%, XMg TiCl values of ~0.90, and are fluorine and chlorine-free (Table S1). Awaruite crystals of 50 µm width and pentlandite grains of 100 µm were observed surrounding magnetite (Figure 6b). Some massive serpentinite blocks have preserved early oceaniclike textures such as mesh and bastite textures replacing mantle olivine and pyroxenes, respectively (Figure S1). These textures are crosscut by chrysotile veins. Mantle olivines in LSZ-serpentinites have higher NiO contents compared to Ol2, ranging from 0.31 to 0.46 wt%. They have a XMg value of 0.90.

Meta-ophidolomites were sampled in both the USZ and the LSZ, near the Rifugio Quintino Sella. They consist of an alternance of dolomite-rich and diopside-rich layers interbedded by antigorite. Antigorite lamellae of about 100 µm long display Al2O3 contents ranging from 1.4 to 2.2 wt% and XMg values of 0.94 (Table S1). The dolomite-rich layers are made of dolomite crystals of up to 1 cm width surrounded by metamorphic coronas made of diopside (Di2) or calcite and magnetite. It must be noted that Gilio et al. ( 2020) also reported the existence of meta-ophimagnesites within the LSZ; those weren't studied here. 

Basal serpentinites

Basal serpentinites were sampled in the Northern part of the Monviso massif near Villanova and the Rifugio Barbara Lowrie. These rocks are made of an alternance of antigorite-and olivine-rich layers (Figure 2d). They are composed of antigorite, metamorphic olivines, magnetite, brucite, chlorite, heazlewoodite and rare diopside (Di1 and Di2) (Figure 7). In antigorite-rich layers, antigorites crystallize as lamellae of 100 µm long orientated along rock foliation. Their Al2O3 contents range from 1.2 to 2.1 wt% and their XMg values from 0.96 to 0.98 (Table S1). Antigorites are intimately associated with thinly crystalized (<10 µm width) olivine and micrometric grains of magnetite (Figure 7a-b), giving a dusty texture aspect in thin section (Figure 7a). Dusty olivines display NiO contents ranging from 0.03 to 0.22 wt% and XMg values ranging from 0.90 to 0.94. Chlorite, which have XMg values of 0.95, crystallized as orientated lamellae of 200 µm long displaying a strong zoning, with a brown core and a dark blue rim. Brown chlorites were also observed in the centre of antigorite lamellae (Figure 7b). Rare brucite crystallizes as small flakes of 100 µm long aggregated within patches (Figure 7b). It displays XMg values of about 0.97. The contact between brucite and antigorite is always underlined by dusty olivine/magnetite assemblages (Figure 7b). Rare diopside were also observed either as (i) isolated 6. Temperature and redox record along the massif

Homogeneous temperature record

The Monviso meta-ophiolite has long been considered as a fossilized serpentinite subduction channel, resulting in the formation of tectonic melanges [START_REF] Blake | The role of the serpentinite melange in the unroofing of UHPM rocks: an example from western Alps of Italy[END_REF][START_REF] Guillot | The Monviso ophiolitic massif (Western Alps), a section through a serpentinite subduction channel[END_REF]Schwartz et al., 2001). However, more recent studies have revised this model suggesting that it consists of two main coherent tectonometamorphic subunits, namely the Upper and Lower Tectonic Units (Figure 1), detached at different depths during subduction and later juxtaposed during exhumation along the subduction interface (Angiboust et al., 2012). The existence of two coherent tectonic subunits is notably supported by a good homogeneity of metamorphic peak temperatures recorded within each subunit (Angiboust et al., 2012;Gilio et al., 2020;Locatelli, Federico, et al., 2019;Locatelli, Verlaguet, et al., 2019). However, up to now, most of the metamorphic studies on the Monviso meta-ophiolite have investigated the Southern part of the massif (e.g., Angiboust et al., 2012Angiboust et al., , 2014;;[START_REF] Blake | The role of the serpentinite melange in the unroofing of UHPM rocks: an example from western Alps of Italy[END_REF]Gilio et al., 2020;[START_REF] Groppo | Prograde P-T evolution of a lawsonite eclogite from the Monviso meta-ophiolite (Western Alps): Dehydration and redox reactions during subduction of oceanic FeTi-oxide gabbro[END_REF][START_REF] Guillot | The Monviso ophiolitic massif (Western Alps), a section through a serpentinite subduction channel[END_REF]Locatelli et al., 2018;Locatelli, Verlaguet, et al., 2019;Schwartz et al., 2001), while the Northern part is the subject of only a few ones (Balestro et al., 2015(Balestro et al., , 2018)). Although the continuation of tectonic structures from North to South remains unclear (Figure 1a), the temperatures obtained here on sedimentary organic matter by RSCM thermometry suggest a homogeneous temperature record for the metasedimentary rocks all along the massif with temperature estimates overlapping within an interval of 50°C (i.e., within the associated errors; Beyssac et al., 2002) from North to South (Figure 1).

The ultramafic rocks of the Lower Tectonic Unit are characterized by the occurrence of an antigoriteolivine ± brucite paragenesis from North to South (Figures 2, 5, 6 and7). The granoblastic textures (Figures 6a, 7a-b), the presence of mineral inclusions, such as antigorite within olivine (Figure 7c), and the highly variable NiO contents and XMg values (Figure 8a) of olivines are coherent with a metamorphic origin, as already proposed by several studies on the Southern part of the Monviso metaophiolite (Gilio et al., 2020;[START_REF] Schwartz | Pressuretemperature estimates of the lizardite/antigorite transition in high pressure serpentinites[END_REF]. The preferential crystallization of olivine at the contact between brucite and antigorite (Figures 6a and7b), as well as the rare occurrences of brucite in the studied samples (Table 1), suggest that metamorphic olivines formed after antigorite and brucite according to the following reaction in MgO-SiO2-H2O systems [START_REF] Evans | The serpentinite multisystem revisited: chrysotile is metastable[END_REF][START_REF] Schwartz | Pressuretemperature estimates of the lizardite/antigorite transition in high pressure serpentinites[END_REF]:

(1) Brucite + Antigorite = Olivine + H2O Mg(OH)2 + Mg3Si2O5(OH)4 = 2Mg2SiO4 + 3H2O

In a system containing aluminium, brucite breakdown is also expected to stabilize chlorite, as supported by the observation of this mineral with antigorite and/or olivine in the studied samples (e.g.,

Figures 7b).

Brucite breakdown was previously inferred to occur nearby 400°C at 2-2.5 GPa in MgO-SiO2-H2O systems [START_REF] Evans | The serpentinite multisystem revisited: chrysotile is metastable[END_REF]. However, new estimates in the FeO-Al2O3-MgO-SiO2-H2O system extends the stability field of brucite up to 550°C [START_REF] Kempf | The role of the antigorite + brucite to olivine reaction in subducted serpentinites (Zermatt, Switzerland)[END_REF]. In agreement with these previous studies, our P-T pseudosection calculations in the CaO-FeO-MgO-SiO2-H2O system show that Eq. ( 1)

can occur over a large range of temperatures in the Monviso meta-ophiolite, from 400 to 550°C at 2.3-2.7 GPa (Figure 9a and Figure S2). These temperatures estimates are poorly sensitive to pressure and overlap with the metamorphic conditions recorded by carbonaceous matter in metasedimentary rocks (516-565°C; this study and Angiboust et al., 2012; Figure 1a) and calculated by thermodynamic modelling in metabasites (⁓550°C, 2.6-2.7 GPa; Angiboust et al., 2012). It must however be noted that olivine amounts are highly variable at either the sample (e.g., Figure 5), outcrop (Figure 2) or massif scale (Table 1), olivine being notably absent in diopside/tremolite-rich layers forming paleoseafloor serpentinites. Using thermodynamic calculations in the CaO-FeO-MgO-SiO2-H2O system and compositional variations in bulk rock metaserpentinites, we identified two metamorphic sequences during subduction. These are characterized by a climax paragenesis (520-570°C and 2.6-2.7 GPa) at either Olivine-Brucite-Antigorite (Figure 9a) or Diopside-Talc-Antigorite (Figure 9b). These different metamorphic pathways can be attributed to variable amounts of brucite in metaserpentinites during prograde metamorphism (Figure 9c). Brucite abundance in serpentinites is highly sensitive to silica activity [START_REF] Frost | On silica activity and serpentinization[END_REF] and therefore to SiO2 abundance relative to MgO in bulk rock and/or to the circulation of SiO2-rich fluids in shear bands at HP. In agreement with previous observation, Figure 9c shows that olivine appearance can be pushed up to 600-650°C (i.e., antigorite breakdown) in SiO2rich systems, while it decreases to 480-490°C in MgO-rich systems. However, in these models, the diopside modal amount is controlled by CaO concentrations in metaserpentinites, which are poorly variable in mantle peridotite (0-4 wt%; (Bodinier & Godard, 2013). Hence, such models cannot account for large variations of diopside modal amount and CaO variations observed in bulk rock (Table S2) at the massif scale, calling for other reactional pathways. In fact, a variation of carbon dioxide activity (aCO2) also favours the formation of diopside and talc at the expense of carbonates and antigorite in ultramafic systems (Figure 9d). It is therefore plausible that the high amount of metamorphic diopside (Di2) found in metaserpentinites reflects carbonated paleo-horizons in the massif subsequently devolatilize during subduction (see section 6.3 for more details about carbonate role during brucite breakdown). Such an observation is coherent with Balestro et al. (2018) study proposing the preservation of ODF paleo-structures in the Northern part of the massif. Few robust thermodynamic constrains on pressure exist within ultramafic rocks. However, the observation of both titanoclinohumite and titanochondrodite (this study, e.g., Figures 2c and5e-f, as well as Gilio et al., 2020) is coherent with a HP equilibration above 2 GPa [START_REF] Shen | UHP metamorphism documented in Ti-chondrodite-and Ti-clinohumite-bearing serpentinized ultramafic rocks from Chinese southwestern Tianshan[END_REF]. For Gilio et al. (2020), the absence of titanoclinohumite in LSZ-serpentinites suggests that these rocks equilibrated below Eq. ( 1) curve (T < 500°C; Figure 9c) during Monviso retrograde path. However, the stability of titanoclinohumite phases are also controlled by TiO2 concentrations in the protolith, TiO2 mobility in fluids, carbonate activity and F concentrations (Van Baalen, 1993; B. W. [START_REF] Evans | Fluorine hydroxyl titanian clinohumite in Alpine recrystallized garnet peridotite: compositional controls and petrologic significance[END_REF][START_REF] Savko | Petrology of forsterite-clinohumite marbles of the Voronezh Crystalline Massif[END_REF]. All of these parameters being unknown and likely variable at the massif scale, the variable occurrence of humite phases is more likely to reflect chemical heterogeneities than a variability of pressure recorded in metaserpentinites.

Overall, from North to South, temperature estimates based either on metasedimentary rocks, metabasites and metaserpentinites overlap within a range of 50°C suggesting that the different lithologies composing the Lower Tectonic Unit recorded homogeneous P-T conditions, with a metamorphic climax nearby 520-570°C and 2.6-2.7 GPa. Our observation further supports previous studies (Angiboust et al., 2012(Angiboust et al., , 2014;;Gilio et al., 2020;Locatelli et al., 2018;Locatelli, Verlaguet, et al., 2019) showing that the Monviso constitutes a large oceanic lithosphere section eclogitized during subduction and partly dismembered during alpine orogeny. Considering this, from East to West, the succession of deep-seated, including gabbroic intrusions into an extended section of serpentinized lithospheric mantle (i.e., basal serpentinites), to paleoseafloor sequences, including metasediments sitting on serpentinites in the North or metabasalts sitting on metagabbros in the South, is coherent with the preservation of a heterogeneous crustal section such as the ones observed at slow-spreading ridges (Cannat, 1995) or in other Western Alps (meta-)ophiolites (Lagabrielle & Cannat, 1990).

A contrasted redox record in metaserpentinites

Although they result from the same metamorphic reaction (Eq. 1), metamorphic olivines display highly variable NiO contents (below detection limit up to 0.28) and XMg values (0.77-0.97) along the massif (Figure 8a and Table S1). The low NiO contents in Monviso olivines relative to mantle olivine are typical of metamorphic processes [START_REF] Nozaka | A note on compositional variation of olivine and pyroxene in thermally metamorphosed ultramafic complexes from SW Japan[END_REF]. Also relative to mantle olivines, olivines from basal 7a). However, according to [START_REF] Kempf | The role of the antigorite + brucite to olivine reaction in subducted serpentinites (Zermatt, Switzerland)[END_REF] thermometer, a jump in temperature of about 75°C and up to 150°C is required to account for XMg value variations from 0.77 to 0.94 at 2.6 GPa in the whole massif (Figure 9a). This is not consistent with the apparent homogeneous P-T recorded by associated metasedimentary rocks and metabasites (Figure 1).

Similarly, such XMg dependency on temperature suggests that only the first stages of brucite breakdown may produce XMg values lower than 0.85 [START_REF] Kempf | The role of the antigorite + brucite to olivine reaction in subducted serpentinites (Zermatt, Switzerland)[END_REF], while in the Monviso metaophiolite, olivine with low XMg values were analysed in several samples presenting high modal amount of metamorphic olivines (Figure 8a-b), calling for other processes. Interestingly, the accessory phases associated with metamorphic olivines composing paleoseafloor and LSZ-serpentinites are made of pentlandite and awaruite (Figures 5g and6b), while heazlewoodite and magnetite are present in basal serpentinites (Figure 7d). Pentlandite, awaruite, heazlewoodite and magnetite appearance are primarily controlled by fO2 variation and elemental partitioning of Fe between metamorphic phases rather than variations in P or T [START_REF] Evans | Effects of geodynamic setting on the redox state of fluids released by subducted mantle lithosphere[END_REF]. In order to better characterized Fe exchanges between silicates, Fe-oxides, Ni/Fe-alloys and sulfides, we attempted to model brucite breakdown in the S-NiO-CaO-FeO-MgO-SiO2-H2O system (Figure 10). In these models, pentlandite and awaruite can only be equilibrated at low oxygen fugacity (<-27 log(fO2); ~ FMQ -4; Figure 10), which agrees with previous thermodynamic studies [START_REF] Evans | Effects of geodynamic setting on the redox state of fluids released by subducted mantle lithosphere[END_REF][START_REF] Frost | On the stability of sulfides, oxides, and native metals in serpentinite[END_REF]. At such conditions, the presence of awaruite and pentlandite during brucite breakdown leads to low-Ni olivine, as shown by NiO content in olivine isopleths (Figure 10) and in accordance with the low NiO contents of metamorphic olivines composing the paleoseafloor and LSZ-serpentinites, overall suggesting that these phases crystallized at equilibrium. In contrast, basal serpentinites forming olivines display relatively high NiO contents and are associated with magnetite and heazlewoodite. These rocks are also characterized by the absence of awaruite, which, according to thermodynamic calculations, require higher fO2 conditions, i.e., log(fO2) around -22 (~ FMQ +2; Figure 10). Pseudosections show that the disappearance of awaruite leads to an increase of NiO contents in olivines, explaining the high NiO concentrations in olivine formed in basal serpentinites relative to paleoseafloor and LSZ-serpentinites (Figure 8a). This therefore suggests that paleoseafloor, LSZ-and basal serpentinites have recorded a strong redox gradient, varying from around -27 to-22 log(fO2). These redox variations also influence the fate of magnetite during brucite breakdown and therefore the XMg value variations of metamorphic olivines (XMg values isopleths in Figure 10). Paleoseafloor and LSZ-serpentinites preserved interstitial magnetite and automorphic awaruite and pentlandite (e.g., Figure 5g). This textural relationship suggests that olivine, awaruite and pentlandite are concomitantly formed during brucite breakdown, while the interstitial magnetite could represent the last steps of brucite out, associated with a decrease of rock porosity and the precipitation of the less fluid mobile elements such as Fe. Similarly, the observation of both awaruite and pentlandite surrounding large magnetite crystals (Figure 6b) also suggests that magnetite is poorly stable during brucite breakdown in these lithologies and at low fO2 conditions, as predicted by thermodynamic calculations (Figure 10). At the opposite, in basal serpentinites, magnetite is abundant (Figure 7) and olivine displays relatively high XMg values and NiO 

Role of carbon during redox variations accompanying serpentinite dehydration at high pressure

The Monviso ultramafic rocks are associated with different types of carbonates, namely calcite, magnesite and dolomite (e.g., Figure 2b, 4b, d, 5b, c and Table 1), reflecting different stages of carbon mobilisation along massif history (e.g., Gilio et al., 2020). Here we discuss the origin and metamorphic reactions leading to carbonate destabilization during either subduction-(prograde) and/or exhumation-(retrograde) related metamorphism. We also link the different stages of carbonate devolatilization to the precipitation of DCM during the evolution in pressure and temperature of the massif.

Abyssal calcite destabilization during prograde metamorphism

As shown by thermodynamic modelling (Figure 9d), the presence of carbonate in paleoseafloor serpentinites is likely to influence the metamorphic reaction pathways during subduction. In the Monviso meta-ophiolite, rare calcite relicts were observed as crenulated veins (Figure 5a-b), porphyroclasts embedded in rock foliation (Figure 5c-d) or in the centre of diopside-rich layers (Figure 4b) in both paleoseafloor serpentinites and chloriteschists. These textural relationships show that the formation of calcite occurred prior to alpine-related deformation and metamorphism. Indeed, calcites are commonly observed close to the seafloor in abyssal settings and are interpreted as paleoseafloor related in ophiolites (Lafay et al., 2017) when they are associated with sediments and serpentinites (referred as the "Steinman trinity" in alpine meta-ophiolites, see [START_REF] Bernoulli | Where did Gustav Steinmann see the trinity? Back to the roots of an Alpine ophiolite concept[END_REF] for a review).

During subduction, this mineral is however poorly stable in ultramafic systems as the precipitation of metamorphic Ca-bearing silicates (e.g., diopside or tremolite) controls the chemical potential of Ca.

This reduces the concentration of Ca in metamorphic fluids and therefore the stability and the formation of HP-related meta-ophicalcites (Menzel et al., 2020). In agreement with thermodynamic modelling (Figure 9d), calcite porphyroclasts are surrounded by complex reaction rims made of diopside (and/or tremolite), talc, magnetite and chlorite (Figures 4b, 5c-d). The diopside (Di2) observed either in paleoseafloor serpentinites or chloriteschists display low Al2O3 and Cr2O3 contents and high XMg values relative to large kink band diopside crystals (Di1; Figure 8b), coherent with a metamorphic origin. The formation of chloriteschists and diopside-rich layers in paleoseafloor serpentinites can therefore be explained by a progressive decrease in aCO2 favouring the formation of diopsidemagnetite-chlorite at the expense of carbonate and antigorite (Debret et al., 2018;[START_REF] Eberhard | Antigorite dehydration fluids boost carbonate mobilisation and crustal CO2 outgassing in collisional orogens[END_REF]. Indeed, the large amount of fluids released during brucite breakdown at high pressure can induce such a decrease in aCO2 in fluids and therefore enhance calcite dissolution (Kelemen & Manning, 2015). This can be expressed in the Monviso meta-ophiolite according to the simplified reaction:

( Brucite breakdown in carbonate-rich lithologies is therefore expected to stabilize a chloritediopside/tremolite-magnetite paragenesis at high pressure.

Considering the reasoning above, the chloriteschists made of an alternance of diopside-and chloriterich layers preserving level of calcite in their centre (Figure 4a-b) can be interpreted as former seafloorrelated ophicarbonate horizons formed at the contact between metasedimentary rocks and serpentinites (Figure 1) and partly to fully devolatilized at high pressure during brucite breakdown. This is in good agreement with recent observations in the Queyras meta-ophiolites where diopside-rich serpentinites are also interpreted as meta-ophicarbonates (Debret et al., 2018). In Eq. ( 2), the exact form of carbon in fluids is highly speculative as this is intimately related to fO2 conditions at HP, with reduced conditions possibly favouring the abiotic formation of organic compounds (e.g., hydrocarbons including CH4 or organic acids such as format, HCOO -) at the expense of carbonates (Vitale Brovarone et al., 2017). Indeed, magnetite is widespread in diopside-rich layers (Figure 2a-b). Calcites being not iron-rich (Table S1), magnetite may derive from former antigorite or brucite. Given that these phases mainly incorporate Fe 2+ at eclogite facies conditions (Debret et al., 2014(Debret et al., , 2015)), it is possible to propose that magnetite is formed through an iron oxidation process, such as:

(3) 3FeO + H2O(aq) = Fe3O4 + H2(aq)

Magnetite formation from antigorite or brucite during carbonate destabilization could therefore promote H2 production, enhancing the formation of reduced fluids and carbonate reduction into organic compounds. This is consistent with the redox record of carbonate free paleoseafloor serpentinites found at the contact with meta-ophicalcite and chloriteschists (Figure 10). Furthermore, diopside and chlorite in carbonated paleoseafloor serpentinites and chloriteschists are intimately associated with DCM (Figure 4c), characterized in Raman spectroscopy by a broad D band with relatively high intensity compared to the associated G band (Figure 3). Given the close spatial association of DCM with this paragenesis, it seems reasonable to propose that DCM also results from abyssal calcite devolatilization at HP-HT during subduction. Indeed, it is fairly known that the reducing power of H2 associated with Fe oxidation (Eq. 3) can initiate abiotic synthesis of both volatile and solid organics (e.g., CH4) from inorganic carbon, either in HP (Galvez et al., 2013;Vitale Brovarone et al., 2017) or LP [START_REF] Andreani | New perspectives on abiotic organic synthesis and processing during hydrothermal alteration of the oceanic lithosphere[END_REF]Sforna et al., 2018) environnements.

The thermal maturation of organic matter during subduction is usually yet misleadingly simplified to kerogen (i.e., insoluble macromolecular organic matter of biological origin dispersed in sedimentary rocks) graphitization upon burial through thermal cracking (allowing C-C bond breaking), as described by Beyssac et al. (2002) for metasedimentary rocks. This is typically associated with the progressive structural evolution of poorly-ordered C-, O-, H-bearing kerogens starting at low temperatures, until the formation of pure C-bearing and well-ordered graphite at 600-700°C (Vandenbroucke & Largeau, 2007). However, the observed DCM preserved here a large amount of structural disorder (Figure 3)

not compatible with such an origin and evolution, and calling for new reaction pathways and revisited stability considerations when serpentinite-hosted organic matter is considered. For example, Chanyshev et al. (2017) recently tested the P-T evolution of some polycyclic aromatic hydrocarbons (i.e., pyrene, naphthalene, anthracene, coronene) at HP-HT (1.5-7 GPa; 500-800°C). These organic compounds, comparable to the DCM abiotically formed at the seafloor during hydrothermal alteration [START_REF] Andreani | New perspectives on abiotic organic synthesis and processing during hydrothermal alteration of the oceanic lithosphere[END_REF], were able to preserve a large amount of structural disorder up to 700°C

until their decomposition into graphite and hydrogen. Similarly, Tao et al. (2018) report the formation of abiotic hydrocarbons and graphite through the reduction of siderite under low fO2 conditions at 1-6 GPa and 600-1200°C. It is important to note that the graphite-associated Raman spectra reported in Tao et al. (2018) display an important structural disorder which might correspond to the DCM or graphitic carbon rather than pure graphite. Most importantly, these structural and hence chemical evolutions of organic carbon at HP-HT, either through PAH P-T evolution or carbonate reduction, significantly differ from that of biotic sedimentary kerogens in subduction zone. Furthermore, these results show that hydrocarbons could be stable under their solid form along prograde metamorphic pathway in subduction zones. The low fO2 recorded by paleoseafloor serpentinites and associated chloriteschists could therefore have favored the preservation and/or the formation of DCM during subduction. Finally, it is interesting to note that the triple points between solid, liquid and carbonized (decomposed) PAH were placed below 1.5 GPa and 450°C by Chanyshev et al. (2017). Although highly sensitive to slab thermal evolution during subduction and collision, this observation suggests that DCM could be poorly stable during retrograde pathway, where it could be devolatilized in fluids (e.g., Vitale-Brovarone et al., 2017).

Meta-ophimagnesites and meta-ophidolomites

Meta-ophimagnesites and meta-ophidolomites form large boudins embedded within the foliation of chloriteschists and LSZ-serpentinites in the Northern and Southern part of the massif, respectively (e.g., Figure 2b). Relative to calcite, both magnesites and dolomites are abundant at the massif scale.

According to Gilio et al. (2020), the formation of magnesite in the Monviso meta-ophiolite is attributed to subduction-related processes occurring close to metamorphic climax. The same authors report magnesite overprint by dolomite suggesting that dolomite crystallized during massif exhumation. They also report in these rocks the occurrence of minor calcite veins crosscutting rock foliation and attesting for the existence of a second generation of calcite crystallizing during the late stages of massif exhumation.

It is interesting to note that magnesite crystals display complex metamorphic rims made of dolomite, magnetite, chlorite, talc, tremolite or diopside (Figure 4d). The stabilization of talc, tremolite or diopside within these metamorphic rims is mainly controlled by aCO2 rather than P-T conditions (Figure 9d), with decreasing aCO2 leading to the successive formation from talc + carbonate, to tremolite + carbonate, diopside + carbonate until diopside alone (Debret et al., 2018). This suggests successive carbonate leaching and re-precipitation episodes along the massif metamorphic history. These are probably controlled by external fluid circulation along rheological interfaces between different lithologies (e.g., LSZ and/or ODF; Figure 1). Moreover, diopside and chlorite in magnesite metamorphic rims are associated with DCM (Figure 4c) showing that the successive episodes of carbonate leaching, releasing CO2 in metamorphic fluids, participate to a progressive decrease of both aCO2 and fO2 within meta-ophimagnesites, allowing during the last stages (i.e., diopside precipitation) the reduction of carbonate into DCM. This process is likely driven by iron oxidation and magnetite crystallization as previously discussed.

Origin of slab redox gradient

Sulfide and Ni-Fe alloys assemblages are key indicators of fO2 conditions [START_REF] Evans | Effects of geodynamic setting on the redox state of fluids released by subducted mantle lithosphere[END_REF]. In the Monviso serpentinites, they shift from magnetite-pentlandite-awaruite assemblages (indicative of low fO2) in paleoseafloor lithologies to magnetite-heazlewoodite assemblages (indicative of high fO2) in the deep-seated lithologies. Both assemblages coexist with metamorphic olivines and are likely equilibrated nearby massif climax at 520-570°C and 2.6-2.7 GPa (Figure 10). This shows the existence of a redox gradient affecting the Monviso oceanic lithosphere at HP-HT during subduction. It has been suggested that pre-subduction composition of serpentinites have major implications on the fO2 evolution during subduction, notably that sulfur-and nickel-bearing phases exercise a major control of fO2 variations (Debret & Sverjensky, 2017;[START_REF] Evans | Effects of geodynamic setting on the redox state of fluids released by subducted mantle lithosphere[END_REF][START_REF] Evans | Deserpentinization in subduction zones as a source of oxidation in arcs: A reality check[END_REF][START_REF] Evans | The effect of subduction on the sulphur, carbon and redox budget of lithospheric mantle[END_REF][START_REF] Iacovino | Aqueous fluids are effective oxidizing agents of the mantle in subduction zones[END_REF][START_REF] Lazar | Using silica activity to model redox-dependent fluid compositions in serpentinites from 100 to 700 °C and from 1 to 20 kbar[END_REF][START_REF] Maurice | The intrinsic nature of antigorite breakdown at 3 GPa: Experimental constraints on redox conditions of serpentinite dehydration in subduction zones[END_REF]Vieira Duarte et al., 2021). In abyssal settings, deep-seated serpentinites generally display high sulfur and sulfide (mainly as pentlandite, pyrrhotite and pyrite) contents [START_REF] Alt | Serpentinization of abyssal peridotites from the MARK area, Mid-Atlantic Ridge: Sulfur geochemistry and reaction modeling[END_REF] due to interactions between metagabbros/serpentinites and fluids. In contrast, serpentinites formed near the seafloor tends to display low amount of sulfur, mostly in the form of sulfates [START_REF] Alt | The role of serpentinites in cycling of carbon and sulfur : Seafloor serpentinization and subduction metamorphism[END_REF]Debret et al., 2017;Delacour et al., 2008;[START_REF] Schwarzenbach | Sulfur geochemistry of peridotite-hosted hydrothermal systems : Comparing the Ligurian ophiolites with oceanic serpentinites[END_REF]. Similarly, partially serpentinized peridotites composing the deep part of the oceanic lithosphere are likely to form abundant brucite and serpentine associated with pentlandite, magnetite and awaruite [START_REF] Schwarzenbach | Serpentinization, element transfer, and the progressive development of zoning in veins: evidence from a partially serpentinized harzburgite[END_REF], while both brucite and awaruite disappear near the seafloor through increasing serpentinization degree and oxidizing conditions associated with the abundant percolation of seawater [START_REF] Evans | Control of the products of serpentinization by the Fe2+ Mg-1 exchange potential of olivine and orthopyroxene[END_REF][START_REF] Frost | On silica activity and serpentinization[END_REF].

Overall, this suggests the formation of assemblages equilibrated at relatively low fO2 at depth and assemblages equilibrated at high fO2 toward the seafloor. These observations are opposite to what is observed in the Monviso meta-ophiolite suggesting that the observed redox gradient cannot be inherited from an abyssal stage at mid-ocean ridges and must have been settled during alpine subduction.

The dehydration of serpentinites has the potential to lead to a significant increase of fO2 conditions up to the total dissolution of sulfides in metamorphic fluids (e.g., Debret & Sverjensky, 2017;[START_REF] Maurice | The intrinsic nature of antigorite breakdown at 3 GPa: Experimental constraints on redox conditions of serpentinite dehydration in subduction zones[END_REF][START_REF] Evans | Deserpentinization in subduction zones as a source of oxidation in arcs: A reality check[END_REF]. Although sulfides are still preserved in Monviso metaserpentinites, the co-existence of magnetite and heazlewoodite within basal serpentinite dehydration products agrees with an increase of fO2 during subduction. Similarly, the presence of heazlewoodite in metamorphic veins also suggests a high mobility of sulfur in fluids equilibrated at high fO2 during subduction. In contrast, the presence of carbonate in paleoseafloor serpentinites harbouring pentlandite and awaruite tends to buffer the fO2 at lower level during brucite breakdown. Such a process can be illustrated through the decarbonation redox reactions Eq. ( 2) in lithologies composing the metasomatic contact between metaserpentinites and metasedimentary rocks in the Monviso meta-ophiolite. It therefore suggests that carbon plays a major role on fO2 and metamorphic reaction pathways along subduction. Interestingly, the observation of solid organic compounds' horizons forming from carbonate under reduced conditions at the contact between serpentinites and metasedimentary rocks (this study and also Galvez et al., 2013;Vitale-Brovarone et al., 2017) shows that these reactions can promote organic carbon formation. These redox transformations have therefore the potential to affect long term carbon recycling, favouring the transfer of organic carbon to the deep mantle in the form of DCM.

Conclusion

We show that the different lithologies (i.e., metasedimentary rocks, metabasites and metaserpentinites) composing the Lower Tectonic Unit of the Monviso meta-ophiolite recorded homogeneous P-T conditions (nearby 520-570°C and 2.6-2.7 GPa) from South to North confirming that the massif constitutes a coherent tectonic unit subducted at eclogite facies P-T conditions during alpine subduction. Despite a homogeneous P-T record, serpentinites display variable metamorphic assemblages reflecting a redox gradient affecting the massif from East to West. This gradient is probably set up during serpentinite dehydration near metamorphic climax, with basal serpentinites composing the Eastern part of the massif recording higher fO2 conditions relative to paleoseafloor serpentinites associated with meta-ophicarbonates and chloriteschists. This redox gradient is linked to the presence of carbon-bearing phases near the paleoseafloor that buffer down the fO2 through decarbonation redox reactions, thus confirming that the presence of redox sensitive elements in the initial lithology of the oceanic lithosphere has major implications on the evolution of fO2 during subduction. A decoupling of carbon behaviour is possible (e.g., Bouilhol et al., 2022), as (i) oxidized carbon-bearing fluids are likely to be leached toward to the mantle wedge after serpentinite dehydration and (ii) the progressive decrease in fO2 expected through decarbonation redox reactions can potentially form and/or stabilize inherited endogenous carbonaceous compounds at high pressure and their preferential recycling to the deep mantle.

Chapitre III. Unexpected diversity of carbon materials formed from carbonates during subduction Depending on their still poorly known form and speciation, these high-pressure organic compounds could constitute a rarely considered vector for carbon transfer to the deep mantle, challenging our view of the deep carbon cycle. Here, we show that alpine meta-ophimagnesite that underwent high-pressure and high-temperature metamorphism in the eclogite facies contains an unexpected diversity of abiotic carbon-based materials, ranging from disordered carbonaceous matter and organic minerals, never described in HP environments, to nanodiamonds. Endogenous organic minerals and host carbonaceous matter formed during serpentinite dehydration could be the precursor to nanodiamonds. This call for a thorough examination of the diversity, abundancy and stability of solid organic phases under deep Earth conditions for an improved understanding of carbon storage over time in the terrestrial mantle and associated consequences for the chemistry of the Earth envelopes.

For decades, attention has been focused on the stability and solubility of sedimentary and crustal carbonates in subduction zones to rule on the importance of a possible recycling of carbon from the Earth external envelopes to the deep mantle. Depending on the model considered, all or only a small fraction of this slab-hosted oxidized carbon would be transferred to the surface during subduction 1,2 .

However, recent years have seen increasing evidence of organic carbon in the oceanic lithosphere whether inherited from subsurface microbial activity 3,4 or from abiotic organic synthesis driven by volcanic and hydrothermal activity at ocean ridges 5-7 and slab serpentinite dehydration during subduction 8-13 . Far from behaving like sedimentary organic matter resulting from photosynthetic activity in oceans, which evolves thermally until its graphitization during sediment burial, lithospheric abiotic organic compounds have compositions and structures that would allow them to form and persist at high pressure and temperature and thus play a potentially major role in the transfer of carbon deep in the mantle. These newly-discovered forms of organic carbon are not accounted for in traditional carbon flux models where only sedimentary organic carbon is considered and their fate during subduction and impact on the deep carbon cycle are hence almost fully unknown.

Among abiotic organic compounds, those formed at high pressure and temperature (HP-HT)

from the destabilization of sedimentary and crustal carbonates by redox changes associated with serpentinite breakdown could represent a fraction important enough to play a role in the transfer of carbon in depth. As an illustration, it has recently been shown that up to 54% of the carbon conveyed to the forearc mantle in the Mariana trench may be stored as solid organic carbon 12 , also referred to as graphitic carbon, disordered carbonaceous matter (DCM) or carbonaceous material in the literature. It should also be noted that, although of potentially different nature, sedimentary carbonaceous matter can promote nanodiamond formation following carbonate dissolution in alpine metasediment 14 . Such solid carbon phases thus injected into the mantle since plate tectonics began, could have influenced, throughout Earth history, mantle physical properties as well as major processes in the Earth such as mantle metasomatism, magma generation, diamond formation up to the rise of oxygen in the atmosphere 2,15-22 .

Assessing the impact of these solid forms of organic compounds requires a better understanding of their structure and composition and thus their stability at HP-HT. As an illustration, although it was long considered that graphite could be easily solubilized by fluids resulting from carbonate or silicate dissolution 23,24 , the crystallinity of graphitic carbon may influence its solubility. In particular DCM is supposedly as much or even less soluble in aqueous fluids than crystalline graphite at 3 GPa 25-27 . Thermodynamic calculations have mainly used polycyclic aromatic hydrocarbons (PAHs) such as pyrene (C16H10) or anthracene (C14H10) to model in a simplified way the composition of abiotic carbonaceous material and evaluate its stability at HP-HT 28,29 . While PAHs are highly stable under the pressure-temperature conditions associated with subduction 30,31 , the, although rare, evidence reported in rocks supports more diverse compositions. HP carbonaceous matter shows in particular, variable relative content in aliphatic and aromatic moieties either in ultramafic rocks from the eclogite-facies (550° to 600°C, 2 to 2.5 GPa) meta-ophiolites of Zermatt Zaas (Swiss Alps) 13 or in metaserpentinite clasts (>350°C) from the Mariana active subduction zone 12 . It is therefore very difficult to estimate at this time the fate of these abiotic solid organic phases during subduction. Here we take advantage of the recent discovery of abiotic DCM issued from the destabilization of alpine ophicarbonates in the Monviso metaophiolites (Italy) 32 to document the nature and fate at increasing pressure and temperature of HP solid organic phases and their potential impact on the deep carbon cycle.

Abiotic carbonaceous matter formed after magnesite at the Monviso meta-ophiolite Despite a complex metamorphic history, the Monviso massif (Fig. 1a) has preserved a complete section of oceanic lithosphere (from seafloor metasediments, meta-ophicarbonates and metabasites to deepseated metagabbros and metaserpentinites; Fig. 1) that has been subducted at HP (metamorphic climax at ~550°C-2.6 GPa, i.e., eclogite facies) 33 and later exhumed during alpine orogeny. Among the ultramafic rocks of the Monviso meta-ophiolite showing endogenous DCM formed from carbonate destabilization associated with serpentinite dehydration 32 , we selected a sample of metaophimagnesite that forms large boudins within chloriteschists at the metasomatic contact between paleoseafloor metasedimentary rocks and metaserpentinites (Fig. 1b). This meta-ophimagnesite is made of centimetric magnesite crystals surrounded by a white metamorphic rim composed of dolomite, magnetite and a thinly recrystallized talc-tremolite-chlorite-diopside assemblage (Fig. 1c-d). The previously highlighted DCM occurrences consist of dense aggregates of up to 10 µm width enclosed within diopside and chlorite crystals in the chlorite schists, and within the metamorphic corona surrounding magnesite crystals in the ophimagnesite (e.g., Fig. 1e) 32 .

been obtained in chlorite (e.g., Fig. 2b and Extended Data Fig. 1). Overall, and with the exception of OM6 (Extended Data Fig. 1), Raman spectra show sharp and intense vibrational bands that contrast with the broad ones collected for the DCM and suggest higher structural order or degree of crystallinity.

While some Raman spectra of these carbon inclusions show a prominent vibrational band around 1610 cm -1 that is characteristic of aromatic C=C bounds (e.g., OM1 and OM1* and to a lesser extend OM4 and OM5 in Fig. 2b and Extended Data Fig. 1), graphite, which has its characteristic band very close, cannot account for the kyriad of other associated bands (Extended Data Table 1). Though little considered until now and never described in HP environments 38 , fluorescing molecular OMs are instead valuable candidates, as supported by SEM, epifluorescence and Raman spectroscopy data. These are wellordered natural compounds whose chemical composition, structure and crystallographic properties are well defined by their unit cell of neutral organic molecules 39 (e.g., coronene C24H12, picene C22H14 and ntetracosane (CH3)(CH2)22(CH3) for respectively, PAH minerals like karpatite and idrialite and alkane minerals like evenkite). No exact match was found with the few molecular OMs listed so far 39 , in particular those described in low-temperature oceanic hydrothermal systems 38 . The one with closest spectral similarity to evenkite 40 is the spectrum OM3 with vibrational bands at 1349 (assigned to C-C stretching or CH2/CH3 bending), 1395 (CH3 symmetric bending), 1435 (C-C stretching, C-H bending or CH2 bending) and 1531 cm -1 (Fig. 2b), overall identifying it as an alkane mineral. Conversely, Raman spectra of OM1-type inclusions present, in addition to the vibrational bands of aromatic C=C in polycyclic systems (located around 1612-1614 cm -1 ), bands around 3080 cm -1 indicative of aromatic C-H stretching as well as weaker bands in the range 1370-1470 cm -1 that can be attributed to ring deformation, C-C stretching and CH2 and CH3 in-plane scissoring (Fig. 2b, Extended Data Fig. 1, and Extended Data Table 1). Overall, this suggests that these organic minerals can be considered as alkylated PAH minerals. The relative intensities of these bands are opposite for OM2-type spectra which are dominated by aliphatic moieties, supporting PAH minerals alkylated with long aliphatic chains. Finally, additional carbonyl groups (C=O) at 1726 cm -1 in OM1-type spectra suggest the presence of heteroatoms in the structure of these organic minerals which could explain the difficulty in finding exact matches with the hydrocarbon minerals characterized so far.

Raman spectrum of the third type of C-based phases displays two broad bands at 1321 and 1595 cm -1 (Fig. 2b) indicative of a mix of sp3 (diamond like) and sp2 (graphite like) bonds 41 . Although standard Raman spectrum of diamond consists of a sharp single band at 1332 cm -1 , the dominance of sp3 bonds over sp2 ones, their full width at half maximum values and nevertheless suggests the presence of nanodiamonds. This is supported by the 10 cm -1 shift in the position of the sp2-bond related band relative to regular diamond that is induced by the phonon confinement effect in such structures 42 .

If hydrogens atoms are present in the structure their content relative to carbon should be weak as suggested by the position of the sp3-bond related band 41 From disordered carbonaceous matter and organic minerals to nanodiamonds

In the Monviso meta-ophiolite, magnesite, which is abundant at the massif scale 33 , formed from the destabilization of abyssal calcium carbonates that concomitantly promoted, close to metamorphic climax, the formation of diopside-magnetite-chlorite assemblages at the expense of calcite and antigorite 32 . Chloriteschist horizons, made of an alternance of diopside-rich and chlorite-rich layers hosting meta-ophimagnesite, are therefore interpreted as former seafloor-related ophicarbonates that were partly to fully devolatilized at high pressure during serpentinite breakdown 32 . DCM, either found in the chloriteschist diopside and chlorite crystals and in the metamorphic corona around magnesite, represents accordingly a heritage of successive carbonate leaching (i.e., abyssal calcite followed by metamorphic magnesite) and (re-)precipitation episodes promoted by the evolution in pressure, temperature, aCO2 and fO2 conditions along the massif metamorphic history. The release of CO2 in metamorphic fluids notably favoured a progressive decrease in both aCO2 and fO2 within metaophimagnesites, allowing carbonate reduction to organic compounds as iron oxidized and magnetite crystallized 32 . The low water solubility of non-volatile organic compounds, even at high temperature, resulted in the precipitation of DCM, as observed in serpentinite clasts from the Mariana subduction zone 12 . We can reasonably hypothesize that, due to the low permeability and porosity of the chloriteschists at these depths, the concentrations in organic compounds could be locally very high, especially in the vicinity of dissolving carbonates and forming magnetite known to catalyse abiotic organic synthesis. This would have led to local oversaturation with respect to OMs causing their precipitation, as supported by the spatial association (Fig. 3a) and sometimes spectral similarities (Fig.

2

) observed for DCM and OMs. The chemical and mineralogical diversity observed for OMs (e.g., Fig. 2 and Extended Data Fig. 1) could also result from these spatial heterogeneities, knowing moreover that the DCM composition evolves with the progress of water-rock reactions, and depends in particular on the water/rock ratio and on the fO2 7,29 . These latter have been highly variable during subduction 32 and could have induced locally variable relative contents in aromatic and aliphatic moieties and in oxygen atoms, thus leading alternately to (alkylated±oxygenated)-PAH and alkane minerals.

Reactions involving CO2 reacting with CH4 or CH4 destabilizing to H2 in C-O-H fluids are often considered to account for direct diamond formation at high and low fO2, respectively. However, while all the necessary reactants could have been possibly present in the system and the redox conditions could have been met for methane to destabilize into diamond and H2 32 , the ubiquity of solid hydrogenated carbon phases in the meta-ophimagnesite and the co-occurrence of DCM, OMs and nanodiamonds on a small scale (Fig. 2) suggest, at least, a possible precursor role of the solid organic compounds for these nanodiamonds formed in the stability field of the graphite (Fig. 3b). This supported by experimental evidence showing that the formation of nanodiamonds and diamondoids is promoted by the presence of H-terminated carbon compounds, CH3 being supposedly the dominant growth precursor in diamond synthesis 43 . Nucleation and growth via metastable molecular precursors is similarly suggested for nanodiamonds closely associated with sp2-/sp3-bonded amorphous carbon in fluid inclusions from alpine metasedimentary garnets (Lago di Cignana, Italy) 14 metamorphised under conditions comparable to those that have affected the Monviso meta-ophiolite (i.e., P ≥ 3.2 GPa, T = 600°C). The size analogies between nanodiamonds, and PAH mineral inclusions might also suggest that OMs have themselves been transformed into nanodiamonds, with the transformation of aromatic sp2 precursors to diamond requiring less energy than the graphite-diamond transition or a potential influence of the periodic and regular structure of OMs. Alternatively, because of the limited temperature stability of PAHs at high pressures 30 , including those encountered by the Monviso massif during prograde metamorphism, the decomposition of PAHs to highly-disordered nano-and microcrystalline graphite and then nanodiamonds may be envisaged concomitantly to DCM and OM precipitation, as demonstrated by HP-HT experiments 44,45 (with the decomposition of anthracene being shown in Fig. 3b).

Whatever the process that led to the formation of the nanodiamonds, these solid organic carbon phases, which are ubiquitous throughout the Monviso may stabilize inherited endogenous carbonaceous compounds at high pressure and thus favour their preferential recycling into the mantle, with strong implications for the long-term volatile cycle over geological time.

Online content

Methods

Site and sample description. The sample (i.e., VIS18-10C according to ref. [START_REF] Gilio | Fingerprinting and relocating tectonic slices along the plate interface: Evidence from the Lago Superiore unit at Monviso (Western Alps)[END_REF] was collected in the Western Alps that figure among the best archives of mature subduction in the world with abundant eclogitic meta-ophiolites (500-650°C, 2-2.5 GPa). The sampled Monviso meta-ophiolite, which corresponds to well-characterized mafic to ultramafic fragments of the Tethysian oceanic lithosphere 46,47 , extends over 30 km along the French-Italian border (Fig. 1a). Sample VIS18-10C corresponds to paleoseafloor lithology sampled in the Northern part of the massif at the Colle Armoine (Fig. 1b) where the metasomatic contact between metasedimentary rocks and metaserpentinites is marked by intensively sheared and thus highly foliated chloriteschist layers of several metres long embedding massive centimetric to metric blocks of lawsonite-rich eclogites and meta-ophimagnesites from which sample VIS18-10C originates. Chloriteschists are made of an alternance of chlorite (± antigorite)-rich layers and diopside (± tremolite)-rich layers of several centimetres in thickness associated with numerous magnetite crystals of millimetre size (Fig. 1c). Raman and SEM analyses highlighted the presence of carbonaceous matter in both diopside-and chlorite-rich layers (Fig. 1e) 32 .

VIS18-10C meta-ophimagnesite is made of large magnesite crystals of up to 10 cm width surrounded by white metamorphic coronas (Fig. 1c) composed of large magnetite crystals, up to 1 cm width, associated with finely recrystallized assemblages made of antigorite-chlorite and dolomite-tremolite-chlorite ± talc ± diopside (Fig. 1d).

To avoid laboratory contamination, the decimetric sample was sawed to extract a clean centimetric core, free from an eventual post-sampling carbon contamination. The saw was previously cleaned and rinsed with sterile ultrapure water. The inner core was finally collected, polished, and manipulated using clean pliers.

Raman spectroscopy and epifluorescence microscopy. Raman mapping and individual analysis were carried out on hand polished specimens. Raman data were obtained at the plateform PARI of IPGP-UPC, on resin-free samples with a Renishaw InVia spectrometer using the 514 nm wavelength of a 20Mw argon laser focused through an Olympus BX61 microscope with ×50 and ×100 objectives (numerical aperture: 0.75 and 0.9, respectively). This configuration yields a planar resolution close to 1 µm. The laser power delivered at the sample surface was 0.5 mW with integration times of 100 s, well below the critical dose of radiation that can damage the carbonaceous matter. Light was dispersed by a holographic grating with 1,800 grooves mm -1 and the signal analyzed with a RENCAM CCD (chargecoupled device) detector. Dynamic line-scanning Raman mapping (Renishaw Streamline) was carried out using an XYZ motorized stage, by scanning the sample over selected areas (100 s pt -1 ). Compositional maps representing the intensity distributions of characteristic peaks were determined using the software Wire 3.2 on the basis of component analysis comparing reference spectra with each spectrum composing the hyperspectral map. The microscope was also equipped with a dichroic cube and a polychromatic mercury source to allow the observation in epifluorescence. 

Introduction

Subduction zone is a key geological context for the cycles of redox sensitive elements such as oxygen (O), iron (Fe), sulfur (S), carbon (C), hydrogen (H) and nitrogen (N), which are essential to life. This geodynamical context regulates chemical and redox exchanges from the surface to the deep Earth, potentially shaping atmosphere composition and habitability on Early Earth (Duncan and Dasgupta, 2017;Eguchi et al., 2020). However, the net fluxes of redox sensitive elements in subduction zones are poorly constrained [START_REF] Evans | The redox budget of subduction zones[END_REF], while the processes controlling their abundances and mobility during subduction are subject to ongoing controversies.

The transfer of redox sensitive elements in subduction zones was first approach through arc magma composition. The later have high Fe 3+ /∑Fe ratio (with ∑Fe standing for total iron) and volatile contents relative to mid-ocean ridge basalts (MORB; [START_REF] Arculus | Aspects of magma genesis in arcs[END_REF][START_REF] Parkinson | The redox state of subduction zones: Insights from arcperidotites[END_REF][START_REF] Kelley | Water and the oxidation state of subduction zone magmas[END_REF][START_REF] Brounce | Temporal evolution of mantle wedge oxygen fugacity during subduction initiation[END_REF][START_REF] Gaborieau | Determination of Fe 3+ /ΣFe of olivine-hosted melt inclusions using Mössbauer and XANES spectroscopy[END_REF]. This may suggest that the source of arc magmas, the mantle wedge peridotites, was metasomatized by slab derived fluids equilibrated at high oxygen fugacity (fO2; e.g., containing COX, SOX). However, such interpretation is the subject of controversy as for example V/Sc and Zn/Fe ratios in arc basalts might suggest that mantle wedge peridotites are not more oxidized than the MORB mantle source [START_REF] Lee | Similar V/Sc systematics in MORB and arc basalts: Implications for the oxygen fugacities of their mantle source regions[END_REF][START_REF] Lee | The redox state of arc mantle using Zn/Fe systematics[END_REF][START_REF] Song | CH4 inclusions in orogenic harzburgite: Evidence for reduced slab fluids and implication for redox melting in mantle wedge[END_REF]. The study of arc magmas was then complemented by the analysis of Fe redox state in residual slab serpentinites outcropping in mountain ranges (i.e., meta-ophiolites). Debret et al. (2014Debret et al. ( , 2015) ) first reported a decrease in Fe 3+ /∑Fe ratio and dissolution of oceanic magnetite, both accompanying the progressive dehydration of oceanic serpentinites at high pressure (HP). These results support iron reduction reaction in the dehydrating slab, potentially coupled with the oxidation of reduced phases (e.g., sulfide, organic carbon), therefore allowing the formation of highly oxidized fluids (Debret and Sverjensky, 2017). However, recent studies have questioned the significance of the observed Fe 3+ /∑Fe variations, suggesting that the later could be influenced by protolith composition and, then, not 123 necessarily related to a change in redox budget during subduction (Bretscher et al., 2018;Vieira Duarte et al., 2021).

Stable isotopes of Fe (δ 56 Fe) and Zn (δ 66 Zn) can provide key constraints on redox sensitive element mobility and mass balance in subduction zones. Theory predicts that Fe mobility, and thus Fe isotopic fractionations, are driven by the presence of Cl -, SO4 2-and CO3 2-anions, which preferentially complex isotopically light iron [START_REF] Hill | Modeling the effects of bond environment on equilibrium iron isotope fractionation in ferric aquo-chloro complexes[END_REF][START_REF] Hill | Effects of changing solution chemistry on Fe 3+ /Fe 2+ isotope fractionation in aqueous Fe-Cl solutions[END_REF][START_REF] Fujii | Density functional theory estimation of isotope fractionation of Fe, Ni, Cu, and Zn among species relevant to geochemical and biological environments[END_REF]Moynier et al., 2017).

Given that these elements are ubiquitous and abundant in aqueous fluids derived from serpentinites [START_REF] Scambelluri | Serpentinite subduction : implications for fluid processes and trace-element recycling[END_REF][START_REF] Scambelluri | Fluid-related inclusions in Alpine high-pressure peridotite reveal trace element recycling during subduction-zone dehydration of serpentinized mantle (Cima di Gagnone, Swiss Alps)[END_REF], Fe isotopes are potential tracers of these processes in subduction zones. Zn mobility is particularly sensitive to the presence of C-and S-bearing fluids, since HS -has an affinity for isotopically light Zn whereas CO3 2-and SO4 2-concentrate isotopically heavy Zn isotopes. In addition, the effects of seafloor alteration, marked by protolith inheritance, on both δ 56 Fe and δ 66 Zn compositions of mantle peridotites are rather limited [START_REF] Pons | Early Archean serpentine mud volcanoes at Isua, Greenland, as a niche for early life[END_REF]Craddock et al., 2013;[START_REF] Debret | Isotopic evidence for iron mobility during subduction[END_REF]2018a), making subduction related fractionations easier to identify for Fe and Zn isotopes.

Hence, the combination of Fe and Zn isotopes can be used as a mean of probing the speciation and redox state of serpentinite-derived fluids in subduction zones. In good agreement with this, several studies have reported important δ 56 Fe and δ 66 Zn variations in subducted materials [START_REF] Debret | Isotopic evidence for iron mobility during subduction[END_REF](Debret et al., , 2021;;[START_REF] Liu | Zinc isotope evidence for a large-scale carbonated mantle beneath eastern China[END_REF][START_REF] Pons | Zinc isotope evidence for sulfaterich fluid transfer across subduction zones[END_REF][START_REF] Wang | Zinc isotope fractionation during mantle melting and constraints on the Zn isotope composition of Earth's upper mantle[END_REF][START_REF] Gerrits | Release of oxidizing fluids in subduction zones recorded by iron isotope zonation in garnet[END_REF]. Those were attributed to redox reactions and associated metal mobility in sulfur, carbon and chlorine-bearing fluids during metamorphic processes affecting the slab. These results highlight the potential of these isotope systems as powerful tools that can be used to trace redox sensitive element mobility associated with prograde metamorphism in subduction zones. However, to date, there is no consensus on δ 56 Fe and δ 66 Zn distribution in the subducting slab and how and to what extent the migration of serpentinite derived aqueous fluids through other slab lithologies or slab/mantle interface may modify these isotopic signatures.

Here we investigate Fe and Zn stable isotope variations along the Monviso meta-ophiolite. The latter is a well-characterized section of oceanic lithosphere (Lombardo et al., 1978;Balestro et al., 2011Balestro et al., , 2013;;Angiboust et al., 2012;Locatelli et al., 2019) that was subducted at eclogite facies pressure and temperature (P-T) conditions before being exhumed during alpine orogeny. Based on thermodynamic calculations and petrological observations, Caurant et al. (in revision) proposed that the Monviso metaophiolite has recorded strong redox heterogeneities at eclogite facies conditions, with serpentinites being equilibrated at fO2 ranging from +2 to -4, relative to Fayalite-Magnetite-Quartz (FMQ) buffer.

This redox gradient highlighted in the subducting slab is likely set up during serpentinite dehydration.

This meta-ophiolite is therefore a prime location to evaluate the relevance of the Fe-Zn isotopic system for tracing the mobility of redox-sensitive elements associated with prograde metamorphism in subduction zones.

Geological setting and sampling

Our study focuses on ultramafic rocks sampled along the Monviso meta-ophiolite (Figure 1 Unit to the East by two ductile normal faults (Ballèvre et al., 1990;Blake and Jayko, 1990). Over the last decades, successive field, petrological and geochemical studies performed on the Monviso metaophiolite have refined interpretations of its tectonic structure, highlighting the existence of two coherent oceanic units, namely the Upper and Lower Tectonic Units, separated by a west-dipping shear zone (Figure 1; Lombardo et al., 1978;Angiboust et al., 2012Angiboust et al., , 2014;;Balestro et al., 2015;Festa et al., 2015;Locatelli et al., 2018). Those units have recorded different subduction-related P-T conditions, of about 480°C/2.2 GPa and 520-570°C / 2.6-2.7 GPa, respectively (Schwartz et al., 2001;Angiboust et al., 2012;Caurant et al., in revision). The studied rocks were sampled along the Lower Tectonic Unit.

Despite a complex metamorphic history, this unit could partly derive from an oceanic core complex (Balestro et al., 2015;Festa et al., 2015;Caurant et al., in revision), preserving the original lithostratigraphy of a heterogeneous crustal section such as the ones observed at slow-spreading ridges (Cannat, 1995) or in other Western Alps (meta-)ophiolites (Lagabrielle and Cannat, 1990). In the Northern massif, the Lower Tectonic Unit includes from East to West a succession of deep-seated sequence, i.e., minor gabbroic intrusions into an extended section of serpentinized lithospheric mantle (hereafter referred to as basal serpentinites), to paleo-seafloor sequence, i.e., meta-sedimentary rocks sitting on paleo-seafloor serpentinites. In the Southern massif, the Lower Tectonic Unit is characterized by scarce meta-sedimentary rocks and a large amount of meta-basites. It consists, from East to West, of a thick sequence of meta-gabbros and meta-serpentinites sitting below meta-basalts. To the East, the lower sheared zone (LSZ) separates meta-gabbros from the basal serpentinite unit. The LSZ includes highly deformed meta-ophidolomites and meta-basites within a serpentinite matrix (thereafter named LSZ-serpentinites).

We selected 13 meta-serpentinites from the Northern part of the massif, including 3 basal (samples Vis20-1; Vis20-11; Vis20-14) and 10 seafloor (samples VIS18-4; VIS18-5A1; VIS18-5A2; VIS18-5B; VIS18-6A; VIS18-6B; VIS18-9; VIS20-5; VIS20-6; VIS20-10) serpentinites, as well as 3 LSZ-serpentinites from the Southern part of the massif (samples VIS18-1; VIS18-2; VIS18-3). The samples are mainly made of antigorite and metamorphic olivine locally associated with titano-clinohumite, diopside, chlorite and/or brucite. These assemblages are formed at metamorphic climax (520-570°C / 2.6-2.7 GPa) through antigorite and brucite breakdown [START_REF] Schwartz | Pressuretemperature estimates of the lizardite/antigorite transition in high pressure serpentinites[END_REF][START_REF] Scambelluri | The water and fluid-mobile element cycles during serpentinite subduction. A review[END_REF]Caurant et al., in revision). Despite a homogeneous P-T record between the Northern and the Southern massifs, metaserpentinite forming minerals are variable at massif scale. Such mineralogical variations were attributed to different fO2 records, with basal serpentinites recording high fO2 conditions (~ FMQ +2), while paleo-seafloor or LSZ-serpentinites recorded lower fO2 conditions (~ FMQ -4), limiting magnetite crystallization (Caurant et al., in revision). The paleo-seafloor serpentinites can display residual calcite and are associated with abundant carbonaceous matter. In basal serpentinites, olivine is associated with abundant magnetite that often forms large veins of several centimetre wide. The preferential crystallization of metamorphic olivines in veins, relative to the host serpentinite, attests that veins localized fluid circulation and behaved as high permeability reaction zones during subduction [START_REF] Gao | Primary fluids entrapped at blueschist to eclogite transition; evidence from the Tianshan meta-subduction complex in northwestern China[END_REF][START_REF] John | Trace-element mobilization in slabs due to non steady-state fluid-rock interaction: constraints from an eclogite facies transport vein in blueschist (Tianshan, China)[END_REF]. In addition to meta-serpentinites, metasomatic interfaces between meta-sedimentary rocks and meta-serpentinites were also sampled in the Northern massif. The latter are made of highly deformed chloriteschists (samples VIS18-8; VIS18-11; VIS18-14; VIS20-1324) embedding meta-ophicarbonates (samples VIS18-10A; VIS18-10C; VIS20-2; VIS20-3). The samples of chloriteschists are mainly made of chlorite, diopside, tremolite and magnetite, while the samples of meta-ophicarbonates are made of magnesite and antigorite partly recrystallized into tremolite, diopside, talc, chlorite, dolomite and magnetite assemblages. The metasomatic interfaces are interpreted as former ophicarbonate levels that were partly (meta-ophicarbonates) to fully (chloriteschists) decarbonated during subduction (Caurant et al., in revision). Associated metasedimentary rocks were also sampled (samples . Exhaustive field and petrological description of the studied samples can be found in Caurant et al. (in revision).

Methods

All samples were cut away from weathered surface, pen marks and sticker residues. They were then crushed with an agate mortar and a pestle, prior being powdered in an agate bowl. For the basal serpentinite sample VIS20-11, olivine veins (VIS20-11V) were large enough to be milled separately from the host rock (VIS20-11CR). All the samples were then processed for major (SiO2, Al2O3, Fe2O3 (modified after Angiboust et al., 2012;Balestro et al., 2018;Lombardo et al., 1978;Schwartz et al., concentrated HF and HCl acids in 7 mL PTFE Teflon square digestion vessels with wrench top closures in an oven at 160°C for 3 days. After evaporation at 90°C, residues were put in Aqua Regia fuming liquid and heated at 130°C for 24h. After a next step of evaporation at 90°C, 1mL of HCl 6N was added to the samples, the solution being heated at 90°C during 24h. This step was repeated twice. The same solution was then used for both trace element and stable isotope analysis.

Trace elements

For trace elements, the solutions were diluted by a factor 10000 in HNO3 acid. Analyses were then carried out by inductively coupled plasma mass spectrometry (ICP-MS) using an Agilent 7900 quadrupole. Elements with masses between that of sodium ( 23) and arsenic (75), as well as silver (107), cadmium (111) and gadolinium (157), were measured using a collision-reaction cell with helium gas (5mL/min) to remove polyatomic interferences. All other elements were measured without collision gas. Scandium, indium and rhenium internal-standards were injected after inline mixing with the samples to correct for signal drift and matrix effects. Two sets of multi-element calibration standards (one for major and one for trace elements) were analysed to confirm and model (through simple linear regression) the linear relationship between signal and concentration. The model was then used to convert measured sample counts to concentrations. Reported uncertainties were calculated using error propagation equations and considering the combination of standard deviation on replicated consecutive signal acquisitions (n = 3), internal-standard ratio and blank subtraction. The non-linear term (internal-standard ratio) was linearized using a first-order Taylor series expansion to simplify error propagation. CRPG UB-N serpentinite was used as external standard. The obtained values are in good agreement with literature data (Appendix A).

Fe-Zn stable isotopes

Quantitative purification of Zn and Fe was achieved by chromatographic exchange, using 1 mL of AG1-x8 (200-400 mesh) and 0.4 ×7 cm Teflon columns, following the procedure adapted from [START_REF] Maréchal | Precise analysis of copper and zinc isotopic compositions by plasma-source mass spectrometry[END_REF] and developed by [START_REF] Sossi | Combined separation of Cu, Fe and Zn from rock matrices and improved analytical protocols for stable isotope determination[END_REF]. All reagents used in the chemistry and mass spectrometry procedures were distilled and subboiled using Teflon two-bottle stills. The total procedural blank contribution was <18 ng for Zn and <80 ng of Fe, which is negligible compared to the amount of Zn and Fe in the samples (blank contribution is <1 %). 

Figure 3: Normalized bulk rock rare Earth element, REE (a-c) and trace element (d-f) patterns of

Monviso meta-serpentinites. Literature data are from [START_REF] Hattori | Geochemical character of serpentinites associated with high-to ultrahigh-pressure metamorphic rocks in the Alps, Cuba, and the Himalayas: Recycling of elements in subduction zones[END_REF], Angiboust et al. (2014), [START_REF] Debret | Isotopic evidence for iron mobility during subduction[END_REF] and Gilio et al. (2020).

Results

Meta-serpentinites

Meta-serpentinite bulk rock analyses for major and trace elements are reported in Tables 1 and2 and illustrated in Figures 2 to 4. Meta-serpentinites from the Monviso Southern and Northern massifs have similar major element contents, plotting on the terrestrial mantle array (Figure 2). They display Al2O3

and MgO contents ranging from 0.3 to 2.8 wt.% and from 35.2 to 43.0 wt.%, respectively, and Fe 3+ /∑Fe ranging from 0.2 to 0.6 (Figure 2). It must be noted that basal serpentinites from the Northern part display the highest Fe 3+ /∑Fe ratios (Figure 2c). These values are in good agreement with that reported in the literature [START_REF] Hattori | Geochemical character of serpentinites associated with high-to ultrahigh-pressure metamorphic rocks in the Alps, Cuba, and the Himalayas: Recycling of elements in subduction zones[END_REF]Angiboust et al., 2014;[START_REF] Debret | Isotopic evidence for iron mobility during subduction[END_REF]Gilio et al., 2020).

Rare Earth element (REE) patterns of meta-serpentinites are variable passing from the Monviso Southern to Northern massifs (Figure 3). Southern meta-serpentinites are characterized by a flat Light blueschistes serpentinites [START_REF] Debret | Isotopic evidence for iron mobility during subduction[END_REF] The Monviso meta-serpentinites display a large range of δ 56 Fe (from -0.20 ± 0.05 to +0.09 ± 0.03 ‰) and δ 66 Zn (from -0.03 ± 0.03 to +0.27 ± 0.02 ‰) values relative to primitive mantle (Figure 4). No systematic variations are observed passing from Southern meta-serpentinites (δ 56 Fe = -0.09 ± 0.02 ̶ +0.07 ± 0.02 ‰; δ 66 Zn = +0.00 ± 0.01 ̶ +0.27 ± 0.02 ‰) to Northern meta-serpentinites (δ 56 Fe = -0.20 ± 0.05 ̶ +0.09 ± 0.03 ‰; δ 66 Zn = -0.03 ± 0.03 ̶ +0.20 ± 0.03 ‰), except that the latter display a larger range of δ 56 Fe values. These values agree with previous analyses of Western Alps HP serpentinites (Figure 4).

Metasomatic interfaces

Metasomatic interfaces are located at the interface between meta-serpentinites and metasedimentary rocks. They are composed of meta-ophicarbonate boudins embedded within chloriteschists. Analytical results obtained on meta-ophicarbonates, chloriteschists and associated meta-sedimentary rocks are reported in Tables 2 and3 and illustrated in Figure 5. In order to identify isotopic fractionations during meta-ophicarbonate devolatilization at HP, we compared the obtained results to low metamorphic grade ophicarbonates from the Chenaillet massif (France, Western Alps).

The latter represent pristine ophicarbonate levels formed at the seafloor that were not affected by alpine metamorphism (Lafay et al., 2017). 

Discussion

The studied meta-serpentinites recorded a complex metamorphic history, being formed in a slow spreading like environment and then metamorphosed at HP-HT during subduction, prior their exhumed at the surface through alpine orogeny ( (Agard, 2021) and reference therein). The geochemical signatures of the studied samples might therefore reflect either (1) multiple events of partial melting and/or melt/rock interactions below oceanic ridges, ( 2 

Melt-rock interactions and mantle geochemical inheritances

The composition of mantle peridotites is often assessed through major element compositions with fertile lherzolites displaying high Al2O3, CaO and low MgO contents relative to refractory harzburgite or dunites (Bodinier and Godard, 2013). However, both Ca and Mg can be mobilized in fluids during the serpentinization process [START_REF] Snow | Pervasive magnesium loss by marine weathering of peridotite[END_REF][START_REF] Niu | Bulk-rock major and trace element compositions of abyssal peridotites: Implications for mantle melting, melt extraction and post-melting processes beneath Mid-Ocean ridges[END_REF][START_REF] Paulick | ODP Leg 209: Implications for fluid / rock interaction in slow spreading environments[END_REF][START_REF] Deschamps | Geochemistry of subduction zone serpentinites: A review[END_REF], while Al is often considered as qualitatively poorly mobile [START_REF] Dungan | A microprobe study of antigorite and some serpentine pseudomorphs[END_REF][START_REF] Malvoisin | Mass transfer in the oceanic lithosphere: Serpentinization is not isochemical[END_REF]. In addition, [START_REF] Paulick | ODP Leg 209: Implications for fluid / rock interaction in slow spreading environments[END_REF] considered Al2O3/SiO2 to be a better proxy of peridotite protolith composition than Al2O3 concentrations because the Al2O3/SiO2 ratio remains relatively unchanged during the serpentinization process, whereas Al2O3 concentrations can be influenced by volume changes accompanying serpentinite formation. Major elements mobility is well illustrated on the Figure 2a where most of the studied sample follow the terrestrial Al2O3/SiO2 evolution and are slightly shift toward to low MgO/SiO2. There is a large overlap of Al2O3/SiO2 ratios between Monviso serpentinites, with most of the studied samples spreading between a harzburgite refractory endmember with low Al2O3/SiO2 ratios and a fertile lherzolite endmember with high Al2O3/SiO2 ratios.

REE patterns of the studied samples are variable at massif scale by presenting highly variable LREE depletion relative to M-HREE (Figure 3). Such a variability is well illustrated in the Northern part of the massif where two main types of REE patterns were observed. In contrast, few variations were observed between the REE patterns of LSZ-and basal serpentinites composing the southern part of the massif, either in this or in previous studies (Gilio et al., 2020). LREE mobility can be affected by both melt or fluid rock interactions occurring either at abyssal stage or during subduction. Notably, several studies of Western Alps meta-ophiolites (e.g., Lanzo massif) have shown that impregnation processes by MORB like melts occurring prior subduction are likely to produce peridotites with variable LREE enrichments relative to M-HREE [START_REF] Bodinier | Geochemistry and petrogenesis of the Lanzo peridotite body, western Alps[END_REF][START_REF] Piccardo | Melt/peridotite interaction in the Southern Lanzo peridotite: Field, textural and geochemical evidence[END_REF]. [START_REF] Paulick | ODP Leg 209: Implications for fluid / rock interaction in slow spreading environments[END_REF] noted that addition or removal of melts in peridotites leads to enrichments in HFSE and LREE, while LREE are more readily transported then HREE or HFSE in aqueous fluids. Hence once can expect melt/rock interactions to fractionate both LREE/HREE and HFSE ratios while fluid/rock interaction only affect LREE/HREE ratios. In Figure 6a, we observed a negative correlation between La/YbN and Zr/Tan ratios in Monviso serpentinites suggesting that the composition of these rocks reflect melt/rock interactions affecting peridotite prior the subduction process. Indeed, in situ analyses on peridotites minerals of the Lanzo massif show that clinopyroxenes display high Zr/Tan (>1) and low LREE/HREE (<<1) ratios relative to both orthopyroxenes (Zr/Tan ~1 and LREE/HREE <1) or olivines (Zr/Tan <<1 and LREE/HREE ~1; [START_REF] Debret | Trace element behavior during serpentinization/de-serpentinization of an eclogitized oceanic lithosphere: A LA-ICPMS study of the Lanzo ultramafic massif (Western Alps)[END_REF]). Hence, peridotite refertilization by MORB melts is expected to increase Zr/Tan and decrease La/YbN ratios in bulk rock, leading to a negative correlation between both ratios. Such a correlation suggests that the mobility of LREE, and therefore the variability of REE patterns in the Monviso massif, are linked to a mantle geochemical inheritance rather than serpentinization related processes. This reasoning can also be extrapolated to extended trace element patterns where the Sr anomaly also correlates with Zr/Tan and therefore be attributed to a mantle geochemical inheritance (Figure 6b).

Previous studies have shown that both δ 56 Fe and δ 66 Zn values of peridotites can be influenced by melt rock interactions [START_REF] Williams | Iron isotope fractionation and the oxygen fugacity of the mantle[END_REF][START_REF] Weyer | Partial melting and melt percolation in the mantle: The message from Fe isotopes[END_REF][START_REF] Doucet | Zn isotopic heterogeneity in the mantle: A melting control? Earth Planet[END_REF][START_REF] Sossi | Zinc isotope composition of the Earth and its behaviour during planetary accretion[END_REF].

Hence lherzolites are expected to display high δ 56 Fe and δ 66 Zn values relative to harzburgites or dunites. The studied samples display large δ 56 Fe (-0.20 to +0.9 ‰) and δ 66 Zn (-0.03 to +0.27 ‰) variations relative to that reported for mantle peridotites (δ 56 Fe = -0.03 to +0.06 ‰; δ 66 Zn = +0.10 to +0.18 ‰ [START_REF] Sossi | Iron isotope systematics in planetary reservoirs[END_REF][START_REF] Sossi | Zinc isotope composition of the Earth and its behaviour during planetary accretion[END_REF]). Furthermore, no correlation between δ 56 Fe or δ 66 Zn and indices of melt-rock interaction (Al2O3/SiO2, La/YbN, Zr/Tan) are observed (Figure 7) suggesting a limited influence of protolith composition on the observed δ 56 Fe and δ 66 Zn variations in Monviso serpentinites.

Deciphering the geochemical imprint of abyssal versus subduction related serpentinization

Serpentinization processes are associated with an important storage of fluid mobile elements (FME:

As, Sb, B, Li, Pb, U), increasing by several orders of magnitude FME concentrations relative to mantle peridotites [START_REF] Deschamps | Geochemistry of subduction zone serpentinites: A review[END_REF]. Peters et al. (2017) recently reported different FME enrichment trends between abyssal and forearc serpentinization environments. These are driven by a strong U 140 uptake at mid-oceanic ridges, and negligible U and important Cs enrichment in forearc environments.

These different geochemical behaviours are expected to be controlled by oxidizing seawater rich fluids at mid-oceanic ridges and sediment-modified fluids in subduction contexts. In Figure 8, Monviso serpentinites plot near primitive mantle values, with Li/Cs, Rb/Cs, and U/Cs ratios resemble to forearc compositions. Indeed, although the massif has undergone substantial ocean floor hydration, several studies (Angiboust et al., 2014;Gilio et al., 2020) have shown that Monviso serpentinites retain geochemical and isotopic (Sr, Pb) enrichments comparable to that observed in other Alpine HP serpentinite (e.g., Voltri and Cima di Gagnone), which have been related to interaction between serpentinite and meta-sedimentary rocks during subduction [START_REF] Scambelluri | Petrology andtrace element budgets of high-pressure peridotites indicate subduction dehydration of serpentinized mantle (cima di Gagnone, Central Alps, Switzerland)[END_REF][START_REF] Scambelluri | The water and fluid-mobile element cycles during serpentinite subduction. A review[END_REF]Cannaò et al., 2015). It is therefore coherent to propose that the FME signature of Monviso serpentinites was overprinted by subduction related fluid /rock interactions, potentially concomitant with sediment dehydration at high pressure.

Abyssal serpentinization has limited effects on the δ 56 Fe values of mantle peridotites. Indeed, several studies have shown that abyssal serpentinite δ 56 Fe values are closed to that of primitive mantle, while no systematic δ 56 Fe variation were observed with increasing serpentinization degree at mid-oceanic ridges (Craddock et al., 2013;[START_REF] Scott | On the hydration of olivine in ultramafic rocks: Implications from Fe isotopes in serpentinites[END_REF]Debret et al., 2018a) or in orogenic settings (Debret et al., 2016). This reflects a low mobility of Fe in seawater relative to initial peridotite Fe concentrations.

In contrast, subduction related serpentinization can be accompanied with large Fe isotope variations reflecting a strong Fe mobility in slab derived fluids [START_REF] Debret | Isotopic evidence for iron mobility during subduction[END_REF](Debret et al., , 2018b[START_REF] Debret | Redox transfer at subduction zones : insights from Fe isotopes in the Mariana forearc[END_REF]. In agreement with previous studies, Monviso serpentinites display larger δ 56 Fe variations relative to that of mantle peridotites or abyssal serpentinites (Figure 4) suggesting that Fe was likely to be mobile in metamorphic fluids at massif scale. Such a process can be driven by (1) variations in Fe oxidation state controlling equilibrium Fe isotope fractionation between solids and/or fluids, and/or (2) nonredox attributes such as ligands present in the aqueous solution. serpentinites (Figure 3c), with the highest Fe 3+ /∑Fe corresponding to a large metamorphic vein (sample Vis20-11V). Interestingly, these redox variations are negatively correlated with δ 56 Fe values in metaserpentinites (Figure 9). Experimental and theoretical studies predict that, at equilibrium, Fe 2+ -bearing phases should be isotopically lighter than Fe 3+ -bearing phases [START_REF] Polyakov | The use of Mossbauer spectroscopy in stable isotope geochemistry[END_REF] which is in apparent contradiction with the negative correlation between bulk serpentinite δ 56 Fe and Fe 3+ /ƩFe (Figure 10). [START_REF] Debret | Isotopic evidence for iron mobility during subduction[END_REF] reported similar paradox in other Western Alps meta-ophiolites (e.g., Lanzo or Queyras massifs). These authors proposed that this correlation should reflect the loss of an isotopically light Fe component in the form of Fe(II)-SOx or Fe(II)-Cl complexes, as theory predicts that these complexes should show a preference for isotopically light Fe [START_REF] Hill | Effects of changing solution chemistry on Fe 3+ /Fe 2+ isotope fractionation in aqueous Fe-Cl solutions[END_REF][START_REF] Fujii | Density functional theory estimation of isotope fractionation of Fe, Ni, Cu, and Zn among species relevant to geochemical and biological environments[END_REF].

In agreement with this scenario, metamorphic vein (sample Vis20-11V) are characterized by the highest Fe 3+ /∑Fe and the lightest δ 56 Fe. Given that Fe 3+ is considered as immobile in fluids [START_REF] Ding | Determination of Fe-Cl complexing in the low pressure supercritical region (NaCl fluid): Iron solubility constraints on pH of subseafloor hydrothermal fluids[END_REF], such a geochemical behaviour must reflect the precipitation of isotopically light iron accompanying fluid pathway closure during prograde metamorphism. This can be explained through the following redox equation [START_REF] Debret | Isotopic evidence for iron mobility during subduction[END_REF]:

(1) Fe-SO4(aq) + 8FeO = 4Fe2O3 + FeS This is consistent with the observation of sulfide-magnetite assemblage equilibrated at high fO2 (FMQ +2) in the metamorphic veins crosscutting basal serpentinites (Caurant et al., in revision). It suggests that the mobility of Fe in fluids is controlled by the formation of oxidizing ligands, such as sulfate or carbonate or brines, that preferentially complex isotopically light iron. The distribution of iron isotope in serpentinites at massif scale is then controlled by fluid circulation pathways, with isotopically heavy Fe and Fe 3+ -poor serpentinites representing the leached residue and isotopically light Fe and Fe 3+ -rich serpentinites corresponding to fluid circulation pathways (e.g., metamorphic veins, sample Vis20-11V).

Leachate of surrounding lithologies by serpentinite derived fluids

Both chloriteschists and meta-ophicarbonates composing metasomatic interfaces are highly enriched in FME relative to serpentinites (Figure 10a-c). These enrichments can be attributed to the influence of slab fluids which are expected to predominate at lithologic interfaces, the latter being preferential circulation pathways during subduction (e.g., Angiboust et al., 2014). In agreement with this scenario, both REE and trace element patterns of metasomatic interfaces are closed to that of meta-sedimentary rocks (Figure 5). Interestingly, by comparing FME enrichments between ultramafic rocks, the whole dataset of Monviso samples spread between a primitive mantle and a meta-sediment endmember, with chloriteschists and meta-ophicarbonates composition being close to that of meta-sedimentary rocks. Overall, these observations suggest a growing influence of slab fluids nearby metasomatic interfaces.

It has been inferred that Fe could be mobile in fluids released during meta-sediment dehydration at HP-HT. Such process was first investigated by [START_REF] Nebel | Redox-variability and controls in subduction zones from an iron-isotope perspective[END_REF] who reported Fe isotope compositions of Banda arc subducted sediments. The later show a limited range of δ 56 Fe values from +0.07 to +0.17

‰, with no apparent co-variation between δ 56 Fe and detrital element proxies or radiogenic isotope compositions and no relation with total organic carbon. Studies of meta-ophiolites show similar values for either blueschist or eclogitic subducted meta-sedimentary rocks, with a range of value of +0.05 to +0.11 ‰ [START_REF] Inglis | The behavior of iron and zinc stable isotopes accompanying the subduction of mafic oceanic crust: A case study from Western Alpine ophiolites[END_REF]Debret et al., 2021), identical to that of the Monviso meta-sedimentary rocks (+0.08 to +0.16 ‰, Table 2). This small Fe isotope variability in the subducted meta-sediment contrast with the values reported from abyssal deep-sea sediments, which δ 56 Fe values range from -0.74 to +0.15 ‰ [START_REF] Rouxel | Iron isotope fractionation during oceanic crust alteration[END_REF]. The relatively heavy δ 56 Fe values of subducted meta-sedimentary rocks may therefore be compatible with the dissolution of Fe-bearing carbonates (e.g., siderite or ankerite), that commonly display light values (down to -2 ‰; [START_REF] Johnson | The iron isotope fingerprints of redox and biogeochemical cycling in modern and ancient Earth[END_REF] and the release of isotopically light Fe-bearing fluids, as the process would drive the residual meta-sedimentary rocks to isotopically heavy values. In agreement with this, investigations of carbonated serpentinites in Queyras blueschist terrains (France, Western Alps) show that the transfer of carbon-bearing fluids from metasedimentary rocks to serpentinites can contribute to a strong decrease in δ 56 Fe values of serpentinite, down to -0.3 ‰ (Debret et al., 2018b). Although the exact nature of Fe complexation in metasediment-derived fluids is poorly constrained, this observation further corroborates the release of isotopically light fluids during meta-sediment dehydration in subduction zones. (2004). LSZ, lower shear zone; serp., serpentinites.

In the Monviso meta-ophiolite, metasomatic interfaces between meta-sedimentary rocks and serpentinites are made of chloriteschist and meta-ophicarbonate displaying a large range of δ 56 Fe values (from -0.14 to +0.13 ‰). Although meta-ophicarbonate display light values (from -0.14 to -0.06 ‰) relative to the primitive mantle, no systematic variations between δ 56 Fe values and indices of metasediment derived fluids (e.g., Cs, As, Li) were observed (Figure 10c-d). Furthermore, metaophicarbonate display identical δ 56 Fe values relative to that of seafloor ophicarbonates from the Chenaillet massif (from -0.11 to +0.03 ‰). The latter being formed at the paleo-seafloor (Lafay et al., 2017), this suggests that meta-ophicarbonates inherited their δ 56 Fe from an oceanic stage. Indeed, based on thermodynamic modelling, Caurant et al. (in revision) interpreted Monviso metasomatic interfaces as former paleo-seafloor ophicarbonates horizons that were partly devolatilized during subduction. This interpretation is also consistent with Balestro et al. (2015) field observations that interpreted the contact between metasedimentary and ultramafic rocks in the Northern Monviso as a paleo-oceanic detachment fault. Overall, these observations suggest that the carbonation of metasomatic interfaces is inherited from an abyssal stage. (2017). Depleted mantle values are from [START_REF] Salters | Composition of the depleted mantle[END_REF].

Interestingly, the δ 56 Fe variations of ultramafic rocks composing metasomatic interfaces is negatively correlated with CO2 concentrations in bulk rock (Figure 11), with carbonate free chloriteschists displaying heavy δ 56 Fe values (from -0.06 to +0.13 ‰) relative to meta-ophicarbonate (from -0.14 to -0.06 ‰). This observation is consistent with the observation of abundant magnetite in chloriteschist, the latter being formed through meta-ophicarbonate devolatilization at HP, according to the following equation (Caurant et al., in revision):

(2) Brc + Atg + Cal = Mt + Di + 3H2O(aq) + COX(aq)

(Mg,Fe)(OH)2 + (Mg,Fe)3Si2O5(OH)4 + CaCO3 = Fe3O4 + CaMgSi2O6 + 3H2O(aq) + COX(aq)
In agreement with such a process, chloriteschists display high Fe 3+ /∑Fe (0.3-0.5) relative to metaophicarbonates (0.2-0.3). Although this equation doesn't give right to Fe mobility in slab fluids, theoretical and experimental studies have shown that magnetite preferentially uptake heavy Fe relative to fluids or carbonates [START_REF] Polyakov | The use of Mossbauer spectroscopy in stable isotope geochemistry[END_REF][START_REF] Hill | Effects of changing solution chemistry on Fe 3+ /Fe 2+ isotope fractionation in aqueous Fe-Cl solutions[END_REF]. Hence, the decarbonation of paleo-seafloor ophicarbonates horizons during subduction through brucite breakdown (equation ( 2)) is expected to drive the isotopic signature of dehydrated residue toward to heavy δ 56 Fe values, in agreement with observed variation between chloriteschists and meta-ophicarbonates composing the metasomatic interfaces (Figure 10). This therefore suggests that the δ 56 Fe variations observed in the metasomatic interfaces are linked to the loss of isotopically light Fe.

Conclusion

The analysis of Monviso meta-serpentinites show that these rocks preserve mantle geochemical heterogeneities inherited from an abyssal stage. This is supported by negative correlations between HFSE and LREE/HREE ratios in meta-serpentinites, as addition or removal of melts in peridotites leads to enrichments in HFSE and LREE, while LREE are more readily transported than HREE or HFSE in aqueous fluids. In contrast, both FME concentrations and δ 56 Fe variations in meta-serpentinites are incompatibles with mantle or abyssal processes. Indeed, the negligible U and prominent Cs enrichments of Monviso meta-serpentinites suggests that the meta-serpentinite FME signature was overprinted by subduction related fluid/rock interactions, potentially concomitant with sediment dehydration at high pressure. Similarly, the absence of correlation between δ 56 Fe (or δ 66 Zn) and indices of melt-rock interaction (Al2O3/SiO2, La/YbN, Zr/Tan) show a limited influence of protolith composition on the Fe (or Zn) stable isotope signature of Monviso meta-serpentinites. Although some overlap remains between abyssal and Monviso (meta-)serpentinites, the existence of a negative correlation between δ 56 Fe and Fe 3+ /∑Fe in meta-serpentinites provides evidence for a mobility of isotopically light Fe in slab derived fluids during subduction (see also [START_REF] Debret | Isotopic evidence for iron mobility during subduction[END_REF].

This process is likely driven by serpentinite dehydration during subduction. Interestingly the δ 56 Fe values of meta-sedimentary rocks and metasomatic interfaces (made of meta-ophicarbonates and chloriteschists) composing the Monviso massif are shifted toward to heavy value relative to their

Chapitre V. Conclusion

Les études pétrologiques et géochimiques menées au cours de cette thèse ont permis de montrer un découplage du carbone lors de la déshydratation des serpentinites en zone de subduction.

Notre étude s'est focalisée sur la méta-ophiolite du Monviso (Alpes Occidentales). Nous avons distingué différentes évolutions pétro-géochimiques entre les serpentinites associées aux lithologies du paléo plancher océanique, c'est à dire des méta-sédiments et des meta-ophicarbonates, et les serpentinites composant la partie basale de la méta-ophiolite. Ces roches contiennent des marqueurs de la déstabilisation de la brucite à haute pression et haute température, tels que les olivines métamorphiques et les titano-humites/chondrodites suggérant que ces roches sont équilibrées dans des conditions de température et de pression semblables, estimées à 520-570°C et 2,6-2,7 GPa.

Cependant, le XMg des olivines métamorphiques ainsi que les espèces de sulfure associées diffèrent entre les deux groupes de serpentinites. Les modélisations thermodynamiques montrent que ces divergences résultent d'équilibre redox différents lors de la subduction. Les serpentinites du paléo plancher océanique sont équilibrées à plus faible fugacité en oxygène (FMQ= -4) que les serpentinites basales (FMQ= +2). Ceci est probablement lié à la présence d'éléments sensibles aux conditions redox, tel que le carbone présent sous la forme de carbonates et de matière carbonacée désordonnée (DCM), qui ont le potentiel de tamponner la fugacité en oxygène lors de réactions redox de déshydratation des serpentinites à HP-HT. Ces observations suggèrent l'existence d'un gradient redox au sein dans la lithosphère océanique subduite, les lithologies composant la lithosphère profonde seraient équilibrées à plus haute fugacité en oxygène que les lithologies proches de l'interface avec le coin mantellique.
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Northern massif Paleo-seafloor serpentinites

Basal serpentinites wt% VIS18-6A VIS20-5 VIS20-6 VIS20-10 VIS20-1 VIS20-11CR VIS20- Chapitre IV. Table 3 Table 3: Bulk rock analyses of chloriteschists and meta-ophicarbonates composing metasomatic interfaces in the Monviso Northern massif and ophicarbonates from the Chenaillet massif. LOI, Loss On Ignition; b.d.l., below detection limit.

Figure 2 :

 2 Figure 2 : Sections présentant la diversité sédimentaire subduite au niveau des fosses océaniques (Plank et Langmuir 1998). Les carbonates et les limestones sont des lithologies riches en carbone inorganique.

Figure 3 :

 3 Figure 3 : Histogramme montrant le taux annuel de carbone, sous forme organique (kérogène d'origine biologique) et inorganique (carbonates), subduit sous l'avant-arc de différentes zones de subduction.

Figure 4 :

 4 Figure 4 : Schéma structurel pour un kérogène de type II en fin de diagenèse (Vandenbroucke et Largeau

Figure 5 :

 5 Figure 5 : Diagramme montrant l'origine du carbone subduit à travers le Cénozoïque. La subduction de carbonates dans les fosses en état d'équilibre est la composante la plus importante. (Clift 2017). Le

Figure 6 :

 6 Figure 6 : Diagramme activité-activité montrant les équilibres de phases dans le système MgO-SiO2-

Figure 7 :

 7 Figure 7 : Relations entre la perte au feu (loss-on-ignition LOI) et la teneur en CO2 (axe de gauche) et C total (axe de droite) dans les péridotites altérées provenant d'ophiolites et de dorsales océaniques. (Kelemen et Manning 2015).

3. 2

 2 photosynthétique stocké dans les sédiments marins est considéré alors qu'il est désormais admis que

Figure 8 :

 8 Figure 8 : Abondance de bactéries et d'archées dans différents habitats sur Terre. Au total, ~1,2 × 10 30 cellules de bactéries et d'archées constituent la biomasse procaryotique sur Terre et les cinq grands habitats microbiens sont l'océan, les sédiments océaniques supérieurs (jusqu'à 50 cm de profondeur), la subsurface océanique profonde, le sol (jusqu'à 8 m de profondeur), les eaux souterraines et la subsurface continentale profonde. Tous les autres habitats, y compris les eaux souterraines, les eaux usées, les animaux et les plantes, comptent chacun 10 27 cellules ou moins.

Figure 9 :

 9 Figure 9 : Différentes formes de carbone organique, élémentaire et inorganique et leur état d'oxydation. Sont également indiquées schématiquement les réactions majeures permettant en changement d'état redox du carbone (d'après Zolotov et Shock 1999)

Figure 11 :

 11 Figure 11 : Composés organiques solides d'origine abiotique identifiés dans des serpentinites. (a) Image de microscopie électronique à balayage (MEB) en électrons rétrodiffusés de grandes plages de CCM entourant l'hématite et envahissant les microfissures de la saponite. L'échelle correspond à 200 µm.

  ) Spectre Raman de la CCM associés à l'hydroandradite et à l'assemblage hématite-saponite. 1: Hydroandradite, 2: luminescence Cr 3+ , 3: CH2 wagging, 4: CH deformation, 5: CH3 dans des composés aliphatiques (CH3 déformation symétrique), 6: CH2 and CH3 dans des chaînes aliphatiques (bending, scissoring, antisymmetric stretching), 7: Aliphatique OOH, 8: COO-antisymmetric stretching, 9: C-C aromatique ou phenyl, 10: COO-symmetric stretching, 11: C=C aromatique, 12: C-C aromatic ring stretching

Figure 12 :

 12 Figure 12 : Inclusions fluides dans des olivines d'ophiolites contenant notamment du méthane, du carbone amorphe et des nanodiamants (Pujol-Solà et al. 2020). (a) Spectres Raman du carbone amorphe et du méthane. La bande D du carbone amorphe (surlignée en rouge) est bien prononcée contrairement à la bande G (1580 cm -1 ), ce qui témoigne d'un désordre structural important. (b) Carte

Figure 13 :

 13 Figure 13 : Modélisations thermodynamiques de Kerrick et Connolly (2001) montrant les pertes (en poids pourcent) d'H2O et de CO2 à partir de la croûte basaltique altérée par décarbonatation métamorphique « simple » le long de trois géothermes (faible, moyenne et haute températures).

Figure 14 :

 14 Figure 14 : Modélisations de Kelemen et Manning (2015) montrant les quantités de C inorganique en ppm en fonction de la pression et de la température pour un fluide aqueux saturé vis-à-vis du CaCO3.

  et de roches carbonatées (Kerrick et Connolly 1998 ; Ague et Nicolescu 2014) dans diverses méta-ophiolites du faciès schiste bleu (300-500°C, 10-20 kbar) ou éclogite (>500°C, >20kbar) fournit également des preuves de la rétention des carbonates solides dans la plaque plongeante.

Figure 15 :

 15 Figure 15 : Solubilité des minéraux carbonatés (MCO3) en fonction de la pression. Les solubilités de la calcite, de l'aragonite, de la dolomite, de la magnésite et de la sidérite sont prédites pour 1 000K. KMCO3 est la constante du produit de solubilité et est égal à aM 2+ x aCO3 2-. a: activité de l'ion correspondant. M: Ca, Mg, Ca0.5Mg0.5, ou Fe. (Pan et al. 2013).

Figure 16 :

 16 Figure 16 : Prédiction des espèces carbonées aqueuses en fonction de la fO2 et du pH ; modélisation calculée avec le Deep Earth Water model[START_REF] Sverjensky | Important role for organic carbon in subduction-zone fluids in the deep carbon cycle[END_REF]).

Figure 17 :

 17 Figure 17 : Carbone graphitique dans des ophicarbonates du massif du Lanzo (Vitale-Brovarone et al. 2017). (a) Image en lumière polarisée de carbone graphitique (Grp) entourant les clasts de serpentines (Srp). Cc : calcite. L'échelle correspond à 500 μm. (b) Spectre Raman du carbone graphitique.

Figure 18 :

 18 Figure 18 : Évolution du spectre Raman de la matière organique sédimentaire en fonction de la température (Henry et al. 2019) et structure du kérogène et du graphite.

Figure 19 :

 19 Figure 19 : Matière carbonacée en inclusions dans des cristaux d'olivines métamorphiques (Bouilhol et al., 2022). (a-d) Image MEB en électrons rétrodiffusés et distributions élémentaires EDS associées (Fe, C et Al) des olivines métamorphiques contenant des inclusions d'antigorite, de magnétite et de carbone graphitique (G). (e) Image MEB de la matière carbonacée (G) montrant que cette dernière est dans le cristal d'olivine. (f) Spectre Raman de la matière carbonacée. Il est à noter que la matière carbonacée enregistre des conditions de températures calculée avec le géothermomètre Raman trop variables pour être significatives. Ceci suggère la présence de matière carbonacée d'origine variable (ex : kérogène biologique versus PAHs abiotiques ?) dans la roche.

Figure 20 :

 20 Figure 20 : Décomposition des PAHs à HP-HT (Chanyshev et al. 2017). (a) Produits de décomposition

Figure 1 .

 1 Figure 1. Geological map (a) of the Monviso meta-ophiolite and cross sections of Colle del Baracun (b; including a projection of sample locations spanning from Villanova, to the North, to Rifugio Barbara Lowrie further South), Colle Armoine (c), Lago Superiore and Lago Fiorenza (d) and Rifugio Quintino (Q.)

Figure 2 .

 2 Figure 2. Field photographs of ultramafic rocks outcropping in the Monviso meta-ophiolite. (a) Chloriteschist made of an alternance of diopside-rich (± tremolite) and chlorite-rich (± antigorite) layers. Note that diopside is associated with abundant magnetite. (b) Meta-ophimagnesite embedded within chloriteschist foliation and displaying metamorphic coronas made of dolomite. (c) Olivine-bearing veins crosscutting paleoseafloor serpentinite. The veins are associated with humite crystals of centimetre

Figure 3 .

 3 Figure 3. Raman spectra of organic matter composing metasedimentary rocks, chloriteschists, metaophimagnesites and paleoseafloor serpentinites. Note that the carbonaceous matter in ultramafic rocks is characterized by a broad and intense disordered band (D) and a large graphite band (G), while that in metasedimentary rocks is characterized by a sharp G band (G) of high intensity compared to the associated D band. a.u., arbitrary unit.

  ),[START_REF] Holland | An internally consistent thermodynamic data set for phases of petrological interest[END_REF] and[START_REF] Klein | Fe-Ni-Co-O-S phase relations in peridotite-seawater interactions[END_REF] and were previously benchmarked by[START_REF] Evans | Effects of geodynamic setting on the redox state of fluids released by subducted mantle lithosphere[END_REF]. A-X relationships are from Holland & Powell 2003 for olivine (with the addition of a Ni-olivine species "fran"), clinopyroxene, orthopyroxene, and amphibole (tremolite and Fe-tremolite); from Padrón-Navarta et al. (2013) for antigorite; from Sack & Ghiorso (1991) for magnetite-magnesioferrite; from Franzolin et al. (2011) for carbonates, with an enthalpy of formation of -5.74 kJ mol -1 for ordered

Figure 4 .

 4 Figure 4. Petrological thin section (a,b) and hand-polished section (c,d) images of chloriteschists and meta-ophimagnesite from the Lago Superiore (a,c), the Rifugio Barbara Lowrie (b) and the Colle Armoine (b) . (a) Microphotograph in crossed polarized light of a chloriteschist showing an alternance of metamorphic diopside (Di2)-rich and chlorite (Chl)-rich layers. Magnetite (Mt) is widely distributed in the sample. (b) Microphotograph in crossed polarized light of a calcite (Cal) relict in chloriteschist. Calcite crystals present metamorphic corona made of tremolite and magnetite. (c) Overlay of SEM-BSE image and SEM-EDS image showing the distribution of carbon (in red), corresponding to DCM, within chlorite. (d) Microphotograph in crossed polarized light of a meta-ophimagnesite. Magnesite (Mgs) metamorphic coronas are made from core to rims of dolomite (Dol), magnetite, talc (Tlc), tremolite (Tr), diopside and chlorite assemblages. Few lamellae of antigorite can also be observed within the metamorphic rims.

Figure 5 .

 5 Figure 5. Microphotographs of thin sections of paleoseafloor serpentinites from the Colle Armoine (af) and Colle del Baracun (g). (a) Microphotograph in plane polarized light (top) and associated schematic illustration (bottom) of diopside bearing paleoseafloor serpentinites. The box indicates the location of the figure 7b. Metamorphic diopside(Di2)-rich layer, orientated along rock foliation (S2), embeds first generation of diopside (Di1) associated with antigorite (Atg). Magnetite (Mt) grains display indented boundaries at the contact with antigorite. Elongated calcite (Cal) crystals of millimetre size are crenulated by the rock foliation. Chlorites (Chl) flakes can be observed in the centre of antigorite

Figure 6 .

 6 Figure 6. Thin section images of a LSZ-serpentinite sampled near the Lago Superiore. (a) Microphotograph in crossed polarized light showing metamorphic olivine, brucite, antigorite and magnetite. Olivine-rich layers with associated range of XMg values are located at the contact between brucite and antigorite and define S-C structures (Figure 2e). (b) Microphotograph in reflected light of magnetite-pentlandite-awaruite assemblage in olivine-rich layers (location shown in (a)). Note that pentlandite and awaruite surround a thin string of magnetite.

Figure 7 .

 7 Figure 7. Thin sections images of basal serpentinites sampled at Villanova (a, d) and Rifugio Barbara Lowrie (b, c). (a) Microphotograph in plane polarized light showing two generations of metamorphic olivines (dusty Ol2D and euhedral Ol2) and associated XMg values. The first generation is disseminated as large aggregates (>500 µm width) within the host serpentinite. These aggregates are made of micrometric olivine grains associated with tiny magnetite (Mt) a few micrometres wide, giving a dusty texture in thin sections. The second generation is observed in veins made of euhedral olivines of a few hundreds of micrometre in width and that cross-cut the host serpentinite. The mean XMg value of the two olivine generations crystalizing in this sample are shown for comparison. (b) Microphotograph in crossed polarized light showing pervasive dusty Ol2D vein network that surrounds hundreds of micrometres wide patches made of antigorite (Atg), chlorite (Chl), brucite (Brc) and/or magnetite. Flakes of antigorite can include chlorite in their centres (red arrows). (c) Microphotograph in crossed polarized light of a massive Ol2-vein. Euhedral olivine crystals contain numerous fluid and mineral inclusions. These latter include antigorite, andradite (Adr), magnetite and heazlewoodite (Hzl). Secondary fluid inclusions are orientated along plans cross-cutting the olivine crystals. (d) SEM-BSE image of the contact between a large Ol2-vein and the host rock Ol1. Note that Ol2 are intimately associated with both magnetite and heazlewoodite.

  crystals of about 400 µm width (Di1), deformed along the foliation and sometimes presenting kink band structure or (ii) large crystals of 200 µm width with a brown colour and numerous inclusions of magnetite (Di2). Di2 are Al2O3 and Cr2O3 free (< 0.1 wt%) and have XMg values of about 0.97-0.98.Olivine-rich layers are mainly made of euhedral olivine crystals (Ol2) of about hundreds of micrometres width containing numerous fluid, andradite and antigorite inclusions (Figures 7c). Euhedral olivines display low NiO contents (0.02-0.14 wt%) and high XMg values (0.96-0.97) compared to dusty olivines (Figure7a). Large magnetite and heazlewoodite crystals of 50 µm width are also observed associated with euhedral olivines (Figure7d).

Figure 8 .

 8 Figure 8. Chemical compositions in weight% (wt%) of (a) olivines and (b) diopsides from the Monviso metaserpentinites. Data from Schwartz et al. (2013) and Gilio et al. (2020) are shown for comparison (small symbols). (a) NiO content vs XMg value in olivines. Olivines of mantle origin have higher NiO contents than the ones of metamorphic origin. Paleoseafloor/LSZ-and basal serpentinites have, respectively, lower and higher XMg values than the olivines of mantle origin. (b) Al2O3 vs Cr2O3 in diopsides. Metamorphic diopsides (Di2) have lower Al2O3 and Cr2O3 contents than the primary ones (Di1). Uncertainties fall within symbol sizes.

Figure 9 .

 9 Figure 9. Pseudosections based on bulk rock compositions of (a, c, d) olivine-rich and (b) diopside-rich paleoseafloor serpentinites. (a-b) P-T pseudosections showing two metamorphic sequences in paleoseafloor serpentinites influencing the appearance of olivine (Ol in). (c) T-X pseudosection at 2.5 GPa using MgO variations observed in paleoseafloor serpentinites. MgO-rich systems are characterized by a paragenesis made of Atg-Ol-Cpx at metamorphic climax (520-570°C-2.6-2.7 GPa) while in SiO2-rich systems, the olivine appearance is push back to >620°C. (d) T-Log(aCO2) pseudosection at 2.5 GPa and a water activity of 1.The increase of CO2 activity reduces the divariant field of brucite, pushing up the appearance of olivine to higher temperatures.Atg, antigorite; Brc, brucite; Cpx, clinopyroxene; Ol, olivine; Opx, orthopyroxene; Q, quartz; Tlc, talc; Tr, tremolite; Cb stands for carbonates. (a), (b), (c), 

  contents (Figure 8a-b) coherent with high fO2 conditions (Figure 10). Hence, as shown by thermodynamic models, XMg isopleths are primarily controlled by fO2 conditions, with Olivine-Antigorite-Heazlewoodite-Magnetite assemblages being equilibrated with XMg values of 0.89-0.93, while Olivine-Antigorite-Pentlandite-Awaruite assemblages are equilibrated over a large range of lower XMg values, from 0.77 to 0.85 (Figures 10).

Figure 10 .

 10 Figure 10. T-Log(fO2) pseudosection at 2.5 GPa in the S-NiO-CaO-FeO-MgO-SiO2-H2O system. XMg value and NiO content (wt%) isopleths of olivine are in dashed red and blue, respectively. Conditions of formation of basal versus ODF-serpentinites (and LSZ-serpentinites) are shown in pink and orange, respectively. Atg, antigorite; Adr, andradite; Awr, awaruite; Brc, brucite; Chl, chlorite; Cpx, clinopyroxene; Hem, hematite; Hzl, heazlewoodite; Iron, native iron; Mil, millerite; Mt, magnetite; Ol, olivine; Opx, orthopyroxene; Pn, pentlandite; Pyro, pyrrhotite; suffix F stands for fluids. 1: Ol-Brc-Atg-Cpx-Awr-Pyro-F; 2: Brc-Atg-Cpx-Awr-Pyro; 3: Ol-Brc-Atg-Cpx-Awr-Pn-F; 4: Brc-Atg-Cpx-Awr-Pn; 5: Ol-Brc-Atg-Cpx-Hzl-F; 6: Atg-Brc-Ol-Cpx-Mt-Awr-Hzl; 7: Atg-Ol-Cpx-Hzl-Pn-F; 8: Atg-Ol-Cpx-Hzl-Pn-Mgt-F; 9: Atg-Ol-Cpx-Hzl-Mil-Mgt-F; 10: Atg-Brc-Ol-Cpx-Brc-Mt-Hzl-Mil-F; 11: Ol-Brc-Atg-Cpx-Mt-Mil-F; 12: Ol-Brc-Atg-Mt-Adr-Hzl-Mil.

  ) Brc + Atg + Cal = Mt + Di + 3H2O(aq) + COX(aq) (Mg,Fe)(OH)2 + (Mg,Fe)3Si2O5(OH)4 + CaCO3 = Fe3O4 + CaMgSi2O6 + 3H2O(aq) + COX(aq) Additional Al2O3 component present in antigorite will allow chlorite formation as shown by the occurrence of flakes made of chlorite at the contact of diopside-rich layers (Figures 4a-b and 5ad).

  Il a été récemment montré que les composés organiques volatils et solides pouvaient représenter des sous-produits importants de la dévolatilisation des carbonates associée à la déshydratation des serpentinites pendant la subduction. C'est en particulier un des résultats majeurs présentés dans le Chapitre II de ce manuscrit. Selon leur forme et leur spéciation encore mal connues, et donc leur stabilité, ces composés organiques de haute pression pourraient constituer un vecteur rarement considéré de transfert de carbone vers le manteau profond, remettant en cause notre vision du cycle profond du carbone.Ce chapitre s'attarde à décrire plus en profondeur les occurrences de carbone reportées dans les métaophicarbonates du Monviso via une étude détaillée par spectroscopie et microimagerie afin de mieux contraindre leur chimie, leur structure et leur origine. Nous y révélons en particulier une diversité inattendue de matériaux carbonés abiotiques, allant de matière carbonacée désordonnée et de minéraux organiques, jamais décrits dans les environnements de hautes pressions, aux nanodiamants.Les minéraux organiques endogènes et la matière carbonée hôte formés pendant la déshydratation de la serpentinite pourraient avoir été les précurseurs des nanodiamants. Ceci appelle à un examen approfondi de la diversité, de l'abondance et de la stabilité des phases organiques solides dans les conditions de la Terre profonde pour une meilleure compréhension du stockage du carbone au cours du temps dans le manteau terrestre et des conséquences associées pour la chimie des enveloppes terrestres.Ces observations font l'objet d'une publication en préparation.Unexpected diversity of carbon materials formed from carbonates during subductionC.Caurant, B. Ménez, and B. Debret It has recently been shown that volatile and solid organic compounds may represent important byproducts of carbonate devolatilization associated with serpentinite dehydration during subduction.

  Scanning electron microscopy. SEM imaging was carried out in secondary electron (SE) mode on Aucoated hand polished sample at the platform PARI of the IPGP-UPC. A Zeiss Auriga 40 field emission gun scanning electron microscope was used at high current with accelerating voltage ranging from 10 kV to 15 kV..

Figures and figure captions

  Figures and figure captions

Fig. 1 |Fig. 2 |

 12 Fig. 1 | Meta-ophimagnesite of the Western Alps hosts ecarbonaceous matter (DCM) abiotically formed

Fig. 3 |Fig. 2 .

 32 Fig. 3 | Potential relationships between high pressure carbon-based materials. a, Epifluorescence image

  Fe values and the highest Fe 3+ /∑Fe, showing the precipitation of isotopically light iron phases accompanying fluid pathway closure during prograde metamorphism. Eclogitic lithologies surrounding meta-serpentinites (i.e., meta-sedimentary rocks and meta-ophicarbonates) display isotopically heavy values relative to their abyssal pendant. In particular, decarbonated chloriteschists located at the interface between meta-serpentinites and metasedimentary rocks display high δ 56 Fe values (-0.06 ± 0.05 ‰ to + 0.13 ± 0.03 ‰) relative to associated meta-ophicarbonates (-0.14 ± 0.06 ‰ to -0.06 ± 0.03 ‰). This shows that the migration of serpentinites derived fluids through slab lithologies enhances the leaching of redox sensitive elements complexed with isotopically light Fe (e.g., Fe(II)-CO3 or Fe(II)-SO4). With that regard, the isotopically light Fe isotope values of arc magmas should reflect an oxidizing serpentinite fluid component in their source.

  adapted fromCaurant et al., in revision). The latter extends over 30 km at the French-Italian border and belongs to the Ligurian Piemontese domain in the Western Alps. It is separated from the blueschist-facies Queyras Schistes Lustrés Complex to the West and from the eclogite-facies Dora Maira continental

  , FeO, MnO, MgO, CaO, Na2O, K2O, TiO2, P2O5), volatile (C) and fluid mobile (B) elements at the Service of Analyses of Rocks and Minerals (SARM) in Nancy (France) and for trace (Li, Ti, V, Co, Ni, Cu, Zn, As, Rb, Sr, Y, Zr, Cd, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Ta, Pb, U) and stable Fe-Zn isotopes at the PARI platform of the Institut de physique du globe de Paris (IPGP) from Université Paris Cité.

Figure 1 :

 1 Figure 1: Geological map of the Monviso meta-ophiolite showing the location of the studied samples

Figure 2 :

 2 Figure 2: Bulk rock major element composition of Monviso meta-serpentinites illustrated in (a) Al2O3/SiO2 vs MgO/SiO2, (b) FeO (wt.%) vs MgO (wt.%) and (c) Loss On Ignition (LOI, wt.%) vs Fe 3+ /∑Fe

(

  L) and Mid (M) REE segment (La/SmN = 0.8-1.9; N: Chondrite normalized; values from[START_REF] Barrat | Geochemistry of CI chondrites: Major and trace elements, and Cu and Zn Isotopes[END_REF] with a slight enrichment in Heavy (H) REE (La/YbN = 0.2-0.9; Gd/YbN = 0.4-0.6) and a negative Eu anomaly (Eu/Eu* = 0.4-0.7; Figure3c). Two main types of REE patterns are observed in Northern metaserpentinites (Figure3b-c). Meta-serpentinites sampled at the Colle Armoine (Figure1) display a strong LREE depletion (La/SmN = 0.03-0.35; La/YbN = 0.03-0.21) and a relatively flat M-HREE segment (Gd/YbN = 1.1-1.3). REE patterns of meta-serpentinites sampled further North of this area are similar to that of the Southern meta-serpentinites. They display a flat L-MREE segment (La/SmN = 0.9-1.3) and a slight enrichment in HREE (La/YbN = 0.2-0.9; Gd/YbN = 0.2-0.4). The olivine veins (sample VIS20-11V) is characterized by high LREE/HREE ratio (La/YbN = 1.6) relative to the host serpentinite. Extended trace element patterns of Monviso meta-serpentinites are characterized by an alkali enrichment relative to LREE (Cs/Lan = 0.2-71.0, n: normalized to primitive mantle; values from[START_REF] Sun | Chemical and isotopic systematics of oceanic basalts: Implications for mantle composition and processes[END_REF], and positive Pb (Pb/Cen = 1.3-366.0), B, As and Sb anomalies relative to neighbouring elements. It must be noted that Monviso meta-serpentinites display highly variable Sr (Sr/Sr* = 0.1-7.3) and Li (Li/Li* = 0.1-10) anomalies.

Figure 4 :

 4 Figure 4: Fe and Zn isotopic ranges of serpentinites, ophicarbonates, metasomatic interfaces and metasediments. Isotopic compositions are reported for Queyras meta-sediments (Inglis et al. 2017), Monviso meta-sediments (this study), Chenaillet ophicarbonates (this study), Monviso metasomatic interfaces (this study), abyssal serpentinites (Craddock et al. 2013 for δ 56 Fe, Debret et al. 2018b for δ 66 Zn), Chenaillet serpentinites (this study and Debret et al 2016 for δ 56 Fe, Pons et al. 2016 for δ 66 Zn),

  Both meta-ophicarbonates and chloriteschists are characterized by high REE concentrations (Yb = 0.3-18x C1) relative to meta-serpentinites. They display a slight LREE depletion (La/SmN = 0.1-0.5; La/YbN <0.1-0.8) and a relatively flat M-HREE segment (Gd/YbN = 0.4-1.5) with a negative Eu anomaly (Eu/Eu* = 0.4-1.0). Extended trace element patterns of meta-ophicarbonates and chloriteschists are characterized by highly variable enrichment in alkali relative to LREE (Cs/Lan = 0.1-213.0), negative high field strength elements (HFSE) and positive B, As, Sb anomalies relative to neighbouring elements. The δ 56 Fe (from -0.14 ± 0.06 to +0.13 ± 0.05 ‰) and δ 66 Zn (from +0.11 ± 0.06 to +0.32 ± 0.04 ‰) values of Monviso meta-ophicarbonates and chloriteschists overlap with those of Monviso meta-serpentinites. The meta-ophicarbonates and chloriteschists REE patterns are different to that of the Chenaillet ophicarbonates which have lower REE concentrations (Yb = 0.03-0.3x C1) and are characterized by a variable LREE depletion (La/SmN = 0.1-12.0; La/YbN = 0.3-1.1) and a flat M-HREE segment (Gd/YbN = 0.1-1.2) without clear Eu anomaly (Eu/Eu* = 0.1-1.2). Extended trace element patterns of Chenaillet ophicarbonates can be distinguished from Monviso meta-ophicarbonates and chloriteschists (Sr/Sr* = 0.2-1.5; Li/Li* <0.1-0.5, with VIS20-3 sample having a Li/Li* value of 5.6) by pronounced Sr (Sr/Sr* = 7.0-5231.0) and Li (Li/Li* = 4.0-6.0) anomalies and no clear HFSE anomalies relative to neighbouring elements. Meta-sedimentary rocks have high REE concentrations (Yb = 0.01-1.1x C1) and characterized by a pronounced LREE enrichment relative to MREE (La/SmN = 3.0-4.0) or HREE (La/YbN = 10.0-12.0; Gd/YbN =2.0-2.4) and a negative Eu anomaly (Eu/Eu* = 0.6-0.7). Their extended trace element spectra are characterized by negative Sr (Sr/Sr* = 0.2-0.6) and positive Li (Li/Li* = 1.4-5.6) anomalies relative to neighbouring elements. Meta-sedimentary rocks are characterized by heavy δ 56 Fe (from +0.08 ± 0.02 to 0.16 ± 0.02 ‰) and similar δ 66 Zn (from +0.12 ± 0.04 to 0.25 ± 0.02 ‰) values relative to ultramafic rocks.

Figure 5 :

 5 Figure 5: Normalized bulk rock REE (a) and trace element (b) patterns of chloriteschists and metaophicarbonates composing the metasomatic interfaces between meta-serpentinites and metasedimentary rocks. Meta-sedimentary rocks and ophicarbonates from the Monviso and Chenaillet massifs, respectively, are shown for comparison.

  ) fluid/rock interactions 137 associated with peridotite serpentinization at the seafloor and/or (3) metamorphic processes associated with alpine subduction or collision. Hence before addressing the significance of Monviso serpentinite in the context of subduction zones, we first investigate the effects of high temperature petrogenetic processes and seafloor hydrothermal alteration that may have modified the studied serpentinites prior to subduction.

Figure 6 :

 6 Figure 6: Plots of La/YbN vs (a) Zr/Tan and (b) Sr/Sr* ratios in Monviso meta-serpentinites.LSZ, lower shear zone; serp., serpentinites.

Figure 7 :

 7 Figure 7: Indices of melt/rock interactions illustrated in (Al2O3/SiO2, La/YbN, Zr/Tan) vs (a-c) δ 56 Fe (‰) and (d-f) δ 66 Zn (‰) plots. For symbol meaning, refer to Figure 6.

Figure 8 :

 8 Figure 8: Elemental ratio-based discrimination for mid-ocean ridge and forearc serpentinites (literature data with small grey symbols are from Peters et al., 2017). Plots of U/Cs vs (a) Li/Cs and (b) Rb/Cs for ultramafic rocks composing the Monviso massif. Depleted mantle values are from Salters and Stracke,

Figure 9 :

 9 Figure 9: Bulk rock δ 56 Fe (‰) vs Fe 3+ /∑Fe variations in meta-serpentinites composing the Monviso massif. sd, standard deviation. serp., serpentinites

Figure 10 :

 10 Figure 10: Plots of (a) As vs Sb (ppm), (b) Rb vs Cs (ppm), (c) Li vs Cs (ppm), (d) As (ppm) vs δ 56 Fe (‰),

Figure 11 :

 11 Figure 11: CO2 concentrations (in wt.%) vs δ 56 Fe (‰) of chloriteschists and meta-ophicarbonates composing the metasomatic interfaces between Monviso meta-serpentinites and meta-sedimentary rocks.
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de ce travail est synthétisé dans une publication soumise à LITHOS en août 2022 : Redox conditions feedback on organic and inorganic carbon stability during serpentinite dehydration in the Monviso meta-ophiolite (Western Alps, Italy) C

  . Caurant, B. Debret, B. Ménez, C. Nicollet and P.

	détachement intra-océanique dans le Nord du massif. Celle-ci séparerait les méta-sédiments des méta-Abstract: Variations of redox conditions (i.e., oxygen fugacity, fO2) accompanying slab dehydration in Chapitre II. Redox conditions feedback on serpentinites. La continuité de ces structures dans la partie Sud est moins clair. Nous avons subduction zones are subject to ongoing controversies, especially since the interplay between redox
	organic and inorganic carbon stability échantillonné les méta-serpentinites composant le massif proche de la paléo-faille de détachement sensitive elements during prograde metamorphism remains complex and, likely, variable at the slab
	during serpentinite dehydration in the intra-océanique et associées au méta-ophicarbonates (paleo-seafloor serpentinites) et celles plus scale.
	Monviso meta-ophiolite (Western Alps, éloignées (basal serpentinites). Le premier objectif fut d'identifier et de caractériser les différentes
	phases minérales présentes dans les serpentinites, qu'il s'agisse des marqueurs de leur déshydratation Italy) (olivines secondaires, titano-chondrodite/humite) et des sulfures associés à ces derniers. Le second
	La mobilité du carbone lors du métamorphisme prograde en zone de subduction contrôle son objectif fut d'identifier les phases carbonées dans les méta-ophicarbonates (carbonates, matière
	cycle long. Celle-ci est en partie liée à son état d'oxydation et aux variations redox accompagnant le organique) et de déterminer quelles phases étaient hérités du domaine intra-océanique et lesquelles
	métamorphisme. En particulier, il est proposé que la déshydratation des serpentinites puisse réguler étaient néo-formées lors de la subduction. Le denier objectif fut de caractériser les minéraux des
	les flux de carbone en zone de subduction. En effet, les variations redox accompagnant la chloritoschistes afin de comprendre leur genèse, et d'y rechercher l'éventuelle présence de matière
	déshydratation des serpentinites pourrait permettre soit de solubiliser les formes oxydées du carbone organique. Les méthodes utilisées pour la caractérisation des phases minérales sont la microsonde
	telles que les carbonates (e.g., Kelemen & Manning, 2015), soit de stabiliser le carbone sous forme électronique, la spectroscopie Raman et le Microscope Électronique à Balayage. Combinée à des
	réduite dans la plaque plongeante (e.g., Galvez et al., 2013). Les processus contrôlant ces variations modélisations thermodynamiques, cette étude pétrologique permet ainsi de caractériser les
	redox sont pour l'instant mal contraint. conditions redox enregistrées lors de la déshydratation des serpentinites à haute pression et haute
	température et l'impact de ces dernières sur le carbone.
	A travers ce chapitre, nous étudions la méta-ophiolite du Monviso (Alpes occidentales). Cette dernière
	a été métamorphisée dans les conditions du faciès éclogite en contexte de subduction et préserve un stade avancé de déshydratation des serpentinites à haute pression et haute température. De plus, elle préserve des contacts métasomatiques entre les serpentinites et les méta-sédiments (calcschistes) suggérant des interactions fluides intenses entre ces lithologies. Ce premier chapitre pour but l'étude L'ensemble Bouilhol
	pétrologique des serpentinites, des méta-ophicarbonates et des chloriteschistes composant les Highlights
	contacts métasomatiques de la méta-ophiolite du Monviso. Nous nous intéressons particulièrement à • Heterogeneous record of oxygen fugacity in serpentinites of the Monviso meta-ophiolite
	7:355-360. https://doi.org/10.1038/ngeo2143 la partie Nord du massif qui est composée principalement de méta-sédiments, de méta-serpentinites • Subducting slab redox gradient set up during serpentinite dehydration at eclogite facies P-T
	Alt JC (2004) Alteration of the upper oceanic crust: mineralogy, chemistry,processes. Hydrogeology of et de méta-ophicarbonates. Cette unité est relativement peu documentée en comparaison avec la conditions
	the oceanic lithosphere 1:433-495
	Alt JC, Teagle DAH (1999) The uptake of carbon during alteration of ocean crust. Geochim Cosmochim partie sud du massif, qui a déjà été le lieu de plusieurs thèses (e.g., Schwartz, 2000 ; Angiboust, 2011 ; • Carbonate reduction enhanced carbonaceous matter precipitation in the slab
	Acta 63:1527-1535. https://doi.org/10.1016/S0016-7037(99)00123-4 Locattelli, 2017). De plus, des études récentes ont proposé l'existence d'une ancienne faille de

Table 1

 1 

caption for mineral abbreviations.

  [START_REF] Sánchez-Vizcaíno | Petrology of titanian clinohumite and olivine at the high-pressure breakdown of antigorite serpentinite to chlorite harzburgite (Almirez Massif, S. Spain)[END_REF]. Titanochondrodite have TiO2 contents ranging from 6.18 to 7.80 wt% and XMg TiChn values from 0.85 to 0.86 (XMg TiChn/TiCl =Mg/(Mg+Fe+Mn+Ni)). Titanoclinohumite have TiO2 contents ranging from 4.32 to 7.01 wt% and XMg TiCl values from 0.85 to 0.90. Titanochondrodite and titanoclinohumite are chlorine and fluorine-free (Supplementary Table

	). Brucites have XMg values ranging from 0.92 to 0.94. Olivines can be associated
	with large humite crystals of 300 µm (Figures 2c and 5e-f). Electron microprobe analyses show that
	these crystals are highly heterogeneous, having composition spreading between titanochondrodite

and titanoclinohumite endmembers. This agrees with previous studies that have shown that both humite varieties can be associated at micrometric scales in HP-serpentinites (e.g., (López Sánchez-

  serpentinites have higher XMg values, up to 0.97, while olivines from paleoseafloor and LSZserpentinites have lower and extremely variable XMg values, down to 0.77.[START_REF] Kempf | The role of the antigorite + brucite to olivine reaction in subducted serpentinites (Zermatt, Switzerland)[END_REF] ascribe XMg value variations in metamorphic olivine to variable temperatures of crystallization during brucite breakdown, where Fe-rich olivine becomes progressively more Mg-rich with increasing temperature.These authors report XMg value variations comprised between 0.93 and 0.97 in the Zermatt-Saas eclogitic meta-ophiolite (Swiss Alps). The highest XMg values (nearby 0.97) are ascribed to metamorphic vein crystallization equilibrated with metamorphic fluids, while XMg value variations in host rock olivines (in the range 0.93 to 0.96) are ascribed to temperature variations between 10 to 20°C. Similar XMg value variations between metamorphic veins and host rock olivines are observed in Monviso basal serpentinites (Figure

Table 1 .

 1 Extended Data Table1| Suggested assignments for the Raman bands of the carbon-based inclusions presented in Fig.2(nanodiamonds, OM1 to OM3 and DCM) and Extended Data Fig.2(OM1*, and OM4 to OM6). Metamorphism accompanying the subduction of the oceanic lithosphere is expected to release fluids to the mantle wedge, ultimately driving arc magmas genesis. Here we address slab geochemical variations during prograde metamorphism through a stable isotope(δ 56 Fe and δ 66 Zn) study of metamorphic lithologies composing the eclogitic meta-ophiolite of the Monviso massif (Western Alps, Italy). Serpentinites composing the massif display a large range of δ 56 Fe values (from -0.20 ± 0.05 ‰ to +0.09 ± 0.03 ‰) which are negatively correlated to the Fe 3+ /∑Fe ratio. This geochemical behaviour must reflect the loss of an isotopically light Fe component in the form of

	Suggested?ssignments	Aromatic?ing?eformation?
	OM6	
	OM5	
	OM4	
	OM1*	325
	DCM	
	OM3	
	OM2	
	Nanodiamond OM1	

déshydratation des serpentinites ont le potentiel de solubiliser les carbonates. Plusieurs études démontrent ainsi un relargage de fluides oxydants porteurs de carbone vers le coin mantellique, et ce notamment grâce aux isotopes du Fe et du Zn. En effet, ces isotopes sont des outils intéressants car les isotopes légers du Fe et les isotopes lourds du Zn se complexent préférentiellement avec les espèces COx et SOx. Ceci permet ainsi d'évaluer l'état d'oxydation et la mobilité du carbone lors de la déshydratation des serpentinites, d'autant plus que peu de fractionnement existe au stade intraocéanique. L'objectif de ce chapitre est premièrement de voir si, en accord avec les études ultérieures, il existe un relargage de fluides oxydants (porteurs de Fe léger) par les serpentinites du Monviso lors de la déstabilisation de la brucite et de l'antigorite. L'étude des contacts métasomatiques permet quant à elle d'estimer si les carbonates ont pu être à la fois réduits et solubilisés. Nous avons donc analysé les isotopes du Fe et du Zn des serpentinites (paleo-seafloor et basal), des méta-ophimagnésites, des L'ensemble du travail réalisé est synthétisé dans une publication en préparation pour Geochimica et Cosmochimia Acta. Il est important de noter qu'à ce stade, les données des isotopes du Zn sont incomplètes et peu informatives par rapport aux données des isotopes du Fe. Les données en Zn sont donc pour l'instant peu discutées dans l'article.

Abstract:

oxidizing Fe(II)-SOx or Fe(II)-Cl complexes, as theory predicts that these complexes should show a preference for isotopically light Fe. In agreement with this, metamorphic veins composed of sulfide, magnetite and olivine assemblages equilibrated at high oxygen fugacity (fO2; +2 relative to Fayalite-Magnetite-Quartz buffer) display the lowest δ 56

  56 Fe plus lourds que les méta-ophicarbonates, suggérant que la décarbonatation permet le relargage de fluides isotopiquement légers et riches en CO2, probablement sous la forme d'espèces Fe(II)-CO2. Ceci est en accord avec les études démontrant une forte solubilité des carbonates lors de la déshydratation des serpentinites, qui sont transférés vers le coin mantellique sous la forme CO2.Ainsi, nous mettons en évidence un comportement découplé du carbone organique et des carbonates pendant la subduction. Il est probable que la solubilisation des carbonates soit le premier processus à entrer en jeu. Ce processus aboutit à une baisse de l'activité en CO2 à mesure que les carbonates sont dissous et évacués dans les fluides. Cette baisse de l'activité en CO2 est associée à une baisse de la fO2, et dans les dernières étapes les carbonates sont réduits en composés organiques. La fraction organique est ainsi à même de jouer un rôle important dans le cycle profond du carbone. Il est à noter que la proportion carbonate solubilisé versus réduit n'a pas été contrainte dans cette thèse. Concernant les perspectives de cette thèse, nous avons analysé les antigorites, les brucites et les chlorites des méta-serpentinites du Monviso par spectroscopie d'absorption des rayons X (X-ray Absorption Near Edge Structure XANES) au seuil K du fer afin de déterminer les rapport Fe 3+ /∑Fe. Ces analyses ont pour but la mise en évidence des réactions redox couplées entre le fer et le carbone. Ces résultats sont en cours de traitement et seront exploités dans le futur. De même, l'analyse des isotopes stables du Zn a été réalisé sur une partie des échantillons, mais afin d'obtenir d'éventuelles corrélations à l'échelle du massif il est nécessaire d'analyser les isotopes du Zn sur la totalité des échantillons. Enfin, différents types de magnétites sont présents dans les méta-serpentinites du Monviso. Dans les serpentinites, les magnétites se forment soit par redistribution du fer dans la roche hôte, soit par précipitation d'un fluide. Ces différents processus devraient aboutir à des fractionnements isotopiques opposés. Une dissolution séquentielle des carbonates afin d'effectuer une étude comparative des isotopes stables du Fe et du Zn des carbonates du Monviso et des carbonates du Chenaillet serait intéressante. En effet, les ophicarbonates du Chenaillet n'ont pas été affectés par le métamorphisme de subduction, contrairement aux méta-ophicarbonates du Monviso. Il est ainsi probable que les calcites du Monviso possèdent des compositions isotopiques plus lourdes en Fe et plus légères en Zn que celles du Chenaillet. De même, l'étude des isotopes du carbone, couplée à celles des isotopes du Fe et du Zn pourrait permettre la mise en évidence d'un fractionnement isotopique du carbone pendant la subduction et ainsi la réalisation de bilans de masse dans les horizons décarbonatés. Enfin, nous avons identifié différents types de DCM dans les roches du Monviso certaines potentiellement héritée du stade intra-océanique, d'autres néo-formées lors de la subduction. Cependant, la stabilité de ce type de composés à haute pression et haute température est mal contrainte, ce qui appelle à la réalisation d'expériences.
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	Mineral	Sample	Calculated compounds (oxides) wt%	33,05 33,12 SiO2	TiO2

Ce

processus est déclenché par la déshydratation des serpentinites. Il aboutit à la formation d'assemblages à talc/trémolite/diopside, magnétite et chlorite, la croissance des minéraux riches en chloriteschistes présentent des δ

  .l.

	Total	97,73	97,58	98,27 98,03 96,98 98,05 97,41 99,02 97,92 97,84
	Normalisation								
	Based on 13 cations							
	Si	3,94	4,01	3,89 3,99	3,97	3,87	3,90	3,90	3,94 3,86
	Ti	0,52	0,36	0,51 0,45	0,51	0,59	0,58	0,53	0,51 0,59
	Al								

OH calculated by stoichiometry following Jones et al. (1969).

  

	Mineral				TITANO-CLINOHUMITE		
	Sample			VIS18-9			VIS18-9	
				Paleoseafloor serpentinite (Colle Armoine)	
	Calculated compounds (oxides) wt%						
	SiO2	33,24	33,34	33,94	Paleoseafloor serpentinite (Colle Armoine) 33,42 34,46 32,88 33,76 33,90
	TiO2	7,53	7,80	7,56	7,14		6,18	7,26	7,52	7,58
	Al2O3	b.d.l.	b.d.l.	b.d.l.	b.d.l.	b.d.l.	b.d.l.	b.d.l.	b.d.l.
	Cr2O3	b.d.l.	0,07	b.d.l.	0,02		b.d.l.	b.d.l.	0,07	0,06
	FeO	12,71	12,24	12,56	12,55	12,58	12,25	12,43	12,35
	MnO	0,36	0,29	0,33	0,35		0,31	0,32	0,32	0,19
	MgO	42,84	43,29	43,74	43,63	44,81	43,62	43,58	43,34
	CaO	0,03	0,03	0,01	0,02		0,01	0,01	0,01	-0,01
	Na2O	b.d.l.	0,00	0,01	b.d.l.	b.d.l.	b.d.l.	0,00	b.d.l.
	K2O	b.d.l.	0,01	b.d.l.	b.d.l.	0,00	b.d.l.	0,00	0,02
	NiO	0,06	0,13	0,37	0,38		0,21	0,21	0,11	0,20
	F	0,01	0,02	b.d.l.	b.d.l.	b.d.l.	b.d.l.	0,03	b.d.l.
	Total	96,77	97,19	98,53	97,51	98,55	96,54	97,80	97,63
	Normalisation								
	Based on 7 cations							
	Si	2,04	2,04	2,05	2,04		2,06	2,02	2,05	2,07
	Ti	0,35	0,36	0,34	0,33		0,28	0,34	0,34	0,35
	Al								
				1,01 1,11	0,97	0,84	0,87	0,97	1,00 0,85
	XMg = Mg /								
	(Mn + Fe +	0,90	0,86	0,85 0,86	0,86	0,85	0,85	0,86	0,85 0,86
	Mg + Ni)								
	Jones, N.W. (1969): Crystallographic nomenclature and twinning in the humite minerals. Am. Mineral., 54,
					309-313.				

OH calculated by stoichiometry following Jones et al. (1969).

  Jones, N.W. (1969): Crystallographic nomenclature and twinning in the humite minerals. Am. Mineral.,54, 309-313. 

	Mineral			TITANO-CHONDRODITES			
	Sample		VIS18-6B						
	Paleoseafloor serpentinite (Colle Armoine)					
	Calculated compounds (oxides) wt%						
	SiO2	33,30	34,43	33,63	33,05		33,48		
	TiO2	7,11	6,82	7,77	7,21		7,29		
	Al2O3	b.d.l.	b.d.l.	b.d.l.	b.d.l.		b.d.l.		
	Cr2O3	0,02	0,08	b.d.l.	b.d.l.		b.d.l.		
	FeO	12,29	12,42	12,17	12,75		12,17		
	MnO	0,31	0,24	0,34	0,38		0,39		
	MgO	43,71	43,71	43,29	43,28		43,55		
	CaO	0,00	0,01	0,00	0,02		0,06		
	Na2O	0,02	0,02	b.d.l.	b.d.l.		b.d.l.		
	K2O	0,00	0,01	0,02	b.d.l.		b.d.l.		
	NiO	0,22	0,28	0,25	0,07		0,12		
	F	0,01	b.d.l.	0,03	0,02		0,02		
	Total	96,98	98,01	97,47	96,74		97,05		
	Normalisation							
	Based on 7 cations							
	Si	2,03	2,08	2,05	2,03		2,05		
	Ti	0,33	0,31	0,36	0,33		0,34		
	Al								
			1,26	1,29	1,33	1,42	1,32	1,28	1,28
	XMg = Mg /								
	(Mn + Fe + Mg	0,85	0,86	0,85	0,85	0,86	0,86	0,86	0,86
	+ Ni)								

OH calculated by stoichiometry following Jones et al. (1969).

  Jones, N.W. (1969): Crystallographic nomenclature and twinning in the humite minerals. Am.Mineral.,54, 309-313. 

	Sample Name		VIS18-3	TITANO-CHONDRODITES VIS18-5A1 VIS18-7	VIS20-1
	Locality	Lago Superiore	VIS18-9 Colle Armoine Colle Armoine Villanova
		LSZ-serpentinite	Paleoseafloor serpentinite	Paleoseafloor serpentinite	Basal serpentinite
	SiO2		37,77		39,20	42,00	39,93
	Al2O3		1,08		2,55	2,51	1,30
	Fe2O3		10,60		9,49	6,45	7,95
	MnO		0,22		0,16	0,14	0,10
	MgO		40,47		36,95	25,88	40,02
	CaO		0,76		2,28	9,04	0,14
	Na2O		b.d.l.		0,03	1,14	b.d.l.
	K2O		b.d.l.		b.d.l.	0,47	b.d.l.
	TiO2		0,03		0,07	0,21	b.d.l.
	LOI		8,68		9,24	11,43	10,79
	Total		99,60		99,95	99,28	100,22
	CO2 total		0,39		0,33	5,77	0,22
					FMSCH		
			VIS18-3	VIS18-5A1	VIS18-7	VIS20-1
	SiO2		37,77		39,20	42,00	39,93
	Al2O3		1,08		2,55	2,51	1,30
	FeO(Silicate)		3,15		2,82	1,92	2,36
	MnO		0,22		0,16	0,14	0,10
	MgO		40,47		36,95	25,88	40,02
	CaO(Silicate)	0,37		1,95	3,27	0,00
	Na2O		b.d.l.		0,03	1,14	b.d.l.
	K2O		b.d.l.		b.d.l.	0,47	b.d.l.
	TiO2		0,03		0,07	0,21	b.d.l.
	LOI		8,68		9,24	11,43	10,79
	Total		91,76		92,96	88,97	94,50
					FMSCH-CO2		
			VIS18-3	VIS18-5A1	VIS18-7	VIS20-1
	SiO2		37,77	1,34	1,26 39,20	1,32 42,00	1,31 39,93
	Al2O3		1,08		2,55	2,51	1,30
	FeO(Silicate)		3,15		2,82	1,92	2,36
	XMg = Mg MnO		0,22		0,16	0,14	0,10
	/ (Mn + MgO	0,86	40,47	0,86	0,86 36,95	0,85 25,88	0,86 40,02
	Fe + Mg + CaO		0,76		2,28	9,04	0,14
	Na2O		b.d.l.		0,03	1,14	b.d.l.
	K2O		b.d.l.		b.d.l.	0,47	b.d.l.
	TiO2		0,03		0,07	0,21	b.d.l.
	LOI		8,68		9,24	11,43	10,79
	Total		99,60		99,95	99,28	100,22

Table S2 .

 S2 Major element concentrations of four representatives samples used for pseudosections calculations with Perplex. LOI, loss on ignition.

	Sample

Type Chapitre II. Supplementary Table S2

  

		Southern massif			Northern massif		
		LSZ-serpentinites			Paleo-seafloor serpentinites		
	wt%	VIS18-1 VIS18-2 VIS18-3 VIS18-4 VIS18-5A1 VIS18-5A2 VIS18-5B VIS18-6B VIS-18-9
	SiO2	42.6	36.7	37.8	40.9	39.2	41.2	39.2	40.3	40.3
	Al2O3	1.3	0.3	1.1	2.6	2.5	2.0	1.5	2.4	2.4
	Fe2O3 T	4.5	11.2	10.6	6.6	9.5	5.7	8.2	6.8	6.8
	MnO	0.1	0.1	0.2	0.1	0.2	0.0	0.1	0.1	0.1
	MgO	36.9	43.0	40.5	36.4	36.9	38.1	38.8	37.8	37.8
	CaO	3.6	b.d.l.	0.8	2.7	2.3	1.1	0.5	1.6	1.6

  .d.l.

	LOI	9.9	8.2	8.7	9.7	9.2	11.6	10.5	10.3	10.3
	Total	98.9	99.5	99.6	99.1	100.0	99.8	98.9	99.3	99.3
	CO2	0.6	0.5	0.4	0.4	0.3	0.2	0.5	0.4	0.4
	FeO	2.9	6.3	6.4	4.5	6.3	3.7	5.4	4.9	4.9
	B (ppm)	7.8	51.4	10.0	14.4	12.7	15.4	15.1	15.2	15.2
	Li (ppm)	0.1	0.7	0.2	0.3	0.3	0.1	0.2	0.3	0.2
	Ti	256	67	182	581	378	375	211	369	395
	Co	91.3	157.1	124.8	92.8	94.0	82.7	96.3	100.1	98.5
	Ni	2088	2809	2389	2303	1641	2265	2018	2293	1942
	Cu	5.4	1.2	18.5	14.9	15.8	29.4	24.3	42.0	17.7
	Zn	33	62	58	37	43	40	45	65	44
	As	b.d.l.	0.4	0.1	0.1	0.1	0.1	0.1	0.1	0.1
	Rb	0.02	0.01	0.02	0.12	0.04	0.03	0.01	0.06	0.13
	Sr	7.3	2.3	1.2	16.1	7.8	3.5	4.8	7.4	10.2
	Y	0.99	0.21	0.62	3.43	1.63	1.02	0.42	1.30	1.88
	Zr	0.97	0.76	0.99	1.81	1.20	1.66	1.10	1.29	1.28
	Cd	0.01	0.00	0.01	0.02	0.02	0.01	0.01	0.02	0.02
	Sb	0.03	1.90	0.18	0.27	0.04	0.14	0.01	0.07	0.04
	Cs	0.00	0.06	0.01	0.03	0.01	0.01	0.00	0.02	0.03
	Ba	0.17	1.40	0.10	2.60	0.81	0.71	0.61	1.54	1.39
	La	0.17	0.02	0.04	0.01	0.01	0.01	0.00	0.01	0.01
	Ce	0.41	0.06	0.09	0.09	0.04	0.04	0.02	0.03	0.05
	Pr	0.05	0.01	0.01	0.04	0.02	0.01	0.01	0.01	0.02
	Nd	0.20	0.05	0.07	0.34	0.17	0.13	0.07	0.13	0.20
	Sm	0.06	0.02	0.03	0.22	0.09	0.07	0.04	0.08	0.13
	Eu	0.06	0.00	0.01	0.08	0.05	0.03	0.01	0.04	0.05
	Gd	0.10	0.02	0.05	0.37	0.18	0.12	0.06	0.14	0.20
	Tb	0.02	0.00	0.01	0.08	0.04	0.02	0.01	0.03	0.04
	Dy	0.16	0.03	0.08	0.56	0.26	0.16	0.07	0.22	0.31
	Ho	0.04	0.01	0.02	0.13	0.06	0.04	0.02	0.05	0.07
	Er	0.11	0.03	0.08	0.39	0.16	0.10	0.05	0.14	0.20
	Tm	0.02	0.00	0.01	0.06	0.02	0.02	0.01	0.02	0.03
	Yb	0.15	0.03	0.11	0.37	0.18	0.12	0.06	0.15	0.19
	Lu	0.029	0.007	0.021	0.052	0.031	0.019	0.010	0.026	0.032
	Ta	0.01	0.05	0.05	0.02	0.02	0.02	0.02	0.02	0.01
	Pb	0.06	0.06	0.25	0.18	0.12	0.84	0.14	1.32	0.23
	U	0.0097 0.0027 0.0008	b.d.l.	b.d.l.	0.0002	0.0003	0.0001	0.0003

Chapitre IV. Table

1

Table 1 :

 1 Bulk rock analyses of Monviso meta-serpentinites. LSZ, lower shear zone; LOI, Loss On Ignition; b.d.l., below detection limit.

calcium est fonction de la diminution progressive de l'activité en CO2 (aCO2) pendant le métamorphisme. Ainsi, nous interprétons les chloriteschistes composant les interfaces métasomatiques entre les méta-serpeninites et les méta-sédiments comme d'anciens horizons d'ophicarbonates dévolatilisés pendant la subduction. De la DCM et de la magnétite sont abondamment présentes dans les couronnes métamorphiques des méta-ophicarbonates et des chloriteschistes. La formation de la magnétite pourrait être liée à une oxydation du fer de l'antigorite couplée à une production d'hydrogène. L'hydrogène produit favorise ensuite la réduction des carbonates en carbone organique. Ainsi, la chute de la fO2 au niveau du paléo plancher océanique lors de la déshydratation des serpentinites permettrait la stabilisation et/ou la formation de carbone organique.En plus de la DCM, l'étude spectroscopique approfondie sur les méta-ophicarbonates a mis en évidence une plus large diversité de composés carbonés en inclusion dans la chlorite issue de la déstabilisation de la magnésite. Ces composés carbonés sont des minéraux organiques (minéraux alcanes et hydrocarbures aromatiques polycycliques (PAH)) et des nanodiamants. Les minéraux organiques se formeraient par sursaturation de la DCM dans les inclusions. Quant aux nanodiamants, ils résulteraient de la déstabilisation à haute pression et haute température des PAH. Ce processus aboutirait ainsi à la stabilisation de diamants à relativement basse pression, c'est à dire dans le champ de stabilité du graphite. Ces composés réfractaires semblent peu solubilisés dans les fluides et sont probablement recyclés vers le manteau profond, appuyant ainsi l'hypothèse d'un cycle profond du carbone organique lors de la subduction. En accord cette hypothèse l'analyse des isotopes stables du Fe démontrent un relargage de fluides isotopiquement légers et porteurs d'espèces Fe(II)-CO2. Les méta-serpentinites du massif du Monviso présentent une corrélation négative entre δ 56 Fe et Fe 3+ /ΣFe. Celle-ci peut être expliqué par une mobilité du Fe(II) isotopiquement léger dans les fluides circulant en zone de subduction. Cette mobilité est directement contrôlée par l'enregistrement redox des roches (rapports Fe 3+ /∑Fe). Les
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Unexpectedly diverse carbon-based materials formed at high pressure Multimodal micromaging involving epifluorescence microscopy, Raman spectroscopy and scanning electron microscopy (SEM) allows to identify three types of carbon-based inclusions in chlorite composing the metamorphic rim around magnesite (Fig. 2a and Extended Data Fig. 1).

In this sample, previously identified DCM inclusions 32 are ~1 µm width (Fig. 2a) and form patches with an amorphous bituminous appearance (as in Fig. 1e). In the first-order region, their Raman spectra display the two characteristic bands of graphitic carbon 34,35 , namely the disordered (D) band, caused by short and randomly orientated aromatic layers in poorly-organized organic matter, and the graphite (G) band (i.e., in-plane vibration of aromatic carbons in the graphitic structure) at ~1350 cm -1 and ~1600 cm -1 , respectively (Fig. 2b). Compared to the Raman signature expected for sedimentary organic matter in the eclogite facies 35 , the G band occurs at relatively higher Raman shift (i.e., 1600 versus 1580 cm -1 for the G band position) and the D band relative area and intensity are higher. This supports higher structural disorder associated with in-plane defects in the graphitic structure (i.e., higher content in heteroatoms and/or hydrogen contents and structural defects) 36 . DCM fluoresces in yellow under ultraviolet (UV) light (Fig. 3a and Extended Data Fig. 1), such as sedimentary kerogen of low-maturity degree.

The second type of C-based phases represents the most abundant inclusions in the metamorphic rim surrounding magnesite. In contrast to DCM which has a shapeless and poorlyorganized structure, these micrometer-sized inclusions exhibit sheet structures, sometimes very dense (Fig. 2c), as often observed for graphite or known organic minerals (OMs) such as karpatite 37 .They are easily identified by epifluorescence thanks to their pronounced blue fluorescence emission when illuminated with UV light (Fig. 3a and Extended Data Fig. 1). This fluorescence emission contrast with the yellow-fluorescing DCM allows to highlight their spatial association (Fig. 3a) and suggests in addition a different atomic structure from that of the DCM 37 . Although this intense fluorescence signal makes their characterization by Raman spectroscopy difficult, a wide variety of Raman spectra has nevertheless Author contributions BD has conceived the study and collected samples during the field work. CC did petrological characterization as well as SEM and Raman analysis under the guidance of BD and BM. All authors contributed to the data analysis and writing of the manuscript.
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2001). Inset shows the location of the Monviso massif in the Western Alps (after

Major, volatile and fluid mobile elements

Major elements analyses were carried out by inductively coupled plasma-optical emission spectroscopy using a Thermo Scientific iCAP6500. Boron concentrations were measured by spectrophotometric determination. Samples were dissolved by fusion with anhydrous sodium carbonate following the procedures described by Carignan et al. (2001). Volatile (C) concentrations were analysed using a Leco CS230 Carbon/Sulphur Determinator. Results for reference material CRPG UB-N serpentinite analysed alongside the samples show a difference with literature values of less than 2 % for major elements (Appendix A).

Additional FeO analyses were carried out by automatic titration at the equivalent point with potassium dichromate after dissolution of the sample in a HF/H2SO4 mixture, in the presence of H3BO3 and H3PO4.

Subsequently, Fe 3+ /ΣFe ratios were calculated from the measured Fe2O3 T and FeO values. The error on FeO analyses is lower than 0.2 weight percent, wt.% (2sd, with st standing for standard deviation) based on repeated analyses of CRPG UB-N serpentinite standard. The method has been tested by Debret et al. (2015), who were able to match measured bulk Fe 3+ /ƩFe ratios with those recalculated from X-ray absorption near edge structure (μ-XANES) measurements on serpentine minerals (see Debret et al., 2014Debret et al., , 2015 for method details, including standards, precision and calibration data for XANES measurements). Reference material values for UB-N (FeO = 2.96 wt.%) agrees with previous studies (e.g., [START_REF] Amonette | Determination of ferrous iron in non-refractory silicate minerals. 1. An improved semi-micro oxidimetric method[END_REF]; FeO(UB-N) = 3.01 wt.%).

Trace elements and Fe-Zn stable isotopes

For trace elements and Fe-Zn stable isotopes analyses, samples were dissolved following the procedure of Debret et al. (2021). 50 mg of bulk rock powders were dissolved using a 50:50 mix solution of plots. In (a), the grey line represents the silicate Earth differentiation trend [START_REF] Paulick | ODP Leg 209: Implications for fluid / rock interaction in slow spreading environments[END_REF]. In (b), dashed lines show XMg value (= Mg/(Mg + Fe)) evolution. Small symbols: literature data from [START_REF] Hattori | Geochemical character of serpentinites associated with high-to ultrahigh-pressure metamorphic rocks in the Alps, Cuba, and the Himalayas: Recycling of elements in subduction zones[END_REF], Angiboust et al. (2014), [START_REF] Debret | Isotopic evidence for iron mobility during subduction[END_REF] and Gilio et al. (2020). serp., serpentinites.

Iron and zinc isotope analyses were performed by multiple-collector (MC) ICP-MS using a Thermo Scientific Neptune Plus. Instrumental mass fractionation was corrected using the sample-standard bracketing technique. For Fe analyses, solutions consisted of 3 ppm natural Fe in 0.5 M HNO3, which were introduced into the mass spectrometer using a quartz cyclonic spray chamber and a PFA 100 µL/min nebulizer. The international Fe isotope standard IRMM014 was used as both the bracketing and delta notation reporting standard. To resolve the polyatomic interferences 40 Ar 16 O, 40 Ar 14 N, and 40 Ar 16 OH + that occur on masses 56 Fe, 54 Fe, and 57 Fe, respectively, the instrument was run in highresolution mode, which gave a mass resolving power (mass/Δmass) of ~12000. The standard Fe beam intensities typically varied between 15 and 20 V for 56 Fe using a 10 10 Ω resistor. Data were collected in 15 cycles of 8.388 second integrations. Mass dependence, long-term reproducibility, and accuracy were evaluated by analyzing an in-house FeCl2 -salt standard. The values obtained for repeated measurements of this standard solution yielded average δ 56 Fe values of -0.71 ± 0.04 ‰ and δ 57 Fe values of -1.04 ± 0.13 ‰ 2sd, n =33. These average values are in excellent agreement with previous measurements [START_REF] Williams | Iron isotope tracing of mantle heterogeneity within the source regions of oceanic basalts[END_REF]. The international rock reference materials USGS BHVO-2 (basalt) and CRPG UB-N (serpentinite) were analyzed in the same analytical sessions as the samples, yielding δ 56 Fe and δ 57 Fe values in good agreement with literature (Appendix B).

Zinc isotope compositions were measured on the purified sample solutions. These solutions were prepared at 200 ng/g of natural Zn. This gave a Zn intensity of ~ 4V for 64 Zn. The solutions were introduced to the instrument using a PFA 100 µL/min nebulizer coupled to a quartz cyclonic spray chamber. Owing to the lack of polyatomic interferences across the mass range for Zn the instrument was operated in low mass resolution mode. Mass of 62 Ni was monitored to correct for the potential interference of 64 Ni on 64 Zn. Mass dependence, long-term reproducibility, and accuracy were evaluated Chapitre II. Supplementary Figure S2 Appendix A: Repeated analyses of CRPG UB-N serpentinite standard at the SARM, Nancy, France (SiO2, Al2O3, Fe2O3 T , FeO, MnO, MgO, CaO, Na2O, K2O, TiO2, P2O5, CO2 in wt.%and B in ppm) and the PARI analytical platform, IPGP (Li, Ti, V, Co, Ni, Cu, Zn, As, Rb, Sr, Y, Zr, Cd, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Ta, Pb, U in ppm). sd, standard deviation. LOI, Loss on Ignition. b.d.l., below detection limit. [START_REF] Millet | Ultra-precise stable Fe isotope measurements by high resolution multiple-collector inductively coupled plasma mass spectrometry with a 57Fe-58Fe double spike[END_REF][START_REF] Telus | Iron, zinc, magnesium and uranium isotopic fractionation during continental crust differentiation: The tale from migmatites, granitoids, and pegmatites[END_REF]Craddock et al., 2013;[START_REF] Poitrasson | On the iron isotope heterogeneity of lithospheric mantle xenoliths : implications for mantle metasomatism , the origin of basalts and the iron isotope composition of the Earth[END_REF]Moynier et al., 2017;Debret et al., 2018) Chapitre IV. Table 2 

CRPG UB-N