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Quiet seismic zones associated with rough seafloor subduction

Les anomalies bathymétriques majeures sur le fond marin, en particulier les monts sous-marins, sont pour la plupart subductées avec la plaque océanique plongeante. Elles jouent un rôle prépondérant dans le comportement mécanique et sismogénique des zones de subduction, mais leur rôle exact reste vivement débattu : agissent-elles comme des barrières à la propagation des séismes ou bien comme des aspérités facilitant leur nucléation ?

Les rares exemples naturels qui ont été arrachés de la plaque plongeante le long de l'interface de subduction et préservés de la subduction dans le manteau profond représentent donc des témoins précieux qui nous renseignent sur les processus en jeu à des profondeurs de 0 à 30 kilomètres.

Cette thèse de doctorat reporte l'existence d'une unité océanique de grande échelle dans la zone de suture du Zagros (l'unité de Siah Kuh) que nous identifions comme un mont sous-marin.

Cette unité de 20x12 kilomètres de large et d'un minimum de 1.5 km de hauteur est composée de basaltes en coussins surmontés de calcaire récifal et s'est formée au sein d'un arc volcanique au Crétacé supérieur.

La présence de minéraux de haute-pression basse-température dans l'ensemble de la structure et notamment dans des zones de déformation compressive localisée montrent que ce mont sous-marin a été subducté jusqu'à environ 30 km. Cette déformation, assistée par des décollements enracinés dans la serpentinite ou dans des métasédiments est interprétée comme étant synchrone de la subduction. Ces structures sont liées à l'écaillage interne du mont sous-marin au cours de la subduction. La présence de niveaux peu compétents limite possiblement l'essentiel de l'activité sismique, étant donné qu'une unique pseudotachylite a été trouvée et témoigne d'un séisme de magnitude Mw∼2-3. L'unité de Siah Kuh est également un objet privilégié pour étudier les processus océaniques de déstabilisation de pente et de subsidence, mais aussi les processus de subduction comme le couplage mécanique, les surpressions de fluide et/ou tectoniques ainsi que la nature des fluides de subduction.

Nous finissons en proposant un modèles d'évolution de l'unité de Siah Kuh en regard de celles des autres unités océaniques héritées de la Néotethys.

En parallèle, une méthode développée pour imager les anomalies gravimétriques dans les avant-arcs (potentiellement des monts sous-marins subductés) montre des premiers résultats prometteurs.

1 Introduction

The stakes of subduction zone studies

Subduction zones (Fig. 1.1) are convergent plate boundaries along which one tectonic plate (usually oceanic) is driven below another one (oceanic or continental). They are one of the main drivers of plate tectonics, mountain build-up, and climate. They are also responsible for some of the main natural hazards on Earth, like the recent Mw 9.3 Banda Aceh earthquake in 2004, generating a major tsunami, or large explosive volcanic eruptions like the historic 1886 Krakatau eruption. Because of the ever-increasing development of human activity on coastlines, these natural hazards can make a large number of casualties and have a broad impact on regional and global economies. Such dramatic events alone justify the interest for subduction zones, in order to understand the physics of processes leading to earthquake rupture. While earthquake prediction seems still utopic, seismic and tsunami hazard assessment have improved a lot over the last decades. The direct study of subduction zones relies on the observation of active systems, including geophysical and seismological investigation but also geological and geochemical studies (in particular in volcanic arcs and their surroundings). Yet these kind of observations only access currently-occurring phenomena or recent volcanic products.

Another approach deals with rocks transformed at high pressures in cold environments (i.e., blueschists and eclogites) and now found in modern mountain belts, that have been identified as former pieces of ocean floor metamorphosed in cold subduction zones (e.g. [START_REF] Ernst | Metamorphic zonations on presumably subducted lithospheric plates from Japan, California and the Alps[END_REF]. These rocks are exceptional witnesses of the physical processes occurring during millions of years along the plate interface in former subduction settings, and thus potential probes: they are expected to record some of the processes going on in modern subduction zones.

1.2 Crossing the gap of timescales: towards a unified approach?

In spite of efforts to extend the earthquake record with historic earthquakes, most geophysical studies give a frozen-in image of subduction zones (or one focusing on shortterm changes). A few "geological" approaches however allow to bridge the gap between time scales: (i) Earthquake supercycles are characterized by the periodic recurrence of earthquake clusters in a subduction zone. [START_REF] Sieh | Earthquake Supercycles Inferred from Corals of West Sumatra[END_REF] showed that several earthquake supercycles were manifested by relative sea-level changes recorded in corals over seven centuries.

(ii) In the petrological record, rocks have the faculty to record single or multiple seismic events. Pseudotachylites form when host rocks melt due to frictional heating at high strain rates. They are the only fault rock that can unequivocally be linked to earthquakes.

While most subduction-related pseudotachylites probably disappear during later deformation and/or rock chemical alteration [START_REF] Kirkpatrick | Disappearing ink: How pseudotachylytes are lost from the rock record[END_REF][START_REF] Meneghini | Record of mega-earthquakes in subduction thrusts: The black fault rocks of pasagshak point (Kodiak Island, Alaska)[END_REF], a few examples record earthquakes in the seismogenic zone (above 40 km, e.g. [START_REF] Rowe | Large-scale pseudotachylytes and fluidized cataclasites from an ancient subduction thrust fault[END_REF] Other exceptional examples record intermediate depth seismicity (below 40 km). They consist in high-pressure pseudotachylites (e.g. [START_REF] Austrheim | Pseudotachylytes generated during seismic faulting and eclogitization of the deep crust[END_REF].

Fractured garnets associated with such high-pressure pseudotachylites could record earthquakes (Angiboust et al., 2011[START_REF] Austrheim | Fragmentation of wall rock garnets during deep crustal earthquakes[END_REF].

Recent atomic diffusion modeling in metamorphic rocks tried to quantify the timescales of events affecting rocks, such as fluid circulation (e.g. John et al., 2012). [START_REF] Viete | Metamorphic records of multiple seismic cycles during subduction[END_REF] associated diffusion modeling with the variations of the water content of garnet and postulate the existence of repeating pulses of fluid, associated to earthquakes recorded during garnet growth over a short period (likely shorter than a million year). Such petrological approaches are however equivocal, due to the difficulty to interpret the existence of seismicity from data, and the large uncertainty of diffusion parameters at these conditions. Studies trying to cross the gap between short-and long-term processes are of primary importance, but these studies are rare so far.

1.3 Short-and long-term record of mechanical coupling (Métois et al., 2016); b) Possible record of long-term coupling in the Franciscan high-pressure complex? (Agard et al., 2018, modified after Wakabayashi, 2015). Mechanical coupling has been described in the short-term as well as in the long-term approaches (Fig. 1.2). In short-term approaches (less than a few thousand years or so), mechanical coupling is defined as the inverse proportion of the convergence accommodated on a specific area of the subduction interface over the instrumental period. Areas with strong mechanical coupling (asperities, [START_REF] Lay | An asperity model of large earthquake sequences[END_REF] correspond to places where almost no convergence is accommodated, i.e. where the subduction is "locked". The elastic energy accumulated in the upper and lower plates is eventually released as displacement on the fault, acoustic wave emission and frictional heating during earthquakes. This coupling can be modeled by monitoring the elastic deformation of the upper plate thanks to geodetic (GPS) studies [START_REF] Vigny | The 2010 Mw 8.8 Maule megathrust earthquake of Central Chile, monitored by[END_REF][START_REF] Métois | Interseismic coupling, segmentation and mechanical behavior of the central Chile subduction zone[END_REF][START_REF] Moreno | Locking of the Chile subduction zone controlled by fluid pressure before the 2010 earthquake[END_REF]. The stability over time of coupled segments is however unknown. On the long-term, all convergence is eventually accommodated on the megathrust, as subduction pursues, which corresponds to zero coupling. However, mechanical coupling and 'locking' of the suduction interface is required to allow slicing (detachment) of fragments of the slab that are underplated to the upper plate, prior to the exhumation and recovery of high-pressure low-temperature rocks at the surface (Agard et al., 2018).

While these two conceptions of mechanical coupling appear similar, the detailed link between physical processes is not obvious (Fig. 1.3). A few examples, however, might allow to close the gap between those two approaches.

Figure 1.3 -Current understanding of the plate interface (modified after Bassett & Watts, 2015) High-pressure oceanic units (blueschists, eclogites) represent only a minor part of the former subducted lithosphere sinking into the lower mantle. Two filters affect the recovery of rocks: detachment/underplating (due to mechanical coupling) and exhumation. Since exhumation of oceanic crust is in principle favorable until ∼80 km, due to buoyancy of the crust in a dense mantle environment (Agard et al., 2009, Guillot et al., 2009), detachment can probably be seen as the main factor limiting high-pressure rock recovery. Kimura & Ludden (1995) propose that the underplating of oceanic lithosphere affects mostly the upper sedimentary part and is favored by décollement horizons. More rarely, portions of the magmatic crust or of the lithospheric mantle of the downgoing plate are recovered, thanks to localization of deformation in serpentinite horizons (e.g. Monviso, Angiboust et al., 2011[START_REF] Locatelli | Intermediatedepth brecciation along the subduction plate interface (Monviso eclogite[END_REF]. Clustered ages of high-pressure rocks recovered in long-lived subduction zones (e.g. [START_REF] Hacker | Rapid emplacement of the Oman ophiolite: Thermal and geochronologic constraints[END_REF], Monié & Agard, 2009, Wakabayashi, 2012, Bonnet et al., 2018) might in fact testify for "short"-term coupling events related to changes in convergence velocity (Agard et al., 2007, Klemd et al., 2011), rheological properties (Agard et al., 2016), or interface roughness [START_REF] Ueda | Accretion and exhumation structures formed by deeply subducted seamounts in the Kamuikotan high-pressure/temperature zone, Hokkaido, Japan[END_REF].

Recovering information on coupling processes/subduction interface jumps however requires to recover parts of the slab that unequivocally represent former subduction interfaces or at least that are precisely located with respect to the subduction interface. These conditions are yet not met in most subduction-related studies focusing on exhumation processes.

This justifies the study of intact and oriented, possibly 3D, pieces of subducted oceanic lithosphere (such as for the Monviso, Angiboust et al., 2011).

Subducted seamounts, ideal targets?

Seamounts are 3-dimensional pieces of oceanic lithosphere that eventually get subducted like normal ocean floor. They have recently attracted many studies (e.g. Fig. 1.4) since they are considered to have a strong impact on mechanical coupling. It is however unclear whether they have the potential to facilitate large earthquake nucleation (asperities) or not, and whether they can stop seismic rupture propagation (Cloos, 1992, Wang & Bilek, 2011).

Figure 1.4 -Conceptual evolution of the study on subducted seamounts, from long term [START_REF] Cloos | Shear zone thickness and the seismicity of Chilean-and Mariana-type subduction zones[END_REF] to short-term (Wang & Bilek, 2011).

Only rare subducted seamounts have been identified in the geological record so far. If preserved, these sizable, orientable 3D objects may provide a very useful reference frame to describe finite deformation (since the initial geometry is known with reasonable precision, at least far better than for most other geological examples) and study coupling processes, seismogenesis, fluid circulation in space and time.

This thesis presents a new field occurrence of a well-preserved oceanic seamount subducted at shallow depths, possibly down to the seismogenic zone.

Among many questions, this study will focus on the following:

1) How can we identify a seamount in the geological record?

2) How does a seamount transform when subducted? What is the record of processes such as fluid circulation? More generally what do we learn on the seismogenic zone constitution itself ?

3) How does a seamount deform in the seismogenic zone? How efficient is the mechanical coupling between a subducted seamount and the upper plate? Do seamounts trigger large earthquakes and are detachment processes (and at which timescales) linked with earthquakes?

Structure of the thesis

The second chapter of this thesis presents the state of the art on subducted seamounts. The objective is to clarify and define what definition of seamount is chosen here (i.e. seafloor roughness), where seamount subduction happens, how it is preserved in the geological record as well as implications on the seismic cycle.

The third chapter describes a new method of gravity data processing, that we use to detect present-day subducting seamounts. The results of this approach are still preliminary, but encourage future works.

The fourth chapter describes the geological context of the Siah Kuh seamount within the Zagros orogen. Emphasis is placed on the current structure of the orogen, preserved ocean floor evolution in ophiolites, and the main markers of subduction in Zagros.

The fifth chapter is an article in preparation that introduces the Siah Kuh unit as a fossil subducted seamount and discusses its dual ocean-floor and subduction history.

The sixth chapter is an article in preparation that presents geochemical data on the Siah Kuh seamount and tries to link them with current ocean floor characteristics and to replace it in the convergence history that built the Zagros orogen.

The seventh chapter is an article submitted to Geology that presents the record of seismo-genic processes in the Siah Kuh seamount.

The final chapter discusses the major outcomes of this PhD thesis and proposes some perspectives for future studies on the Siah Kuh seamount, the Zagros-Makran orogen, and more generally seamount subduction.

Attached to this PhD thesis are two published articles. The first one shows a part of the results of my master thesis (whose write-up occupied a significant amount of time of the PhD), focusing on a petrochronologic study of high-pressure rocks from the Sistan suture zone (Eastern Iran). It explores conditions required for the recovery of subducted oceanic crust, including detachment and exhumation, and discusses processes responsible for tectonic mixing. The second one is a review article by Agard et al. detailing the nature of the geological record of subducted oceanic crust, analysing processes responsible for the detachment of fragments of oceanic crust from the lower plate, and assessing the respective roles of long-and short-term mechanical coupling. This article integrates the reflexion done on subducted seamounts.

2 State of the Art on subducted seamounts

2.1 The nature of rugosities on oceanic plates that a seamount is "any geographically isolated topographic feature on the seafloor taller than 100 m, including ones whose summit regions may temporarily emerge above sea level, but not including features that are located on continental shelves or that are part of other major landmasses".

Seamounts are abundant on the seafloor (Fig. 2.1). [START_REF] Hillier | Global distribution of seamounts from ship-track bathymetry data[END_REF] performed a census of the number of seamounts in modern oceans and counted >200,000 seamounts from ship track bathymetry data, and expect ∼40,000 seamounts still to be discovered.

Extrapolating from satellite altimetry, [START_REF] Wessel | The Global Seamount Census[END_REF] estimate >100.000 seamounts >1 km in height. Although this method allows for an almost global detection of seamounts, small seamounts will not be detected in global methods.

The definition of [START_REF] Staudigel | Defining the Word "Seamount[END_REF] does not require the seamount to have a volcanic origin, however other kinds of seamounts are rare (e.g. Mariana forearc serpentinite mud volcanoes, Maekawa et al., 1993). [START_REF] Menard | Marine geology of the Pacific[END_REF] originally defined seamounts as the product of intraplate volcanism, and this setting was often associated with the Ocean Island Basalt (OIB) geochemical signature, however the classification of basalt and basaltic andesite from the GEOROC world database of seamounts shows that most seamounts have an E-MORB-like geochemistry, followed by OIB-type, N-MORB and volcanic arc (Fig. Other objects of interest are ridges (including mid-ocean ridges, fracture zones and aseismic ridges) that are linear or curvilinear topographic highs on the seafloor. They are not the main object of this study, but will be evocated in chapter 3.

2.2 Seamount subduction: where and how?

Subducting seamounts have been discovered most oceanic troughs worldwide (map on Fig 2 .3). They are imaged using several different methods, such as multibeam bathymetry, satellite and ship-borne gravimetry, magnetism; seismic reflection, or thanks to velocity estimates from wide-angle seismic or tomography. A synthesis is proposed on Table 2.1.

Figure 2.3 -Map of modern subduction zones in the Pacific Ocean area. Points and crosses are the localities of potentially subducted seamounts and ridges (modified after Bassett & Watts, 2015).

Subduction of the Daiichi Kashima in the Japan Trench was one of the first geophysical images of a submarine topographic high being currently subducted (Fig. 2.4a, [START_REF] Lallemand | Subduction of the Daiichi Kashima Seamount in the Japan Trench[END_REF]. The observation of normal faults crossing the seamount and due to lower-plate bending, first outlined how important the subduction-related deformation of the lower plate could be, in this case for a seamount.

However, the seamount is more often stiffer than the upper plate, and most of the defor-Table 2.1 -Examples of subducted seamounts in the literature, with imaging methods and implications.

mation occurs in the upper plate, as shown by the spectacular images of the Costa Rica accretionary wedge deformed in the wake of subducting seamounts (through landsliding and faulting; Fig 2.4b;[START_REF] Ranero | Subduction erosion along the Middle America convergent margin[END_REF]. This deformation is well reproduced by analogical [START_REF] Dominguez | Upper plate deformation associated with seamount subduction[END_REF] and numerical [START_REF] Ruh | Submarine landslides caused by seamounts entering accretionary wedge systems[END_REF] models.

More recently, Bassett & Watts (2015) developed a new method to image subducting seamounts, that uses gravimetric (free-air anomaly) maps, and subtracts a map built using the average trench-normal intensity profile (see chapter 3). The resulting map is a residual gravity map that allows to detect subducted seamounts (since they are denser than the surrounding accretionary wedge) down to a few kilometers. The spatial resolution of this method is however limited since it is mostly applicable through satellite gravimetry (e.g. Sandwell & Smith, 1997, with a resolution of one arc minute -1852 meters at the Equator), [START_REF] Ranero | Subduction erosion along the Middle America convergent margin[END_REF].

and internal deformation of seamounts is not accessible.

The deepest image of a potential subducted seamount was obtained from seismic reflexion profiles across the Sunda Trench using low-frequency energy sources [START_REF] Singh | Aseismic zone and earthquake segmentation associated with a deep subducted seamount in Sumatra[END_REF].

They show a locally thickened subducting plate (12 km compared to an average to 8 km) around a depth of 30 km. This seamount seems to be intact, although the spatial resolution is too low to observe faulting.

The long-term fate and record of subducted seamounts

The fate of subducted seamounts is unclear. [START_REF] Isozaki | Accreted oceanic materials in Japan[END_REF] showed that >75%

of the shallowly (<30 km deep) accreted basaltic material in Japan are fragments of seamounts. However, all of these fragments are much smaller than the average size of modern seamounts.

Perhaps more striking, in spite of simple identification characteristics and integration of millions of years of subduction in the geological record, very few large-scale subducted seamounts have been identified in the fossil record (suture zones):

-Snow Mountain Volcanic Complex [START_REF] Macpherson | The Snow Mountain Volcanic Complex : An On-Land Seamount in the Franciscan Terrain , California[END_REF];

-Anarak and Kabudan seamounts [START_REF] Bagheri | The Anarak, Jandaq and Posht-e-Badam metamorphic complexes in central Iran: New geological data, relationships and tectonic implications[END_REF]; -Raspas complex (John et al., 2010);

-Siah Kuh (this work).

Fossil subducted seamounts

The Snow Mountain Volcanic Complex Described by [START_REF] Macpherson | The Snow Mountain Volcanic Complex : An On-Land Seamount in the Franciscan Terrain , California[END_REF], the Snow Mountain Volcanic Complex (also called Stonyford volcanics, e.g. [START_REF] Shervais | The Stonyford volcanic complex: A forearc seamount in the Northern California Coast Ranges[END_REF]) is located in the Coast Range Ophiolite in California and overlies the Franciscan complex. It is composed of a series of volcanics (mostly basalts, with minor rhyolite) overlain by radiolarian chert, itself conformably overlain by basalts. This forms an almost 2 km thick unit, interpreted to be a seamount, originated in a forearc environment [START_REF] Shervais | The Stonyford volcanic complex: A forearc seamount in the Northern California Coast Ranges[END_REF]. The whole edifice is metamorphosed at lower blueschist facies conditions (200-325°C, 0.6-1.0 GPa) as attested by the presence of lawsonite, aragonite, glaucophane, and riebeckite.

Anarak and Kabudan seamounts [START_REF] Bagheri | The Anarak, Jandaq and Posht-e-Badam metamorphic complexes in central Iran: New geological data, relationships and tectonic implications[END_REF] describe two seamounts in accretionary complexes of Central Iran. The Anarak unit is composed of a volcanic basement (alkali pillow basalt, rhyolite), reaching a maximum of 1 km, unconformably topped by reef carbonates (up to 1 km thick) and a pelagic veneer. In contrast, the volcanic basement of the ∼20 km-large Kabudan Guyot is not exposed, but a sedimentary sequence composed of carbonate cap, a pelagic veneer and slope facies deposits. Both edifices are metamorphosed at incipient blueschist-facies conditions with blue amphibole (crossite) and lawsonite, with a progression toward more intense metamorphism in the deepest subducted parts. [START_REF] Bagheri | The Anarak, Jandaq and Posht-e-Badam metamorphic complexes in central Iran: New geological data, relationships and tectonic implications[END_REF] interpret radial and concentric faults in surrounding units to result from subduction of these seamounts and deformation of the Upper Plate.

Raspas complex

The Raspas complex is a high-pressure (peak around ∼600°C, 1.5 GPa, John et al., 2010) oceanic complex in Ecuador, and has been the object of several studies. Using trace element geochemistry, John et al. (2010) infer that the blueschist unit has an E-MORB to OIB signature, comparable with Pacific seamounts. No structural data can however confirm this hypothesis.

Why are some seamounts recovered?

In order to outcrop in suture zones, these seamounts must have at some point been sheared off (decapitated) of the subducting plate. While most geophysically imaged subducted seamounts seem to be intact intact, [START_REF] Park | A subducting seamount beneath the Nankai accretionary prism off Shikoku, southwestern Japan[END_REF] imaged a seamount of the Figure 2.5 -Internal deformation in a subducted seamount of the Nankai Trench [START_REF] Park | A subducting seamount beneath the Nankai accretionary prism off Shikoku, southwestern Japan[END_REF].

Kinan seamount chain subducted in the Nankai Trench and observed possible compressive subduction-related deformation, localized on arcward-dipping faults (Fig. 2.5). Cloos (1992) argues that decapitation occurs when seamounts eventually get blocked on the backstop of the Upper Plate. [START_REF] Cloos | Shear zone thickness and the seismicity of Chilean-and Mariana-type subduction zones[END_REF] considers how this decapitation could happen in each of the two end-members of subduction zones:

-Mariana-type (mostly erosive) margins: in this case seamounts meet an early backstop close to the trench, where pieces might be offscrapped, but is not decapitated below;

-South-Chile-type (mostly accretionary) margins where seamounts might get decapitated at the base of the accretionary wedge. [START_REF] Got | Deformation and rupture of the oceanic crust may control growth of Hawaiian volcanoes[END_REF] deduced the presence of a potentially weak interface between the base of Mauna Loa volcano in Hawaii and underlying oceanic plate, that could allow basal decapitation. This weak interface is however very localized, and [START_REF] Watts | Seamount Subduction and Earthquakes[END_REF] explains that basal decapitation of a subducted seamount is unlikely in most cases (including Hawaii) because of the dense intrusive cores sealing seamounts to the oceanic crust. Flexural accommodation of part of the height of seamounts might also prevent this [START_REF] Watts | Seamount Subduction and Earthquakes[END_REF], Bassett & Watts, 2015). This supports the hypothesis that most seamounts get subducted to great depths without being decapitated.

Seismogenic consequences of seamount subduction

In spite of numerous images of subducted seamounts, internal deformation of subducted seamounts is in most cases out of reach. Many interrogations remain on the role that seamount might play on the seismic cycle (Fig. 2.6).

2.5

The possible role of seamount on earthquake rupture mechanics

The first link between seamount subduction and the seismic cycle was the observation by [START_REF] Kelleher | Buoyant zones, great earthquakes , and unstable boundaries of subduction[END_REF] of seismic gaps in modern subduction zones. They observed that in most subduction zones, few mega-earthquakes (of Mw >7) had been recorded (during the instrumental period) where large seamount chains were subducting. A good example is the >6000 km continuous string of subduction zones delimitating the Northwestern Pacific Plate (Mariana-Izu-Bonin-Japan-Kamchatka trenches), where mega-earthquakes (of Mw >7) had occurred in every segment (during the instrumental period), except in the Mariana segment characterized by very rugged subducting seafloor. A global comparison between the nature of the incoming plate and megathrust ruptures [START_REF] Lallemand | Roughness Characteristics of Oceanic Seafloor Prior to Subduction in Relation to the Seismogenic Potential of Subduction Zones[END_REF], van Rijsingen et al., 2018) shows an anticorrelation between very rough subducting plate and earthquake ruptures. Two interpretations can be given to this observation:

-The excess friction caused by seamounts locally blocks convergence (i.e. the plate boundary is almost completely coupled, as defined by [START_REF] Lay | An asperity model of large earthquake sequences[END_REF], causing the accumulation of elastic stress that can generate rare but powerful earthquakes;

-Subducted seamounts creep aseismically at plate convergence speed (fully decoupled plate boundary), or only generate small but frequent earthquakes, and are thus not able to generate large earthquakes.

The first hypothesis refers to the asperity model of fault rupture [START_REF] Lay | An asperity model of large earthquake sequences[END_REF], according to which earthquake nucleate preferentially on zones of locally high shear stress, that may be caused by geometrical irregularities. While most of the seismic waves of an Figure 2.6 -Comparison between subduction of rough oceanic seafloor (left, this study; see chapter 3) and interseismic coupling (right, Métois et al., 2016) in the Chile subduction zone. Green ellipses locate large earthquakes and white shaded overlays are areas with poor resolution on coupling. Seamounts are alternatively associated with low and strongly coupled subduction interfaces.

earthquake have short frequency, asperities radiate much longer frequency waves [START_REF] Ruff | The rupture process and asperity distribution of three great earthquakes from long-period diffracted P-waves[END_REF], which allows mapping of these asperities when earthquakes occur. Cloos (1992) postulates that the faults responsible for the basal decapitation of seamounts (Fig.

2.7C-D) are ideal suspects for being the asperities that generate subduction earthquakes [START_REF] Lay | An asperity model of large earthquake sequences[END_REF]. Indeed, the size of seismic asperities is much smaller than the average size of seismic rupture in subduction earthquakes and can be comparable to the basal extent of a seamount, and earthquake preferentially nucleate close to former rupture areas [START_REF] Thatcher | Earthquake recurrence and risk assessment in circum-Pacific seismic gaps[END_REF]. Compilation of earthquake moment and rupture areas shows that an Mw 7.6 earthquake could possibly be explained by the rupture of a ∼20-km-large patch, possibly a seamount (Cloos, 1992). Chilean-type margins (mainly accretionary) would be the ideal set-up for the occurrence of such earthquakes, as a subducting seamount would meet a deep backstop at high confining pressures, making large-magnitude earthquake more favorable [START_REF] Cloos | Shear zone thickness and the seismicity of Chilean-and Mariana-type subduction zones[END_REF].

Considering that all strain is accommodated by elastic deformation (flexure) of the upper and lower plate and frictional sliding of the subduction interface, [START_REF] Scholz | The effect of seamount subduction on seismic coupling[END_REF] calculated that the normal stress across the interface can be doubled in the presence of seamount, which is favorable to stronger interplate coupling, generating strong earthquakes with long recurrence intervals.

The second hypothesis was addressed more recently in the wake of studies focusing on upper plate deformation, showing that seamount subduction was in fact associated to intense upper plate brittle deformation (Fig. 2.7A, [START_REF] Ranero | Subduction erosion along the Middle America convergent margin[END_REF][START_REF] Dominguez | Upper plate deformation associated with seamount subduction[END_REF][START_REF] Ruh | Submarine landslides caused by seamounts entering accretionary wedge systems[END_REF]. Wang & Bilek (2011) argue that the dense fracture network (Fig.

2.7B

) in the Upper Plate above subducted seamounts could drastically limit the maximum size of earthquakes nucleated on top of them and would be responsible for numerous and complex small ruptures. Accumulation of fluids at the subduction interface in front of subducted seamounts would additionally reduce the effective normal stress across the interface, favoring small and frequent fractures [START_REF] Bangs | Seamount subduction erosion in the Nankai Trough and its potential impact on the seismogenic zone[END_REF], Mochizuki et al., 2008, Wang & Bilek, 2011). [START_REF] Wang | Invited review paper: Fault creep caused by subduction of rough seafloor relief[END_REF] discuss why in many subduction zones, and in particular above subducted seamounts, plate convergence seems to be accommodated aseismically. A very likely possibility is that many small frictional/brittle events (grain boundary sliding, small scale brecciation, cataclastic flow) have a too small magnitude to be identified, but pressure solution creep might also be an important mechanism (Fagereng & Den Hartog, 2017), particularly above seamounts because of the abundance of fluids in highly fractured rocks. According to these studies, seamount would not be seismic asperities.

Seamounts might also interact with earthquakes by stopping rupture propagation, i.e. acting as barriers to seismic rupture. [START_REF] Wesnousky | Predicting the endpoints of earthquake ruptures[END_REF] shows that most rupture terminations in strike-slip setting are fault steps, where the geometry of the fault is irregular. [START_REF] Wang | Finding Fault in Fault Zones[END_REF] argues that this is also the case in subduction settings, where seamounts are geometrical irregularities on the subduction interface and are likely to stop rupture propagation by resisting shearing. By limiting the rupture area of megathrust earthquakes, seamounts would also limit their magnitude... and may prove ultimately useful for earthquake prediction.

Figure 2.7 -Coupling and deformation scenarii in the upper and lower plates, after Wang & Bilek (2011). A) Map view of upper plate deformation during seamount subduction, interpreted from sandbox experiments, after [START_REF] Dominguez | Upper plate deformation associated with seamount subduction[END_REF][START_REF] Dominguez | Deformation of accretionary wedges in response to seamount subduction: Insights from sandbox experiments[END_REF]; B) Vertical section view of a seamount subducting while generating deformation in the Upper Plate, based on the previous map view; C) Full coupling above a subducting seamount, accommodated mainly by elastic deformation, that can possibly generate large megathrust earthquakes [START_REF] Scholz | The effect of seamount subduction on seismic coupling[END_REF]; D) Decapitation of seamount due to strong interplate coupling (e.g. Cloos, 1992).

A few modern examples linking seamount subduction and seismogenic behavior

Hinging on these debates, many studies tried to understand the local effect of a subducted seamount on earthquake genesis and propagation. [START_REF] Kodaira | Subducted Seamount Imaged in the Rupture Zone of the 1946 Nankaido Earthquake[END_REF] reexamine the location of rupture during the 1946 Nankaido earthquake, close to which a subducted seamount of the Kinan chain was discovered. They propose that the earthquake propagated laterally from the hypocenter until it reached the seamount where propagation stopped, because the interface was locked. However, part of the stress was elastically transferred to the opposite side of the seamount where it is relaxed through slow slip. In contrast, Mochizuki et al. (2008) propose the other alternative (weak interplate coupling) with a similar dataset on a Mw 7.0 earthquake in the Japan Trench.

A more precise study shows that some earthquakes, such as the 1994 Mw 7.6 Java earthquake [START_REF] Abercrombie | The 1994 Java tsunami earthquake: Slip over a subducting seamount[END_REF], seem to be nucleated on top of subducted seamounts.

However, earthquake localization is not obvious since this model only accounts for friction [START_REF] Scholz | on the Mechanism of Seismic Decoupling and Back-Arc Spreading At Subduction Zones[END_REF].

The 1990 Mw 7.0 Nicoya earthquake [START_REF] Husen | Tomographic evidence for a subducted seamount beneath the Gulf of Nicoya, Costa Rica: The cause of the 1990 Mw = 7.0 Gulf of Nicoya earthquake[END_REF] and 1999 Mw 6.9 Quepos earthquake [START_REF] Bilek | Control of seafloor roughness on earthquake rupture behavior[END_REF], whose hypocenters are at the base of subducting seamounts, confirm this possibility. It was however shown that these earthquakes resulted from complex and multiple ruptures [START_REF] Protti | The March 25, 1990 (Mw=7.0, ML= 6.8), earthquake at the entrance of the Nicoya Gulf, Costa Rica: Its prior activity, foreshocks, aftershocks, and triggered seismicity[END_REF][START_REF] Tajima | Tectonic implications of the seismic rupture associated with the 1983 and 1991 Costa Rica Earthquakes[END_REF], Wang & Bilek, 2011).

At a broader scale, [START_REF] Uchida | Supraslab earthquake clusters above the subduction plate boundary offshore Sanriku, northeastern Japan: Seismogenesis in a graveyard of detached seamounts[END_REF] relocated earthquake hypocenters in the Japan

Trench and discovered several clusters of earthquakes above the slab at ∼25 to 50 km depth. They interpret these series of earthquakes as the record of seamount being sheared off the subducting plate and underplated.

Studies about the deformation of the Upper plate during seamount subduction [START_REF] Bangs | Seamount subduction erosion in the Nankai Trough and its potential impact on the seismogenic zone[END_REF][START_REF] Ranero | Subduction erosion along the Middle America convergent margin[END_REF] show how seamounts may foster subduction erosion. [START_REF] Bangs | Seamount subduction erosion in the Nankai Trough and its potential impact on the seismogenic zone[END_REF] propose that tectonically-eroded sediments from the accretionary wedge can allow the accumulation of fluids at the subduction interface. These fluids would reduce the normal stress across the interface, hence limit the seismogenic potential. Wang & Bilek (2011) expect the upper plate to not be completely rigid, but instead to accommodate seamount subduction thanks to a dense fracture network. The partition of deformation on all the fractures would limit the possibility of accumulating enough energy to generate a mega-earthquake. The fractured wedge above a seamount is imaged by Geersen et al. (2015) at the border of the 2014 Mw. 8.1 Iquique earthquake (North Chile), and is correlated with a geodetically decoupled zone. [START_REF] Collot | Subducted oceanic relief locks the shallow megathrust in central Ecuador[END_REF] image a subducted seamount off Ecuador using reflection seismics and velocity modeling from wide-angle seismics. They infer strong coupling above the seamount from the geodetic inversion of upper plate GPS velocities. Small earthquakes within the seamount could indicate future shearing off of the seamount. Yet, no large earthquake has been recorded in this area, but the record of slow slip events and small earthquakes above the seamount might suggest a complex coupling/rupture pattern. In this case, it is however impossible to rule out a potential mega-earthquake. Other seamounts subducted in the same area [START_REF] Marcaillou | Seamount subduction at the North-Ecuadorian convergent margin: Effects on structures, inter-seismic coupling and seismogenesis[END_REF] show the opposite behavior with quiet seismicity and low interseismic coupling.

Remaining questions

Despite the abundance of geophysical studies on subducted seamounts carried out in recent years, there is up to now no consensus on whether seamounts do trigger earthquakes or not, and whether they can stop seismic rupture. The use of multidisciplinary approaches to locate seamounts (seismics reflection, seismic refraction, gravimetry) and determine their impact on the seismogenesis (earthquake record, geodetic coupling) is essential. The earthquake record is however limited to the instrumental period and coupling maps only exist on land so far. This points out the need to have large-scale approaches, requiring (1) to detect a large number of seamounts and ( 2) to combining a variety of data. A preliminary work focusing on point (1) is presented in the following chapter. The integrated study of a fossil example (i.e., the Siah Kuh edifice, detailed in chapters 5-7) is an attempt towards the second type of approach.

3 Gravity imaging of subducted seamounts

State of the art and motivations

Seismic imaging of subducted seamounts is difficult, mostly because (1) the number of seismic reflexion experiments is limited, and only few vessels can host the appropriate setups for high resolution deep seismics (e.g. the setup used by Singh et al., 2011, requiring a 15 km-long streamer, five-time larger than most surveys, and 48 airguns), ( 2) the problem of multiples and the behavior of sediments as a low-pass filter, (3) the lack of enough OBS and land seismometers to allow for well-resolved velocity models from seismic refraction or tomography.

Considering these difficulties, a part of this PhD project focused on trying to image subducting seamount using satellite gravimetry, which is specific in that it covers the entire Earth with a 1 arc minute resolution (<2 km at the Ecuador, even less elsewhere). The method used is similar to the one developed by Bassett & Watts (2015), but was extended to detect seamounts more easily.

Free-air anomaly maps of current oceans is at first order a proxy of bathymetry (see Fig.

3.1a): subduction trenches are the most prominent features (due to excess water depth), while seamounts appear as localized gravimetric highs (mainly due to the presence of excess mass above the ocean floor), surrounded by a gravimetric low of smaller amplitude that represents the light-sediment-filled flexural moat around it, and a small gravity high of lesser amplitude (e.g. Hawaii, [START_REF] Watts | Lithospheric strength and its relationship to the elastic and seismogenic layer thickness[END_REF].

Subducted seamounts are expected to be visible on the gravimetric signal because:

-The upper plate is usually deformed above them (positive relief of the upper plate/wedge).

-They represent local density anomalies as they are denser than the sedimentary wedge or crustal forearc above them.

The objectives of this study are multiple:

(1) On the short-term: detect and characterize subducted seamounts (keeping in mind that this might be critical for earthquake hazard assessment). Any such image could then be compared with the fossil example of the Zagros seamount (chapters 5-7).

(2) On the middle-to-long-term: decipher the proportion of seamounts that are sheared off the subducting plate and trapped at shallow depth along the subduction interface. Whether

or not (and which of) these will be recovered in the future is unfortunately unknown, but again, this could be compared with insights gained from the Zagros seamount.

Methodology

Two main approaches can help detect subducted seamounts on gravimetric data:

(1) Detection of along-trench gravimetric anomalies in the forearc

(2) Spatial high-pass filtering to emphasize circular anomalies

The study of Bassett & Watts (2015) focused on the first method to detect subducted seamount. On regularly-spaced trench-normal profiles (every 50 km), they substracted from the local free-air gravity anomaly the free-air component/profile averaged along the trench (typically on the 1000 km scale). This is equivalent to removing the (average) contribution from the slab, to be able and detect small gravity anomalies such as seamounts (but also potentially any -unrelated -upper plate heterogeneity).

Here, a new approach is developed to improve the first method (by substracting locally averaged profiles) and combine the two, in order to have a better detection of gravimetric anomalies in forearcs.

All calculations and maps in this chapter are done using the GMT software v. 5.1.1. (Wessel & Smith, 1991, 1995, 1998) coupled with Matlab codes, using a process detailed below.

Global gravimetric and bathymetric data is respectively from Sandwell & Smith (1997, v. 23.1) and Smith & Sandwell (1997, v. 18.1). Color scales are designed to show the linear spread of gravimetric data ± 2 sigma around the mean.

A summary of the processing algorithm is presented hereafter and on Fig. On each side of the trench, the occurrence of a black (strongly negative) anomalies correspond to areas where the trench is not removed.

b) Extraction of trench normal profiles

For each points of the smoothed trench, and using a constant azimuth that is roughly normal to the studied trench, a 1000 km-long, trench-centered free air anomaly profile is extracted. Average free air anomaly profiles are extracted for each trench, and profiles are also replaced by the average of the 201 closest profiles (i.e. along ∼600 km).

c) Interpolation of averaged profiles and obtention of residual gravity maps New maps are created by harmonic interpolation of the locally-averaged free-air anomaly profiles. These maps correspond to the free-air anomaly map smoothed along the trench direction (Fig. 3.1c). Residual gravity maps stem from the substraction of these maps to the original free-air anomaly maps (Fig. 3.1d). This ensures that the closest approximation to the local slab geometry is taken into account and is anticipated to reveal along-trench changes in gravimetric profiles potentially associated with seamounts.

d) High-pass filtering

Initial free-air anomaly maps or residual gravity maps can be processed in order to extract small punctual features and enhance the short wavelength component (applying a high-pass filter). A smoothed gravimetric map (low-pass filter) is created using using a boxcar filter averaging gravity values on a radius of 40 kilometers, which was the wavelength that smoothed best the seamounts. This map is then substracted from the initial gravimetry map allowing to enhance the high frequencies/short wavelengths. Whenever applied to unprocessed free-air anomaly maps, this high-pass filtering however fails at removing the strongly negative signature of subduction trenches (Fig. 3.2). Bassett & Watts (2015).

The main distinction between this processing method and the one described by Bassett & Watts (2015) resides in the local, rather than regional (i.e. considering an average taken along the whole trench segment), averaging of the trench-normal profiles. This allows to extract data from all trenches that have variable forearc structures, and outlines smaller gravimetric anomalies all along the trench. This also allows to process data for long trenches

(see examples below). Averaging of profiles is done in the spatial domain rather than the frequential domains, which prevents small approximations inherent to the Fast Fourier Transform and its inverse function. All the profiles in the study of Bassett & Watts (2015) are extracted perpendicular to the trench. This new study instead uses parallel profiles with an approximate trench-normal orientation, as it helps reducing interpolation artefacts by creating a regularly-spaced grid.

Overall, the processing method used here represents a significant improvement with respect to previous studies (e.g. with the same color scale, Fig. 3.3). In particular, on the Tonga example, a small gravity high is visible in the forearc in the prolongation of the subducting Louisville ridge and is not visible in the former study. A larger anomaly farther away from the trench in the alignment of the Louisville ridge could also correspond to a subducted seamount, surrounded by its flexural moat (indistinguishable from nearby positive and negative anomalies in the former study).

High-pass filtering has been done both on raw free-air anomaly maps and on residual gravity maps (Fig. 3.2). However, this processing adds complexity to the signal and is probably not the most efficient way to image subducting seamounts. We suggest that the use of residual gravity maps is the most adequate for the study of subducted seamounts.

First results and interpretations

Residual gravity maps have been obtained in seven sets of subduction zones: Tonga-Kermadec, Western Pacific (Kamchatcka-Kuril, Northeast Japan, Izu-Bonin, Mariana),

Western Philippines (Nankai-Ryukyu), Central America, Peru-Chile, Sumatra. Rather than in-depth analysis of these maps, the brief description below is intended at highlighting some features that could be further studied in the mid-term, i.e. that were left as a future development after this thesis.

Tonga-Kermadec Trench

The linear continuity of the Louisville ridge gravimetric anomalies within the forearc (Fig.

3

.3) could possibly challenge interpretations of curvature of the ridge [START_REF] Ballance | Subduction of a Late Cretaceous Seamount of the Louisville Ridge at the Tonga Trench: A model of normal and accelerated tectonic erosion[END_REF], geochemical anomalies in the arc [START_REF] Timm | Louisville seamount subduction and its implication on mantle flow beneath the central Tonga-Kermadec arc[END_REF] and the correlation between the Louisville ridge and a seismic gap (Bassett & Watts, 2015). It would instead be associated with earthquake activity and a volcanic gap. The upward flexure of the oceanic plate after the flexural moat is associated with small seamounts, and high gravity anomalies in the prolongation in the forearc could correspond to those seamounts.

Central American Trench

In Central America (Fig. 3.4), the main subducting topography is the Cocos ridge (around N7-8°, W80-85°). It is associated with several gravity highs in the forearc. A subducting transform fault (the Tehuantepec fracture zone) at N15°-W95°is also associated with positive anomalies and a change of the geometry of the forearc. Many other positive anomalies cannot be directly correlated with subducting ridges or seamounts on the oceanic plate. However, a global gravity high around the Osa Peninsula (N10°-W85°) is associated with seamounts in the geological record (e.g. [START_REF] Vannucchi | From seamount accretion to tectonic erosion: Formation of Osa Mélange and the effects of Cocos Ridge subduction in southern Costa Rica[END_REF]. A likely hypothesis is that many of these gravity highs correspond to underplated units, possibly seamounts.

Aleutian Trench

In the Aleutian Trench (Fig. 3.5) the Patton seamounts subducting at N55°-W155°and the C&GS seamount province subducting at N54°-W162°are associated with gravity anomalies.

Many other gravity anomalies are visible within the forearc.

South American Trench

In the South American Trench (Fig. 3.6), the Nazca Ridge (S15°-W75°), the flexural moat of a seamount chain subducting at (S20°-W70°), a seamount chain are S27°, a seamount chain subducting at S33°and the Chile ridge subducting at N47°are associated with gravity highs in the forearc.

West Pacific Trenches

All West Pacific Trenches have been processed simultaneously (Fig. 3.7), which may result in processing artefacts, in particular in areas where the trench geometry is changing. However gravity highs in the Japan Trench correspond to subducted seamounts of the Joban seamount chain (N35°, e.g. Daiichi-Kashima), and to those associated with supra-slab earthquakes (N37-39°, [START_REF] Uchida | Supraslab earthquake clusters above the subduction plate boundary offshore Sanriku, northeastern Japan: Seismogenesis in a graveyard of detached seamounts[END_REF] and to the prolongation of the Erimo seamount (N40°). Gravity highs in the Mariana trench likely correspond to subducted seamounts [START_REF] Fryer | Processes of seamount subduction in the Mariana and Izu-Bonin trenches[END_REF].

Nankai-Ryukyu Trench

Gravity highs in the Nankai-Ryukyu Trench (Fig. 3.8) are associated with the subduction of the Kinan Seamount Chain (N33°-E133°), of the Kyushu Palau Ridge (N31°-E132°),

the Kikai Seamount Chain and the Amami Rise (N27°-E131°), the Oki-Daito Rise (N25°-E128°).

Sunda Trench

Many gravity highs in the forearc of the Sunda Trench are linked with bathymetric anomalies (Fig. 3.9). The main example is the Investigator ridge (S2°-E98°), but other seamount chains are subducted and have a gravimetric expression in the forearc, at S6°-E103°, S9°-E107°, S10°-E110°and S10°-E113°.

Preliminary conclusions

Subducting seafloor roughness is often associated with local gravity highs in the forearc on residual gravity maps. Flexural moats and ridges are also very well expressed as gravity anomalies in forearcs. This indicates that this technique is efficient to study/image "pure" gravity anomalies).

Interpretation of gravity highs that are not associated with seamounts on the subducting seafloor must be done with care, as there is a possibility that it only reflects non-cylindricity of the upper plate (i.e. potential heterogeneities and/or crustal domains with contrasting geological history). However, most of this non-cylindricity is expected to have longer wave- lengths, thus would probably not be observed on the residual gravity maps that focus on short wavelength features.

According to this, we propose that many gravity highs in forearcs (observed in all subduction zones) may correspond to excess of mass in the forearc, potentially due to subducting seamounts/ridges or underplated units. 2D-gravity modeling could help confirm this conclusion. Zagros is a region of Southwestern Iran (Fig. 4.1) with a dry, desertic climate, and a few large cities like Kermanshah, Chiraz (close to Persepolis, the thousand-year-old capital of the Achaemenid Empire) and Bandar Abbas. The Zagros Belt has formed from long-lasting convergence between Arabia and Eurasia accommodated by subduction of the Neotethys ocean below Eurasia during the Mesozoic followed by Cenozoic continental subduction and collision (Agard et al., 2011, Barrier & Vrielynck, 2008). This convergence is still ongoing at ∼31 mm.yr -1 , 4-11 of which are accommodated by crustal shortening within the Zagros orogen, [START_REF] Vernant | Presentday crustal deformation and plate kinematics in the Middle East constrained by GPS measurements in Iran and northern Oman[END_REF].The present structure of the Zagros belt is inherited from long-lived subduction and collision processes. as well as thrusting within the Panafrican basement of the Arabian plate in a thick-skinned tectonic style (Molinaro et al., 2005a[START_REF] Mouthereau | Tertiary sequence of deformation in a thin-skinned/thick-skinned collision belt: The Zagros Folded Belt (Fars, Iran)[END_REF], 2012). Many anticlines are pierced by large diapirs of the Hormuz salt.

Structure of the Zagros belt

(2) The High Zagros

The High Zagros is an equivalent of the Simple Fold Belt, but it is marked by a different structural style with more thrust faults cutting through the cover and higher deformation temperatures. Its northern border is a north-steeply-dipping thrust fault, the Main Zagros Thrust (MZT), believed to be the plate boundary [START_REF] Berberian | Tectono-plutonic episodes in Iran[END_REF], Agard et al., 2005[START_REF] Mcquarrie | Retrodeforming the Arabia-Eurasia collision zone: Age of collision versus magnitude of continental subduction[END_REF], although it has been debated in the past, as well as the timing of closure [START_REF] Alavi | Tectonics of the Zagros orogenic belt of Iran: new data and interpretations[END_REF], 2004[START_REF] Vincent | Insights from the Talysh of Azerbaijan into the Paleogene evolution of the South Caspian region[END_REF][START_REF] Moghadam | Ophiolites of Iran: Keys to understanding the tectonic evolution of SW Asia: (II) Mesozoic ophiolites[END_REF].

(3) The Outer ophiolite belt

Considering that the MZT is the plate boundary, then the Outer ophiolite belt constitutes the suture zone (Fig. 4.2). Originally described as the "colored mélange" [START_REF] Gansser | Ausseralpine Ophiolithproblem[END_REF], it consists of ophiolitic remains associated with pelagic sediments and ocean-derived blueschists (the Zagros blueschists, Agard et al., 2006).

(4) The Sanandaj Sirjan Zone

The Sanandaj Sirjan Zone (Fig. [START_REF] Hassanzadeh | The Neotethyan Sanandaj-Sirjan zone of Iran as an archetype for passive margin-arc transitions[END_REF].

(5) The Inner ophiolite belt

The Inner ophiolite belt (or Nain-Baft ophiolite belt, Figure 4.2) includes, from Northwest to Southeast: the Nain ophiolite, Dehshir, Shahr-e Babak and Baft ophiolitic Belts. They are back-arc basins of the Zagros subduction [START_REF] Moghadam | Significance of Nain-Baft ophiolitic belt (Iran): Short-lived, transtensional Cretaceous back-arc oceanic basins over the Tethyan subduction zone[END_REF], Agard et al., 2011).

(6) The Urumieh Dokhtar Magmatic Arc in Central Iran

The Urumieh Dokhtar magmatic arc makes a continuous high elevation ridge parallel to the MZT, and composed of Cenozoic volcanics. It is interpreted as the second, more recent magmatic arc associated with the Neotethys subduction and parallel to the SSZ [START_REF] Omrani | Arc magmatism and subduction history beneath the Zagros Mountains, Iran: A new report of adakites and geodynamic consequences[END_REF], and is in fact part of a larger event of magmatic flare-up affecting much of Central Iran during the Eocene [START_REF] Verdel | Geology and thermochronology of Tertiary Cordilleran-style metamorphic core complexes in the Saghand region of central Iran[END_REF][START_REF] Verdel | A Paleogene extensional arc flare-up in Iran[END_REF].

Zagros ophiolites

Ophiolites in Zagros within belong to two ophiolitic belts: the Outer and Inner ophiolitic belts. While ophiolites from the Outer ophiolite belt are remnants of the Neotethys ocean, the Inner ophiolite belt has been interpreted to result from back-arc spreading in the Upper Plate of the Zagros subduction [START_REF] Moghadam | Significance of Nain-Baft ophiolitic belt (Iran): Short-lived, transtensional Cretaceous back-arc oceanic basins over the Tethyan subduction zone[END_REF]. [START_REF] Moghadam | Geodynamic evolution of Upper Cretaceous Zagros ophiolites: formation of oceanic lithosphere above a nascent subduction zone[END_REF] indeed pointed out that most Zagros ophiolites have SSZ signatures.

Outer ophiolite belt

Ophiolites from the Outer Belt are remnants of the Neotethys ocean. They however have very variable geochemical signatures.

Kermanshah ophiolite

The Kermanshah ophiolite is in fact twofold: the Harsin-Sahneh and the Kamyaran massifs [START_REF] Braud | La suture du Zagros au niveau du Kermanshah (Kurdistan iranien): reconstitution paléogéographique, évolution géodynamique, magmatique et structurale[END_REF]. While the Harsin-Sahneh zone consists of peridotite intruded by gabbros, dykes, and basaltic flows, the Kamyaran zone is composed of imbricated thrusts of serpentinite, lava flows and Paleocene-Eocene sediments, intruded by gabbros [START_REF] Whitechurch | Evidence for Paleocene-Eocene evolution of the foot of the Eurasian margin (Kermanshah ophiolite, SW Iran) from back-arc to arc: Implications for regional geodynamics and obduction[END_REF]. [START_REF] Wrobel-Daveau | Evidence for mantle exhumation along the Arabian margin in the Zagros (Kermanshah area, Iran)[END_REF] propose that the Harsin-Sahneh massif is a "suboceanic" basin with mantle exhumation south of an extensional allochton, the Bisotun platform. Geochemical signatures vary a lot within the "ophiolite", from Triassic-Liassic alkali magmatism (OIB, [START_REF] Saccani | Geochemistry and petrology of the Kermanshah ophiolites (Iran): Implication for the interaction between passive rifting, oceanic accretion, and OIB-type components in the Southern Neo-Tethys Ocean[END_REF], Paleocene back-arc magmatism, and Eocene calc-alkaline magmatism [START_REF] Whitechurch | Evidence for Paleocene-Eocene evolution of the foot of the Eurasian margin (Kermanshah ophiolite, SW Iran) from back-arc to arc: Implications for regional geodynamics and obduction[END_REF].

Neyriz ophiolite

The Neyriz ophiolitic complex consists of three imbricated sheets: pelagic sediments of Triassic to Middle Cretaceous (Pichakun series), "mélange" units composed of Permian-Triassic pelagic sediments and alkaline to tholeiitic lavas, and Upper Cretaceous ophiolite slices made of serpentinized peridotite overlain by gabbro, plagiogranite intrusions, basalt, and rhyodacite forming a MORB-to-IAT sequence overlain by calc-alkaline rocks [START_REF] Lanphere | 40 Ar/ 39 Ar ages and tectonic setting of ophiolite from the Neyriz area, southeast Zagros Range, Iran[END_REF][START_REF] Babaie | Geochemistry of arc volcanic rocks of the Zagros Crush Zone, Neyriz, Iran[END_REF][START_REF] Babaei | Tectonic evolution of the Neyriz ophiolite, Iran : An accretionary prism model[END_REF][START_REF] Babaie | Geochemical, 40 Ar/ 39 Ar age, and isotopic data for crustal rocks of the Neyriz ophiolite, Iran[END_REF][START_REF] Moghadam | Ophiolites of Iran: Keys to understanding the tectonic evolution of SW Asia: (II) Mesozoic ophiolites[END_REF].

Hajiabad-Esfandagheh

The Hajiabad-Esfandagheh ophiolitic complex is composed of disrupted ultramafic rocks, plagiogranite, and a volcanic sequence composed of massive mafic to felsic lavas, overlain by Late Cretaceous pelagic limestone and volcanoclastic sandstone. Basalt flows commonly overlay the sandstone. Some older ophiolitic rocks of Lower Jurassic age are also recovered [START_REF] Moghadam | Subduction, high-P metamorphism, and collision fingerprints in South Iran: Constraints from zircon U-Pb and mica Rb-Sr geochronology[END_REF]. Lavas are geochemically E-MORB, calc-alkaline, or boninites [START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF]. The Sikhoran complex, which includes Sargaz-Abshur metamorphics [START_REF] Sabzehei | Les mélanges ophiolitiques de la région d'Esfandagheh (Iran méridional) -Etude pétrologique et structurale -Interprétation dans le cadre iranien[END_REF], comprises large volumes of peridotite overlain by isotropic gabbros [START_REF] Ghasemi | The mafic-ultramafic complex of Sikhoran (central Iran): a polygenetic ophiolite complex[END_REF] was considered as a part of an ophiolitic suite [START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF] but it has rather characteristics of a stretched margin of the Sanandaj-Sirjan zone [START_REF] Ghasemi | The mafic-ultramafic complex of Sikhoran (central Iran): a polygenetic ophiolite complex[END_REF], Angiboust et al., 2016). In a broad sens, the Siah Kuh unit belongs to this ophiolitic complex.

Inner ophiolite belt

Nain ophiolite

The Nain ophiolite massif is composed of peridotite intruded by gabbro pods, a diabase dike swarm and an island arc tholeiite (IAT) volcanic sequence of overlain by Coniacian-Maastrichtian pelagic limestone [START_REF] Moghadam | Significance of Nain-Baft ophiolitic belt (Iran): Short-lived, transtensional Cretaceous back-arc oceanic basins over the Tethyan subduction zone[END_REF].

Dehshir ophiolite

The Dehshir ophiolite contains peridotite at its base, gabbro and a volcanic sequence of IAT affinity overlain by pelagic limestone [START_REF] Moghadam | Significance of Nain-Baft ophiolitic belt (Iran): Short-lived, transtensional Cretaceous back-arc oceanic basins over the Tethyan subduction zone[END_REF].

Shahr-e Babak ophiolite

The Shahr-e Babak ophiolite is composed of peridotite, with small sized gabbro pods and a basaltic to rhyolitic calc-alkaline volcanic sequence, interbedded with Late Cretaceous pelagic limestone [START_REF] Moghadam | Significance of Nain-Baft ophiolitic belt (Iran): Short-lived, transtensional Cretaceous back-arc oceanic basins over the Tethyan subduction zone[END_REF].

Baft ophiolite

The Baft ophiolitic massif is composed of a dismembered ophiolite made of a pile of peridotite with small gabbro pods, separated from basaltic to andesitic tholeiitic to calk-alkaline lavas and boninite [START_REF] Moghadam | Significance of Nain-Baft ophiolitic belt (Iran): Short-lived, transtensional Cretaceous back-arc oceanic basins over the Tethyan subduction zone[END_REF][START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF].

The Jandagh-Anarak ophiolitic rocks [START_REF] Bagheri | The Anarak, Jandaq and Posht-e-Badam metamorphic complexes in central Iran: New geological data, relationships and tectonic implications[END_REF], Moghadam & Stern, 2014) located less than a hundred kilometer north of the Nain ophiolite are not considered in the Zagros ophiolites as they are Paleozoic in age and result from the closure of the Paleotethys ocean [START_REF] Ramezani | The Saghand region, Central Iran: U-Pb geochronology, petrogenesis and implication for Gondwana tectonics[END_REF].

Outer and Inner ophiolites: common or distinct origin?

While there is a consensus for the Outer ophiolite belt to be a part of the Neotethys ocean, largely affected by supra-subduction zone magmatism, the Inner ophiolite belt has alternatively been considered as a series of back-arc basin [START_REF] Moghadam | Significance of Nain-Baft ophiolitic belt (Iran): Short-lived, transtensional Cretaceous back-arc oceanic basins over the Tethyan subduction zone[END_REF] or as a part of a unique ophiolitic belt domed above the Sanandaj-Sirjan Zone and rooted at the southern border of the Urumieh-Dokhtar magmatic arc (e.g. [START_REF] Moghadam | Geodynamic evolution of Upper Cretaceous Zagros ophiolites: formation of oceanic lithosphere above a nascent subduction zone[END_REF]. Arguments for the second scenario are the similar ages (Late Cretaceous) and very variable geochemical signatures, including supra-subduction zone signatures found in all Zagros ophiolites.

However the second hypothesis is inconsistent with: (1) the observed similarity of the stratigraphy in the Sanandaj-Sirjan zone and central Iran [START_REF] Stöcklin | Structural history and tectonics of Iran: A review[END_REF], (2) Triassic to Paleocene arc magmatism recorded in the Sanandaj-Sirjan zone, (3) occurence of highpressure rocks along the MZT and Outer ophiolite, but not in the Inner ophiolite belt. We hence favor the back-arc hypothesis.

Markers of subduction in Zagros

In addition to present-day tectonic features, which are strongly inherited from subduction of Arabia below Eurasia (Agard et al., 2011), high-pressure rocks and arc-and back-arc-related magmatism are direct witnesses of the subduction of the Neotethys below Eurasia.

High-pressure rocks

High-pressure rocks are only found in Southwestern Zagros in the Hajiabad-Esfandagheh ophiolite (Fig. 4.3, Sabzehei, 1974, Agard et al., 2006, Angiboust et al., 2016).

They are structured as a nappe stack of mostly ocean-derived rocks of various HP-LT metamorphic grades (Fig. 4.4). The subduction history is synthesized on 

Ashin Unit

The structurally highest nappe is the Ashin unit, composed of ultramafic sole overlain by blueschist facies metasediments (felsic paragneisses, micaschist, quartzite, garnet amphibolite, marble). It is considered to be a part of a forearc that was subducted and metamorphozed at conditions of about 500-550°C and 1.3 GPa (Agard et al., 2006, Angiboust et al., 2013). Ages for the metamorphism of this unit are mostly between 100 and 80 Ma (Agard et al., 2006, Monié & Agard, 2009, Angiboust et al., 2016). Ages and P-T conditions of the Ashin unit correspond closely to those recorded in the Sheikh Ali unit further south (Agard et al., 2006).

Seghin unit

Below the Ashin unit is the Seghin unit made of blueschist-facies hectometer-sized stripes of metabasites in a serpentinite matrix. P-T conditions for this unit have been estimated at 500°C and 1.8 GPa (Agard et al., 2006, Angiboust et al., 2013). Most metamorphic ages are scattered between 75 and 60 Ma (Agard et al., 2006, Monié & Agard, 2009, Angiboust et al., 2016). Angiboust et al. (2016) argue that these two units evidence a cooling subduction gradient from 17 to 7°C.km -1 .

Siah Kuh unit

The lowermost unit is the Siah Kuh unit, which is the object of this thesis. The first description was given by [START_REF] Sabzehei | Les mélanges ophiolitiques de la région d'Esfandagheh (Iran méridional) -Etude pétrologique et structurale -Interprétation dans le cadre iranien[END_REF], but this description may include several confusions. It is described as a volcano-pluton (of the Colored Mélange) intruding a sedimentary sequence (described in Fig. 4.5a). A schematic cross-section of the Siah Kuh unit is presented in Figure 4.5b, but it may also integrate parts of the Seghin unit. Magmatism in the Siah Kuh unit consists in andesitic to dacitic volcanic rocks and granodioritic plutonic rocks, that include boninite [START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF]. Sediments on top of Siah Kuh are dated from the Upper Campanian-Maastrichtian (76-66 Ma, [START_REF] Sabzehei | Les mélanges ophiolitiques de la région d'Esfandagheh (Iran méridional) -Etude pétrologique et structurale -Interprétation dans le cadre iranien[END_REF]. Granitic enclaves are found within volcanic rocks. [START_REF] Sabzehei | Les mélanges ophiolitiques de la région d'Esfandagheh (Iran méridional) -Etude pétrologique et structurale -Interprétation dans le cadre iranien[END_REF] shows that metamorphic assemblages are composed of lawsonite, albite, aragonite, pumpellyite, epidote, chlorite and sphene as well as sodic pyroxene. However, Angiboust et al. (2016) do not describe sodic pyroxene, but in turn include riebeckite in the parageneses of Siah Kuh. A first, coarse estimate for the P-T conditions of the Siah Kuh edifice is around 250°C and 0.7 GPa (Angiboust et al., 2016). As the lowermost unit, it is expected to be the youngest metamorphic unit. 

Arc magmatism

Large volumes of arc-related plutonic and volcanic rocks crop out in the Zagros orogen and belong to two different arcs: the Sanandaj-Sirjan arc, and the Urumieh-Dokhtar magmatic arc (UDMA). Subduction-related calc-alkaline magmatism within the Sanandaj-Sirjan Zone occurs mainly between 180 and 50 Ma (Agard et al., 2011). However, some

Triassic and Lower Jurassic magmatic rocks in the Sanandaj-Sirjan Zone might also be related to subduction. In particular, a few kilometers north of the Siah Kuh unit, [START_REF] Arvin | Petrochemistry of the Siah-Kuh granitoid stock southwest of Kerman, Iran: Implications for initiation of Neotethys subduction[END_REF] show that the "Siah Kuh granitoid stock" is a calc-alkaline pluton that formed at ∼200 Ma and interpreted it to reflect the initiation of subduction of the Neotethys below Eurasia. Arc magmatism shifted inward to the UDMA, which was mainly active between 50 and 10 Ma (Agard et al., 2011). It consists of calc-alkaline lavas, but the youngest lavas have high-SiO 2 adakitic signatures [START_REF] Omrani | Arc magmatism and subduction history beneath the Zagros Mountains, Iran: A new report of adakites and geodynamic consequences[END_REF], related to a recent (∼10 Ma) slab break-off event.

Back-arc magmatism and upper plate extension

Back-arc basins of the Nain-Baft ophiolitic belt were probably active accross the period 125-50 Ma [START_REF] Moghadam | Significance of Nain-Baft ophiolitic belt (Iran): Short-lived, transtensional Cretaceous back-arc oceanic basins over the Tethyan subduction zone[END_REF], 2013a,c, Agard et al., 2011), but most of the mag- et al. (2009) propose that this magmatism occurred within small transtensive basins that were structurally in the back-arc of the Zagros subduction zone. This interpretation was however challenged by Moghadam et al. (2013a). These basins have been closed around Paleocene times, but time constraints are still loose. Other neighboring small basins with oceanic material are good candidates as back-arc basins (Agard et al., 2011): the mid-Cretaceous Sistan (Zarrinkoub et al., 2012) and Sabzevar [START_REF] Rossetti | Early Cretaceous migmatitic mafic granulites from the Sabzevar range (NE Iran): implications for the closure of the Mesozoic peri-Tethyan oceans in central Iran[END_REF], 2014, Moghadam et al., 2014a) oceans.

Metamorphic core complexes are described along the Chapedony and Posht-e Badam faults. High-temperature metamorphism and leucogranites have been shown to be of Eocene ages (44-40 Ma, Ramezani & Tucker, 2003[START_REF] Verdel | Geology and thermochronology of Tertiary Cordilleran-style metamorphic core complexes in the Saghand region of central Iran[END_REF]. Their formation is interpreted as being linked to Cordilleran-style upper plate extension linked with the subduction of the Neotethys.

4.4

Long-term evolution of subduction and the Zagros orogen Agard et al. (2011) synthesize the geodynamic evolution of the Zagros orogen and the link with Zagros subduction (Fig. 4.7), which is marked by the key following stages:

• Rifting leading to Neotethys opening occurs during the Permian (e.g. [START_REF] Chauvet | Structures and timing of Permian rifting in the central Oman Mountains (Saih Hatat)[END_REF]. The oldest ophiolitic rocks recovered in the Zagros suture zone are of lower Jurassic age (∼180 Ma, [START_REF] Moghadam | Subduction, high-P metamorphism, and collision fingerprints in South Iran: Constraints from zircon U-Pb and mica Rb-Sr geochronology[END_REF].

• Subduction starts during the Upper Triassic/Lower Jurassic (∼200 Ma) as attested by calc-alkaline magmatism in the Sanandaj-Sirjan zone [START_REF] Arvin | Petrochemistry of the Siah-Kuh granitoid stock southwest of Kerman, Iran: Implications for initiation of Neotethys subduction[END_REF].

• Back-arc basins open from 105 Ma to 70 Ma [START_REF] Arvin | The petrogenesis and tectonic setting of lavas from the Baft ophiolitic melange, southwest of Kerman, Iran[END_REF][START_REF] Moghadam | Significance of Nain-Baft ophiolitic belt (Iran): Short-lived, transtensional Cretaceous back-arc oceanic basins over the Tethyan subduction zone[END_REF], 2013a,c).

• Exhumation of high-pressure rocks starts around ∼100 Ma and lasts at least until ∼65 Ma, with a regional cluster of ages at 100-85 Ma coincident with obduction on the southern side of the Neotethys (Agard et al., 2006, Monié & Agard, 2009).

• Arc magmatism migrates at 50 Ma from the Sanandaj Sirjan arc to the UDMA.

Collision begins during the Late Eocene to Oligocene (35-25 Ma, Agard et al., 2005) and deformation migrated southwestwards. Agard et al. (2011) argues for the occurrence of several slab break-off events, in the Late Paleocene (∼50 Ma) and around 10 Ma, linked with magmatic flare-ups and convergence rate variations. 5 Structure and metamorphism of a subducted seamount (Zagros suture, S. Iran)

Structure and metamorphism of a subducted seamount (Zagros suture, S. Iran)

Introduction

Seamounts are "geographically isolated topographic feature[s] on the seafloor taller than 100 m, including ones whose summit regions may temporarily emerge above sea level, but not including features that are located on continental shelves or that are part of other major landmasses" [START_REF] Staudigel | Defining the Word "Seamount[END_REF]. Although most seamounts were recognized in the early stages of plate tectonics as products of mantle upwelling at hotspots [START_REF] Wilson | Evidence from ocean islands suggesting movement in the Earth[END_REF][START_REF] Morgan | Convection plumes in the lower mantle[END_REF], many of them also form by hydration-driven melting of the forearc mantle of subduction zones (e.g. [START_REF] Reagan | Fore-arc basalts and subduction initiation in the Izu-Bonin-Mariana system[END_REF] or close to ocean ridges (e.g.

East Pacific Rise seamounts, [START_REF] Niu | Origin of enrichedtype mid-ocean ridge basalt at ridges far from mantle plumes: The East Pacific Rise[END_REF]. There are more than 100,000 seamounts on present-day seafloor [START_REF] Hillier | Global distribution of seamounts from ship-track bathymetry data[END_REF][START_REF] Wessel | The Global Seamount Census[END_REF], most of which will at some point enter subduction zones (e.g. [START_REF] Lallemand | Subduction of the Daiichi Kashima Seamount in the Japan Trench[END_REF][START_REF] Ranero | Subduction erosion along the Middle America convergent margin[END_REF]. In that regard, understanding how they form and evolve is critical to assess natural hazards such as subduction (mega-)earthquakes, volcanic activity, or slope instabilities that may result in tsunamis.

The link between the subduction of rough seafloor and subduction earthquakes has been a matter of considerable debate since it was recognized that seamount size scales with the largest earthquake asperities (Cloos, 1992). However, the observation that zones where rough seafloor enters subduction may coincide with seismic gaps (i.e. zones with no record of earthquakes, [START_REF] Kelleher | Buoyant zones, great earthquakes , and unstable boundaries of subduction[END_REF], Lallemand et al., 2018, van Rijsingen et al., 2018) suggests that (1) seamounts are probably not seismic asperities, and (2) they might also act as barriers that block rupture propagation and limit the magnitude of megathrust earthquakes (Geersen et al., 2015). While several studies tend to confirm this (e.g. Wang & Bilek, 2011, 2014), direct evidence is still missing.

Seamounts are also suspected to impact upper plate topography and trigger subduction erosion (i.e. removal of material from the upper plate, [START_REF] Vannucchi | From seamount accretion to tectonic erosion: Formation of Osa Mélange and the effects of Cocos Ridge subduction in southern Costa Rica[END_REF][START_REF] Clarke | Seamount chain -subduction zone interactions: Implications for accretionary and erosive subduction zone behavior[END_REF], and to experience partial decapitation [START_REF] Cloos | Lithospheric buoyancy and collisional orogenesis: subduction of oceanic plateaus, continental margins, island arcs, spreading ridges, and seamounts[END_REF][START_REF] Cloos | Shear zone thickness and the seismicity of Chilean-and Mariana-type subduction zones[END_REF]shallow, small volume: Mariana-type margins; deeper, larger volume, i.e. at the base of the accretionary wedge: Chile-type margins). The small volumes of subducted seamounts recovered in underplated units suggest that most of them get subducted down to the deep mantle, like 'normal' oceanic crust.

While oceanographic studies inform us about modern seamounts, geophysical imaging of subducting seamounts meet several issues. Resolution, for example, is generally too low to distinguish deformation features within seamounts (with the notable exception of [START_REF] Park | A subducting seamount beneath the Nankai accretionary prism off Shikoku, southwestern Japan[END_REF]. Additionally, geophysical studies access only the top 10-15 km, and imaging the nature of the subducting plate below this is limited to very exceptional setups (e.g. Singh et al., 2008).

Exposed fossil examples are therefore paramount to directly access a several million-year-long oceanic and subduction history, as well as internal deformation and metamorphism. As earlier mentioned, preserved fossil examples of seamounts are rare. Some escaped subduction and may be good places to study oceanic processes (e.g. Nicasio Reservoir Terrane, [START_REF] Schnur | Detailed volcanostratigraphy of an accreted seamount: Implications for intraplate seamount formation[END_REF]Slave Province,Corcoran, 2000). Yet only two fossil seamounts have so far been reported as once subducted: the Snow Mountain Volcanic Complex (also refered to as the Stonyford Volcanic Complex) in the Franciscan and the Anarak-Kabudan seamounts in Central Iran. The Snow Mountain Volcanic Complex is a 20 x 15 km-large, at least 1 km-thick oceanic unit identified as a forearc seamount [START_REF] Macpherson | The Snow Mountain Volcanic Complex : An On-Land Seamount in the Franciscan Terrain , California[END_REF][START_REF] Shervais | The Stonyford volcanic complex: A forearc seamount in the Northern California Coast Ranges[END_REF] that was incipiently metamorphozed at blueschist facies, as shown by the occurrence of metamorphic lawsonite and aragonite. The Anarak unit is a ∼30 x 15 km-large and ≤500 m-thick unit interpreted to be a seamount by [START_REF] Bagheri | The Anarak, Jandaq and Posht-e-Badam metamorphic complexes in central Iran: New geological data, relationships and tectonic implications[END_REF]. It is composed of bimodal volcanics (alkali basalts and rhyolite) overlain by a carbonate atoll and a pelagic veneer, however the current structure has been strongly dismembered during Palaeotethys closure and late faulting. It is affected by high-pressure-low-temperature metamorphism, with a continuous evolution from pumpellyite-actinolite facies to albite-Lawsonite and epidote-crossite facies. The Kabudan Guyot has a smaller size (∼20 x 20 km), and only the carbonate cap, pelagic veneer and slope facies deposits are exposed. [START_REF] Bagheri | The Anarak, Jandaq and Posht-e-Badam metamorphic complexes in central Iran: New geological data, relationships and tectonic implications[END_REF] argue that surrounding tectonic structures derive in part from upper plate deformation due to seamount subduction.

While volcanism was studied in detail in the Snow Mountain Volcanic Complex and the sedimentary evolution in the Anarak-Kabudan seamounts, little has been done so far to characterize both the volcanism, sedimentation, subduction-related deformation, incipient metamorphism and fluid circulation in a single seamount. These observations require a fully-exposed, almost intact, 3D fossil subducted seamounts, as is the Siah Kuh seamount in Southeastern Iran.

Geological setting

The Zagros Mountains in Southern Iran result from long-lived convergence between the Arabian and the Eurasian Plates that is still active today (convergence rates of 20 ± 2 mm.yr -1 , Vernant et al., 2004). Ophiolite belts, locally referred to as the Colored Mélange (Gansser, 1955) (Agard et al., 2006[START_REF] Molinaro | Lithospheric structure beneath the south-eastern Zagros Mountains, Iran: Recent slab break-off?[END_REF][START_REF] Omrani | Arc magmatism and subduction history beneath the Zagros Mountains, Iran: A new report of adakites and geodynamic consequences[END_REF], oceanic material is little affected by collision-related deformation and metamorphism (Agard et al., 2006).

Slab break-off occurred during Pliocene and is characterized by adakitic magmatism in the UDMA [START_REF] Omrani | Arc magmatism and subduction history beneath the Zagros Mountains, Iran: A new report of adakites and geodynamic consequences[END_REF] and regional uplift in the Central Iranian Plateau [START_REF] Molinaro | Lithospheric structure beneath the south-eastern Zagros Mountains, Iran: Recent slab break-off?[END_REF]. Despite this long subduction history, only a handful of exposures of blueschist-facies rocks are recovered from this subduction: the Haji-Abad-Esfandagheh zone in Southeastern Zagros, close to the Makran, is the only place where high-pressure metamorphism has been recorded in the Zagros range (Agard et al., 2006, synthetic map on Fig. 7.1b).

In particular, the Soghan region at the Northeast of the Haji-Abad-Esfandagheh zone, has been recognized as a stack of high-pressure nappes by Agard et al. (2006): the uppermost Ashin unit, the intermediate Seghin unit and the lowermost "colored mélange" zone, here named the Siah Kuh unit. The Ashin unit is made of a complex imbrication of upper blueschist to amphibolite facies metasedimentary and metavolcanics overlying a thick dunite massif. The Seghin unit is in turn composed of hectometer-sized slices of blueschistfacies métabasites in a serpentinite matrix. The Siah Kuh unit has no characteristics of a mélange and is an almost continuous piece of ocean lithosphere with serpentinite, gabbro, basalt and associated hyaloclastite, pelagic and platform sediments [START_REF] Sabzehei | Les mélanges ophiolitiques de la région d'Esfandagheh (Iran méridional) -Etude pétrologique et structurale -Interprétation dans le cadre iranien[END_REF], and is possibly a seamount (Angiboust et al., 2016). It was formed in the forearc of a subduction zone, as attested by the presence of boninite lavas [START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF]. Traces of incipient metamorphism have been recognized in the Siah Kuh unit, in particular with the occurrence of lawsonite and aragonite [START_REF] Sabzehei | Les mélanges ophiolitiques de la région d'Esfandagheh (Iran méridional) -Etude pétrologique et structurale -Interprétation dans le cadre iranien[END_REF], Angiboust et al., 2016). [START_REF] Sabzehei | Les mélanges ophiolitiques de la région d'Esfandagheh (Iran méridional) -Etude pétrologique et structurale -Interprétation dans le cadre iranien[END_REF] also mentions the occurrence of glaucophane and aegirine, but these might belong to the Seghin unit. Pressure-temperature (P-T) conditions reach 1.1-1.3 GPa and 520-580°C for the Ashin unit, 1.7 and 500°C for the Seghin blueschists, and 1.1-1.3 GPa (Agard et al., 2006). P-T conditions have not been determined for the Siah Kuh unit but mineralogical evidence hints to incipient blueschist facies conditions.

Several geochronology studies have tried to date the high-pressure metamorphism: K-Ar dating of white mica in the Ashin unit yields ages of ∼100 Ma [START_REF] Delaloye | Ophiolites and melange terranes in Iran: A geochronological study and its paleotectonic implications[END_REF], in-situ Ar-Ar dates of phengite are 110-82 Ma in the Ashin unit and 127-95 Ma for the Seghin unit (Agard et al., 2006) while step-heating Ar-Ar ages of phengites are 105-93 Ma for the Ashin unit and 85-80 Ma for the Seghin unit (Monié & Agard, 2009).

Rb-Sr ages are more scattered, between 135-79 Ma for the Ashin unit, and 95-62 Ma for the Seghin unit (Angiboust et al., 2016[START_REF] Moghadam | Subduction, high-P metamorphism, and collision fingerprints in South Iran: Constraints from zircon U-Pb and mica Rb-Sr geochronology[END_REF].

The objectives of this study are to precisely map and characterize the internal structure of the Siah Kuh unit, demonstrate that it once was a seamount on the ocean floor, then later subducted, and to characterize oceanic and subduction structures, metamorphism and the nature of fluid circulating at depth. 
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Structures

The Siah Kuh unit lies structurally below the Seghin unit and is separated from it basalt from the core of the seamount, a granite pluton intrudes the basalts in the core of the seamount and rejuvenated magmatism of the A 1 unit is visible in the bottom part of the picture; d) Carbonate breccia, high-energy reworking of a carbonate platform; e) Gastropod in carbonate; f) Foraminifera beds in the massive limestone; g) Sedimentary sequence on top of the A unit: Massive "reef" limestone overlies basalts from the core of the seamount, with a deepening detrital sequence on top of the massive limestone, A 1 (rejuvenated) unit on the right; h) Small blocks of limestone in a debris flow with a tuffaceous sandstone matrix; i) Large blocks of limestone and basalt in a debris flow with a tuffaceous sandstone and clay matrix. 

Ocean-derived structures

The Siah Kuh massif is composed of two main units. The heart of Siah Kuh, herein mentioned as A 1 unit, is composed of a >1 km-thick pile of pillow basalts (Fig. 7.3a), hyaloclastite/pillow breccia and basalt flows (Fig. 7.3b). These volcanic rocks are intruded by felsic sub-volcanics (hereafter plutons; e.g. Fig. 7.3c), with local contact metamorphism, that are linked with rhyo-dacitic lavas. All these structures are conformably overlain by a massive (up to 50-meter-thick, but variably thick) grey limestone bed (Fig. 7.3c-e), typical of relatively shallow platform depositional environments, visible only in the southern and eastern parts of Siah Kuh. This grey limestone includes in places chert nodules and/or regularly spaced cherts layers. Some exposures are made of a consolidated rudstone to carbonate conglomerate composed of cm-sized clasts of the grey limestone in a darker carbonate matrix, and testifies for a high-energy, possibly wave-controlled sedimentary reworking (Fig. 7.3f). This limestone is unevenly recrystallized, and fossils (preserved in places) testify for a shallow water ecosystem: gastropods (Fig. 7.3g), foraminifera (Fig. 7.3h), urchin spines and bivalve shells. This limestone bed is overlain by a 200-to-500-meter-thick deepening sedimentary sequence (which directly overlies basalt and hyaloclastite in the north of Siah Kuh), made of tuffaceous sandstone, finely stratified pink pelagic limestone and red radiolarian chert (Fig. 7.3e,m). Debris flows within this sequence are characterized by variably sized lenses (olistoliths) of massive or pelagic limestone, radiolarian chert and basalt in a tuffaceous or limestone matrix (Fig. 7.3i-k), as well as slumps of turbiditic material, either consolidated or not, some of which appear locally as sheath folds (Fig. 7.3l). Some decameter-sized pods of serpentinite (e.g. Fig. 6.4f) are found within the tuffaceous sandstone all around Siah Kuh, but they never make a continuous layer. The base of this sedimentary sequence is intruded by felsic plutons.

The sedimentary sequence is conformably overlain by another set of pillow basalts, hyaloclastites and basaltic flows, which testifies to the resumption of volcanic activity and a rejuvenation of the magmatic edifice (namely the A 1 , A 2 and A 3 units, Fig. 7.3c,e,m,n), yet with no witness of felsic magmatism. Continuous layers of pelagic sediments are intercalated with the basalts of this rejuvenation event (Fig. 7.3n). This rejuvenation event is geographically discontinuous and makes four 1-to-3-kilometer-wide massifs.

The A unit has all the characteristics of a seamount (i.e., size, magmatic activity, reef limestone), which may have reached (and in any case been close to) sea-level at the end of the first phase of activity, but eventually subsided to greater, possibly abyssal depths.

In the Northeastern part of Siah Kuh, these rejuvenation events are tectonically overthrust by the B unit, which consists, from bottom to top, of a fully-serpentinized peridotite base (maximum 800-meter-thick, but thinning and disappearing to the North and East of Siah Kuh) enclosing meter-sized gabbro pods, an almost continuous gabbro layer with metersized serpentinite pods, and finally rhyo-dacitic lava and basalt (Fig. 7.3o). It is proposed that this B unit is a lateral equivalent of the A unit on the side of the seamount.

Subduction-derived structures

The Siah Kuh unit was subsequently subducted and subduction-related deformation affected the whole edifice. The deformation is well visible in sheared pillow breccia in the North of Siah Kuh that record a top to the SW sense of shear (Fig. 6.4a). Deformation is conspicuous in the sedimentary cover of the A 1 unit, where the massive limestone is highly and sometimes tightly folded (Fig. 7.3 and Fig. 6.4b,c), but is less obvious in basalts due to the absence of layering. However, portions of the A 1 unit are folded and form large scale anticlines, and even thrust on the core of A 1 unit (cross-sections of Fig. 7. 2 and Fig. 6.4c).

The contact between A 1 and the magmatic rejuvenation event is locally continuous in the Southeast of Siah Kuh (contact between A 1 and A 1 , Fig. 7.3c). In general, the base of the detrital-pelagic sequence acts as a décollement with hectometer-scale displacement and strongly sheared serpentinite pods pinched inside the fault (Fig. 6.4e,f). Lawsonite-quartz veins in basalt (e.g. Fig. 6.4g) are examples of high-pressure brittle events, due to hydraulic brecciation, but possibly associated with millimeter-scale displacements. These veins are essentially localized at the Northeastern part of Siah Kuh. Their location concords with overall kilometer-scale strain localization patterns in the NE part of the massif (Fig. 7.1c).

In the southeast of Siah Kuh, a mélange sliver separates SK from Seghin.

The main fault within SK is the thrust fault separating the A unit from the B unit, and is associated with kilometer-scale displacement, since it is rooting in the mantle (i.e., the serpentinite base of unit B). Some gabbro exposures at the base of the B unit are cataclastically deformed, with many cm 2 -scale slip planes along grain boundaries (Fig.

6.4h

). This deformation is accommodated over a ∼100 m thick zone. Striations and rare stretching lineations in the gabbro indicate a dominant displacement along N060°(inset on Fig. 7.1c). The sense of shear could not be determined with certainty. No macroscopic metamorphic recrystallization is associated with this deformation. Lawsonite veins are frequent in the basalts of the top of the A unit. Gabbro is in most cases isotropic, but it is crossed by small (< mm-thick) shear bands filled by chlorite or amphibole. One example of a pseudotachylite vein in gabbro was found within Siah Kuh (Fig. 6.4i), which can be associated with centimeter-to-decimeter slip [START_REF] Austrheim | Pseudotachylytes from Corsica: Fossil earthquakes from a subduction complex[END_REF] and references therein). 

Petrography, geochemistry and P-T estimates

Analytical methods

A selection of samples is given in Table 6.1. Analyses and imaging of thin sections were done at the SEM facilities at ENS, IPGP and ISTeP and other analyses have been done using the electron microprobe SX5 and SX100 (15 kV, 10 nA, 1 µm spot, WDS) at CAMPARIS (Sorbonne Université), with diopside (Si, Ca, Mg), orthoclase (K, Al), MnTiO 3 (Mn, Ti), Fe 2 O 3 (Fe) and albite (Na) as standards. Structural formulae were calculated with Fe 3+ estimated using the method of Leake et al. (1997) for amphibole, and considering all iron as ferric in lawsonite. Mineral chemistry is synthesized on Fig. 6.6.

Mineral abbreviations are after [START_REF] Whitney | Abbreviations for names of rock-forming minerals[END_REF].

Element maps were captured using similar beam conditions, with a dwell time of 140 ms and step size of 3 µm for lawsonite and 100 ms and a step size of 0.2 µm for amphibole, and they were processed using XMapTools v. 2.5.1 [START_REF] Lanari | XMapTools: A MATLAB-based program for electron microprobe X-ray image processing and geothermobarometry[END_REF].

In situ trace element content of silicates (lawsonite, pumpellyite and amphibole, analyzed in 100 µm-polished section 1529) was determined by LA-ICP-MS-MS (Photon Machine Analyst G2 193nm ArF excimer laser ablation system coupled to an Agilent 8880 QQQ-ICP-MS-MS) at the ALIPP6 laboratory, ISTeP, Sorbonne Université. The background was measured for 18 s before and after sample analysis by Laser Ablation. Samples were spot ablated for 60 s at a 8Hz repetition rate in an He gas atmosphere using a 40 µm beam and laser energy of 3.54 J.cm -2 . Ar was employed as the plasma gas. International glass standard BHVO2G [START_REF] Jochum | Chemical Characterisation of the USGS Reference Glasses GSA-1G, GSC-1G, GSD-1G, GSE-1G, BCR-2G, BHVO-2G and BIR-1G Using EPMA[END_REF] was used as the primary standard to calculate elemental concentrations (using 27 Al as the internal standard element with EPMA analyses of minerals) and to correct for instrument drift. The mass spectra were reduced using an inhouse excel spreadsheet and macro. Repeated analyses of international standards ATHO-G and BCR2-G were used to estimate the precision of the analyses. Analyses reproducibility is within 1-15% for most trace elements, except Cs (62%) and Be (36%).

Raman spectroscopy on carbonaceous matter (RSCM) has been performed using Raman

spectrometer Renishaw InVia at ENS on three samples. Peak deconvolution was done using PeakFit .

Textures

The whole Siah Kuh unit is strongly affected by hydrothermal recrystallization close to the seafloor. Destabilization of magmatic minerals is ubiquitous: glassy mesostase is recrystallized, magmatic pyroxene and feldspars are partly replaced by albite, prehnite, pumpellyite, epidote and chlorite, sometimes as veins (Fig. 6.5a,b). This characterizes the hydration of magmatic rocks by hydrothermal processes at the seafloor.

High-temperature contact metamorphism is located near felsic plutons. It affects mostly the sediments within the A unit. Birefringent garnet (hydrogarnet) growth followed by isotropic garnet growth (nominally anhydrous) is visible in calc-silicate sediments from the heart of Siah Kuh (Fig. 6.5c), and red contact areolas are visible from afar in the massive limestone bed.

High-pressure recrystallization imprint within Siah Kuh is very localized, and mostly occurs in the Northeastern part of Siah Kuh. Lawsonite occurs in veins or as plagioclase pseudomorphs (Fig. 6.5d-i). Lawsonite-quartz veins brecciate greenschist-facies hydrothermalized basalt, that contains pumpellyite veins from a previous event (Fig. 6.5d,e). However, growth of pumpellyite around lawsonite also shows that some of the pumpellyite is retrograde (Fig. 6.5f). Lawsonite crystals are euhedral, some have greenish cores and colorless rims, with pumpellyite retrogression rims. Rhyolites within the core of Siah Kuh also contain lawsonite within veins (Fig. 6.5h). Gabbro are affected by (partly high-pressure) recrystallization: plagioclase is pseudomorphed into lawsonite and pumpellyite, while pyroxene, former olivine, and/or hydrothermal/greenschist facies amphibole have overgrowths of green amphibole (Fig. 6.5i-l).

Aragonite veins are found within basalt, rhyolite and carbonates (Fig. 6.5m). One sample of tuffaceous sandstone contains albite and disorganized mica and amphibole, and is crosscut by epidote-titanite veins (Fig. 6.5n). The single pseudotachylite vein in Siah Kuh contains fine magmatic crystals of twinned plagioclase (forming chromosoms) locally surrounded by clinopyroxene (Fig. 6.6a,b). Sulfide minerals are abundant in the pseudotachylite. Some of the plagioclase-clinopyroxene crystals are arranged as spherulite (Fig. 6.6b). A former magmatic glass is replaced by fine (a few micrometers long) crystals of green amphibole and albite. All these criteria correspond to those reported by [START_REF] Kirkpatrick | Disappearing ink: How pseudotachylytes are lost from the rock record[END_REF].

One glaucophane crystal was found within the tremolite-albite matrix (Fig. 6.6c).

The southern limit of the Siah Kuh seamount is separated from the Seghin unit by a 300-500-meter-thick sliver of metasediments (tuffs and radiolarian cherts) associated with few microgabbro and metabasalt blocks. Metamorphism of this unit has not been studied here, one sample was collected for temperature determination. 

Mineral compositions

Metamorphic minerals have been analyzed in 8 samples: metagabbro (1530,1531,1532,1727,1728), lawsonite-quartz vein (and metabasalts matrix, 1734 and 1529), and metasediment (1722). Representative analyses are shown in Table 6.2.

White mica

White mica is overall rare in SK, due to the mainly mafic lithologies, but it is found in metasedimentary sample 1722 and in the pseudotachylite (Fig. replacing plagioclase with T Si of 3.45-3.55.

Chlorite

Chlorite is ubiquitous in SK mafic and sedimentary rocks. In all lithologies, its composition is clinochlore (Fig. 6.7b).

Lawsonite

Lawsonite occurs as veins in metabasalts and as pseudomorphs of plagioclase, with only small composition differences. Lawsonite crystals in veins are enriched in Fe in the core and rim compared to the mantle (Fig. 6.7c,d). Substitution for aluminium in octahedral sites is very limited (max. 0.12 apfu on a total of 2 octahedral sites per 8 oxygens) and all points in veins plot on the Cr-Fe 3+ joint of Vitale-Brovarone et al. (2014, Supp. 2014), yet with lower HREE content. Cores of lawsonites have lower REE-Ti concentrations than the rims, and a smaller Pb positive anomaly, but higher Sr concentrations.

Pumpellyite

Pumpellyite is Mg-to Al-pumpellyite (Supp. Mat.). Higher concentrations of iron concentrations are observed in prograde pumpellyite compared to retrograde pumpellyite in veins. Prograde pumpellyite is overall poor in REE but enriched in Cs, Be, V and Ni compared to the primitive mantle. It has positive Pb and Eu anomalies, but no Sr anomaly.

Amphibole

Amphibole is very frequent in metagabbro, where it displays complex zoning as shown et al. (1997); e) Plot for amphibole, where B Na is a proxy for pressure and A Na a proxy for temperature; f) Plot for amphibole, according to Bonnet et al. (2018). by X-ray maps (Fig. 8a,b), that testifies to multistage metamorphism. Composition plots (Fig. 6.8c-f) show that cores of amphibole have an increasing A (Na + K + 2Ca) "pargasitic" content (from tremolite to pargasite), whereas rims have no pargasitic content.

In contrast, rims are enriched in BNa (sodic ferri-magnesiohornblende). One high-Al glaucophane crystal was found within the pseudotachylite vein. Amphibole in the matrix of lawsonite-quartz veins and in metasediment is tremolite to magnesio-hornblende that shows no sign of high-pressure recrystallization.

Clinopyroxene

Clinopyroxene (other than primary, magmatic augite) is only found within the pseudo- tachylite vein. It corresponds to sodium-rich augite with a small Ca-Eskola/CaTschermak component (Fig. 6.9a) and corresponds to the fassaite of [START_REF] Deer | An introduction to rock-forming minerals[END_REF].

Plagioclase

Plagioclase (other than magmatic) is found within the pseudotachylite. It is chemically labradorite, with anorthite contents from 0.55-0.68 (Fig. 6.9b), but also incorporates up to 0.35 atoms per formula unit (apfu) of Fe and Mg, replacing Al in the tetrahedral site. Charge balance is possibly accommodated by a jadeite-like substitution N a + Al = Ca + (M g, F e 2+ ).

P-T estimates

Precise P-T estimates on low-grade rocks is challenging, due to the existence of only local recrystallizations (i.e., limited rock reactivity). We used a multi-step approach to determine approximate P-T conditions in the Siah Kuh edifice.

Raman spectroscopy on carbonaceous matter

Calibrations used are by Beyssac et al. (2002) for samples 1513and 1517, and Lahfid et al. (2010) ) and [START_REF] Kouketsu | A new approach to develop the Raman carbonaceous material geothermometer for low-grade metamorphism using peak width[END_REF] for sample 1632. Sample 1632 is a metasediment from within the Siah Kuh seamount, 1513 and 1517 are found outside of the Siah Kuh unit, at the contact with the Seghin unit.

For sample 1632, all preferred calibrations agree within 10°C and record a maximum temperature of 220 ± 50°C for the core of the seamount.

In contrast, sample 1513 records a maximum temperature of 500°C, similar to the peak temperatures determined in Seghin (Angiboust et al., 2016).

Sample 1517, located in the sliver between SK and the Seghin unit, records a maximum temperature of 400°C, advocating for peak P-T conditions between Siah Kuh and Seghin.

Lawsonite stability

Pseudosection modeling using Perplex v. 6.7.7 (Connolly, 1990(Connolly, , 2005) ) have been performed in order the determine the P-T conditions for pure lawsonite formation in quartz-lawsonite veins, using the internally consistent dataset of Holland & Powell (1998). Although pumpellyite is present in the veins, most of it formed within retrograde veins. The starting composition used is the one of lawsonite (equivalent of 1 mol.% CaO, 1 mol.% Al 2 O 3 ), with quartz and water saturated. Carbonate minerals are never found in these veins, so the activity of CO 2 was fixed to 0. The thermodynamic database is from Holland and Powell (2002), no solid solutions were used. This defines a temperature-independent high-pressure field above 0.3 GPa (Fig. 6.10).

Aragonite stability

Pure aragonite in veins in the Siah Kuh seamount can be modeled using the same method, with 1 mol.% CaO and saturated CO 2 . This defines a high-pressure-low-temperature domain above 0.6 GPa at 250°C.

Absence of antigorite

The stability field of antigorite has been proposed by [START_REF] Evans | Metamorphism of Alpine peridotite and serpentinite[END_REF] to be highly temperature-dependant, around 200°C in the presence of talc, 300°C if talc is absent. Talc has never been observed in serpentinite, we consider the second reaction as a limiting temperature.

Absence of sodic pyroxene

Despite the ubiquitous occurrence of pure albite (formed from magmatic plagioclase during hydrothermalism or prograde metamorphism), no pure jadeite has been found in the rocks. This defines a possible high-pressure limitation for the P-T conditions reached by Siah Kuh, below 0.82 GPa at 250°C. However, impure jadeite could form at lower pressures, its absence might point to the low reactivity of rocks. 

Reactions in metagabbro

Metamorphic textures in metagabbros, as in most rocks from Siah Kuh, are far from equilibrium. The complex zoning pattern is probably inherited from seafloor hydrothermalism, while the B Na overprint results from high-pressure metamorphism. Magnesium-rich glaucophane is only found in the devitrified glass of a high-pressure pseudotachylite.

Recrystallization only concern rims of pyroxene, shear bands or plagioclase. In spite of this, element transfer at some stage of the metamorphism must be efficient as shown by open system plagioclase replacement (influx of Mg, Fe, H 2 O to form pumpellyite and lawsonite).

We interpret the riebeckite-bearing samples of Angiboust et al. (2016) to belong to the high-pressure, slightly warmer sliver between Siah Kuh and Seghin, as riebeckite was not found anywhere else in the seamount. Glaucophane occurs only in pseudotachylite vein, but no precise analysis is available due to small size of the crystals.

Reactions in metasediment

Most of the metamorphism in metasedimentary sample 1722 seems to be related to low-pressure reactions. Micas cores (and amphiboles) perpendicular to the foliation are supposed to be of detrital origin, as shown by Ar-Ar dating of white mica (age of 123 Ma, older than the underlying limestone, supplementary material). However, high-TSi rims around white mica advocate for a high-pressure record. Barometry using silica in phengite requires costability with alkali feldspar, phlogopite and quartz [START_REF] Massonne | Phengite geobarometry based on the limiting assemblage with K-feldspar, phlogopite, and quartz[END_REF] which is not true in this case. However, some authors have argued that this is still a high-pressure marker in other kinds of rocks (Angiboust et al., 2014), although celadonite (high Si) mica can form alone at low pressure conditions in hydrothermal conditions (e.g. [START_REF] Alt | Hydrothermal alteration of upper oceanic crust formed at a fast-spreading ridge: Mineral, chemical, and isotopic evidence from ODP Site 801[END_REF].

We deduce that a much of the metamorphic recrystallization within SK results from seafloor alteration and relatively high-temperature hydrothermalism, while subduction metamorphism is restricted to only a few index minerals. Peak P-T conditions for the Siah Kuh seamount can therefore be estimated with temperatures around 220 ± 50°C and pressures of 0.7 ± 0.1 GPa (Fig. 6.10). The build-up of the core of Siah Kuh is a long-term process, as suggested by the diversity of volcanic products (basalts, rhyolite) in Siah Kuh. The end of volcanic activity in the core of Siah Kuh is marked by a progressive increase in the amount of sediments with respect to lavas, from little sediments associated to hyaloclastite to few-meter-thick lava flows intercalated in the tens of meters thick beds of massive limestone. Whether the seamount reached the surface or not cannot be ascertained by current observations. The absence of massive limestone in the topographically highest portions of the core of Siah Kuh might be due to early erosion or absence of deposition when Siah Kuh was an oceanic island, or late erosion during Zagros upflit. In the north of Siah Kuh, pelagic sediments are deposited Ubiquitous mass transport deposits suggest the existence of steep slopes at the time of sedimentation. Similar observations made in modern seamounts point to the potential risk of tsunamis generated by these events [START_REF] Mcmurtry | Giant landslides, mega-tsunamis, and paleo-sea level in the Hawaiian Islands[END_REF][START_REF] Pararas-Crayannis | Evaluation of the threat of mega-tsunami generation from postulated massive slope failures of island stratovolcanoes on La Palma, Canary Islands, and on the Island of Hawaii[END_REF].

Discussion

The B unit is very different and resembles a more classical LOT-type ophiolite. Initial continuity between the A and B unit is suggested by the occurrence of very similar felsic lavas in A and B, and the continuity in metamorphic grades. The scarcity of sediments in B could be explained by a larger sedimentation depth and potential erosion.

While unit B comprises a basal serpentinite enclosing gabbroic pods as part of the oceanic sequence (i.e., below gabbros and basalts), the base of the A unit is not exposed. Serpentinite pods within thrusts of the A unit suggest that the base of the A unit could be made of serpentinite too, and/or suggest serpentinite mobilization along deeper-rooted faults.

However, angular granitic enclaves within volcanic rocks of Siah Kuh (not observed in this study but described by [START_REF] Sabzehei | Les mélanges ophiolitiques de la région d'Esfandagheh (Iran méridional) -Etude pétrologique et structurale -Interprétation dans le cadre iranien[END_REF] require the involvement of crustal (potentially continental) rocks in the basement of the Siah Kuh unit. This could be coherent with the observation of extensional allochtons in the Neotethys observed elsewhere in Zagros, like the Bisotun block [START_REF] Braud | La suture du Zagros au niveau du Kermanshah (Kurdistan iranien): reconstitution paléogéographique, évolution géodynamique, magmatique et structurale[END_REF][START_REF] Wrobel-Daveau | Evidence for mantle exhumation along the Arabian margin in the Zagros (Kermanshah area, Iran)[END_REF] or the Neyriz exotics [START_REF] Ricou | Evolution structural des Zagrides : la région clef de Neyriz (Zagros iranien)[END_REF]. A basal oceanic lithosphere (e.g. in the Semail ophiolite, the Geotimes lavas below the seamount stage of [START_REF] Alabaster | The volcanic stratigraphy and petrogenesis of the Oman ophiolite complex[END_REF] could also initially exist below the Zagros seamount, although there is no direct evidence for this.

The oceanic evolution of SK is presented on Fig. 6.11a,b.

Record of subsidence in the Siah Kuh seamount

Sediments within the Siah Kuh seamount show a progression from subsurface (<100 m depth) to pelagic sedimentation (several km depth). Since these sediments are in place directly on top of the seamount, and Cretaceous sea level varies by < 100 m [START_REF] Haq | Chronology of fluctuating sea levels since the Triassic[END_REF], this points out to subsidence of the whole edifice. Many causes can lead to the effect of subsidence, such as (1) continuous thermal subsidence of the underlying oceanic plate, (2) thermal subsidence after thermal rejuvenation of the underlying lithosphere, (3) isostatic equilibration of the oceanic lithosphere under the load of the seamount. It can also (4) occur in the upper plate of an intra-oceanic subduction, when coupling/convergence rates change and have implications on plate bending, (5) result from modifications of asthenospheric mantle upwelling and therefore dynamic topography [START_REF] Detrick | Island subsidence, hot spots, and lithospheric thinning[END_REF], or (6) be linked with the position of the seamount on the lower plate (forebulge and foredeep) of a subduction zone.

The thickness of the massive limestone and the transition to pelagic sediments (< 200 m) tends to show that the >1 km subsidence is a fast (<1 Myr) process, given usual platform sedimentation rates (Bosscher and Schlager, 1993). Subsidence hence occurs at rates >1 km.Myr -1 . This fast subsidence in the Siah Kuh seamount is not compatible with passive processes such as the long-term cooling of the underlying oceanic lithosphere (hypothesis 1-2, responsible for a mean subsidence of ∼ 30 m.Myr -1 , Detrick & Crough, 1978, Smith & Sandwell, 1997) or dynamic topography (hypothesis 5, usually very slow, <200 m.Myr-1, [START_REF] Flament | A review of observations and models of dynamic topography[END_REF]. The large volume of basalt erupted during magmatic rejuvenation, intercalated with pelagic sediments tend to prove that the seamount had a long postsubsidence history that would not be compatible with the forebulge/foredeep hypothesis (hypothesis 6). Hypothesis 3 is the most likely, as isostatic equilibration of the lithosphere under the load of a seamount is very fast, and is expected to be of the order of several kilometers (e.g. Hawaii, [START_REF] Watts | Crustal structure, flexure, and subsidence history of the Hawaiian Islands[END_REF]. Hypothesis 4 is however plausible too, as boninites in Siah Kuh [START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF] show that it formed in a forearc environment.

Precise dating of the time interval between shallow and deep sedimentation could help quantify subsidence rates, that would help characterize the nature of the oceanic lithosphere, in particular its thermal age (e.g. Smith & Sandwell, 1997).

Resumption of magmatism in Siah Kuh does not have a large impact on the thermal rejuvenation of the oceanic lithosphere (and upflit), since only pelagic sediments are interbedded with the lavas.

High-pressure metamorphism and regional implications

The subduction and later evolution of the SK seamount is presented on Fig. 6.11c,d.

Pressure-temperature conditions and potential complexities

Although limited, the metamorphic imprint within Siah Kuh implies peak pressuretemperature conditions of 200-300°C and 0.5-0.9 GPa. These conditions are typical of high-pressure-low-temperature metamorphism developed in cold geothermal gradients like subduction zones. Metamorphic imprint (whether the density of metamorphic veins or the extent of recrystallization) increases toward the NE of Siah Kuh, which is consistent with the direction of subduction: the deepest subducted units are more metamorphosed. The occurrence of one aragonite vein in the western part of Siah Kuh implies that pressures above 0.5 GPa are expected even for the shallowest part. Hence, the whole Siah Kuh seamount was subducted down to 25-35 kilometers.

A comparable trend in metamorphic conditions is observed in the Anarak seamount [START_REF] Bagheri | The Anarak, Jandaq and Posht-e-Badam metamorphic complexes in central Iran: New geological data, relationships and tectonic implications[END_REF]. This evolution of metamorphism could correspond to the depth difference between the front and the back of a subducted seamount (∼ 7 km, ∼ 0.2 GPa and 40°C for the Siah Kuh seamount on a 20°-dip slab). Another potential explanation for this progression involves tectonic overpressure/underpressure [START_REF] Gerya | Plate tectonics on the Earth triggered by plume-induced subduction initiation[END_REF], Ruh et al., 2016). However, minimum pressures of 0.5 GPa imply that pressure differences between the front and the back of the subducting seamount are not higher than 0.4 GPa, which would imply a limited contribution of 0.2 GPa for tectonic overpressure/underpressure contribution.

The increasing density of metamorphic veins towards the deepest parts requires the oc-currence of brittle failure, which in theory is impeded by increased confining pressure, and requires an excess of either shear stress (i.e. tectonic overpressure) or pore fluid pressure (i.e. fluid overpressure). The apparently random vein orientation in SK favors the second hypothesis. This observation and lawsonite crystallization in gabbro exclusively in the Northeast of SK could be explained by warmer temperatures that increase the reactivity of minerals.

Regional significance

The Siah Kuh seamount belongs to the Neotethys oceanic lithosphere subducted below Eurasia in the main NW-SE subduction zone that later evolved into the Zagros collision (Agard et al., 2011).

Due to the structural position of Siah Kuh below the Ashin unit and the Seghin blueschists, this unit is suspected to have undergone subduction and metamorphism after them. The age of oceanic sediments overlying Siah Kuh is Upper Campanian to Maastrichtian (76-66 Ma, [START_REF] Sabzehei | Les mélanges ophiolitiques de la région d'Esfandagheh (Iran méridional) -Etude pétrologique et structurale -Interprétation dans le cadre iranien[END_REF], which is indeed younger than almost all metamorphic ages in the Ashin and Seghin units. The 123 Ma age of white mica in Siah Kuh metasediments does not constrain the timing of metamorphism, as the ages are older than sedimentation in the Siah Kuh unit and white mica resembles detrital high-pressure mica from earlier exhumed units (possibly not exposed). Rb-Sr ages as young as 62 Ma in the Seghin unit (Angiboust et al., 2016) could possibly represent the deformation and recrystallization due to the subduction of the Siah Kuh seamount. These represent the youngest subduction-related ages among the neighboring (Turkey to Pakistan) HP belts resulting from subduction of the main branch of the Neotethys ocean (Monié & Agard, 2009). Subduction of the Siah Kuh seamount can favor the final exhumation of older blueschist units in the Haji-Abad-Esfandagheh area as it represents a more buoyant piece of slab [START_REF] Cloos | Lithospheric buoyancy and collisional orogenesis: subduction of oceanic plateaus, continental margins, island arcs, spreading ridges, and seamounts[END_REF]. The involvement of buoyant extensional allochtons would also favor exhumation.

Implications for subduction interface processes

Location at the subduction interface

The Siah Kuh seamount was subducted down to ∼ 30 km. While the top of Siah Kuh clearly was at the top of the slab (i.e. along the subduction interface, Agard et al., 2018), the nature of the upper plate is debatable. The present-day Seghin unit and the small intermediate sliver thrust onto Siah Kuh are good candidates. Chaotic metamorphic blueschist-facies lineation in parts of the Seghin unit could reflect post-lineation disturbance by the subducting Siah Kuh seamount (Fig. 7.1d), but no metamorphic recrystallization associated with this deformation could be identified within the Seghin unit. There are however no clues for major tectonic erosion of the Seghin unit due to subduction of the Siah Kuh seamount [START_REF] Vannucchi | From seamount accretion to tectonic erosion: Formation of Osa Mélange and the effects of Cocos Ridge subduction in southern Costa Rica[END_REF][START_REF] Clarke | Seamount chain -subduction zone interactions: Implications for accretionary and erosive subduction zone behavior[END_REF].

Strain localization

Subduction-related deformation is mostly localized in serpentinite between the A and the B unit, and in sediments (with minor serpentinite) below magmatic rejuvenation events of the A unit. This deformation migrates from within the A unit to the contact between the A and B units, as shown by faults within the A unit that are crosscut by the major thrust fault separating A from B. Small offsets (maximum hectometric) are observed within the A unit, while kilometer-scale offsets are observed between the A and the B unit.

A good part of the present-day deformation is the folding observed in limestone that is probably related to the activity of a collisional ramp thrust fault below Siah Kuh.

Most of the deformation within A and B is ductile: pressure solution seams in sediments, subgrain formation, twinning and moderate dynamic recrystallization in calcite, incipient bulging and undoluse extinction of quartz, growth of phyllosilicate along grain boundaries (Angiboust et al., 2016). Brittle deformation is observed in veins (mainly lawsonite veins, but also quartzpumpellyite veins, that potentially formed during subduction) within the A unit, and in cataclastic gabbros and pseudotachylite in the B unit. Long-term localization of deformation implies that (1) the main subduction interface initially lied above the seamount, with some incipient deformation localizing within the A unit, which will ultimately lead to detachment of the seamount from the slab, (2) at peak burial, the main subduction interface is blocked, the A and B units are juxtaposed and some brittle deformation occurs,

(3) some ductile deformation occurs during and after exhumation of the seamount.

The seamount is detached from the downgoing slab around peak metamorphic conditions.

Detachment must be in part rooted in the serpentinized mantle, as shown by the occurrence of serpentinite within faults (basal serpentinite of the B unit, serpentinite pods within the A unit. The interface might also be the contact between oceanic lithosphere underlying the seamount as this has been shown to be a weak layer where deformation is localized (e.g. in Hawaii, [START_REF] Got | Deformation and rupture of the oceanic crust may control growth of Hawaiian volcanoes[END_REF]. The complex nature of the Neotethyan lithosphere (potentially involving extensional continental allochtons) can also favor this detachment.

Seismogenic behavior

The Siah Kuh seamount was subducted down to ∼30 km at ∼250°C, i.e. right down the subduction seismogenic zone [START_REF] Hyndman | The seismogenic zone of subduction thrust faults[END_REF]. Fossil earthquake rocks in subduction contexts are diverse since they depend on strain rate, from high strain rate frictional melting creating pseudotachylites to intermediate strain rates involving small slip on thick fault zones (e.g. [START_REF] Rowe | Textural record of the seismic cycle: strain-rate variation in an ancient subduction thrust[END_REF]. Pseudotachylites are rare in exhumed units, possibly due to later reworking [START_REF] Kirkpatrick | Disappearing ink: How pseudotachylytes are lost from the rock record[END_REF], but examples of subduction-related ones are found in metasediments (e.g. [START_REF] Ikesawa | Pseudotachylyte from an ancient accretionary complex: Evidence for melt generation during seismic slip along a master décollement[END_REF], around the Moho of the subducted plate (e.g., Corsica: [START_REF] Austrheim | Pseudotachylytes from Corsica: Fossil earthquakes from a subduction complex[END_REF], Magott et al., 2016, 2017;Lanzo Massif, W. Alps: Scambelluri et al., 2017) or within subducted continental crust (e.g. W.

Alps, Menant et al., 2018). Recent research also proposed breccia to be a possible earthquake rock at eclogite facies (Angiboust et al., 2012[START_REF] Hertgen | Evidence for brittle deformation events at eclogite-facies P-T conditions (example of the Mt. Emilius klippe, Western Alps)[END_REF][START_REF] Locatelli | Intermediatedepth brecciation along the subduction plate interface (Monviso eclogite[END_REF].

The decameter-to-hectometer-long pseudotachylite vein in the gabbros of the B unit records one fracturing event with centimeter-to-decimeter-scale slip at high strain-rate (hence possibly recording a single Mw∼2-3 earthquake). Glaucophane and fresh plagioclase (never found in the surrounding gabbros) crystallized from glass shows that the rupture probably occurred after hydrothermalism at high-pressure, in a relatively wet lithology. There is no record of larger magnitude earthquake nucleated within the seamount, that would involve thicker and/or networks of pseudotachylite veins.

Cataclastic deformation along grain boundaries (∼1 cm 2 ) in gabbros at the base of B can be late, although striation agrees with subduction convergence direction. This is the record of brittle events that could be instrumentally recorded as small magnitude earthquakes with complex rupture properties. They could correspond to low frequency earthquakes/seismic tremor (Fagereng et al., 2011). In contrast, sediments within Siah Kuh experience mainly ductile deformation that would be associated with creep (Fagereng & Den Hartog, 2017).

Variations in fluid pressure are also critical to generate or impede subduction earthquakes.

While high pore fluid pressure facilitates small-scale rupture and creep processes (e.g. [START_REF] Kodaira | High pore fluid pressure may cause silent slip in the Nankai Trough[END_REF][START_REF] Wang | Invited review paper: Fault creep caused by subduction of rough seafloor relief[END_REF], low pore fluid pressure can favor the accumulation of stress in faults that can ultimately lead to large earthquakes. High pore fluid pressure is expected by geophysical/seismic imaging to prevail at the subduction interface, in particular in and at the front of subducting seamounts and is often cited as one of the main reasons for the mainly aseismic subduction of seamounts [START_REF] Bell | Seismic reflection character of the Hikurangi subduction interface, New Zealand, in the region of repeated Gisborne slow slip events[END_REF], Mochizuki et al., 2008[START_REF] Kato | Variations of fluid pressure within the subducting oceanic crust and slow earthquakes[END_REF]. High-pressure veins in Siah Kuh attest the existence of high-fluid pressures, responsible for the fracture and brecciation of the surrounding rocks. The absence of major slip within these veins suggest that shear stress does not build up, possibly due to high pore fluid pressures.

All these observations indicate that the Siah Kuh seamount never behaved as a megaearthquake asperity, and possibly impeded earthquake propagation. Geochemical data on lawsonite in this paper is the first to be published in this kind of lithologies and metamorphic grade (for deeper examples: [START_REF] Martin | Lawsonite geochemistry and stability -implication for trace element and water cycles in subduction zones[END_REF], Vitale Brovarone et al., 2014). Progressive enrichment of lawsonite in REE from core to rim suggests a continuous fluid circulation and open-system crystallization, and potential dissolution-reprecipitation mechanisms. This however involves a single source, as attested by the similarity of all spectra. A more detailed work, focusing on different veins within the Siah Kuh seamount could help decipher whether the fluid signature is homogeneous or not at a larger scale and potentially trace the origin of these fluids. The higher density of lawsonite veins in the deepest subducted part of Siah Kuh pleads for local dehydration, brecciation and reprecipitation. Pumpellyite and epidote are the minerals that are most likely to break down at ∼250°C [START_REF] Massonne | Phase relations and dehydration behaviour of psammopelite and mid-ocean ridge basalt at very-low-grade to low-grade metamorphic conditions[END_REF], both of which are ubiquitous in Siah Kuh.

Conclusion

The Siah Kuh unit is an exceptionally preserved and fully-exposed seamount in the Zagros suture zone. Our study reveals the complete history recorded by this averagesized seamount (∼20x12 km, ∼3 km high). The main volcanic activity occurred during the Late Cretaceous and formed a bathymetric relief, a seamount or possibly an ocean island. Simultaneous fast subsidence and slope instabilities anomaly are followed by a resumption of volcanism. This edifice was subducted down to ∼ 30 km during Paleoceneto-Eocene, and deformation is mainly localized within the structural heterogeneities of the seamount. There is no proof for large subduction earthquake through the Siah Kuh unit, which suggests that it did not behave as a seismogenic asperity (and even possibly as a barrier to earthquakes). Metamorphic veins record subduction-related fluid circulation within the seamount. These results (i) constrain the long-term evolution of a seamount, in particular in terms of assessing risks related to unstable slopes, (ii) show how a seamount is metamorphosed and deforms at lower blueschist-facies during subduction (iii) show how fluids migrate in the slab during subduction. 
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S4: Methods and results of Ar-Ar geochronology

Analytical methods

One rare mica-bearing metasediment from Siah Kuh (17-22) was selected for Ar-Ar geochronology. The sample was crushed and sieved; single grains of white micas were handpicked under binocular microscope and cleaned in ultrasonic bath with acetone and distilled water. They were packaged in Al foils and irradiated for 40 h in the core of the Triga Mark II nuclear reactor of Pavia (Italia) with several aliquots of the Fish Canyon sanidine standard (28.03 ± 0.08 Ma; Jourdan & Renne, 2007 as flux monitor. Argon isotopic interferences on K and Ca were determined by irradiation of KF and CaF 2 pure salts from which the following correction factors were obtained: ( 40 Ar/ 39 Ar) K = 0.009690 ± 0.000360, ( 38 Ar/ 39 Ar) K = 0.12970 ± 0.000449, ( 39 Ar/ 37 Ar) Ca = 0.000727 ± 0.000041 and ( 36 Ar/ 37 Ar) Ca = 0.000288 ± 0.000016. Argon analyses were performed at Géosciences Montpellier (France) with two analytical devices that each consist of: (a) an IR-CO2 laser of 100 kHz used at 5-15% during 60 s, (b) a lenses system for beam focusing, (c) a steel chamber, kept at 10 -8 -10 -9 bar, with a drilled copper plate, (d) an inlet line for purification of gases including two Zr-Al getters, (e) a multi-collector mass spectrometer (Argus VI from Thermo-Fisher). A custom-made software controls the laser intensity, the timing of extraction/purification and the data acquisition. To measure the Ar background within the system, one blank analysis was performed every three sample analyses. ArArCalc © v2.5.2 was used for data reduction and plotting. The one-sigma errors reported on plateau, isochron and total gas ages include the error on the irradiation factor J. Atmospheric 40 Ar was estimated using a value of the initial 40 Ar/ 36 Ar of 295.5. ± 2σ 40Ar(r) 39Ar(k 1722 white mica, J = 0.00431620 Major and trace element analyses of lawsonite and pumpellyite. 
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Abstract

The Neotethys ocean is transiently involved in two subduction zones during the Upper Cretaceous. While the Northern Neotethys subduction zone (below Eurasia) was active from the early Mesozoic until the Eocene, the intra-oceanic Southern Neotethys subduction zone only developed during the Late Cretaceous. We herein document, through a combination of structural, geochemical and geochronological data, the magmatic evolution of a Late

Cretaceous supra-subduction ophiolite fragment of the Neotethys (the Siah Kuh massif, Southern Iran), now sandwiched in the Zagros suture zone. Results show that this ophiolite fragment -a subducted but exceptionnally well-preserved seamount -records a continuous evolution from intra-oceanic arc tholeiite/boninite to calc-alkaline magmatism (around 87 Ma), structurally followed by MORB-like magmatism around 78-73 Ma. We conclude that this seamount formed in an arc context and represents either (i) a non-obducted remnant of the Oman ophiolite that experienced a longer-lived magmatic history or (ii) a piece from the fore-arc/frontal arc of the Northern margin of the Neotethys. Whatever its exact original location, the Siah Kuh seamount was later subducted in the Northern Neotethys subduction zone.

Introduction

Alike modern ocean floor, ophiolites exposed throughout the world have diverse geochemical signatures, in part reflecting their diverse original tectonic setting: mid-ocean ridges, ocean islands (hotspots), island arcs. Seamounts, in particular, are "geographically isolated topographic feature[s] on the seafloor taller than 100 m, including ones whose summit regions may temporarily emerge above sea level, but not including features that are located on continental shelves or that are part of other major landmasses" [START_REF] Staudigel | Defining the Word "Seamount[END_REF]. While the majority of these seamounts are thought to have formed through hotspotfed magmatism (and have ocean island basalt -OIB -affinities), many of them also form along ocean ridges (e.g. at the East Pacific Rise, [START_REF] Batiza | Petrology of young Pacific Seamounts[END_REF]; with mid-ocean ridge basalt -MORB -affinities) and in volcanic arc contexts (with island arc tholeiite -IAT -to calk-alkaline affinities).

Seamounts are however rarely preserved in the geological record of the ocean floor, i.e.

within ophiolitic material. Most of them indeed get subducted [START_REF] Ranero | Subduction erosion along the Middle America convergent margin[END_REF] with only fragments left over [START_REF] Cloos | Lithospheric buoyancy and collisional orogenesis: subduction of oceanic plateaus, continental margins, island arcs, spreading ridges, and seamounts[END_REF], that may even not be recognized as such (unless having an OIB-like signature; e.g. [START_REF] Hauff | A Mid Cretaceous origin for the Galápagos hotspot: Volcanological, petrological and geochemical evidence from Costa Rican oceanic crustal segments[END_REF], John et al., 2010). A few seamounts however escape subduction and are docked in accretionary wedges (e.g.

Nicasio Reservoir Terrane, [START_REF] Schnur | Detailed volcanostratigraphy of an accreted seamount: Implications for intraplate seamount formation[END_REF] or are shallowly subducted and underplated, but very few are exhumed almost intact. Two notable exceptions are the late Paleozoic Anarak and Kabudan seamounts (Central Iran), identified according to their structure and OIB signatures, and the Snow Mountain Volcanic Complex (or Stonyford volcanic Complex; California), a shallowly subducted seamount that preserves an almost intact structure [START_REF] Macpherson | The Snow Mountain Volcanic Complex : An On-Land Seamount in the Franciscan Terrain , California[END_REF] and has been identified as a piece of a forearc [START_REF] Shervais | The Stonyford volcanic complex: A forearc seamount in the Northern California Coast Ranges[END_REF].

In the Mesozoic realm of the Neotethys, the geological record is dominated by suprasubduction zone (SSZ) ophiolites, that may represent either forearc ocean floor, oceanic arc or back-arcs (Moghadam & Stern, 2015, and references therein). This preferential record is consistent with the mechanism leading to the obduction of ophiolite, starting from intraoceanic subduction initiation [START_REF] Boudier | Shear zones, thrusts and related magmatism in the Oman ophiolite: Initiation of thrusting on an oceanic ridge[END_REF], Agard et al., 2007), forearc spreading (Casey & Dewey, 1984) and leading to continental subduction below the newly formed ophiolite [START_REF] Searle | Structural evolution, metamorphism and restoration of the Arabian continental margin, Saih Hatat region, Oman Mountains[END_REF]. Small ocean basins formed in back-arc settings behind continental stripes are also partly preserved during collision (e.g. [START_REF] Rossetti | Early Cretaceous migmatitic mafic granulites from the Sabzevar range (NE Iran): implications for the closure of the Mesozoic peri-Tethyan oceans in central Iran[END_REF], Agard et al., 2011).

These ophiolitic fragments therefore preserve essential information regarding subduction processes and/or magmatic evolution on the seafloor. However (with the exception of the extensively studied Oman ophiolite), most ophiolitic "mélanges" or large-scale ophiolites exposed in the Zagros-Makran orogens are strongly dismembered [START_REF] Whitechurch | Evidence for Paleocene-Eocene evolution of the foot of the Eurasian margin (Kermanshah ophiolite, SW Iran) from back-arc to arc: Implications for regional geodynamics and obduction[END_REF][START_REF] Burg | Geology of the onshore Makran accretionary wedge: Synthesis and tectonic interpretation[END_REF].

This makes the recently discovered Siah Kuh seamount (Bonnet et al., subm.) the ideal target to study the continuous evolution and origin of magmatic activity in an ophiolite, with implications for lithosphere formation, mantle heterogeneities and regional geodynamics. 

Ocean-floor and arc preservation in the Iran-Oman Neotethys

The Zagros-Makran orogen was formed by the closure of an allegedly large oceanic basin, the Neotethys ocean (probably larger than 1000 km, Barrier & Vrielynck, 2008, Agard et al., 2011). Remnants of this basin are found in Oman (including the thoroughly studied Semail ophiolite) and in Iran along two ophiolite belts: the Outer and Inner Zagros/Makran ophiolite belts [START_REF] Stöcklin | A brief report on geodynamics in Iran[END_REF][START_REF] Mccall | The geotectonic history of the Makran and adjacent areas of southern Iran[END_REF]Fig. 7.1a). In Zagros, the Outer ophiolite belt, located along the Main Zagros Thrust (MZT) includes the et al. (2006) to interpret the MZT as the Zagros Suture Zone. Dismembered pieces of ophiolites are also found all along the MZT in the so-called "coloured mélange" [START_REF] Gansser | Ausseralpine Ophiolithproblem[END_REF]. While the Neyriz ophiolite has the structure of a classical monogenic ophiolite (serpentinite base overlying a metamorphic sole, gabbros and basalts, [START_REF] Babaei | Tectonic evolution of the Neyriz ophiolite, Iran : An accretionary prism model[END_REF] formed during Late Cretaceous [START_REF] Lanphere | 40 Ar/ 39 Ar ages and tectonic setting of ophiolite from the Neyriz area, southeast Zagros Range, Iran[END_REF][START_REF] Babaie | Geochemical, 40 Ar/ 39 Ar age, and isotopic data for crustal rocks of the Neyriz ophiolite, Iran[END_REF], Monsef et al., 2018a), other areas show different stages of magmatic activity, notably one during the Triassic-Liassic period and another one during the Late Cretaceous to Paleocene [START_REF] Whitechurch | Evidence for Paleocene-Eocene evolution of the foot of the Eurasian margin (Kermanshah ophiolite, SW Iran) from back-arc to arc: Implications for regional geodynamics and obduction[END_REF][START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF][START_REF] Ao | U-Pb zircon ages, field geology and geochemistry of the Kermanshah ophiolite (Iran): From continental rifting at 79 Ma to oceanic core complex at ca. 36 Ma in the southern Neo-Tethys[END_REF][START_REF] Moghadam | Subduction, high-P metamorphism, and collision fingerprints in South Iran: Constraints from zircon U-Pb and mica Rb-Sr geochronology[END_REF]. The Triassic-Liassic magmatism classically have alkaline (OIB) to MORB signatures and the Late Cretaceous pronounced SSZ signatures [START_REF] Babaie | Geochemistry of arc volcanic rocks of the Zagros Crush Zone, Neyriz, Iran[END_REF][START_REF] Whitechurch | Evidence for Paleocene-Eocene evolution of the foot of the Eurasian margin (Kermanshah ophiolite, SW Iran) from back-arc to arc: Implications for regional geodynamics and obduction[END_REF][START_REF] Saccani | Geochemistry and petrology of the Kermanshah ophiolites (Iran): Implication for the interaction between passive rifting, oceanic accretion, and OIB-type components in the Southern Neo-Tethys Ocean[END_REF][START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF][START_REF] Moghadam | Supra-subduction zone magmatism of the Neyriz ophiolite, Iran: Constraints from geochemistry and Sr-Nd-Pb isotopes[END_REF].

The Sanandaj-Sirjan Zone, to the North of the Zagros Suture Zone, is interpreted as a piece of the Eurasian upper plate (e.g. [START_REF] Ghasemi | A new tectonic scenario for the Sanandaj-Sirjan Zone (Iran)[END_REF], Agard et al., 2011) that separates the Outer Zagros ophiolite belt from the Inner Zagros ophiolite belt. This belt comprises small dismembered ophiolitic massifs including the Nain, Dehshir, Shahr-e Babak and Baft locations from Northwest to Southeast. The magmatism within these units has strong SSZ signatures [START_REF] Moghadam | Significance of Nain-Baft ophiolitic belt (Iran): Short-lived, transtensional Cretaceous back-arc oceanic basins over the Tethyan subduction zone[END_REF] and occurred from 'mid' Cretaceous to early Paleocene [START_REF] Arvin | The petrogenesis and tectonic setting of lavas from the Baft ophiolitic melange, southwest of Kerman, Iran[END_REF][START_REF] Moghadam | The Dehshir ophiolite (central Iran): Geochemical constraints on the origin and evolution of the Inner Zagros ophiolite belt[END_REF], 2013a,c). This ophiolite is interpreted to originate from the transtensive opening of back-arc basins [START_REF] Arvin | The petrogenesis and tectonic setting of lavas from the Baft ophiolitic melange, southwest of Kerman, Iran[END_REF][START_REF] Moghadam | Significance of Nain-Baft ophiolitic belt (Iran): Short-lived, transtensional Cretaceous back-arc oceanic basins over the Tethyan subduction zone[END_REF], Agard et al., 2011). Most authors separate the Outer and Inner ophiolite belts, the first as being a forearc of a northward-dipping subduction zone (responsible for the Zagros blueschists), the other being a back-arc of this subduction zone (e.g. [START_REF] Moghadam | Significance of Nain-Baft ophiolitic belt (Iran): Short-lived, transtensional Cretaceous back-arc oceanic basins over the Tethyan subduction zone[END_REF], Agard et al., 2011), however some authors have recently proposed that both ophiolitic belts might belong to the same ophiolite (e.g. [START_REF] Moghadam | The Dehshir ophiolite (central Iran): Geochemical constraints on the origin and evolution of the Inner Zagros ophiolite belt[END_REF]. [START_REF] Mccall | The geotectonic history of the Makran and adjacent areas of southern Iran[END_REF] proposed a continuity between the Zagros and the Makran ophiolites. The Outer and Inner ophiolite belts are separated by the Bajgan-Durkan complex, analogous to the Sanandaj-Sirjan zone. In spite of the scarcity of intact ophiolitic exposures in the continuity of the Outer ophiolite belt, the study of dismembered ophiolites allowed the identification of Late Cretaceous magmatism with dominant SSZ and accessory MORB signatures [START_REF] Saccani | New insights into the geodynamics of Neo-Tethys in the Makran area: Evidence from age and petrology of ophiolites from the Coloured Mélange Complex (SE Iran)[END_REF]. Ophiolites in the Inner ophiolite belt, including the Band-e Zeyarat/Dar-e Anar, Ganj, Rameshk-Mokhtarabad, Fannuj-Maskutan, Kahiri-Espakeh and Iranshahr ophiolitic massifs testify to an Early Cretaceous magmatic stage, potentially associated with alkaline (OIB) magmatism, and Upper Cretaceous SSZ magmatism [START_REF] Kananian | The ophiolite massif of Kahnuj (Western Makran, Southern Iran): New geological and geochronological data[END_REF][START_REF] Ghazi | Geochemical characteristics, 40 Ar-39 Ar ages and original tectonic setting of the Band-e-Zeyarat/Dar Anar ophiolite, Makran accretionary prism, S.E. Iran[END_REF][START_REF] Burg | Geology of the onshore Makran accretionary wedge: Synthesis and tectonic interpretation[END_REF][START_REF] Monsef | The Eastern Makran Ophiolite (SE Iran): evidence for a Late Cretaceous forearc oceanic crust[END_REF].

Across the Gulf of Oman, the thoroughly studied Semail ophiolite was formed during Late

Cretaceous (96-94 Ma, Hacker et al., 1996[START_REF] Warren | Dating the geologic history of Oman's Semail ophiolite: Insights from U-Pb geochronology[END_REF][START_REF] Goodenough | Architecture of the Oman-UAE ophiolite: Evidence for a multi-phase magmatic history[END_REF][START_REF] Rioux | Rapid crustal accretion and magma assimilation in the Oman-U.A.E. ophiolite: High precision U-Pb zircon geochronology of the gabbroic crust[END_REF], 2013) in SSZ context with increasing maturity [START_REF] Alabaster | The volcanic stratigraphy and petrogenesis of the Oman ophiolite complex[END_REF][START_REF] Godard | Geochemical variability of the Oman ophiolite lavas: Relationship with spatial distribution and paleomagnetic directions[END_REF].

Given the variety of Late Cretaceous ophiolitic remnants in the Neotethys, linking them to a precise geodynamic context may prove difficult (see proposed paleogeographical map on Fig. 7.1c). Exceptional pieces of oceanic lithosphere like the Siah Kuh seamount may help constrain the paleogeography of the Iran-Oman transect, whose detailed evolution is critical for regional-scale geodynamics.

The Siah Kuh massif, an exhumed seamount
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d e e p e r se dim ents v o lc a n ic re ju ven ation reef The Siah Kuh unit is a 18x12 kilometer-wide and >1.5 km-high coherent portion of oceanic floor (Fig. 7.2b) belonging to the Esfandagheh-Hajiabad ophiolite, close to the transition between Zagros and Makran. Contrary to reports from maps ("coloured mélange", [START_REF] Sabzehei | Geological map of Hajiabad, scale 1/250[END_REF], this unit has no characteristics of a mélange, but is instead a coherent magmatic unit with some sediments and subordinate serpentinite. It is overlain by blueschist facies units of Late Cretaceous age (Agard et al., 2006, Angiboust et al., 2016[START_REF] Moghadam | Subduction, high-P metamorphism, and collision fingerprints in South Iran: Constraints from zircon U-Pb and mica Rb-Sr geochronology[END_REF], Monié & Agard, 2009[START_REF] Sabzehei | Les mélanges ophiolitiques de la région d'Esfandagheh (Iran méridional) -Etude pétrologique et structurale -Interprétation dans le cadre iranien[END_REF] and the Sikhoran ultramafic-mafic complex [START_REF] Ghasemi | The mafic-ultramafic complex of Sikhoran (central Iran): a polygenetic ophiolite complex[END_REF][START_REF] Ahmadipour | Soghan complex as an evidence for paleospreading center and mantle diapirism in Sanandaj-Sirjan zone (south-east Iran)[END_REF]. The Siah Kuh granitoids located to the North of this Siah Kuh unit are interpreted to be 200 Ma arcrelated rocks [START_REF] Arvin | Petrochemistry of the Siah-Kuh granitoid stock southwest of Kerman, Iran: Implications for initiation of Neotethys subduction[END_REF].
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The current structure of the Siah Kuh unit is summed up on Fig. 7.2 (Bonnet et al., subm.).

The Siah Kuh unit is separated into two sub-units, the A and B units, separated by a major, km-scale thrust. The A unit is characterized by a magmatic core (A 1 ) stratigraphically overlain by reef limestone and pelagic sediment, upon which new lavas are erupted (Fig.

7.3a,b).

The core of the A unit (A 1 ) is made of pillow basalts (Fig. 7.3c) and breccias, intruded by felsic magmatic rocks. [START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF] describe boninite lavas in these basalts (near the village of Avenan, on the Northwestern edge of the Siah Kuh, see Fig. 7.2a). Felsic plutons and dykes are intruding the basalts (Fig. 7.3d) and are associated with rhyo-dacitic dykes lava flows below the limestone (these could correspond to the andesite described by [START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF].

The lava flows of the core A 1 unit are stratigraphically overlain by up to 400 meters of deepening-up oceanic sediments (including reef limestone, Fig. 7.3a,b,d). Microfauna yielded Upper Campanian to Maastrichtian ages (84-66 Ma), for similar sediments [START_REF] Sabzehei | Les mélanges ophiolitiques de la région d'Esfandagheh (Iran méridional) -Etude pétrologique et structurale -Interprétation dans le cadre iranien[END_REF]. The basal sediment is reef to lagoon-like with remains of foraminifera, urchin spines and gastropods. Deeper sediments constituted of tuffaceous sandstone, clays, radiolarite and pelagic sandstone are deposited above this shallow limestone, all of which are locally infiltrated by felsic sub-volcanic material. Up to 1 km-thick pillow basalts and basaltic flows on top of the sediments mark the rejuvenation of the magmatic edifice (A 1 '-A 2 -A 3 -A 4 ). This unit has all the characteristics of a seamount as a bathymetric anomaly on the seafloor.

The second sub-unit (Unit B) has an ultramafic base containing gabbroic pods and a sequence of gabbros up to 1 km thick. Some felsic lavas are found structurally above the gabbros (Fig. 7.3e). Although field investigations did not allow to assess their chronological relationship, geochemical results suggest that gabbros are in fact probably intruding the felsic lavas (see discussion). A thin and discontinuous layer of pelagic sediments separates the felsic lavas from basalts that are locally directly on top of gabbros. Plagiogranite dikes are found at the base of the B unit (Fig. 7.3f). This unit could correspond to a lateral, yet This contribution therefore addresses three major questions:

(1) In the light of geochemical and geochronological data, what is the origin of the Siah Kuh seamount (i.e., mid-ocean ridge seamount, hotspot/plume related, arc-related)?

(2) Does the Siah Kuh seamount preserve evidence for progressive changes in magmatism and/or in the nature of the (mantle) source?

(3) Do these informations help constrain the former location of the seamount in the Neotethys realm?

To that end, we herein present detailed petrological and geochemical data, with constraints from bulk-rock analyses of major, trace elements and Sr-Nd isotopes (in process), as well as dating and Hf isotope analysis of zircons from representative lithologies.

Sampling and analytical methods

Approximately 100 samples of magmatic rocks and serpentinized peridotites were collected in different units of Siah Kuh, from the core of the seamount, the early and late stages of the magmatic rejuvenation, the base and top of the B unit, as well as felsic volcanics and subvolcanic rocks. Thin sections were examined for all samples and 36 samples were selected for detailed analyses (Table 6.1).

An aliquot of each magmatic sample (31 samples) was crushed and powdered for 30 Geochemical data shown in Table 6.2 and on multi-element diagrams were normalized to the primitive mantle and chondrite values [START_REF] Sun | Chemical and isotopic systematics of oceanic basalts: implications for mantle composition and processes[END_REF].

Clinopyroxene and spinel compositions of 16 selected samples, from basalt and serpentinite, have been analyzed using an electron microprobe Cameca SX100 (15 kV, 10 nA, 1µm spot, WDS) at CAMPARIS (Sorbonne Université), with diopside (Si, Ca, Mg), orthoclase (K, Al), MnTiO 3 (Mn, Ti), Fe 2 O 3 (Fe) and albite (Na) as standards. The analyses were sorted and Fe 3+ concentrations were estimated using the method exposed by (Droop, 1987).

10 samples were selected for bulk rock Sr-Nd isotopic analyses, analyses are in process at SARM, Nancy.

4 samples were coarsely crushed and zircon grains were separated for U-Pb and Hf isotope dating, using conventional heavy fraction and magnetic techniques. Zircon grains were mounted on epoxy mounts and then polished to expose their half-sections, which were photographed under transmitted and reflected light using an optical microscope to reveal internal cracks and mineral inclusions. Cathodoluminescence (CL) images of the zircon grains were generated using a LEO1450VP scanning electron microscope (SEM) with an attached Gatan MinCL detector at IGGCAS.

U-Pb dating and trace element analysis of zircon were simultaneously conducted by LA-ICP-MS at the Wuhan SampleSolution Analytical Technology Co., Ltd., Wuhan, China.

Detailed operating conditions for the laser ablation system and the ICP-MS instrument and data reduction are the same as description by [START_REF] Zong | The assembly of Rodinia: The correlation of early Neoproterozoic (ca. 900 Ma) high-grade metamorphism and continental arc formation in the southern Beishan Orogen, southern Central Asian Orogenic Belt (CAOB)[END_REF]. Laser sampling was performed using a GeolasPro laser ablation system that consists of a COMPexPro 102 ArF excimer laser (wavelength of 193 nm and maximum energy of 200 mJ) and a MicroLas optical system. An Agilent 7700e ICP-MS instrument was used to acquire ion-signal intensities. Helium was applied as a carrier gas. Argon was used as the make-up gas and mixed with the carrier gas via a T-connector before entering the ICP. A "wire" signal smoothing device is included in this laser ablation system. Zircon 91500 and glass NIST610 were used as external standards for U-Pb dating and trace element calibration, respectively. Each analysis incorporated a background acquisition of approximately 20-30 s followed by 50 s of data acquisition from the sample. An Excel-based software ICPMSDataCal was used to perform off-line selection and integration of background and analyzed signals, time-drift correction and quantitative calibration for trace element analysis and U-Pb dating [START_REF] Liu | The role of oceanic plateau subduction in the Laramide orogeny[END_REF]. Common-Pb correction was done using the method of [START_REF] Andersen | Correction of common lead in U-Pb analyses that do not report204Pb[END_REF]. Data reduction was carried out using the Isoplot/Ex v. 2.49 and IsoplotR programs.

In-situ zircon Lu-Hf isotopic analyses were carried out using a Neptune MC-ICP-MS with an ArF excimer laser ablation system. Hf isotopic analyses were obtained on the same zircon grains that were previously analyzed for LA-ICP-MS U-Pb isotopes, with ablation pits of 40 µm in diameter, and a laser repetition rate of 10 Hz with 100 mJ was used.

Decay constant by [START_REF] Söderlund | The176Lu decay constant determined by Lu-Hf and U-Pb isotope systematics of Precambrian mafic intrusions[END_REF] and present-day chondritic ratios by [START_REF] Bouvier | The Lu-Hf and Sm-Nd isotopic composition of CHUR: Constraints from unequilibrated chondrites and implications for the bulk composition of terrestrial planets[END_REF] were adopted to calculate Hf(t) values. The single stage model age (T DM ) was calculated by using the present-day depleted mantle isotopic ratios [START_REF] Vervoort | Evolution of the depleted mantle: Hf isotope evidence from juvenile rocks through time[END_REF]). 

Petrography

Core of the seamount (A 1 )

Three basaltic samples are representative of the core of the seamount: #1606 (pillow) and 1635 are directly sampled in the core of the seamount, while 1630 (pillow) is in the core of an anticline on the southwestern edge of the seamount. They are composed of large clinopyroxene phenocrysts (up to ∼4 mm long) in a very fine matrix (Fig. 6.4a). 1 andA 2 ) Four samples are representative of the early stage rejuvenation: #1609, 1610 (pillows), 1744, 1746 as they were sampled directly in contact with the sedimentary belt surrounding the core of the seamount. They are basalts with small clinopyroxene crystals, albitized plagioclase and variable amounts of Fe oxide, and minor chlorite (Fig. 6.4b).

Early stage rejuvenation (A unit: A

Late stage rejuvenation (A unit: A 1 ' and A 4 )

Six samples are representative of the later stage magmatic resumption (within A 1 ' and A 4 ) #1334, 1614b, 1615 (pillow), 1634 (pillow), 1719, 1723, and were sampled higher in the rejuvenated unit. Their mineralogy is similar to those of the base of the rejuvenated volcanic unit (Fig. 6.4c).

Gabbros of the B unit

Gabbros at the base of the B unit #1532, 1738 are made of clinopyroxene and plagioclase (almost fully replaced by lawsonite), Fe-Ti oxides, with chlorite and tremolite alteration (Fig. 6.4d).

Base of the B unit

Two basaltic samples above the gabbros (#1626, 1735) have intergranular textures of plagioclase (again almost fully replaced by lawsonite) and clinopyroxene, with minor chlorite (Fig. 6.4e).

Top of the B unit

Two basalts on top of the B unit (#1432, 1307) are made of clinopyroxene and plagioclase, with important chlorite alteration (Fig. 6.4f).

Felsic rocks

Felsic rocks are dacite-rhyolites and granitic subvolcanics (Fig. 6.4g,h), found within the A 1 (#1518, 1520, 1601, 1602, 1707, 1711, 1743) and B (#1534, 1723, 1725) units. They are composed of numerous quartz crystals, some of which with euhedral quartz, orthoclase (partly destabilized into sericite and albite), plagioclase and some oxides in a fine-grained mesostase. Other refractory minerals (potential pyroxenes) were transformed into pumpellyite and chlorite.

Plagiogranite

One plagiogranite dyke (#1720) was found in serpentinized peridotite at the base of the B unit. It is composed of 99% of plagioclase, sericite, and some zircons (Fig. 6.4i).

Ultramafic rocks

Five ultramafic rocks were sampled in the Siah Kuh unit (#1533, 1535, 1608, 1622, 1639).

Three of them consist in 100% serpentinized peridotites containing serpentinite (chrysotilelizardite), Cr-rich spinel, and magnetite. Former olivine or pyroxene are never preserved.

Bulk rock geochemistry

The whole Siah Kuh volcanic sequence has been affected by hydrothermal alteration. This is evidenced by addition of H 2 O, as attested by the 3.4 to 8.5 wt.% loss on ignition of the rocks. For the sake of clarity, all analyses were renormalized to 100% for a H 2 O/volatilefree composition. The data is shown on Table 6.2. Classification of rocks is shown on Fig. [START_REF] Pearce | A users guide to basalt discrimination diagrams[END_REF]; c) AFM diagram, tholeiitic-calc-alkaline limits after [START_REF] Kuno | Differentiation of basalt magmas[END_REF] and [START_REF] Irvine | A Guide to the Chemical Classification of the Common Volcanic Rocks[END_REF] [START_REF] Miyashiro | Volcanic rock series in island arcs and active continental margins[END_REF]. Siah Kuh boninites after [START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF] 

; d) FeO/MgO -SiO 2 diagram of

Boninites

Boninites from the top latest stages building the core of Siah Kuh were not analyzed in this study, but we herein report bulk-rock analyses by [START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF] 

Felsic rocks

Felsic rocks are mostly dacitic to rhyolitic with SiO 2 between 68-72 wt.%, 0.3-0.5 wt.% TiO 2 and 1.8-6.7 wt.% alkalis. No obvious difference exists between the felsic rocks of the A 1 unit and those of the B unit (apart from a lesser Ti negative anomaly in the latter).

They are classified as basaltic andesite to andesite in the diagram of [START_REF] Pearce | A users guide to basalt discrimination diagrams[END_REF] [START_REF] Alabaster | The volcanic stratigraphy and petrogenesis of the Oman ophiolite complex[END_REF][START_REF] Godard | Geochemical variability of the Oman ophiolite lavas: Relationship with spatial distribution and paleomagnetic directions[END_REF]; Siah Kuh boninites [START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF], Oman boninite [START_REF] Ishikawa | Trace element characteristics of the fluid liberated from amphibolite-facies slab: Inference from the metamorphic sole beneath the Oman ophiolite and implication for boninite genesis[END_REF]. of [START_REF] Wood | The Application of a Th-Hf-Ta diagrams to problems of tectonomagmatic classification and to establish the nature of crustal contaminants of basaltic lavas of the British Tertiary volcanic province[END_REF].

Plagiogranite

Its REE pattern has high LREE to HREE ratio and a strong Eu anomaly. Multielementary spider diagrams show Zr-Hf and Ti negative anomalies. 

Mineral chemistry

Clinopyroxene in basaltic rocks

Spinel in serpentinite

Core of the seamount (A 1 )

Clinopyroxene has low Ca + Na between 0.75-0.9 atoms per formula unit (apfu), low Ti content (< 0.015 apfu) which place them in the tholeiitic to calc-alkaline basalt field of [START_REF] Leterrier | Clinopyroxene composition as a method of identification of the magmatic affinities of paleo-volcanic series[END_REF], usually low Ti+Cr (average at 0.01 apfu) and high Ca (0.7-0.9 apfu) placing them in the orogenic basalt field. Due to their low Ti content, they fall in the island arc tholeiite field.

Early stage rejuvenation (A unit: A 1 and A 2 )

Clinopyroxene has higher Ti concentration of 0.02-0.04 apfu and low Ca+Na around 0.5-0.8 apfu, high Ti+Cr (0.02-0.035 apfu), which place them in the non-orogenic tholeiite field.

Late stage rejuvenation (A unit: A 1 ' and A 4 )

Clinopyroxene low Ca+Na concentration of 0.7-0.9 apfu, placing them in the subalkaline field, and high Ti+Cr of 0.02-0.05 apfu placing them in the non-orogenic tholeiite field.

Base of the B unit

Clinopyroxene has low Ca+Na concentration between 0.7-0.8 apfu, placing them in the subalkaline field, and high Ti+Cr of 0.02-0.045 apfu placing them in the non-orogenic tholeiite field.

Top of the B unit

Clinopyroxene has 0.75-0.85 apfu Ca+Na, placing them in the subalkaline field, and high Ti+Cr of 0.02-0.04 apfu placing them in the non-orogenic tholeiite field.

Spinel in serpentinized peridotite

One rock is a chromitite and consists mainly of Cr-rich spinel, with interstitial serpentinite, found within the serpentinite. Most spinel analyses from serpentinite in B have Cr# between 0.4-0.6 and Mg# between 0.5-0.8 (Fig. 6.8d) placing them potentially in the fields of abyssal peridotites-dunites and supra-subduction zone (SSZ) peridotites of [START_REF] Dick | Chromian spinel as a petrogenetic indicator in abyssal and alpine-type peridotites and spatially associated lavas[END_REF], whereas the only sample in A (#1608) has two coexisting generations of spinels (with no textural relationships), the second generation having clear SSZ signatures with higher Cr# of 0.7-0.8 and low Mg# ∼0.5.

Zircon U-Pb dating and Hf isotope analyses

Zircons have been separated from four different kinds of rocks, belonging to the A unit (#1518, rhyolite) and the B unit (#1720, plagiogranite; 1532, gabbro; 1432, basalt). Zircons are abundant in plagiogranite and gabbro, but scarce in rhyolite and basalt. Only concordant zircons were considered. Zircon isotopic data and ages are found in Table 6.3.

Ages are shown on Fig. 6.9 and hafnium isotopes on Fig. 6.10.

Rhyolite in A

Despite the small number of zircons in the rock, five concordant zircons show strong inheritance with ages scattered between 1800 and 87 Ma (Fig. 6.9a). The youngest zircon population (n = 2) defines a maximum age with a weighted average of 87.0 ± 1.8 Ma.

These two zircons have positive Hf around 10, and T DM ages around 500 Ma.

Gabbro in B

Thirteen concordant zircons yield a weighted average age of 77.8 ± 0.98 Ma (Fig. 6.9b).

Single 238 U-206 Pb ages are scattered between and 81 and 75 Ma. All the zircons have very positive Hf values around 14 and T DM ages around 270 Ma. 

Discussion

Effects of seafloor alteration and metamorphism

Seafloor alteration and metamorphism have the potential to modify significantly the chemical composition of ophiolitic rocks. Major elements can vary a lot through intense hydration of rocks (represented by LOI, from 3.4 to 8.5 wt.%). Most of this hydration occurs at the seafloor, as attested by the appearance of low-grade parageneses including chlorite and pumpellyite. Examining correlations between the amount of water and the amount of major or trace elements (as proposed by [START_REF] Humphris | Trace element mobility during hydrothermal alteration of oceanic basalts[END_REF] can help decipher if alteration affects the rock. In this study, we notably find that Si and Na are inversely correlated with the amount of water. This observation questions the pertinence of the use of TAS and AFM diagrams for altered oceanic rocks. The absence of correlation however does not mean that elements are immobile, as alteration might deplete a rock to enrich another one. Major elements such as Si, Na, K, Ca and trace elements including Cs, Rb, Ba, Sr (LILEs) are regularly mentioned as being modified by seafloor alteration [START_REF] Frey | Temporal evolution of the kerguelen plume: Geochemical evidence from 38 to 82 ma lavas forming the Ninetyeast ridge[END_REF][START_REF] Gillis | Controls on hydrothermal alteration in a section of fast-spreading oceanic crust[END_REF]. Instead, high field strength elements (HFSEs), rare earth elements (REEs) and some transitional elements (like Ti and V) are generally considered to be immobile during alteration. Incipient blueschist metamorphism of the Siah Kuh unit should also be considered as it is possibly associated with fluid circulation. However, the limited imprint of high-pressure metamorphism in the magmatic rocks analyzed here and the cold temperature (<250°C) of fluid circulations make alteration during metamorphism less likely than alteration at the seafloor. Further we only discuss the petrogenesis based on alleged immobile elements.

Temporal evolution of geochemical signatures

The Siah Kuh seamount is the ideal place to study the evolution of the magmatic source of an ophiolite: unlike for most ophiolitic "mélanges" or large-scale ophiolites (save the Oman ophiolite), the structural framework as well as the relative and absolute chronology of magmatism is well-constrained in the Siah Kuh seamount. In addition, the Siah Kuh seamount records the evolution of lava chemistry in a single area. Variations in the chemistry of lavas therefore reflects either very strong mantle heterogeneities (that are likely tens of kilometers in scale; [START_REF] Anderson | Speculations on the nature and cause of mantle heterogeneity[END_REF] but may also underline changes of the composition through time (due to melt extraction, fluid circulation or source mixing).

The first stage of the magmatic history recorded in the Siah Kuh seamount is the basaltic core that has an island arc tholeiite signature. Low REE contents in the basalts pleads either for a strongly depleted mantle source, or for high fusion rates. Despite only approximate structural localization of the boninitic samples, their location near the Avenân village [START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF] places them above the arc tholeiites, within the A 1 unit. They are more depleted than the arc tholeiites. Those two sequences are overlain and intruded by the felsic rocks that have a clear calc-alkaline signature, and show characteristics of a more mature arc setting. Although only 2 zircons make the youngest age population of ∼87 Ma, we consider this age as a plausible age for eruption. Positive Hf(t) values of these zircons (around 10) however pleads for a partially depleted mantle source, which is compatible with the absence of adakitic signature. T DM ages are scattered around 500 Ma. ∼150 m of sediments (partly infiltrated by felsic magma) separate lavas of the core of the seamount from rejuvenated lavas. This sedimentation event therefore records a decrease/interruption of the magmatic activity of the seamount that potentially lasted a few million years.

The rejuvenation event shows two very distinct lava chemistries, varying from E-MORBlike at the contact with basal sediments to N-MORB-like for younger lavas farther away from the contact. In contrast with the seamount core mafic and felsic rocks, rejuvenated volcanism is never intruded by felsic rocks and has no IAT/boninite/calc-alkaline signa- 

Successive tectonomagmatic settings

Although slightly different, the magmatic events in A and B have similar trends: a strong volcanic arc affinity followed by E-MORB volcanism and then N-MORB volcanism. This evolution is shown on figure 6.11a.

Intraoceanic arc stage: A 1 unit and B unit

The core of the Siah Kuh unit (A 1 ) preserves evidence for a subduction component, which can be characterized by four main trends [START_REF] Pearce | Supra-subduction zone ophiolites: The search for modern analogues[END_REF]: (1) incompatible elementsdepleted melts (due to the melting of a depleted mantle or high fusion rates), ( 2) Large Ion Lithophile Elements (LILEs) enrichment (due to metasomatism), (3) HFSE depletion (due to trapping by refractory phases such as Fe-Ti oxydes; Briqueu et al., 1984, Gao et al., 2007, and(4) no iron enrichment during differentiation (due to high fO2 melts that crystallize Fe-Ti oxydes even during early differentiation). The lowermost basalts in A 1 are slightly depleted in incompatible elements, enriched in LILEs and depleted in HFSE (Nb-Ta and small Ti negative anomalies. Boninites show a stronger depletion and enrichment in LILEs. Felsic rocks have a strong depletion in HFSE and have a calc-alkaline signature.

There are no clues here for high-pressure melting of slab lithologies (resulting in HREEdepleted adakitic magmas; [START_REF] Martin | Adakitic magmas: Modern analogues of Archaean granitoids[END_REF]. This points to partial fusion of a metasomatized mantle source, possibly contaminated by sediments (e.g. [START_REF] Ishikawa | Trace element characteristics of the fluid liberated from amphibolite-facies slab: Inference from the metamorphic sole beneath the Oman ophiolite and implication for boninite genesis[END_REF][START_REF] Haase | Melts of sediments in the mantle wedge of the Oman ophiolite[END_REF]. The A 1 unit of the Siah Kuh seamount represents the typical magmatic evolution of from a forearc (arc tholeiite) to juvenile arc (boninite) and ultimately a mature oceanic arc (calc-alkaline). This evolution is similar to what is currently recorded in oceanic arc systems [START_REF] Hawkins | Evolution of intra-oceanic arc-trench systems[END_REF][START_REF] Pearce | Characteristics and tectonic significance of supra-subduction zone ophiolites[END_REF][START_REF] Stern | Subduction zone infancy: Examples from the Eocene Izu-Bonin-Mariana and Jurassic California arcs[END_REF].

Rejuvenation stage: A 1 to A 4 and B unit

Rejuvenation within the A and B units has no subduction-related signature, which suggests a major change in the nature of the source. E-MORB and N-MORB lavas are generated in modern oceans at spreading centers like mid-ocean ridges [START_REF] Niu | Origin of enrichedtype mid-ocean ridge basalt at ridges far from mantle plumes: The East Pacific Rise[END_REF][START_REF] Michael | Regionally distinctive sources of depleted MORB: Evidence from trace elements and H2O[END_REF], and in back-arc spreading centers (e.g. [START_REF] Stern | Enriched back-arc basin basalts from the northern Mariana Trough: implications for the magmatic evolution of back-arc basins[END_REF]. In the latter configuration, the subduction signature is very variable, but its absence may be characteristic of large distance from the subduction and/or influence from a more primitive mantle (e.g. Lau basin, [START_REF] Volpe | Lau Basin basalts (LBB): trace elemnt and Sr-Nd isotopic evidence for heterogeneity in backarc basin mantle[END_REF]Mariana back-arc, Pearce et al., 2005).

A piece of classical oceanic lithosphere? Evidence for crustal contamination Seamounts usually form by volcanism on top of older lithosphere. In the case of forearc/arc seamounts, they form on top of oceanic or continental lithosphere, that has a complex structure. The presence of old zircons xenocrysts in Siah Kuh volcanics as well as granitoid xenoliths in the Siah Kuh volcanics (2-3-cm-long angular granitic-to-granodioritic enclaves according to [START_REF] Sabzehei | Les mélanges ophiolitiques de la région d'Esfandagheh (Iran méridional) -Etude pétrologique et structurale -Interprétation dans le cadre iranien[END_REF]) might reflect the nature of the crustal material underlying the arc. While geochemical data shows that the source rock of all magmatism within Siah Kuh is mantellic and the structure of the B unit is ophiolitic (i.e. true ocean floor), enclaves and xenocrystic zircons (common in Zagros ophiolites, [START_REF] Moghadam | Ophiolites of Iran: Keys to understanding the tectonic evolution of SW Asia: (II) Mesozoic ophiolites[END_REF] could result from assimilation of crustal material during the ascent of magma. Xenocrystic zircons (up to 1.7 Ga) in Siah Kuh would require a partly continental substratum for the Siah Kuh seamount. Their potential origin is discussed in paragraph 6.8.4.

Regional analogs

Upper Cretaceous supra-subduction ophiolites are commonly found in oceanic relicts of the Neotethys, like in Cyprus, Turkey, Zagros, Makran and Oman. Although ages close to 87 Ma and 78 Ma are relatively rare, the Siah Kuh massif can be compared to several Iranian and Omanese examples, as detailed below and in section 6.8.5.

For the intra-oceanic arc stage

Semail ophiolite

Rocks from the core of the seamount have geochemical signatures that are similar to some of Oman SSZ magmatism. Early lavas in Siah Kuh are very similar to the V2 (Lasail-Alley-clinopyroxene-phyric) magmatism in Oman [START_REF] Alabaster | The volcanic stratigraphy and petrogenesis of the Oman ophiolite complex[END_REF][START_REF] Godard | Geochemical variability of the Oman ophiolite lavas: Relationship with spatial distribution and paleomagnetic directions[END_REF]. This unit is in fact quite appropriately defined as the "seamount unit" by [START_REF] Alabaster | The volcanic stratigraphy and petrogenesis of the Oman ophiolite complex[END_REF]. Top of A 1 unit basaltic rocks have boninitic signatures that are very similar to the boninitic lavas occurring as dykes and pillow lavas in the Alley (V2) unit of Oman [START_REF] Ishikawa | Boninitic volcanism in the Oman ophiolite: Implications for thermal condition during transition from spreading ridge to arc[END_REF][START_REF] Ishikawa | Trace element characteristics of the fluid liberated from amphibolite-facies slab: Inference from the metamorphic sole beneath the Oman ophiolite and implication for boninite genesis[END_REF]. Recent geochronological studies in Oman show that most magmatic ages in Oman are between 96.4 and 95.5 Ma [START_REF] Goodenough | Architecture of the Oman-UAE ophiolite: Evidence for a multi-phase magmatic history[END_REF][START_REF] Rioux | Rapid crustal accretion and magma assimilation in the Oman-U.A.E. ophiolite: High precision U-Pb zircon geochronology of the gabbroic crust[END_REF], 2013), somewhat older than what is dated in Siah Kuh. Interestingly, little studied calc-alkaline felsic intrusive in the Semail ophiolite [START_REF] Briqueu | Sr, Nd and Pb Isotopic Constraints in the Genesis of a Calc-Alkaline Plutonic Suite in Oman Ophiolite Related to the Obduction Process[END_REF][START_REF] Ishikawa | Trace element characteristics of the fluid liberated from amphibolite-facies slab: Inference from the metamorphic sole beneath the Oman ophiolite and implication for boninite genesis[END_REF][START_REF] Lachize | Calc-alkaline differentiation trend in the plutonic sequence of the Wadi Haymiliyah section, Haylayn massif, Semail ophiolite, Oman[END_REF] could correspond to garnet-biotite aplite veins that have been dated at 85 ± 3 Ma [START_REF] Searle | The metamorphic sheet and underlying volcanic rocks beneath the Semail ophiolite in the Northern Oman mountains of Arabia[END_REF].

Neyriz ophiolite

The Neyriz ophiolite has supra-subduction signature marked by arc tholeiites to boninites geochemical signatures [START_REF] Moghadam | Supra-subduction zone magmatism of the Neyriz ophiolite, Iran: Constraints from geochemistry and Sr-Nd-Pb isotopes[END_REF]. Ages of ophiolite material span 100-92 Ma [START_REF] Lanphere | 40 Ar/ 39 Ar ages and tectonic setting of ophiolite from the Neyriz area, southeast Zagros Range, Iran[END_REF][START_REF] Babaie | Geochemical, 40 Ar/ 39 Ar age, and isotopic data for crustal rocks of the Neyriz ophiolite, Iran[END_REF][START_REF] Jannessary | Les ophiolites de Neyriz (sud de l'Iran): naissance d'une dorsale en pied de marge continentale (étude des structures internes, de la fabrique du manteau, et de l'évolution pétrogéochimique des magmas[END_REF][START_REF] Monsef | The Eastern Makran Ophiolite (SE Iran): evidence for a Late Cretaceous forearc oceanic crust[END_REF] and metamorphic sole at its base was dated at 94.9 ± 7.6 Ma [START_REF] Lanphere | 40 Ar/ 39 Ar ages and tectonic setting of ophiolite from the Neyriz area, southeast Zagros Range, Iran[END_REF].

No younger ophiolite history is recorded in the Neyriz ophiolite. Cretaceous calc-alkaline lavas of the Hassanabad unit are thrust on top of the ophiolite [START_REF] Babaie | Geochemistry of arc volcanic rocks of the Zagros Crush Zone, Neyriz, Iran[END_REF].

Kermanshah "ophiolite"

Gabbro and diabase dykes within harzburgite of presumed ophiolitic origin have an IAT affinity [START_REF] Whitechurch | Evidence for Paleocene-Eocene evolution of the foot of the Eurasian margin (Kermanshah ophiolite, SW Iran) from back-arc to arc: Implications for regional geodynamics and obduction[END_REF]. This potentially corresponds to gabbros and leucodiorite and diabase dated at 86.3 ± 7.8 Ma and 81.4 ± 3.8 Ma [START_REF] Delaloye | Ophiolites and melange terranes in Iran: A geochronological study and its paleotectonic implications[END_REF].

Makran "Colored Mélange"

Although few studies focus on dismembered pieces of ophiolite of the Colored Mélange exposures in Makran (i.e. corresponding to the Zagros outer ophiolites), [START_REF] Saccani | New insights into the geodynamics of Neo-Tethys in the Makran area: Evidence from age and petrology of ophiolites from the Coloured Mélange Complex (SE Iran)[END_REF] showed that it contains N-MORB (oceanic plateau), island arc tholeiite and calcalkaline lavas of Upper Cretaceous age (Turonian-Campanian; 94-75 Ma).

Makran detrital zircons

Detrital zircon analyses from western and eastern Makran sediments show peaks of abundance at 165 Ma, 95 Ma, 89 Ma, and 48 Ma [START_REF] Mohammadi | Arc magmatism witnessed by detrital zircon U-Pb geochronology, Hf isotopes and provenance analysis of late Cretaceous-Miocene sandstones of onshore Western Makran (SE Iran)[END_REF]. While the 95 Ma could correspond to ages in the Oman/Neyriz ophiolites, the 89 Ma cluster is very similar to the arc system in Siah Kuh. Both populations have Hf isotopic signatures consistent with the generation in an intraoceanic arc setting, but authors rather suggest a formation within an arc at the northern margin of the Neotethys [START_REF] Burg | Geology of the onshore Makran accretionary wedge: Synthesis and tectonic interpretation[END_REF]).

For the rejuvenation stage

Kermanshah complex

The Kermanshah complex is a composite domain that aggregates Triassic/Jurassic to Eocene rocks of oceanic to arc affinity [START_REF] Whitechurch | Evidence for Paleocene-Eocene evolution of the foot of the Eurasian margin (Kermanshah ophiolite, SW Iran) from back-arc to arc: Implications for regional geodynamics and obduction[END_REF]. Zircon dating of a rodingitized gabbro within serpentinite gives a 79.3 ± 0.9 Ma age [START_REF] Ao | U-Pb zircon ages, field geology and geochemistry of the Kermanshah ophiolite (Iran): From continental rifting at 79 Ma to oceanic core complex at ca. 36 Ma in the southern Neo-Tethys[END_REF]. This ophiolite is affected by Late Cretaceous detachment faults separating serpentinite from limestone of extensional allochtons [START_REF] Wrobel-Daveau | Evidence for mantle exhumation along the Arabian margin in the Zagros (Kermanshah area, Iran)[END_REF]. This event is synchronous with the rejuvenation activity within Siah Kuh.

Sikhoran complex

The Sikhoran complex is a Permian-Jurassic mafic-ultramafic complex located a few kilometers away from the Siah Kuh unit [START_REF] Ghasemi | The mafic-ultramafic complex of Sikhoran (central Iran): a polygenetic ophiolite complex[END_REF] and interpreted as resulting from mantle diapirism in an extension zone [START_REF] Ahmadipour | Soghan complex as an evidence for paleospreading center and mantle diapirism in Sanandaj-Sirjan zone (south-east Iran)[END_REF]. The magmatic history starts in the Late Permian but dykes intrude the sequence until the Late Cretaceous, as attested by K-Ar dating of diabasic dyke at 81.0 ± 6.6 Ma [START_REF] Ghasemi | The mafic-ultramafic complex of Sikhoran (central Iran): a polygenetic ophiolite complex[END_REF], and 76 ± 4.5 Ma [START_REF] Ahmadipour | Soghan complex as an evidence for paleospreading center and mantle diapirism in Sanandaj-Sirjan zone (south-east Iran)[END_REF]. These dykes have E-MORB signatures comparable to those of the rejuvenation stage in Siah Kuh. Additionally, xenocrystic zircons within Siah Kuh volcanics could correspond to magmatic episodes within the Sikhoran complex at 200 and 250 Ma [START_REF] Ghasemi | The mafic-ultramafic complex of Sikhoran (central Iran): a polygenetic ophiolite complex[END_REF][START_REF] Ahmadipour | Soghan complex as an evidence for paleospreading center and mantle diapirism in Sanandaj-Sirjan zone (south-east Iran)[END_REF]. Paleozoic and older zircons could be hosted within the Sargaz-Abshur metamorphics [START_REF] Sabzehei | Les mélanges ophiolitiques de la région d'Esfandagheh (Iran méridional) -Etude pétrologique et structurale -Interprétation dans le cadre iranien[END_REF] that also contain pegmatite dykes as old as 1.8 Ga [START_REF] Moghadam | Subduction, high-P metamorphism, and collision fingerprints in South Iran: Constraints from zircon U-Pb and mica Rb-Sr geochronology[END_REF]. The Late Permian T DM age of zircons in gabbro might relate to the fusion of a mantle depleted during Late Permian, as is expected for the Sikhoran ultramafics, while older (∼550 Ma) T DM in the plagiogranite could relate to crustal contamination. Although the Sikhoran complex was not metamorphozed at high-pressure, it could represent a lateral equivalent of the basement of the Siah Kuh unit. The rifting history of the Neotethys is relatively well preserved in the Sikhoran complex: Late Permian to Late Triassic gabbroic complexes there have enriched to depleted tholeiitic signatures, with some crustal contamination [START_REF] Ahmadipour | Soghan complex as an evidence for paleospreading center and mantle diapirism in Sanandaj-Sirjan zone (south-east Iran)[END_REF], and partially intrude the overlying metamorphics. The end of high temperature metamorphism and anatexy of Sargaz Abshur sediments around 200 Ma (lowermost Jurassic; [START_REF] Ghasemi | The mafic-ultramafic complex of Sikhoran (central Iran): a polygenetic ophiolite complex[END_REF] are coeval with the sealing of both igneous and metamorphic rocks by lower Jurassic unmetamorphosed sediments [START_REF] Sabzehei | Les mélanges ophiolitiques de la région d'Esfandagheh (Iran méridional) -Etude pétrologique et structurale -Interprétation dans le cadre iranien[END_REF]. The Sikhoran complex would then correspond to a Jurassic Ocean-Continent Transition (similar to what is observed in the Iberia-Newfoundland conjugated margins, e.g. [START_REF] Péron-Pinvidic | The final rifting evolution at deep magmapoor passive margins from Iberia-Newfoundland: A new point of view[END_REF], on the Northern Side of the Neotethys. The Bajgan-Durkan complex in Makran [START_REF] Hunziker | Jurassic rifting at the Eurasian Tethys margin: Geochemical and geochronological constraints from granitoids of North Makran, southeastern Iran[END_REF] and the ultramafic Sorkhband-Rudan massif [START_REF] Delavari | Association of MORB and SSZ ophiolites along the shear zone between coloured Melange and Bajgan complexes (North Makran, Iran): Evidence from the Sorkhband area[END_REF]) are equivalent to the Sikhoran complex. The Sargaz Abshur series is reminiscent of other shallow allochtons along the Neotethys: Upper Triassic to Middle/Upper Cretaceous of the Bisotun carbonates around Kermanshah [START_REF] Ricou | Le Zagros[END_REF], Permian to late Jurassic limestone rafts in the Fannuj ophiolite (Makran; [START_REF] Burg | Geology of the onshore Makran accretionary wedge: Synthesis and tectonic interpretation[END_REF], Upper Permian to mid-Cretaceous "Oman Exotics" carbonates [START_REF] Searle | Oman Exotics"-Oceanic carbonate build-ups associated with the early stages of continental rifting[END_REF]. These shallow allochtons are associated with deep sedimentary basins, i.e. the Lower Jurassic to Cretaceous radiolarite series of Kermanshah (Lower Jurassic-mid Cretaceous, [START_REF] Gharib | Mesozoic radiolarians from the Kermanshah formation (Iran)[END_REF] or the Late Triassic to Lower/mid Cretaceous Pichakun unit below the Neyriz ophiolite [START_REF] Ricou | L'étude géologique de la régionde Neyriz (Zagros iranien) et l'évolution structurale des Zagrides[END_REF]. Triassic to Liassic alkaline lavas in Kermanshah [START_REF] Whitechurch | Evidence for Paleocene-Eocene evolution of the foot of the Eurasian margin (Kermanshah ophiolite, SW Iran) from back-arc to arc: Implications for regional geodynamics and obduction[END_REF][START_REF] Saccani | Geochemistry and petrology of the Kermanshah ophiolites (Iran): Implication for the interaction between passive rifting, oceanic accretion, and OIB-type components in the Southern Neo-Tethys Ocean[END_REF] are similar to those observed in Neyriz (Triassic; [START_REF] Ricou | L'étude géologique de la régionde Neyriz (Zagros iranien) et l'évolution structurale des Zagrides[END_REF] or in Oman (Triassic alkaline lavas of the Haybi complex; [START_REF] Searle | The metamorphic sheet and underlying volcanic rocks beneath the Semail ophiolite in the Northern Oman mountains of Arabia[END_REF]. True ocean floor is found in the Hajiabad ophiolite and dated from the Early Jurassic (194-186 Ma, Moghadam et al., 2017) with an E-MORB affinity [START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF], consistent with the well-exposed transition from alkaline lavas to E-MORB in the Haybi complex of Oman [START_REF] Searle | Volcanic rocks beneath the Semail Ophiolite nappe in the northern Oman mountains and their significance in the Mesozoic evolution of Tethys[END_REF].

Subduction: arc development at the northern margin (Jurassic-Oligocene) and Cretaceous-Paleocene back-arcs

The structure of the Zagros suture zone suggests a strong inheritance from northward subduction of the Neotethys/Arabian Plate below Iran (e.g. Agard et al., 2011). Abundant arc-related magmatism is associated with this subduction (Berberian &Berberian, 1981, Omrani et al., 2008, andreferences therein). The oldest potential volcanic arc rocks are situated just north of the Siah Kuh in the "Siah Kuh granitoid stock", with calc-alkaline signatures and ages ∼200 Ma (lower Jurassic, [START_REF] Arvin | Petrochemistry of the Siah-Kuh granitoid stock southwest of Kerman, Iran: Implications for initiation of Neotethys subduction[END_REF] Lower to mid-Jurassic subduction-related magmatism (e.g. [START_REF] Shahbazi | Geochemistry and U-Pb zircon geochronology of the Alvand plutonic complex in Sanandaj-Sirjan Zone (Iran): New evidence for Jurassic magmatism[END_REF][START_REF] Jafari | Geochemistry, petrology and geodynamic setting of the Urumieh plutonic complex, Sanandaj-Sirjan zone, NW Iran: New implication for Arabian and Central Iranian plate collision[END_REF] suggests subduction initiation during the Lower Jurassic. However, as outlined by [START_REF] Hunziker | Jurassic rifting at the Eurasian Tethys margin: Geochemical and geochronological constraints from granitoids of North Makran, southeastern Iran[END_REF], subduction signatures could be related to crustal contamination (e.g. [START_REF] Barbarin | A review of the relationships between granitoid types, their origins and their geodynamic environments[END_REF]. They instead propose an inception of subduction during Late Cretaceous, which is however inconsistent with the recovery of subducted mid-Cretaceous blueschists in Zagros (Agard et al., 2006). Subsequent evolution of arc magmatism is recorded in the Sanandaj Sirjan zone (until the Upper Cretaceous, [START_REF] Jafari | Geochemistry, petrology and geodynamic setting of the Urumieh plutonic complex, Sanandaj-Sirjan zone, NW Iran: New implication for Arabian and Central Iranian plate collision[END_REF], the Kermanshah arc (Paleocene-Eocene, [START_REF] Whitechurch | Evidence for Paleocene-Eocene evolution of the foot of the Eurasian margin (Kermanshah ophiolite, SW Iran) from back-arc to arc: Implications for regional geodynamics and obduction[END_REF] and the Urumieh-Dokhtar magmatic arc (post-Eocene, [START_REF] Omrani | Arc magmatism and subduction history beneath the Zagros Mountains, Iran: A new report of adakites and geodynamic consequences[END_REF].

The Early Cretaceous is marked by extension and back-arc ocean spreading in the upper plate. The Nain Baft basin formed during the Albian (Moghadam et al., 2013a) and magmatic activity lasted until Paleocene [START_REF] Moghadam | Significance of Nain-Baft ophiolitic belt (Iran): Short-lived, transtensional Cretaceous back-arc oceanic basins over the Tethyan subduction zone[END_REF], while the Sistan ocean opened during early Aptian (Babazadeh & de Wever, 2004; the oldest dated lavas are Albian, Zarrinkoub et al., 2012) and was closed during Paleocene-Eocene (Tirrul et al., 1983), and the Sabzevar basin was opened during Cenomanian and closed before the Early Paleocene (Moghadam et al., 2014a). This event might have started as early as Late Jurassic in Makran [START_REF] Hassanipak | Rare Earth Element Characteristics and K-Ar Ages of the Band Ziarat Ophiolite Complex, Southeastern Iran[END_REF][START_REF] Kananian | The ophiolite massif of Kahnuj (Western Makran, Southern Iran): New geological and geochronological data[END_REF][START_REF] Ghazi | Geochemical characteristics, 40 Ar-39 Ar ages and original tectonic setting of the Band-e-Zeyarat/Dar Anar ophiolite, Makran accretionary prism, S.E. Iran[END_REF][START_REF] Hunziker | Jurassic rifting at the Eurasian Tethys margin: Geochemical and geochronological constraints from granitoids of North Makran, southeastern Iran[END_REF][START_REF] Burg | Geology of the onshore Makran accretionary wedge: Synthesis and tectonic interpretation[END_REF].

Upper Cretaceous compressional event

A main feature of the Neotethys is the intra-oceanic subduction that started at the end of the Lower Cretaceous in various areas, leading to the emplacement of supra-subduction ophiolites such as the Semail [START_REF] Hacker | Rapid emplacement of the Oman ophiolite: Thermal and geochronologic constraints[END_REF], Neyriz [START_REF] Lanphere | 40 Ar/ 39 Ar ages and tectonic setting of ophiolite from the Neyriz area, southeast Zagros Range, Iran[END_REF]) and Turkish ophiolites (Çelik et al., 2011) and of metamorphic soles. These metamorphic soles are fragments of the downgoing plate metamorphosed during subduction initiation (Agard et al., 2016, Soret et al., 2017). Most metamorphic ages in the literature cluster at 95 ± 3 Ma [START_REF] Hacker | Rapid emplacement of the Oman ophiolite: Thermal and geochronologic constraints[END_REF], Rioux et al., 2016), hence coeval with magmatic ages for the Semail ophiolite (which lie between 96.4 and 95.5 Ma; [START_REF] Goodenough | Architecture of the Oman-UAE ophiolite: Evidence for a multi-phase magmatic history[END_REF][START_REF] Rioux | Rapid crustal accretion and magma assimilation in the Oman-U.A.E. ophiolite: High precision U-Pb zircon geochronology of the gabbroic crust[END_REF], 2013).

However, recent age constraints for metamorphic soles suggest that they reached peak burial by ∼105 Ma, both in Oman [START_REF] Guilmette | Forced subduction initiation recorded in the sole and crust of the Semail Ophiolite of Oman[END_REF] and Turkey [START_REF] Pourteau | Thermal evolution of an ancient subduction interface revealed by Lu-Hf garnet geochronology, Halilbağı Complex (Anatolia)[END_REF].

A possible interpretation is that former metamorphic ages represent retrogression ages and that, following plate reorganization at ∼115 Ma (Agard et al., 2006, 2007, Jolivet et al., 2016), subduction was initiated in the Southern Neotethys and resulted in ophiolite formation only once mantle upwelling was effective (e.g. [START_REF] Whattam | The 'subduction initiation rule': A key for linking ophiolites, intra-oceanic forearcs, and subduction initiation[END_REF], van Hinsbergen et al., 2015). This subduction initiation event is linked with a compressive event (Agard et al., 2007[START_REF] Agard | Obduction: Why, how and where. Clues from analog models[END_REF] responsible for the exhumation of blueschists all along the Neotethys from Turkey to the Western Himalayas (Monié & Agard, 2009), as well as initiation of subduction within back-arcs (e.g. Sabzevar: [START_REF] Rossetti | Early Cretaceous migmatitic mafic granulites from the Sabzevar range (NE Iran): implications for the closure of the Mesozoic peri-Tethyan oceans in central Iran[END_REF]Sistan: Bonnet et al., 2018).

While arc magmatism is only subordinate in Oman, the Siah Kuh seamount core (A 1 unit), formed around 87 Ma, may represent the arc products of this southern, intra-oceanic subduction (see discussion below).

Evidence for a late Cretaceous spreading phase

This study is one of the first reports of a Late Cretaceous MORB-type magmatic event in the Neotethys (i.e., B unit and magmatic rejuvenation in A unit). We suggest that it is linked to a magmatic phase also recorded in the Kermanshah ophiolite. Instead, an arcrelated magmatic phase is recorded during the Late Cretaceous in the Nain-Baft-North Makran ophiolites [START_REF] Kananian | The ophiolite massif of Kahnuj (Western Makran, Southern Iran): New geological and geochronological data[END_REF][START_REF] Monsef | The Eastern Makran Ophiolite (SE Iran): evidence for a Late Cretaceous forearc oceanic crust[END_REF]. The magmatic evolution observed in Siah Kuh seamount hints to the change from an arc to back-arc setting, and its possible original location in the Neotethys is therefore discussed below.

Where is the arc?

The Siah Kuh seamount is presently sandwiched within the Zagros suture zone and domed below other exposures of Zagros blueschists and of the Sikhoran complex (e.g. Agard et al., 2006, Angiboust et al., 2016). Although challenged by some authors (e.g. [START_REF] Moghadam | Ophiolites of Iran: Keys to understanding the tectonic evolution of SW Asia: (II) Mesozoic ophiolites[END_REF][START_REF] Burg | Geology of the onshore Makran accretionary wedge: Synthesis and tectonic interpretation[END_REF], there is generally a consensus on the existence of two north-dipping subduction zones within the Neotethys: (1) the long-lived North-Neotethys subduction zone initiated during the Jurassic and lasting until Eocene, and (2) the short-lived South Neotethys subduction zone initiated during Middle Cretaceous and ended in the Late Cretaceous by continental subduction of the Arabian platform (e.g. [START_REF] Agard | Crustal stacking and expulsion tectonics during continental subduction: P-T deformation constraints from Oman[END_REF].

Geochemical arguments show that Siah Kuh formed in a forearc/arc setting, and later evolved in a back-arc setting. Whether this occurred in the Upper Plate of subduction (1) or ( 2) is unclear. We will here discuss two different scenarii featured in figure 6.11b.

Hypothesis 1: Arc of the Southern Neotethys Subduction

Most of the magmatism associated with the Southern Neotethys (e.g. Neyriz, Oman) occurs around 95 Ma. The 87 Ma age recorded within Siah Kuh is approximately 10 Ma younger than supra-subduction magmatism. At this time, the Semail ophiolite has undergone a ∼140-150°clockwise rotation and records alkaline magmatism [START_REF] Godard | Geochemical variability of the Oman ophiolite lavas: Relationship with spatial distribution and paleomagnetic directions[END_REF][START_REF] Morris | Clockwise rotation of the entire Oman ophiolite occurred in a suprasubduction zone setting[END_REF][START_REF] Perrin | Rotation of the Oman ophiolite and initial location of the ridge in the hotspot reference frame[END_REF][START_REF] Umino | Emplacement mechanism of off-axis large submarine lava field from the Oman Ophiolite[END_REF]. However, subduction has not ended yet (as shown by later subduction and blueschist to eclogite metamorphism of the Arabian margin; e.g. [START_REF] El-Shazly | Formation and exhumation of blueschists and eclogites from NE Oman: new perspectives from Rb-Sr and 40 Ar/ 39 Ar dating[END_REF][START_REF] Searle | Structural evolution, metamorphism and restoration of the Arabian continental margin, Saih Hatat region, Oman Mountains[END_REF], Yamato et al., 2007) and partial melting may occur in the mantle north of the Semail ophiolite (Fig. 6.11b). Resulting magmas would be erupted on early Mesozoic oceanic crust, possibly in the presence of extensional allochtons similar to those of the Sargaz-Abshur complex. The development of an arc system more mature than in Oman (i.e., including true calc-alkaline magmas) would be favored by deeper and stronger hydration of the mantle wedge.

The ∼78 Ma event recorded in Siah Kuh corresponds to the time when continental rocks start to be exhumed [START_REF] El-Shazly | Formation and exhumation of blueschists and eclogites from NE Oman: new perspectives from Rb-Sr and 40 Ar/ 39 Ar dating[END_REF], Yamato et al., 2007). Resistance to the conver-gence and subduction of the Arabian platform, combined with the slab pull generated by the deeper oceanic slab could induce slab roll back, possibly followed by slab break off (a deep slab was imaged by [START_REF] Van Der Meer | Atlas of the underworld: Slab remnants in the mantle, their sinking history, and a new outlook on lower mantle viscosity[END_REF]. This possibility, modeled by [START_REF] Chemenda | Continental subduction and a mechanism for exhumation of high-pressure metamorphic rocks: new modelling and field data from Oman[END_REF], would create favorable conditions in the upper plate for back-arc extension.

An asthenospheric window would also allow the influx of heat and enriched material that could form the MORB lavas. If the Siah Kuh unit is located as an arc/back-arc of the Southern Neotethys Subduction, it would be in the lower plate of the Northern Neotethys Subduction and get subducted relatively late (i.e. close to collision, for example during the late Paleocene-Eocene) along with remnants of the Early Mesozoic seafloor. The intact subduction of the Siah Kuh seamount would require a huge mega-splay fault, comparable or larger to the one observed in the Nankai accretionary wedge [START_REF] Park | A deep strong reflector in the Nankai accretionary wedge from multichannel seismic data: Implications for underplating and interseismic shear stress release[END_REF]. Although [START_REF] Boutelier | Subduction versus accretion of intraoceanic volcanic arcs: Insight from thermo-mechanical analogue experiments[END_REF] proposed a mechanism allowing an arc to be subducted and kept intact, modern or fossil examples of such a process are not documented.

In this scenario, subduction of the Siah Kuh seamount can occur at any time from Late Cretaceous to Eocene. Dating metamorphism within Siah Kuh could hence potentially help discriminate between both hypotheses.

Conclusion

The Siah Kuh unit is a former seamount, now outcropping in the Zagros Suture Zone. It is composed of two units separated by a major thrust, both of which record a 123 comparable magmatic and geodynamic history.

1) The seamount was built around 87 Ma in a forearc/arc setting, and it witnesses increasing maturity and subduction contamination.

2) A resumption of magmatism occurred around 78-73 Ma in a back-arc setting, with progressively depleted MORB mantle source.

3) The Siah Kuh seamount was later subducted below the Arabian plate, down to ∼30 km, and later exhumed.

Combining structural and geochemical data from other magmatic and metamorphic episodes in the Iranian-Omanese Neotethys realm, which was affected by two subduction zones during the Late Cretaceous, we propose two possible tectono-magmatic settings for the Siah Kuh seamount. This exceptional remnant might represent (1) an arc located above the Southern Neotethys subduction zone, and would therefore represent a non-obducted piece (and the 'missing arc') of the Oman ophiolite, or (2) an arc to fore-arc domain at the Northern Margin of the Neotethys. We consider the first hypothesis more likely. 7 Seismogenic behavior of a subducted seamount

S1: Clinopyroxene chemical analyses

S2: Spinel chemical analyses

Introduction

The bathymetric roughness of seamounts and seamount chains entering subduction zones [START_REF] Hillier | Global distribution of seamounts from ship-track bathymetry data[END_REF], Bassett & Watts, 2015) has long been suspected to impact the geometry and seismic coupling of the subduction interface [START_REF] Cloos | Shear zone thickness and the seismicity of Chilean-and Mariana-type subduction zones[END_REF][START_REF] Scholz | The effect of seamount subduction on seismic coupling[END_REF]. Constraining the size and/or location of megathrust ruptures is critical for assessing earthquake hazard, and whether seamounts can limit mega-earthquake rupture propagation (acting as barriers) or may nucleate mega-earthquakes (acting as asperities)

is therefore of crucial importance (Mochizuki et al., 2008, Wang & Bilek, 2011, Geersen et al., 2015, Saffer & Wallace, 2015). Despite spectacular geophysical imaging at the trench [START_REF] Ranero | Subduction erosion along the Middle America convergent margin[END_REF], seamounts are poorly imaged once subducted beyond ∼15 km depth (Saffer & Wallace, 2015[START_REF] Kodaira | High pore fluid pressure may cause silent slip in the Nankai Trough[END_REF][START_REF] Singh | Aseismic zone and earthquake segmentation associated with a deep subducted seamount in Sumatra[END_REF] and their internal deformation is thus beyond reach [START_REF] Park | A subducting seamount beneath the Nankai accretionary prism off Shikoku, southwestern Japan[END_REF]. Fossil exhumed examples are scarce [START_REF] Macpherson | The Snow Mountain Volcanic Complex : An On-Land Seamount in the Franciscan Terrain , California[END_REF]), yet of utmost interest as they possibly preserve millions of years of seamount evolution on the ocean floor and within the subduction zone.

An exceptionally preserved fossil seamount

We herein report the discovery of a unique, fully exposed subducted seamount, namely the Siah Kuh (SK) massif, and detail its structure and evolution through extensive field and petrological data. This massif crops out within ophiolite fragments of the Neotethys ocean subducted beneath Eurasia (Agard et al., 2011) in the easternmost portion of the Zagros, next and below oceanic blueschists metamorphosed during the Late Cretaceous (Angiboust et al., 2016). This massif rises from Quaternary sediment infill as an 18x12-kilometer-wide and ≥1. 

Conditions of burial in a subduction zone

Former subduction of the SK seamount is indicated by a high-pressure/lowtemperature (HP-LT) metamorphic imprint that post-dates seafloor hydrothermal alteration of the basalts and contact metamorphism near felsic intrusions. This event is best expressed at the NE tip of the massif near the major shear zones bounding units A and B (Fig. 7.1). It consists of (i) small shear zones and veins in gabbros with sodic and calcsodic amphibole recrystallization, (ii) numerous quartz-lawsonite veins in basalts, and (iii) metamorphic aragonite veins in carbonates and basalts. These minerals are diagnostic of low-temperature subduction zone blueschists and define a minimum pressure of 0.45 GPa which, if lithostatic, corresponds to a minimum depth of ∼17 km. The absence of jadeite + quartz in basalt, and of antigorite + brucite in serpentinite argues for maximum pressures and temperatures of 0.9 GPa and 300°C (∼35 km). Raman spectroscopy on organic matterbearing metasediments from the middle part of the subducted seamount yields an average temperature of 225 ± 30°C. Considering typical subduction gradients (<10°C.km -1 in mature subduction zones) and the ∼7.5°C.km -1 inferred from lawsonite-omphacite blueschists suggests greater burial depths and that this represents the frontal part of the seamount, consistent with northeastward subduction beneath Eurasia during the Cretaceous and Paleocene times. Depth and temperature differences expected between the front and rear of a ∼20 km long seamount on a 20°dipping slab are ca. 40°C and 0.17 GPa, or 6.5 km.

Importantly, only a minor part of the recorded 0.6-0.9 GPa may correspond to stress accumulation, which was estimated by numerical models with strain weakening (Ruh et al., 2016) to be ≤0.12 GPa ahead of a subducting seamount for almost dynamic fluid pressure (λ=0.9). There is indeed ample evidence (Gao & Wang, 2017) that high fluid pressures prevail along the plate interface in the seismogenic zone (λ > 0.9-0.95), particularly in and at the front of subducting seamounts or ridges [START_REF] Bell | Seismic reflection character of the Hikurangi subduction interface, New Zealand, in the region of repeated Gisborne slow slip events[END_REF][START_REF] Kato | Variations of fluid pressure within the subducting oceanic crust and slow earthquakes[END_REF]. Hydraulic brecciation, metamorphic vein formation (Fig. 7.2b) and chlorite-rich shear bands in metagabbro at peak P-T in Siah Kuh further strengthen this conclusion. A minor contribution of tectonic overpressure-underpressure to pressure estimates would enhance the apparent depth difference between the front and rear of the seamount, but not explain the HP-LT metamorphic record alone.

The SK seamount preserves pristine subduction-related deformation, as demonstrated by the spatial coincidence between faults and HP-LT metamorphism (Fig. 7.1c). Major displacements are localized in serpentinite (with an offset of several km between units A and B; Fig. 7.1d) and in sediments (hm-to km-scale offsets). Although the 25-35 km depth range is prone to brittle-ductile switches (Fagereng & Den Hartog, 2017), the fact that deformation is mostly rooted in plastically-deforming materials such as serpentinite and sediments suggests a dominantly ductile (creep) rather than brittle (elastic, potentially seismic) mechanical behaviour. Long-term elevated pore fluid pressure in these materials, as a result of metamorphic dehydration reactions and/or sealed plate interface (Audet et al., 2009, Wallace et al., 2012), nevertheless favors continuous failure and generation of earthquakes of small magnitude. In the studied area, the fracture network made of numerous randomly oriented metamorphic veins (of blue amphibole or lawsonite and quartz; Fig.

7.2b

) is associated with only small (∼mm-scale) displacements, suggesting small magnitude earthquakes (Mw < 1). pointing to seismic events with maximum cm-to dm-scale slip (i.e. Mw <∼2-3). This has important consequences for the seismic behavior of Siah Kuh, as it shows that no major earthquake went through or nucleated in the seamount during subduction. This demonstrates that the SK seamount was not a mega-earthquake asperity (Mochizuki et al., 2008[START_REF] Wang | Invited review paper: Fault creep caused by subduction of rough seafloor relief[END_REF].

No record of large magnitude earthquakes

Whether the SK seamount behaved as a barrier is more difficult to assess, because megathrust earthquakes may have propagated above or below the seamount without leaving any scar in it. However, no pseudotachylites or damage were observed in the upper plate above the contact (Fig. 7.1). The contact at the base of the seamount, where slicing and detachment of the seamount from the subducting slab occurred prior to exhumation (Figs. 7.1D; 7.3), is unfortunately not exposed. With a plate convergence rate of ∼5 cm/yr (Agard et al., 2011) and a 20 km-long seamount, detachment of the SK seamount must have lasted ∼400

kyrs (only a fraction of a Myr). This could in principle have been accommodated by creep or by ∼2000 mega-earthquakes if one Mw∼8 earthquake with ∼1-10 m slip occurred every 200 yr (as along Chile today). Yet, no major subduction earthquake was recorded in Siah Kuh, pointing again to deformation mostly by creep. We therefore propose (Fig. 7.3) that the Siah Kuh seamount acted as a barrier to earthquake propagation on the subduction interface, possibly controlling the segmentation of seismic coupling (Geersen et al., 2015, Métois et al., 2016). Other examples of fossil subducted seamounts should be looked for to assess whether size or lithology may control their behavior as asperities and/or barriers.

The presence of sediments is commonly regarded as a pre-requisite for velocity-weakening behaviour and rupture propagation [START_REF] Scholl | Great (>Mw8.0) megathrust earthquakes and the subduction of excess sediment and bathymetrically smooth seafloor[END_REF], Shillington et al., 2015). In this exceptionally well-preserved seamount the dearth of weak sediments, as, in fact, in most seamounts (Bassett & Watts, 2015[START_REF] Kodaira | High pore fluid pressure may cause silent slip in the Nankai Trough[END_REF], may have prevented the nucleation of large earthquakes. The presence of soft material (serpentinite and minor sediments with high fluid pressure) was nevertheless essential in promoting strain localization along the major contacts. The scarcity of exhumed seamounts in the geological record [START_REF] Macpherson | The Snow Mountain Volcanic Complex : An On-Land Seamount in the Franciscan Terrain , California[END_REF] indicates that effective decapitation of seamounts during subduction is generally impeded. We suggest that specific structural heterogeneities (Ruh et al., 2015, this study) and/or strain localization into serpentinite (Guillot et al., 2015), beneath the Moho (Fig. 7.3), are essential to prevent seamounts from sinking into the mantle. 

Supplementary Material

S1: Materials and methods

Thin sections of all samples were screened with the petrographic microscope. Detailed investigation of the mineralogy was carried out using the SEM facility at ISTeP and IPGP. Raman spectroscopy on carbonaceous matter [START_REF] Kouketsu | A new approach to develop the Raman carbonaceous material geothermometer for low-grade metamorphism using peak width[END_REF] measures the organization degree of organic matter, which irreversibly increases when heated. This method therefore provides the maximum temperature reached by a rock, with an uncertainty of ±30°C. The (rare) presence of sodic amphibole in the massif may not in itself be characteristic of high-pressure-low-temperature metamorphism, as it is often ferric (except in pseudotachylite). The stability field of lawsonite in veins was modelized by a PerpleX pseudosection (Connolly, 1990(Connolly, , 2005) ) using the database of Holland and Powell (Holland & Powell, 1998). The bulk composition for this model is that of lawsonite, with quartz and water in excess. A similar procedure has been used to determine the stable carbonate phase (in the case of pure calcium carbonate, as attested by the chemical composition of carbonate). In every case, aragonite in thin section was only analyzed in metamorphic veins of pure calcium carbonate associated with compressional deformation. The position of other reactions in figure 7.2a (albite → jadeite + quartz; lizardite → antigorite + brucite) is from the literature [START_REF] Holland | The reaction albite = jadeite + quartz determined experimentally in the range 600-1200°C[END_REF][START_REF] Evans | Metamorphism of Alpine peridotite and serpentinite[END_REF]. Carbonate and serpentine polymorphs were analyzed on multiple spots in thin section (preferably on veins) using Raman spectrometry.

Thermoba-Raman-try on quartz inclusion in lawsonite [START_REF] Kohn | Thermoba-Raman-try": Calibration of spectroscopic barometers and thermometers for mineral inclusions[END_REF] did not give satisfactory results, most probably due to the highly non-isotropic nature of lawsonite. The "cold subduction range" field on the P-T diagram is extracted from the compilation of shallow thermal models of subduction zones (excluding Cascadia): Costa Rica [START_REF] Harris | Thermal regime of the Costa Rican convergent margin: 2. Thermal models of the shallow Middle America subduction zone offshore Costa Rica[END_REF], Japan trench (Kimura et al., 2012), Nankai [START_REF] Marcaillou | Seismogenic zone temperatures and heat-flow anomalies in the To-nankai margin segment based on temperature data from IODP expedition 333 and thermal model[END_REF], Makran [START_REF] Smith | Thermal structure and megathrust seismogenic potential of the Makran subduction zone[END_REF].

S2: Details on the pseudotachylite

The pseudotachylite mentioned in the text was analyzed using the SEM facilities of ISTeP and IPGP. Small dimension of crystallites in the pseudotachylite make analyses From the dimensions of the pseudotachylite on the field, we can estimate the seismic moment (M 0 ) from the following equation involving the shear modulus G, the amount of coseismic slip D, and the surface of the fault S:

M 0 = G * D * S,
which is linked to the moment magnitude by the following equation:

M w = 2 3 log(M 0 ) -6.
This pseudotachylite accommodates 1-10 cm seismic slip, and is most probably a single earthquake-related fault, the dimensions of which being on the order of 10-100 m. Therefore, we can reasonably assume a fault surface comprised between 102 and 103 m 2 . By applying the shear modulus of 44 GPa determined for diabase at 0.5 GPa [START_REF] Simmons | Comparison of static and dynamic measurements of compressibility of rocks[END_REF], we obtain a moment magnitude between 1 and 2.4. 8 Discussion and perspectives

S3: Location of metamorphic minerals

We herein discuss the main outcomes of this thesis and propose a few perspectives on the different aspects of this work.

Synthesis of the main results and discussion

The results of this thesis are articulated in two parts: the first part consists on observations in modern subduction zones, while the second part (the main work of this PhD thesis) focuses on the fossil record in an outstanding example. The three sections below recall the three key questions raised in the introduction as to the identification, transformations and deformation of seamounts.

Identification of seamounts

Seamounts are characterized with positive gravity anomalies surrounded by negative gravimetric anomalies (flexural moats). This preliminary study shows that it should be possible to detect and locate subducted seamounts with some confidence from the presence of gravimetric anomalies in modern subduction zone forearcs. The method developed during this PhD has a better precision than the ones developed so far. A first general survey points out the existence of gravimetric anomalies that are not associated with the subduction of a seamount chain and that possibly represent underplated units (such as former seamounts and/or oceanic fragments such as small plateaus).

Most of the results of this PhD thesis are however related to the study of one example of fossil seamount, the Siah Kuh edifice, a well-localized and oriented unit with a preserved 3D geometry.

Its structural, magmatic and metamorphic evolutions are now reasonably well-constrained.

As recalled in the introduction, such preserved units are rare and essential to track geolog- 

Seamount transformation during subduction and insights into the seismogenic zone constitution

The whole Siah Kuh seamount has been metamorphozed to incipient blueschist facies. This metamorphic imprint has been acquired during regional metamorphism in a subduction zone and is not due to tectonic overpressures.

Pressure-Temperature (P-T) estimates, based on the presence of lawsonite (as veins and plagioclase pseudomorphs), veins with metamorphic aragonite, and the absence of characteristic higher pressure and temperature phases such as clinopyroxene or antigorite, coupled with thermometry using organic-matter-bearing metasediments yield metamorphic conditions around 200-250°C and 0.5-0.8 GPa. However, thermodynamic modeling on rocks from the Siah Kuh seamount did not give satisfying results, ( 1) due to the inadequacy of solution models at these low temperatures (after many tests, and further discussion with the thermodynamic expert R. White), and ( 2) perhaps because equilibrium is rarely reached at such low temperatures in these rocks. These conditions are related to the burial of the Siah Kuh seamount to depths of about 20-30 km, in the middle of the subduction seismogenic zone. We have the evidence for two coupling/detachment events removing pieces from the slab (B then A unit), that are not dismembered during exhumation. The fact that the Siah Kuh seamount was subducted has regional implications too, as this is the latest fragment recovered in the Northern Neotethys Subduction Zone.

All these characteristics make the Siah Kuh seamount an outstanding place to study fluid migration in and along a subduction zone. High-pressure veins composed of lawsonite and quartz are fluid pathways for fluids at high-pressure.

They attest for the migration of water-dominated overpressured fluids in the subducting oceanic crust. These fluids may originate from the local dehydration of serpentinite, basalts or sediments, or might result from liberation and transfer of fluids from greater depths. This record of fluid is comparable to observations of high fluid pressures along modern subduction interfaces, in particular at seismogenic depths (Audet et al., 2009[START_REF] Kato | Variations of fluid pressure within the subducting oceanic crust and slow earthquakes[END_REF][START_REF] Bell | Seismic reflection character of the Hikurangi subduction interface, New Zealand, in the region of repeated Gisborne slow slip events[END_REF]. The abundance of fluids at these depths is expected to have a strong impact on rock deformation and earthquakes (Fagereng & Den Hartog, 2017, Webber et al., 2018). Their transfer from the slab to the upper plate is a first order mechanism in volatile cycling in subduction zone (e.g. [START_REF] Bebout | Volatile transfer and recycling at convergent margins: Mass-balance and insights from high-P/T metamorphic rocks[END_REF][START_REF] Hacker | H2O subduction beyond arcs[END_REF].

Strain localization in a subducting seamount (and implication for mechanical coupling) and impact on seismogenesis

Subduction-related deformation within the Siah Kuh seamount is localized at different scales. At the large scale, most of the deformation occurs on the thrust rooted in serpentinite separating the A and B units. This thrust with >km-scale displacement must have acted as a former subduction interface for some time in the seamount history, i.e. when the main subduction contact switched from above the slab to within the B unit, prior to its thrusting onto the A unit (the basal contact beneath the A unit must in fact have experienced a similar history but is unfortunately not exposed).

In contrast, small-scale deformation is observed in veins and a pseudotachylite formed during a small earthquake. Examples of brittle deformation within the Siah Kuh unit consists of a high-pressure pseudotachylite testifying for a Mw 2-3 earthquake, and of cataclastic gabbros and high-pressure veins. The Siah Kuh seamount is hence a good window on deformation processes close to the brittle-ductile transition. We suggest that the abundance of fluids within sediments might have favored ductile mechanisms such as pressure-solution.

This work shows that there is no record of either abundant and/or large earthquakes within the exposed portions of the Siah Kuh seamount. Earthquakes that would have nucleated on top of the subducting seamount or at its base could however be missed in the field record (because of erosion of the top of the seamount or the absence of exposures of the basal detachment surface), but it is unlikely that no damage would be recorded in the seamount itself. Decapitation (detachment) of the Siah Kuh seamount is probably a relatively short-term process, completed in 400 kyrs, and accommodated by creep, or by 2000 Mw 8 earthquakes, each with 1-10 m slip every 200 yrs). No sign of these earthquakes is however found within the seamount. This is a direct proof that the Siah Kuh seamount was (most likely) not a major seismic asperity and that it presumably acted as a barrier to earthquake propagation.

Perspectives

Geophysical imaging of subducted seamounts

The ability to detect subducting seamounts is the first step towards trying to understand how upper plates deform during seamount subduction (i.e., due to subduction erosion and/or seamount-related surrection/subsidence), and should associate with 2Dgravity modeling to understand the respective contributions of the seamount mass and upper plate topography to the free-air gravity signal. The next step consists in linking these observations with the global earthquake record (available in global catalogs like the ISC-GEM catalog gathering earthquakes of Mw > 5.5), as already done in a few studies (Bassett & Watts, 2015, Lallemand et al., 2018, van Rijsingen et al., 2018). Data such as epicenters, focal mechanisms, and a specific distinction between near interface and upper plate earthquakes needs to be done through a case-by-case, careful study (for which there was unfortunately no time left in the present time frame of this thesis). This study should rely on spatially-located data from global catalogs with epicenters of earthquakes located around the subduction interface, spatial patterns of the earthquake record but also associated focal mechanisms, a-and b-values maps, and interseismic coupling maps (e.g. Métois et al., 2016), wherever available. The final objectives of this future study are: (1) to assess the seismogenic behavior of subducted seamounts (but also of the upper plate) based on long-term global records, (2) to examine potential correlations between rupture areas of large earthquakes, coupled plate interfaces and the location of subducted seamounts and ridges.

Further studies on the Siah Kuh seamount

Magmatic evolution of the Siah Kuh seamount Sr-Nd isotopic analyses (in process) are expected to confirm the depletion of the source, and have high Nd(t) values. The major-trace-element compositions of serpentinized peridotite found in the Siah Kuh unit could in principle be used to perform geochemical modeling.

However, these serpentinized peridotites underwent several stages of melt extraction and refertilization, which would make the interpretation of models ambiguous.

Refinement of Pressure-Temperature conditions of metamorphism

Further work involving barometry based on residual pressures of quartz inclusions in lawsonite [START_REF] Kohn | Thermoba-Raman-try": Calibration of spectroscopic barometers and thermometers for mineral inclusions[END_REF] could help refine the pressures reached by the Siah Kuh unit. Preliminary tests with this method showed, however, that its application requires large quantities of quartz inclusions and a careful methodology (e.g. [START_REF] Mazzucchelli | Elastic geothermobarometry: Corrections for the geometry of the host-inclusion system[END_REF]. Examination of the potential application of fluid inclusion thermometry in quartz-lawsonite revealed that these veins comprise very few fluid inclusions. Tracking organic-matter rich metasediments could potentially allow to obtain a map of maximum temperature conditions reached by sediments within the Siah Kuh seamount (and potentially evaluate the extent of equilibrium in these low temperature rocks, judging from the maximum temperatures reached by nearby samples), however such sediments are rare. Although the various maximum temperatures are expected to be identical within the uncertainties of the methods used to calibrate the thermometer (e.g. Beyssac et al., 2002), we expect to see a relative spa-tial evolution with increasing temperatures (by a few tens of degrees) towards the deepest subducted part of Siah Kuh.

Timing of metamorphism

Dating metamorphism can bring clues on the former position of the seamount. In the hypothesis where the seamount formed as an arc of the Southern Neotethys Subduction zone, it must have been subducted late and close to collision, i.e. during the Late Paleocene or Eocene (Agard et al., 2011). In the other hypothesis, it can be subducted at any time from the Late Cretaceous to Eocene. The scarcity of minerals classically used to date metamorphism (metamorphic mica, K-rich amphibole, or zircon, for example) imposes to involve other methods such as Sm-Nd (or Lu-Hf) dating of lawsonite or zircon fissiontrack thermochronology. The first method (possible collaboration with E. Baxter for TIMS Sm-Nd dating) would allow to date the crystallization age of lawsonite, hence the fluid infiltration event at high-pressure. Sm-Nd dating might be promising due to moderately elevated "parent/daughter" ratios (at least in the trace element signature), with ratios variable enough within lawsonite that isochrons can be obtained. This would allow to date the crystallization age of lawsonite, hence the fluid infiltration event at high-pressure. The second method could be applied to detrital zircons in Siah Kuh metasediments to date the early exhumation (below 200°C, Bernet et al., 2009) of the seamount. A potential problem might however lie in only partially reset ages. Dating the pseudotachylite vein (hence dating the seismic event, a priori coeval with high-pressure metamorphism; e.g. Menant et al., 2018) might also be possible due to the presence of mica crystals recrystallized from glass. However, the small amount and size of mica crystals in the vein are expected to produce ages with large uncertainties.

Fluid circulation

Assessing the origin of the high-pressure fluids within Siah Kuh is a primary question. A dense sampling of metamorphic veins from the A and B units, associated with trace element/isotopic analyses, mass balance calculation could help identify the potential sources of these fluids as well as variations within the Siah Kuh unit. Preliminary analyses were conducted (as mentioned in the first manuscript in preparation) and underline the potential of this approach.

Strain localization and the record of earthquakes

A more careful study of deformation mechanisms within sediments and veins is in process and can help characterize deformation mechanisms at the transition between brittle and ductile behaviors (e.g. [START_REF] Stipp | The eastern Tonale fault zone: A 'natural laboratory' for crystal plastic deformation of quartz over a temperature range from 250 to 700 °C[END_REF]. Deformation and earthquake-related rocks have never been investigated within the two other subducted seamounts reported so far (e.g.

Conclusion

This thesis was focused on seamount subduction, as part of a research effort dedicated to document processes occurring along the subduction interface, and bridge the gap between long-and short-term processes. This comprised two main aspects: the study of fossil, potentially exceptionally well-preserved subducted seamount within the geological record, and the attempt to detect and characterize subducted seamounts in present-day subduction zones.

Using extensive field mapping and a combined structural-petrological-geochemicalradiochronological approach, we show that the Siah Kuh unit in Southern Iran is indeed a former seamount whose initial geometry can be restored with reasonable confidence. This seamount was formed in an arc setting during the Late Cretaceous and was later affected by a back-arc magmatic activity. Sedimentation in the Siah Kuh seamount record subsidence and slope instabilities.

This seamount has been metamorphosed at lower blueschist facies (200-250°C, 0.5-0.8

GPa) during subduction down to 20-30 km, that is in the middle of the seismogenic zone.

It records the migration of overpressured fluid at these depths.

Subduction-related deformation in the Siah Kuh seamount is localized at all scales in the Siah Kuh seamount, but most major displacements are localized within serpentinite or soft sediments. Importantly, no major earthquakes are fossilized in the Siah Kuh seamount (despite an extensive search!), which leads us to propose that the Siah Kuh seamount was not a major seismic asperity, and likely acted as a barrier to earthquakes.

Through this study, we document the record of a subducted seamount in the seismogenic zone, thereby bringing new constraints for mechanical coupling and detachment processes, as well as directions for future studies, for example on the detailed magmatic and sedimentary evolution of a seamount structure or fluid circulation and strain localization along the subduction interface. Suture zones preserve metamorphosed relicts of subducted ocean floor later exhumed along the plate interface and provide critical insights on subduction zone processes (e.g., Agard et al., 2009;Guillot et al., 2009). Some preserve extensive subduction-related mélange-like units composed of a sedimentary or peridotite-derived matrix hosting blocks of variable size, metamorphic grade and nature (sediments, mafic or ultramafic material). Classic kilometer-scale mélange examples are found in California (Franciscan complex: Hsü, 1968;[START_REF] Tsujimori | Finding of high-grade tectonic blocks from the New Idria serpentinite body, Diablo Range, California: petrologic constraints on the tectonic evolution of an active serpentinite diapir[END_REF][START_REF] Ukar | Actinolitic rinds on low-T mafic blueschist blocks in the Franciscan shale-matrix mélange near San Simeon: implications for metasomatism and tectonic history[END_REF]Wakabayashi, 2015;Great Valley Group: Wakabayashi, 2017a;Santa Catalina Island: Bebout and Barton, 1993;Platt, 1975;[START_REF] Sorensen | A plate tectonic model for the Paleozoic and Mesozoic constrained by dynamic plate boundaries and restored synthetic ocean isochrons[END_REF], in the Caribbean (Serpentinite mélange zone from Cuba/Dominican Republic/Guatemala/Nicaragua; [START_REF] Draper | Geologic and tectonic development of the North America-Caribbean plate boundary in Hispaniola: development of the Rio San Juan Complex, northern Dominican Republic[END_REF][START_REF] Flores | Jadeitite formed during subduction: in situ zircon geochronology constraints from two different tectonic events within the Guatemala Suture Zone[END_REF][START_REF] Flores | Metamorphic history of riebeckite-and aegirine-augite-bearing high-pressurelow-temperature blocks within the Siuna Serpentinite Mélange, northeastern Nicaragua[END_REF]Garcia-Casco et al., 2006;[START_REF] Goncalves | Thrusting and sinistral wrenching in a pre-Eocene HP-LT Caribbean accretionary wedge (Samana Peninsula, Dominican Republic)[END_REF][START_REF] Harlow | Two high-pressure-low-temperature serpentinite-matrix mélange belts, Motagua fault zone, Guatemala: a record of Aptian and Maastrichtian collisions[END_REF]Krebs et al., 2011;[START_REF] Martens | Eclogite varieties and petrotectonic evolution of the northern Guatemala Suture Complex[END_REF][START_REF] Martin | Boron isotopic discrimination for subductionrelated serpentinites[END_REF]Tsujimori et al., 2006a), in Sulawesi [START_REF] Parkinson | The origin and significance of metamorphosed tectonic blocks in melanges: evidenc from Sulawesi, Indonesia[END_REF], and m-hm scale zones are reported in the Western Alps (Angiboust et al., 2011;[START_REF] Federico | Different PT paths recorded in a tectonic melange (Voltri Massif, NW Italy): implications for the exhumation of HP rocks[END_REF] or in active subduction zones (Mariana forearc, [START_REF] Maekawa | Incipient blueschist-facies metamorphism in the active subduction zone beneath the Mariana forearc[END_REF]Pabst et al., 2012). The main characteristics of these units are summed up in Table 1. Of particular interest is how these rocks may record processes such as slow vs fast exhumation, storage along the plate interface (in the "subduction channel") or thermal and chemical interactions with fluids and/or the mantle wedge above. By essence, however, mélange-like units are complex and may form from sedimentary, tectonic or diapiric mixing (Festa Lithos 310-311 (2018) et al., 2010;Wakabayashi, 2015), requiring detailed mapping and assessment of the diversity of metamorphic grades, lithologies and matrix to distinguish between them. Among the various kinds of mélange-like units (Table 1), those of Sistan (Eastern Iran) appear unique in that they are probably the best exposed with different metamorphic grades (Angiboust et al., 2013;[START_REF] Fotoohi Rad | Eclogites and blueschists of the Sistan Suture Zone, eastern Iran: a comparison of P-T histories from a subduction mélange[END_REF] and that strikingly clustered Rb/Sr, Ar/Ar and U/Pb ages around 90-85 Ma were found for them ~150 km along the suture [START_REF] Bröcker | New age constraints for the geodynamic evolution of the Sistan Suture Zone, eastern Iran[END_REF].

In order to understand how these sparse and relatively small (~hm scale) blocks of eclogites and HP amphibolites were returned 150 km along strike from seemingly varied depths yet almost coevally, and by which mechanism they formed, we gathered structural, petrological and geochronological data on the Northern exposures of the Sistan metamorphic suture around Gazik. Combining them with former data (Angiboust et al., 2013;[START_REF] Bröcker | New age constraints for the geodynamic evolution of the Sistan Suture Zone, eastern Iran[END_REF][START_REF] Fotoohi Rad | Eclogites and blueschists of the Sistan Suture Zone, eastern Iran: a comparison of P-T histories from a subduction mélange[END_REF][START_REF] Kurzawa | Cretaceous highpressure metamorphism and low pressure overprint in the Sistan Suture Zone, eastern Iran: additional temperature estimates for eclogites, geological significance of U-Pb zircon ages and Rb-Sr constraints on the timing of exhumation[END_REF], we then discuss implications for deep-seated mechanisms (e.g., exhumation and/or detachment from the slab; Monié and Agard, 2009) and Sistan geodynamics.

Geological setting

Paleogeographic context

Iran forms a complex network of orogenic belts, testifying to longlasting convergence (e.g., [START_REF] Sorensen | A plate tectonic model for the Paleozoic and Mesozoic constrained by dynamic plate boundaries and restored synthetic ocean isochrons[END_REF][START_REF] Stöcklin | Structural history and tectonics of Iran: A review[END_REF]. The Northern ranges of Iran (Alborz, Kopeh Dagh) formed as a result of Paleozoic to Early Mesozoic convergence of several continental blocks towards Eurasia (e.g., the Cimmerian or Central Iranian Blocks). Southern Iran, on the other hand, was dominated by subduction of the Neotethyan oceanic domain below Eurasia since the Late Jurassic. Although only few remnants are now observed in the Zagros orogen (e.g., Agard et al., 2006;Angiboust et al., 2016), subduction is still ongoing below Makran (Farhoudi and Karig, 1977;Mohammadi et al., 2016b;[START_REF] Saccani | New insights into the geodynamics of Neo-Tethys in the Makran area: evidence from age and petrology of ophiolites from the Coloured Mélange Complex (SE Iran)[END_REF]. The Sistan orogen, by contrast, results from the closure of a small ocean (i.e., not wider than 1000 km, Barrier et al. (2008); Fig. 1c), probably a former back-arc domain from the Neotethys (Agard et al., 2011) separating the Eurasian platform (i.e., the Afghan Block) from the Cimmerian Lut Block (Fig. 1). Abundant exposures of ophiolite and ocean-related rocks indeed testify to the existence of an early Cretaceous ocean, dated from the early Aptian (~120-115 Ma) to Albian (~110-100 Ma), based on radiolarian fauna (Babazadeh and de Wever, 2004), and early Albian (113-107 Ma) based on zircon U-Pb dating in leucogabbro intrusions in the ophiolite (Zarrinkoub et al., 2012).

The geochemical signature of this ocean is mainly MORB-type [START_REF] Saccani | Petrological and geochemical constraints on the origin of the Nehbandan ophiolitic complex (eastern Iran): implication for the evolution of the Sistan Ocean[END_REF]Zarrinkoub et al., 2012), although some depleted peridotite samples from the south of the range are interpreted to be the source of supra-subduction zone boninitic melts and may attest to the existence of intra-oceanic subduction from the Turonian to the Maastrichtian [START_REF] Saccani | Petrological and geochemical constraints on the origin of the Nehbandan ophiolitic complex (eastern Iran): implication for the evolution of the Sistan Ocean[END_REF]. This ocean closed in the early Tertiary (Mohammadi et al., 2016a), coeval with the counter-clockwise rotation of the Lut Block (e.g., [START_REF] Mattei | Post-Cimmerian (Jurassic-Cenozoic) paleogeography and vertical axis tectonic rotations of Central Iran and the Alborz Mountains[END_REF]. Many structural and magmatic arguments support eastward subduction of the Sistan ocean under the Afghan block [START_REF] Babazadeh | A Note on Stratigraphic Data and Geodynamic Evolution of Sistan Suture Zone (Neo-Tethyan Margin) in Eastern Iran[END_REF][START_REF] Camp | Character, genesis and tectonic setting of igneous rocks in the Sistan suture zone, eastern Iran[END_REF]Tirrul et al., 1983) but some studies, based on the wide occurrence and geochemistry of Tertiary magmatic rocks in the Lut block, have argued for westward-dipping [START_REF] Beydokhti | U-Pb zircon geochronology, Sr-Nd geochemistry, petrogenesis and tectonic setting of Mahoor granitoid rocks (Lut Block, Eastern Iran)[END_REF][START_REF] Pang | Eocene-Oligocene post-collisional magmatism in the Lut-Sistan region, eastern Iran: magma genesis and tectonic implications[END_REF] or even double-vergent subduction [START_REF] Arjmandzadeh | Sr-Nd isotope geochemistry and petrogenesis of the Chah-Shaljami granitoids (Lut Block, Eastern Iran)[END_REF].

Remnants of this ocean are now part of the Sistan Suture Zone, described by Tirrul et al. (1983) as a Cretaceous to Oligocene subduction-derived accretionary complex. This zone is divided in three geological units: the Ratuk complex (in the East) and the Neh complex (in the West) are both partly overlain by the Sefidabeh basin, regarded as a former forearc basin. The Ratuk and Neh complexes expose oceanic rocks, ophiolite-like units of basalt and peridotite in the Neh complex, and block-in-matrix complexes in the Ratuk complex. Both sides of the orogen termination display en-échelon structures formed as a result of long-lived right-lateral movements from at least the Oligocene to present (Fig. 1; [START_REF] Berberian | The 1994 Sefidabeh earthquakes in eastern Iran: Blind thrusting and beddingplane slip on a growing anticline, and active tectonics of the Sistan suture zone[END_REF][START_REF] Freund | Rotation of strike-slip faults in Sistan, Southeast Iran[END_REF][START_REF] Jentzer | Neogene to present paleostress field in Eastern Iran (Sistan belt) and implications for regional geodynamics[END_REF][START_REF] Sadeghian | The granite pluton of Zahedan (SE Iran): a petrological and magnetic fabric study of a syntectonic sill emplaced in a transtensional setting[END_REF]Tirrul et al., 1983). 

The Ratuk complex

At the eastern edge of Sistan, the suture zone is marked by the Ratuk complex (Fig. 1b) and bound to the East by the Afghan block (represented by Aptian-Albian Orbitolina limestone, Upper Cretaceous andesitic to basaltic lavas and rare basement rocks; Tirrul et al., 1983), and overlain in places by sediments of the Sefidabeh basin. Three main outcrops of oceanic-derived units are described for the Ratuk complex in the literature, from North to South: Gazik (around N33°03′, E60°15′), Gurchang (N32°53′, E60°15′), and Sulabest (N32°30′, Barrier et al. (2008) showing the Sistan as a branch of the Neotethys Ocean subducting under the Afghan block. E60°20′). The main sedimentary rock type outcropping in the suture units of the Ratuk complex is an Upper Cretaceous flysch made of siliciclastic rocks [START_REF] Nâini | 1:100000 map of the Âhangarân quadrangle[END_REF] locally containing blocks of a dismembered ophiolite (mainly basalt and radiolarite).

Serpentinite hosting variable amounts of metamorphic blocks crops out in several places (Upper and Eclogitic Units from Angiboust et al., 2013). Pressure-Temperature (P-T) conditions for the enclosed blueschist to eclogite facies exotic blocks were first estimated by Fotoohi Rad et al. ( 2005) using Average P-T calculations. In Sulabest, they record a peak around 400-650 °C, 1.7-2.7 GPa for the eclogites. Based on pseudosection modelling and Average P-T estimates, (Angiboust et al., 2013) constrained P-T conditions in Sulabest at ca. 500-650 °C, 2.2-2.6 GPa for peak burial, and around 500-650 °C, 0.6-1.3 GPa for the epidoteamphibolite overprint. More recently, zirconium-in-rutile and titaniumin-zircon data for Sulabest eclogites yielded scattered temperatures around 500-600 °C [START_REF] Kurzawa | Cretaceous highpressure metamorphism and low pressure overprint in the Sistan Suture Zone, eastern Iran: additional temperature estimates for eclogites, geological significance of U-Pb zircon ages and Rb-Sr constraints on the timing of exhumation[END_REF].

Less attention has been paid to lower grade rocks, especially the amphibolitized blueschists of Sulabest. Fotoohi Rad et al. (2005) estimate the equilibration of one rock at 500-550 °C, 0.6-0.8 GPa, and Angiboust et al. (2013) got P-T conditions of retrogression from blueschist facies for similar rocks of Sulabest at 460-490 °C, ~0.8 GPa using Raman Spectroscopy on Carbonaceous Material (RSCM, Beyssac et al., 2002) and pseudosection modelling.

Peak P-T conditions for the eclogites in Gazik are much less wellconstrained (around 400-630 °C, 1.6-2.4 GPa;[START_REF] Fotoohi Rad | Eclogites and blueschists of the Sistan Suture Zone, eastern Iran: a comparison of P-T histories from a subduction mélange[END_REF], and no estimate is provided for the amphibolitized blueschists.

Early Cretaceous exhumation ages were first assumed for this unit using the Ar-Ar method on mica and amphibole [START_REF] Fotoohi Rad | Early Cretaceous exhumation of highpressure metamorphic rocks of the Sistan Suture Zone, eastern Iran[END_REF]. More recent studies attributed these ages to analytical errors and reappraised eclogite and amphibolitized blueschist ages at around 87-85 Ma using a combination of mica-matrix minerals Rb-Sr isochrons, Ar-Ar, and U-Pb on zircon [START_REF] Bröcker | New age constraints for the geodynamic evolution of the Sistan Suture Zone, eastern Iran[END_REF][START_REF] Kurzawa | Cretaceous highpressure metamorphism and low pressure overprint in the Sistan Suture Zone, eastern Iran: additional temperature estimates for eclogites, geological significance of U-Pb zircon ages and Rb-Sr constraints on the timing of exhumation[END_REF]. A second retrogression stage involving secondary biotite crystallization in eclogite and amphibolitized blueschist occurs around 83-78 Ma and may last until 75 Ma [START_REF] Bröcker | New age constraints for the geodynamic evolution of the Sistan Suture Zone, eastern Iran[END_REF][START_REF] Kurzawa | Cretaceous highpressure metamorphism and low pressure overprint in the Sistan Suture Zone, eastern Iran: additional temperature estimates for eclogites, geological significance of U-Pb zircon ages and Rb-Sr constraints on the timing of exhumation[END_REF].

Structural context: mapping and cross-section

Despite attempts to map out the block-in-matrix complexes using remote sensing (via satellite hyperspectral data; e.g., [START_REF] Moeinzadeh | Hyperspectral mapping of Iranian east ophiolite mélanges using neural network classification method[END_REF], systematic field investigation and mapping is required to provide a spatially and compositionally accurate map at the m-to hmscale and distinguish original mélange structures from quaternary slope instabilities (Oligo-Miocene quartz-diorite plutons intruding the metamorphic units also add to the complexity of the area). This study reports on blocks and matrix from two main zones, ~10 km along the suture zone near Gazik (Fig. 2a; with high block density and minimal landsliding). Fig. 2b features the petrological variety of the blocks and the nature of the matrix, which allows recognizing three distinct units: an unmetamorphosed Cretaceous flysch, a slightly metamorphosed siliciclastic-matrix complex (equivalent to the Western Unit of Sulabest), and a serpentinite-matrix complex (equivalent to the Upper and Eclogitic Units of Sulabest; Angiboust et al., 2013). For both complexes blocks are structurally embedded in the matrix. Block-in-matrix relationship needs to be distinguished from common Quaternary landsliding due to relatively steep current slopes in the suture area. These areas are marked by rougher topography and concentration of broken blocks in talwegs. These blocks can locally be embedded in a different matrix than their primary matrix. The synthetic cross-section of Fig. 2c and the outcrop of Fig. 3a show, from top to bottom:

unmetamorphosed Maastrichtian flysch-type sediments, which were deposited unconformably on all underlying units (siliciclastic-matrix and serpentinite-matrix complexes), as shown by the meter-thick layer of basal conglomerate made of ~10 cm peridotite (Fig. 3b andc) and ophiolitic clasts [START_REF] Maurizot | Explanatory Text of the Shahrakht Quadrangle Map[END_REF]. the upper block-in-matrix complex, with a very deformed Upper-Cretaceous siliclastic matrix [START_REF] Maurizot | Explanatory Text of the Shahrakht Quadrangle Map[END_REF] mostly made of fine-grained metasandstones with more tuffaceous, albite-rich horizons in places. The matrix hosts slightly metamorphosed blocks of various lithologies (serpentinized peridotite, basalt, sandstone, radiolarite, marls, Fig. 3d), mostly 1-10 m in diameter. This forms a 100-1000 m thick unit overlying the serpentinitematrix unit, with many tectonic windows, although the nature of the contact between the two units is unclear. This unit could be an equivalent of the Western Unit of Sulabest (Angiboust et al., 2013). the lower block-in-matrix complex, with serpentinite as a matrix (with some more tuffaceous parts in places). This unit is a few hundred meters thick. Some serpentinite bodies exhibit deformation gradients. Blocks comprise massive mafic bodies (Fig. 3e) with flattened pillow structures visible on some freshly cut surfaces; Fig. 3f), strongly lineated metatuffaceous mafic rocks and metacherts. They are metamorphosed in blueschist then epidote-amphibolite facies (Fig. 3g) or eclogite facies. Eclogites are structurally below the amphibolitized blueschist. Block size is usually between 1 and 10 m, but can be up 50 m for amphibolitized blueschist-facies blocks, and reaches 150-250 m for two large coherent eclogite bodies. The largest blocks have a North-South elongation, as well as some smaller metatuffaceous blocks. Amphibole-biotite-rich rinds round eclogite blocks. Lineations of the deformed blocks are not coherent (Fig. 2b). This unit corresponds to a combination of the Upper Unit (metatuffaceous rocks) and Eclogitic Unit of Sulabest (Angiboust et al., 2013).

Petrography and mineral chemistry

This study focuses only on the metamorphic rocks observed in the block-in-matrix complexes. In the deformed siliclastic-matrix complex, blocks of sandstone, radiolarite and basalt show low grade metamorphism, at maximum greenschist-facies. In the serpentinite, all rocks are metamorphic but evidence a great diversity both in grade (mafic eclogites, amphibolitized blueschist) and lithology (basalt, tuff, chert). We describe below the petrography, mineralogy and chemistry of these metamorphic rocks. Mineralogical occurrences and coordinates of samples are given on Table 2 and all mineral abbreviations are in Supplementary data S1.

Petrography

In the siliciclastic-matrix, metamorphism is mostly visible in mica-rich portions of the matrix and in greenschist basalt. The matrix is mainly composed of quartz, albite, chlorite, organic matter and rare phengite (for ex, 15b05, Fig. 4a). It is highly folded and crenulated.

Greenschist-facies metabasalts are found as large blocks (N10 m) in the siliciclastic-matrix complex. They are fine-grained and recrystallized with chlorite, biotite, actinolite, albite and epidote.

In the serpentinite matrix, we distinguish four kinds of metamorphic rocks, defined by their protolith and metamorphic grade: (1) eclogitic metabasalt, (2) amphibolitized blueschist, (3) blue amphibole-bearing metachert, (4) Ca-Na pyroxene-albite rocks. The serpentinite itself contains in some places some long (~10 cm) fibers of antigorite, as well as some talc or chlorite-actinolite-rich portions (Fig. 3h).

(1) Eclogite-facies metabasalts are found as large two blocks in the Western part of the serpentinite-matrix complex in Gazik. Samples show various retrogression stages. The freshest eclogite (sample 0908, Fig. 4b) is made of garnet in a matrix of omphacite. Small inclusions in garnet are omphacite, phengite and clinozoisite. Rutile in the matrix is partly retrogressed to titanite. Some samples show more extensive retrogression with albite rims around garnet, and blue-green amphibole (like barroisite or winchite) replacing omphacite in the matrix (e.g., 1503, Fig. 4c). In one sample (1501), retrogression is marked by darker ferric pyroxene in the matrix and atoll-shaped garnets. Glaucophane inclusions in garnet and hornblende were found in some samples (Fig. 4d). Fresh lawsonite is found in garnet cores of one sample (Fig. 4e), associated with omphacite (Fig. 4f).

Most samples only have lawsonite pseudomorphs, occurring as subhedral, lozenge-shaped inclusions of Fe 3+ -poor clinozoisite and paragonite in garnet (Fig. 4g; Angiboust and Agard, 2010;Tsujimori et al., 2006b). These pseudomorphs are found in all parts of garnets, but not in the matrix. ( 2) Amphibolitized blueschist is the dominant block type in the serpentinite-matrix complex. These blocks are variably deformed, from almost static (1514b, Fig. 5a) to very schistosed (1514e, Fig. 5b). The protoliths of these rocks can be recognized in places as hydrothermalized pillow basalt or mafic volcano-sedimentary rocks ("tuffs"). They are made of blue-green amphibole with rare green then blue amphibole (Fig. 5c) cores. Blue-green amphibole and phengite often make a strong foliation in an albite-rich matrix. Epidote is commonly abundant. One sample has small crystals of clinopyroxene replacing amphibole (0909, Fig. 5d).

Garnet is found in some of these rocks but contains no inclusions and is partially retrogressed in stilpnomelane (1504, Fig. 5e). Biotite can occur as a retrograde phase in some samples (15b22). The main titanium-bearing mineral is titanite. The intensity of deformation correlates with the amount of mica.

(3) Blue amphibole-bearing metachert (Si1517c, Fig. 5f) is a quartzrich rock, in which two generations of blue amphibole with different orientations associated with phengite make a strong foliation. The rock contains small garnets and highly retrogressed clinopyroxene and alkaline feldspar. The retrogression transformed amphibole and mica into chlorite. ( 4) One block of aegirine-augite-albite rock was found (15b03, Supplementary material S2). Small crystals of blue amphibole and phengite are also found in the matrix. In this rock, deformation is localized along a shear zone with recrystallized albite.

Mineral chemistry

Analyses were carried out on the electron microprobes Cameca SX-5 and SX-100 at iSTeP and JEOL-JXA 8230 at GFZ Potsdam. All analyses were sorted, and structural formulae calculated with Fe 3+ estimates using the method of Droop (1987) for garnet and clinopyroxene, and the method exposed in Leake et al. (1997) for amphibole. We considered all iron as ferric in epidote and lawsonite, and as ferrous in mica. All analyses are plotted in Fig. 6 and representative analyses are shown on Table 3.

Garnet

Garnet (Fig. 6a) is found in eclogites, amphibolitized blueschist and blue amphibole-bearing metachert. In eclogite, garnet is almandinerich, with strong zoning from a spessartine-rich-pyrope-poor core (up to 18% spessartine) to a rim richer in pyrope (up to 16 mol% pyrope). Some samples show the full zoning (1503) whereas others show only parts of it (1501 for the early part, 0908 for the pyrope-richer part). In the amphibolitized blueschist sample, garnet is manganese-rich almandine (about 22 mol% spessartine), slightly richer in manganese in the core than in the rim (for example sample 1504, Fig. 5d). In amphibolebearing metachert, garnet is hydro-spessartine (around 2.5 wt% water, 54 mol% spessartine).

Clinopyroxene

Clinopyroxene (Fig. 6b) is found in eclogite as omphacite (for example 0908, 1503) for prograde and peak eclogitic assemblage and as aegirine-augite in retrograde matrix (for example 1501, Fig. 4g). Aegirine-augite is also found in minor quantity in an amphibolitized blueschist (0909, Fig. 5d) and is a major component of the aegirineaugite-albite rock (for example 15b03, Supplementary Material S2). In amphibole-bearing metacherts, clinopyroxene is aegirine.

Amphibole

Amphibole (Fig. 6c) in eclogite forms during different stages of the evolution of the rock. Most of them are late magnesio-hornblende in the matrix, with ~0.50 XFe 3+ but some have a blue core of Fe 3+ -poor glaucophane (XFe 3+ ~0.20). In amphibolitized blueschist, amphiboles are usually more ferric (minimum XFe 3+ = 0.30, and up to 1.00). These amphiboles have a very wide range of B Na content (from 0.1 to 1.7 atoms per formula unit -apfu) but mostly plot in the barroisite field. Preserved actinolite cores in blue amphibole are found in two samples (15b-07 and 15b-08), while glaucophane cores were found in one sample (15b07) of this rock type. Rare amphibole in the pyroxenealbite rocks is ferri-winchite. In amphibole-bearing metachert, dark blue to purple amphibole is magnesioriebeckite (XFe 3+ ~0.70). Amphibole in greenschist-facies metabasalt of the siliciclastic-matrix complex is ferri-actinolite (XFe 3+ N 0.70).

Mica

White mica is found in almost every sample, except greenschistfacies metabasalts. It is always phengitic, i.e. enriched in Si compared to pure muscovite and substituted towards the celadonite endmember (Fig. 6d). In eclogite the maximum T Si is between 3.5 and 3.6 apfu, but most phengites have T Si between 3.2 and 3.5. In amphibolitized blueschist, pyroxene-albite rock and amphibolebearing metachert, T Si is usually around 3.2 and 3.4 apfu, but can be higher in clinopyroxene-bearing amphibolitized blueschist.

Biotite is an accessory phase of some samples, notably eclogite where it is found as a phase destabilizing garnet (e.g., 15b21d, 1501, 1503) and in greenschist facies metabasalts (for example 15b02) of the siliciclastic-matrix complex. XMg is usually around 0.43 and 0.50 in these rocks.

Epidote

In eclogite and amphibolitized blueschist, epidote shows large variations of compositions between the ferric end-member epidote and clinozoisite (Fig. 6e). In eclogite, the most aluminous epidote is found as inclusions in garnet (XCzo = (Al -2) / (Al -2 + Fe 3+ +Mn 3+ ) = 85%, in a lawsonite pseudomorph), where epidote in the matrix, although zoned, lies between XCzo = 0.45 and 5. Pressure-temperature estimates 5.1. Methods

Tmax estimates by Raman spectroscopy on carbonaceous matter (RSCM)

The RSCM thermometry allows determination of the maximum temperature (Tmax) reached by the carbonaceous matter in a sample in the range 200-650 °C, with an intrinsic error of ±50 °C (Beyssac et al., 2002;Lahfid et al., 2010). This method is used to determine the maximum temperature reached by the siliciclastic-matrix complex. In most samples, carbonaceous matter is oxidized, which prevents temperature estimates, but three samples in the suture zone yielded coherent temperatures.

Pressure-temperature estimates

P-T conditions of the eclogite peak and retrograde stage were estimated using two different methods: direct thermodynamic modeling (pseudosection calculation), and conventional multiequilibrium thermobarometry.

Average P-T THERMOCALC

Multi-equilibrium thermobarometry was performed using THERMOCALC program in the Average P-T mode [START_REF] Powell | Optimal geothermometry and geobarometry[END_REF]. Mineral activities were calculated with the AX software (https://www.esc.cam.ac.uk/research/research-groups/researchprojects/tim-hollands-software-pages/ax).

Perple_X thermodynamic modelling

Pseudosections were calculated using Perple_X (6.7.2 version, Connolly, 1990Connolly, , 2005) ) using the internally consistent thermodynamic dataset and equation of state of H 2 O of Holland and Powell (1998). Solution models considered in the calculation are garnet, epidote, chlorite (Holland et al., 1998), amphibole and clinopyroxene [START_REF] Diener | Revised activity-composition models for clinopyroxene and amphibole[END_REF], white mica [START_REF] Coggon | Mixing properties of phengitic micas and revised garnetphengite thermobarometers[END_REF], biotite (White , 2007), and talc [START_REF] Holland | An enlarged and updated internally consistent thermodynamic dataset with uncertainties and correlations: the system K 2 O-Na 2 O-CaO-MgO-MnO-FeO-Fe 2 O 3 -Al 2 O 3 -TiO 2 -SiO 2 -C-H 2 -O 2[END_REF]. The equilibrium composition of our sample is estimated with surface scanning of a fresh part of a thin section with the SEM, and removing the contribution of manganese-rich garnet cores that are not reacting at peak P-T conditions. Trying to simulate this composition thanks to the measured compositions of peak minerals is very satisfactory and gives modal amounts close to the ones observed in thin section. Ferric iron content estimation is very sensitive to the amount of omphacite at peak (considered as the main ferric iron-bearing mineral), but there is also a minor contribution from garnet, lawsonite and phengite. Water content is mainly dominated by the peak modal proportion of lawsonite. Following the method of Groppo and Castelli (2010), we choose to use a best-fit criterion to adjust the quantities of ferric iron and water. This results in a ferric iron percentage of 20 mol% of the total iron, with 1.6 wt% of water, close to water excess, as suggested by the stability of lawsonite [START_REF] Clarke | The lawsonite paradox: a comparison of field evidence and mineral equilibria modelling[END_REF]. For sample 0908, the following composition was used (in oxide weight percentage): SiO 2 (50.47%), Al 2 O 3 (13.90%), FeO (10.00%), Fe 2 O 3 (2.775%), MgO (5.11%), CaO (12.10%), Na 2 O (3.72%), K 2 O (0.27%), H 2 O (1.60%).

For various reasons discussed below, no P-T conditions could be obtained for other high-grade rocks.

Results

Siliciclastic-matrix complex

The RSCM method yielded results for three samples (Table 4). Sample 1438, located in units to the West of the block-in-matrix complexes, shows a maximum temperature of 240 °C. Samples 1439 and 1440 collected in the siliciclastic-matrix complex reached a higher temperature around 340 °C.

Average P-T calculation on greenschist-facies metabasalts (15b02) with an actinolite-biotite-albite-chlorite-epidotewater assemblage yields a temperature of 407 ± 163 °C and a pressure of 0.67 ± 0.16 GPa (cor = 0.687, sigfit = 0.59, cutoff = 1.73). Fotoohi Rad et al. ( 2005) estimated the P-T conditions at 420 °C and 0.3 GPa.

Eclogite

The peak of eclogites has been determined using Average-P-T calculations, with the assemblage garnet-omphacite-lawsonite-phengitequartz-water. Inclusions in the mantle of garnet have been used to determine the peak P-T at 526 °C ± 23 °C and 2.27 ± 0.14 GPa (cor = 0.891, sigfit = 0.02, cutoff = 1.73).

The retrograde path is calculated with Thermocalc and the epidoteamphibolite mineral assemblage: hornblende-epidote-muscovite-albite-water. The peak temperature is estimated at 531 ± 62 °C and 0.89 ± 0.2 GPa (corr = 0.939, sigfit = 0.55, cutoff = 1.73).

Fig. 7a shows the pseudosection, with the best-fit area of the isopleths at eclogitic facies, around 526 °C and 2.31 ± 0.03 GPa superimposed with the ellipses of Average P-T calculations. The best fit of the isopleths is in the garnet-omphacite-phengite-lawsonitetalc-quartz ± water field. There is a very good correspondence between the predicted and observed composition and modes of minerals.

These P-T estimates for the peak are similar to those made by Fotoohi Rad et al. ( 2005) using only Average P-T calculations, but the use of two largely independent methods gives a confidence in the methods used and in the chosen equilibrium assemblages. Fotoohi [START_REF] Fotoohi Rad | Eclogites and blueschists of the Sistan Suture Zone, eastern Iran: a comparison of P-T histories from a subduction mélange[END_REF] do not estimate P-T conditions of the post-peak epidote-amphibolite assemblage. P-T estimates for the eclogites are superimposed with those from the literature and compared with those of Sulabest in Fig. 7b.

Amphibolitized blueschist

Epidote-amphibolite assemblages are found either in massive metabasalts or in more schistosed mafic rock. No reliable P-T estimate could be obtained on these rocks, mostly because of intense oxidation during retrogression.

The peak mineral assemblage of these rocks is at blueschist facies with relict glaucophane and clinozoisite-rich epidote, and inclusions of actinolite attest of the prograde greenschist-facies assemblage. Most of the samples have been pervasively recrystallized at epidoteamphibolite grade, with a common mineral assemblage involving barroisite-epidote-albite-titanite ± phengite ± sodic pyroxene ± Mnrich garnet. The absence of Mg-rich garnet at equilibrium with sodic pyroxene supports the fact that this kind of rocks has a distinct peak P-T than the eclogites. For similar reasons, it is highly unlikely that blueamphibole-bearing metacherts ever reached pressure values of eclogites (contrary to claims by Fotoohi [START_REF] Fotoohi Rad | Eclogites and blueschists of the Sistan Suture Zone, eastern Iran: a comparison of P-T histories from a subduction mélange[END_REF].

Fotoohi Rad et al. ( 2005) estimated the P-T conditions of these rocks at 460 °C and ~0.5 GPa for the assemblage but the presence of relict glaucophane and ferric-sodic pyroxene in some of these rocks tends to show that these rocks reached higher pressures. The absence of Fe-Mg garnet, omphacite and rutile from these rocks however pleads in favor of peak pressure largely below those of eclogites. For a MORB composition including the effect of Fe 3+ , [START_REF] Diener | Revised activity-composition models for clinopyroxene and amphibole[END_REF] published a pseudosection, in which a similar blueschist assemblage lies around 0.8 GPa and 450 °C and the epidote-amphibolite assemblage lies at similar or lower pressures and temperatures around 500 °C.

Geochronology

Method

Samples from Gazik and samples from Sulabest (the latest from the study of Angiboust et al., 2013) were carefully chosen for dating so that:

(1) they bear minerals with enough K to be dated with the Ar-Ar method (i.e., mostly phengite and amphibole) and these minerals constitute a well-understood paragenesis in the rock. Selected samples were crushed and sieved; single grains of amphibole and phengite were handpicked under binocular microscope and cleaned in ultrasonic bath with acetone and distilled water. They were packaged in Al foils and irradiated for 40 h in the core of the Triga Mark II nuclear reactor of Pavia (Italia) with several aliquots of the Fish Canyon sanidine standard (28.03 ± 0.08 Ma; Jourdan and Renne, 2007) as flux monitor. Argon isotopic interferences on K and Ca were determined by irradiation of KF and CaF2 pure salts from which the following correction factors were obtained: ( 40 Ar/ 39 Ar)K = 0.00969 ± 0.00036, ( 40 Ar/ 39 Ar)K = 0.01297 ± 0.00045, ( 38 Ar/ 37 Ar)Ca = 0.000727 ± 0.000041 and ( 36 Ar/ 37 Ar)Ca = 0.000288 ± 0.000016. Argon analyses were performed at Géosciences Montpellier (France) with two analytical devices that each consist of: (a) an IR-CO 2 laser of 100 kHz used at 5-15% during 60 s, (b) a lenses system for beam focusing, (c) a steel chamber, kept at 10 -8 -10 -9 bar, with a drilled copper plate, (d) an inlet line for purification of gases including two Zr-Al getters, (e) a multi-collector mass spectrometer (Argus VI from Thermo-Fisher). A custom-made software controls the laser intensity, the timing of extraction/purification and the data acquisition. To measure the Ar background within the system, one blank analysis was performed every three sample analyses. ArArCalc© v2.5.2 was used for data reduction and plotting. The one-sigma errors reported on plateau, isochron and total gas ages include the error on the irradiation factor J. Atmospheric 40 Ar was estimated using a value of the initial 40 Ar/ 36 Ar of 295.5.

Results

The results are presented in Fig. 8 and Table 5 (14 samples) and degassing patterns are in Supplementary data S4 and S5. Ages were sorted in three categories: (1) ages given by phengite in eclogite, assumed to form during eclogitic metamorphism and possibly recrystallized during amphibolitization (Angiboust et al., 2013;e.g., Fig. 8a), (2) ages given by hornblende/barroisite in eclogite (that formed at or near the peak-T; Fig. 8b) and (3) ages of phengite and amphibole in amphibolitized blueschists (e.g., Fig. 8c). All ages are very close, around 86 ± 3 Ma, as previously shown by [START_REF] Bröcker | New age constraints for the geodynamic evolution of the Sistan Suture Zone, eastern Iran[END_REF].

All dated phengite and amphibole single grains display plateau ages for a large percentage of the argon released (from 65 to 100% of the 39 Ar released) with very little evidence for isotopic heterogeneities, with the exception of phengite Sum8 which contains a loosely bound excess argon component released during the first heating-steps. Inverse 36 Ar/ 40 Ar vs 39 Ar/ 40 Ar correlation plots provide intercept ages that are consistent with the plateau ages (Table 5) with initial 40 Ar/ 36 Ar ratios ranging from 291 to 310, in agreement within errors with the atmospheric value of 295.5. Intercept ages are used in the discussion below.

In Sulabest, four phengites from eclogite and amphibolitized blueschist (Fig. 8d and Supplementary data S4) have intercept ages in a narrow range from 86.6 ± 0.4 to 87.9 ± 0.6 Ma while two amphiboles from retrograded eclogites give slightly younger ages of 84.4 ± 1.2 Ma and 86.8 ± 1.0 Ma respectively. In Gazik, phengite ages from eclogites and amphibolitized blueschists show a larger spread than in Sulabest, with values between 83.5 ± 0.4 and 86.8 ± 0.4 Ma that are similar to those recorded by amphiboles from 84.0 ± 1.0 to 87.3 ± 2.7 Ma.

Therefore, the data do not indicate significantly younger ages in the most retrogressed high-pressure rocks compared to the best-preserved ones and the two studied areas appear to have followed a similar temporal evolution of metamorphic conditions. At the scale of the sample (Su-n) and the outcrop (15b21 a to d), the 40 Ar-39 Ar ages of phengite and amphibole overlap, phengite possibly being 1 Ma older than amphibole in sample Su-n. The consequences of these observations are discussed below.

Discussion

Relationships between structure and metamorphic grade

This study highlights the existence of two block-in-matrix complexes in the suture zone of Gazik, both containing dominantly ~1-10 m blocks of oceanic (metavolcanic and metasedimentary) rocks. In subduction contexts, three end-member mixing mechanisms are usually identified (Cloos, 1982;[START_REF] Festa | Mélanges and mélange-forming processes: a historical overview and new concepts[END_REF][START_REF] Hsü | Principles of mélanges and their bearing on the Franciscan-Knoxville paradox[END_REF]Wakabayashi, 2011): ( 1) sedimentary mixing as a result from submarine gravity sliding at the trench or at oceanic core complexes, forming olistostrome in a usually sedimentary matrix, (2) tectonic mixing in highly sheared environments, purportedly at the plate interface, and (3) diapiric ascent of partly exhumed, broken-up rocks in a lowviscosity buoyant matrix.

Siliciclastic-matrix complex

The siliciclastic-matrix complex hosts strongly deformed and dismembered oceanic blocks: serpentinized peridotites, basalts and somewhat less abundant radiolarites. Blocks and matrix reach greenschist facies at most. Greenschist recrystallization of this complex at around ~340 °C (RSCM data; Table 4), ~400 °C ± 160 °C and 0.3-0.7 GPa (average P-T) may have occurred during shallow subduction at depths between 10 and 20 km. There is no obvious difference of metamorphism between the blocks and the matrix. This unit could be an olistostrome, formed with turbiditic currents incorporating forearc or lower plate crustal material (possibly as a result of fault bending; Ranero et al., 2003;[START_REF] Taira | The Shimanto Belt of Japan: Cretaceous-lower Miocene active-margin sedimentation[END_REF] or formed at the foot of an oceanic detachment; [START_REF] Boschi | Mass transfer and fluid flow during detachment faulting and development of an oceanic core complex, Atlantis Massif (MAR 30°N)[END_REF] this is less likely however due to the lack of gabbros). It could also originate from tectonic mixing in an accretionary wedge.

Serpentinite-matrix complex

The lowermost block-in-matrix complex (Figs. 2 and3e-f) is made of serpentinite with abundant blocks of diverse lithologies corresponding to at least two different metamorphic facies: amphibolitized blueschist and mafic eclogite. Blocks are commonly m-dam large (b100 m for amphibolitized blueschists, N100 m for eclogites) and eclogites are rare, massive and poorly deformed compared to metatuffs and epidote amphibolite blocks. Metatuffs are strongly lineated and resemble those of the Upper Unit of Sulabest. Deformation is stronger in mafic blocks with abundant micas and/or metasomatic rind formation. Preserved pre-to-syn peak eclogite blocks/cores containing only rare micas may correspond to former tectonic boudins and/or much dryer protoliths.

Eclogites underwent a cold prograde evolution, with blueschist facies minerals (i.e. glaucophane) preserved in garnet and lawsonite present at eclogite peak conditions, around 70-80 km. The occurrence of fresh lawsonite in Gazik makes it one of the few examples in the world where it is partly preserved during retrogression, and not only as pseudomorphs. The absence of paragonite (as part of lawsonite pseudomorphs) in the matrix may be explained by two possible reactions: formation of omphacite during prograde metamorphism or destabilization to albite during retrograde metamorphism, both of which are found in the matrix. Lawsonite stability at eclogite facies is symptomatic of rather cold subduction gradients (Tsujimori et al., 2006b;Tsujimori and Ernst, 2014), consistent with the ~7.3 °C/km prograde gradient calculated here. Cold subduction gradients are usually assigned to mature subduction and/or old oceanic plates and/or fast subduction rates (Agard et al., 2009;[START_REF] Ernst | Tectonic history of subduction zones inferred from retrograde blueschist P-T paths[END_REF][START_REF] Peacock | Thermal and petrologic structure of subduction zones[END_REF]van Keken et al., 2011). Retrogression of eclogites appears almost isothermal in Gazik, and slightly colder than in Sulabest (Angiboust et al., 2013) where no lawsonite was preserved. Whether these differences relate to juxtaposition to colder or hotter slices and/or mantle wedge, and/or to slight contrasts in residence time is discussed below.

For other rocks (amphibolitized blueschist, riebeckite-bearing metachert, aegirine-augite-albite rock), estimation of P-T conditions is difficult. Preserved mineral assemblages do not enable Average P-T estimates and pseudosection calculation predicts ubiquitous clinopyroxene 8. a) Ar-Ar plateau age from phengite in an eclogite of Sulabest; b) Ar-Ar plateau age from retrograde amphibole in the same sample; c) Ar-Ar plateau age from phengite in an amphibolitized blueschist of Gazik; d) Summary of radiometric ages in the Sistan high-pressure rocks, sorted following age value, mineral dated, method or kind of rock and locality. G refers to Gazik, S to Sulabest. Argon-argon ages from this study are intercepts, and plateau from other studies. Arrows link phengite age and amphibole age from the same sample. Ages associated to small symbols (including all datings on metachert) are from [START_REF] Bröcker | New age constraints for the geodynamic evolution of the Sistan Suture Zone, eastern Iran[END_REF] and [START_REF] Kurzawa | Cretaceous highpressure metamorphism and low pressure overprint in the Sistan Suture Zone, eastern Iran: additional temperature estimates for eclogites, geological significance of U-Pb zircon ages and Rb-Sr constraints on the timing of exhumation[END_REF]. * represents the locality of Gurchang between Gazik and Sulabest. ECLO = eclogite, ABS = amphibolitized blueschist; e) Synthesis of P-T paths. The green path relates to eclogite and the blue to amphibolitized blueschist. BS = blueschist, EA = epidote-amphibolite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) stability, which is not observed. The reasons for the inadequacy of pseudosection modeling to define the P-T conditions might be: incorrect integration of ferric iron in amphibole, bulk compositions enriched in albite compared to MORB (metaspillite), or a discrepancy between the current bulk composition bulk composition at the peak due to later metasomatism (although no proof of this was observed). The absence of Fe-Mg-rich garnet, omphacite sensu stricto and lawsonite (neither fresh crystals nor pseudomorphs) in these rocks nevertheless suggest that they never experienced eclogitic P-T conditions, but instead equilibrated at blueschist-facies conditions, around 450 °C, b1.0 GPa, and were subsequently largely retrogressed to epidoteamphibolite facies, close to 500 °C, b1.0 GPa (similar to Sulabest; Angiboust et al., 2013).

A pressure/depth gap therefore exists between amphibolitized blueschists (around ~30 km) and eclogites (around 70-80 km), which coincides with the two frequency peaks in maximum depths of subducted units recovered from fossil subduction zones [START_REF] Plunder | Accretion, underplating and exhumation along a subduction interface: from subduction initiation to continental subduction (Tavşanlı zone, W. Turkey)[END_REF]Fig. 9a).

Origin of the mélange

The origin of the serpentinite matrix is not examined in this study. One sample shows the existence of antigorite fibers in the serpentinite. In Sulabest, based on the Cr# of chromite, rare-earth elements, fluidmobile elements and platinum-group elements, Angiboust et al. (2013) showed that Western Unit serpentinites likely originate from abyssal peridotites whereas those from the Upper and Eclogitic Units likely derive from forearc peridotites. More geochemical analyses involving isotopes (e.g., boron, [START_REF] Martin | Boron isotopic discrimination for subductionrelated serpentinites[END_REF][START_REF] Scambelluri | Boron isotope evidence for shallow fluid transfer across subduction zones by serpentinized mantle[END_REF] could help further constrain the nature of the Sistan HP serpentinites.

The outcrops of Gazik bear a number of notable differences with those of Sulabest. The serpentinite-matrix complex of Gazik gathers undistinguishably fragments of the Eclogitic and Upper Units of Sulabest (Angiboust et al., 2013), while eclogitic blocks are more numerous in Sulabest. The latter are usually less retrogressed than the Gazik ones, which show either an almost complete amphibolitization or the replacement of omphacite by ferric clinopyroxene. The Upper Unit of Sulabest is composed of continuous to hectometer-sized blocks of mafic tuffs and schists with little matrix. These rocks show assemblages very similar to the amphibolitized blueschists of Gazik, which crop out as sparse decameter-sized blocks embedded in matrix. Gazik therefore corresponds to a more dismembered equivalent of Sulabest.

Mixing and juxtaposition of the blocks in this complex could a priori tentatively be (a) sedimentary (Fig. 9a), with previously exhumed material deposited in a basin dominated by ultramafic material (i.e., serpentinites), or (b) diapiric (Fig. 9b), with exhumation of two main, serpentinite-rich buoyant units hosting small slab-derived blocks (i.e., amphibolitized blueschist and eclogite units), or result from (c) tectonic underplating and stacking of tectonic slices originating from different depths (Fig. 9c).

The first hypothesis is of particular interest in comparison with the Franciscan and Great Valley Group sedimentary serpentinite-mélanges (Wakabayashi, 2011(Wakabayashi, , 2012(Wakabayashi, , 2015(Wakabayashi, , 2017a[START_REF] Wakabayashi | Serpentinites and serpentinites: variety of origins and emplacement mechanisms of serpentinite bodies in the California Cordillera[END_REF]. Some Californian mélanges show an ultramafic clastic matrix containing blocks of all sizes, up to a few hundred meters. The metamorphic grade of the blocks is variable, which is explained by exhumation of metamorphic slices from different depths, dismantling in sedimentary basins, and potential further resubduction (only in the Franciscan) and are usually associated with felsic volcanic rocks. Despite the absence of felsic rocks and lack of petrographic proof for resubduction of both complexes, this hypothesis cannot be completely ruled out for Gazik. Further insights on the nature of the matrix would be necessary to recognize a sedimentary mélange in Gazik, but no sedimentary character was recognized in Sulabest serpentinites. However, the sedimentary-mixing model fails to explain the exposure of eclogites below a continuous amphibolitized blueschist unit in Sulabest (and in Gazik, although it is less clear), and the absence of blocks smaller than 1 m. The formation of metasomatic rinds on eclogites needs to be explained by interaction of the blocks with serpentinite at high temperature [START_REF] Moore | Metamorphic history of a high-grade blueschist exotic block from the Franciscan complex, California[END_REF][START_REF] Ukar | Actinolitic rinds on low-T mafic blueschist blocks in the Franciscan shale-matrix mélange near San Simeon: implications for metasomatism and tectonic history[END_REF]. The MORB to SSZ-like geochemical signature of eclogite and MORB signature of amphibolitized blueschist tuffs in Sulabest (Angiboust et al., 2013) does not give many clues on the formation mechanisms. Given all these elements, the formation of the Sistan mélange in a sedimentary context is unlikely but would need to be further examined by a detailed study of the serpentinite matrix. The second hypothesis of a diapir has also been observed in the Franciscan [START_REF] Tsujimori | Finding of high-grade tectonic blocks from the New Idria serpentinite body, Diablo Range, California: petrologic constraints on the tectonic evolution of an active serpentinite diapir[END_REF] and in the Mariana forearc [START_REF] Maekawa | Incipient blueschist-facies metamorphism in the active subduction zone beneath the Mariana forearc[END_REF]. Late exhumation can possibly explain the fragmentation of the outcrops in Gazik, but cannot explain the kilometer-scale tectonic continuity of the Upper Unit observed in Sulabest. In Gazik, no proofs (like consistent shear senses) argue for diapiric emplacement.

We hence favor the explanation of mélange formation by shearing at the subduction interface that can explain the continuity observed in Sulabest, the mixing of different metamorphic grades and the metamorphic rinds around eclogitic blocks. Although complex to estimate, the total thickness of the Sistan mélange (as well as other assumed tectonic mélanges, Table 1) is generally lower than the thickness of the "subduction channel" inferred from field observations (~100-1000 m; e.g., Vannucchi et al., 2012) or geophysical imaging (~1-5 km; e.g., Abers, 2005), and within the range (~500-2000 m; Ruh et al., 2015) or much lower (~10 km ;[START_REF] Gerya | Exhumation of high-pressure metamorphic rocks in a subduction channel: a numerical simulation[END_REF] than modelled numerically.

Age interpretation and implications for Sistan

All ages of peak minerals from this study, and those of [START_REF] Bröcker | New age constraints for the geodynamic evolution of the Sistan Suture Zone, eastern Iran[END_REF], strikingly gather around 86 ± 3 Ma, whatever the dated mineral (zircon, phengite, amphibole), maximum grade of the rock (eclogite, amphibolitized blueschist) or method used (U-Pb, Ar-Ar, Rb-Sr). Only Rb-Sr ages on biotite-bearing assemblages are younger (around 80 ± 2 Ma) and are interpreted to date cooling around 300 °C [START_REF] Cliff | Isotopic dating in metamorphic belts[END_REF]. Ages are on average older in Sulabest than in Gazik for all minerals and grades (Fig. 8d; about 1 Myr older for phengite in eclogite, 2 Myr older for amphibole in eclogite and about 3 Myr for phengite in epidote amphibolite).

Another striking feature consists in systematically older ages (1 to 2 Myrs) from phengite in eclogitic samples where both amphibole and phengite are dated (88.44 ± 0.35 Ma for phengite and 86.6 ± 0.85 Ma for amphibole in sample Su-n; 84.27 ± 0.52 Ma for phengite and 83.47 ± 0.94 Ma for amphibole in sample 15b21d). This would be consistent with the order of formation of those minerals, even though the dated phengite crystals are zoned (Supplementary S3) and record part of the prograde, peak and exhumation stages.

Using the diffusion parameters of [START_REF] Harrison | Diffusion of 40 Ar in hornblende[END_REF] for hornblende and [START_REF] Harrison | Diffusion of 40 Ar in muscovite[END_REF] for muscovite in a pressure range of 5-10 kbar for which these values were calculated, the closure temperature estimated for crystals as large as 300-400 μm is in the range 550-560 °C for amphibole and 450-485 °C for white mica. It must be noticed that these temperatures are probably minimum estimates since diffusion data are lacking for the specific compositions and pressures of this study that tend to increase the retentivity for argon [START_REF] Forster | 40 Ar/ 39 Ar geochronology and the diffusion of 39 Ar in phengite-muscovite intergrowths during step-heating experiments in vacuo[END_REF][START_REF] Lister | Modelling the effect of arbitrary P-T-t histories on argon diffusion in minerals using the Mac Argon program for the Apple Macintosh[END_REF], in particular for phengite with a high Mg/Fe ratio [START_REF] Scaillet | Mg/Fe and [(Mg,Fe)Si-Al 2 ] compositional control on argon behaviour in high-pressure white micas: a 40 Ar/ 39 Ar continuous laser-probe study from the Dora-Maira nappe of the internal western Alps, Italy[END_REF].

Additionally, U-Pb dating on eclogite-facies stage zircons from Sulabest yield ages that are very similar to the Ar-Ar ages on phengite in eclogite (87. 1 ± 1.1 Ma and 86.1 ± 1.1 Ma;[START_REF] Bröcker | New age constraints for the geodynamic evolution of the Sistan Suture Zone, eastern Iran[END_REF][START_REF] Kurzawa | Cretaceous highpressure metamorphism and low pressure overprint in the Sistan Suture Zone, eastern Iran: additional temperature estimates for eclogites, geological significance of U-Pb zircon ages and Rb-Sr constraints on the timing of exhumation[END_REF]Fig. 8d).

This suggests that phengite and amphibole ages are crystallization ages and that they were not reset during exhumation, despite peak temperatures above or close to the usually expected isotopic closure temperature and pervasive fluid circulation. This behavior has been documented elsewhere (Agard et al., 2002;[START_REF] Berger | Microstructures, mineral chemistry and geochronology of white micas along a retrograde evolution: an example from the Aar massif (Central Alps, Switzerland)[END_REF][START_REF] Vicenzo | Evidence of a close-link between petrology and isotope records: constraints from SEM, EMP, TEM and in-situ 40Ar-39Ar laser analyses on multiple generations of white micas (Lanterman Range, Antarctica)[END_REF][START_REF] Rodriguez | Strain partitioning and preservation of 40 Ar/ 39 Ar ages during Variscan exhumation of a subducted crust (Malpica-Tui complex, NW Spain)[END_REF] and is also expected in the case of fast cooling rates.

Based on the assumption that recorded ages are crystallization ages, eclogites are brought from their peak to the epidote-amphibolite grade in approximately 1 Myr (maximum 2.5 Myr when accounting for uncertainty), which yields exhumation rates between 15 km/Myrs (minimum estimate) to 45 km/Myrs (maximum estimate), consistent with fast exhumation in low-viscosity serpentinite channels [START_REF] Gerya | Exhumation of high-pressure metamorphic rocks in a subduction channel: a numerical simulation[END_REF]. These values are also similar to those for continental rocks of Dora Maira [START_REF] Rubatto | Exhumation as fast as subduction?[END_REF], some high-pressure basal units in the Aegean [START_REF] Ring | The weak and superfast Cretan detachment, Greece: exhumation at subduction rates in extruding wedges[END_REF] or ultra-high pressure eclogites from the D'Entrecasteaux Islands [START_REF] Little | Diapiric exhumation of Earth's youngest (UHP) eclogites in the gneiss domes of the D'Entrecasteaux Islands, Papua New Guinea[END_REF].

Ages for the amphibolitized blueschists are also similar to those recorded by the eclogites. Two scenarii are therefore possible:

1) slicing from the slab and beginning of exhumation of eclogite and epidote-amphibolite at the same time, recorded as similar ages for their peak, or

2) slicing of eclogites first, then exhumation down to epidoteamphibolite facies depths, and offscrapping of amphibolitized blueschist coeval with juxtaposition of eclogites.

Age constraints are too similar to decide alone on one of these two possibilities. Structural relationships, with amphibolitized blueschist located above the eclogites here and in Sulabest (Angiboust et al., 2013), make the first scenario more likely. The first scenario is reminiscent of the coeval slicing of the subducting plate along several 100 km argued by Monié and Agard (2009).

Finally, [START_REF] Bröcker | New age constraints for the geodynamic evolution of the Sistan Suture Zone, eastern Iran[END_REF] and [START_REF] Kurzawa | Cretaceous highpressure metamorphism and low pressure overprint in the Sistan Suture Zone, eastern Iran: additional temperature estimates for eclogites, geological significance of U-Pb zircon ages and Rb-Sr constraints on the timing of exhumation[END_REF] dated biotite in retrograde eclogite and amphibolitized blueschists with the Rb-Sr method. Ages between 82 and 75 Ma would correspond to the last stages of exhumation at greenschist facies, occurring at slower rates (b5 km/Myr). These ages relate to pre-collisional events, since collision is dated around ~40 Ma (Mid-Eocene, Mohammadi et al., 2016a;Tirrul et al., 1983).

Insights on slicing, exhumation and mixing mechanisms along the plate interface

The siliciclastic-matrix complex extends along tens of kilometers and probably formed at or near the trench. RSCM temperature estimates around 340 °C for the matrix (Table 4), the presence of ocean-derived blocks and pervasive deformation are compatible with underplating of sediments at shallow depths in an accretionary wedge (e.g., Shimanto Belt, [START_REF] Kimura | Underplated units in an accretionary complex: mélange of the Shimanto Belt of Eastern Shikoku, Southwest Japan[END_REF]Taiwan, Beyssac et al., 2007;Western Alps, Agard et al., 2002). However, no clear high-pressure metamorphic recrystallization was observed in this unit.

In the serpentinite-matrix complex, metamorphic grade and deformation of the blocks is much more diverse, as in fact for most subduction-related serpentinite mélange-like units (Table 1). Although high-grade mafic rocks are only found in three localities (Gazik, Gurchang and Sulabest, with eclogites only exposed in Gazik and Sulabest), high-grade blocks in a serpentinite-matrix complex outcrop along 150 km in Sistan, which dismisses the possibility that detachment was very local on the subduction interface. Even more striking, the recorded age pulse for eclogites and amphibolitized blueschist (86 ± 3 Ma), 150 km apart, suggests that these rocks where detached almost coevally along the subduction zone (though at different depths) and pleads for a lithospheric scale change in boundary conditions (Klemd et al., 2011;Monié and Agard, 2009).

The fact that smaller blocks (mainly for amphibolitized blueschist) are found in Gazik than in Sulabest unit could be explained by (i) initial detachment of smaller blocks in Gazik or (ii) postdetachment dismembering, or (iii) could reflect an initially inhomogeneous seafloor structure. In all cases, detachment of material/rocks from the slab requires a strong interplate mechanical coupling, which is enhanced when effective viscosities on both sides of the subduction interface are similar, so that strain transiently localizes preferentially within the slab rather than on the plate interface (Agard et al., 2016;Kimura and Ludden, 1995). Agard et al. (2016) showed, for example, that accretion of metamorphic soles is largely controlled by changes in the rheological parameters of the upper plate due to progressive cooling, prior to full serpentinization of the mantle wedge. Different block sizes might thus be explained by different rheologies of the downgoing and/or upper plate (e.g., contrasts in the extent of basalt hydrothermal alteration in the downgoing plate, heterogeneity of the downgoing plate or mantle wedge rheology). A more serpentinized mantle wedge would for example enable the accretion of smaller blocks only and/or at shallower depth, where the mantle wedge is colder and therefore likely more hydrated. In this case, the characteristic size of blocks (N100 m for eclogites, ~10 m for amphibolitized blueschist) may give a snapshot of the serpentinisation degree of the mantle wedge (Fig. 9d). In the case of Sistan, block size and age distribution (Gazik: smaller blocks, slightly younger; Sulabest; larger blocks, older) may indicate a higher serpentinisation degree of the mantle wedge in the North than in the South and a difference in thermal regime (whether controlled by age or geometry). We note, however, that progressive metasomatic digestion (as testified by metasomatic rinds around blocks and the presence of talc, chlorite and actinolite in the serpentinite matrix, Marschall and Schumacher, 2012) will increase dismembering and block size reduction.

Conclusions

Block-in-matrix complexes of the Sistan Suture Zone formed in a subduction context. While the siliciclastic-matrix complex might be the remnant of a shallowly subducted sedimentary mélange (i.e., paleo-accretionary wedge), the serpentinite-matrix complex is an example of tectonic mixing occuring at important depths in the subduction channel. This complex contains rocks that were subducted down to two contrasting depths: amphibolitized blueschists and eclogites were offscrapped respectively around depths of ~30 km and 75 km. Lawsonite eclogites are also indicative of a cold subduction environment.

Amphibolitized blueschists and eclogites record similar ages of 86 ± 3 Ma, interpreted as a broad slicing of the subducting plate and incorporation in a weakly hydrated mantle wedge. Horizontal continuity of the slicing in the slab over long distances tend to prove that slicing events might be associated to a specific rheological behavior of the subduction interface at specific conditions of pressure [START_REF] Plunder | Accretion, underplating and exhumation along a subduction interface: from subduction initiation to continental subduction (Tavşanlı zone, W. Turkey)[END_REF], temperature, composition and strain-rate. In this respect, contrasting block sizes along the suture zone may reflect changes in mechanical coupling along the plate interface.

Supplementary data to this article can be found online at https://doi. org/10.1016/j.lithos.2018.04.016.
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The subduction plate interface: rock record and mechanical coupling (from long to short timescales) Short-and long-term processes at or close to the subduction plate interface (e.g.,mineral transformations, fluid release, seismicity and more generally deformation) might be more closely related than previously thought. Increasing evidence from the fossil rock record suggests that some episodes of their long geological evolution match or are close to timescales of the seismic cycle. This contribution uses rocks recovered (episodically) from subduction zones, together with insights from thermomechanical modelling, to provide a new dynamic vision of the nature, structure and properties of the plate interface and to bridge the gap between the mechanical behavior of active subduction zones (e.g.,coupling inferred from geophysical monitoring) and fossil ones (e.g., coupling required to detach and recover subducted slab fragments). Based on critical observations and an exhaustive compilation of worldwide subducted oceanic units (for which the presence near the plate interface, rock types, pressure, temperature, T/P gradients, thickness and timing of detachment can be assessed), the present study demonstrates how long-term mechanical coupling exerts a key control on detachment from the slab and potential rock recovery. Critical assessment of rock T/P characteristics indicates that these fragments can indeed be used as natural probes and provide reliable information on subduction interface dynamics down to ~2.8 GPa. Rock clusters are identified at depths of 30, 55-60 and 80 km, with some differences between rock types. Data also reveal a first-order evolution with subduction cooling (in the first ~5 Myr), which is interpreted as reflecting a systematic trend from strong to weak mechanical coupling, after which subduction is lubricated and mostly inhibits rock recovery. This contribution places bounds on the plate interface constitution, regular thickness (b300 m; i.e. where/when there is no detachment), changing geometry and effective viscosity. The concept of 'coupled thickness' is used here to capture subduction interface dynamics, notably during episodes of strong mechanical coupling, and to link long-and short-term deformation. Mechanical coupling depends on mantle wedge rheology, viscosity contrasts and initial structures (e.g.,heterogeneous lithosphere, existence of décollement horizons, extent of hydration, asperities) but also on boundary conditions (convergence rates, kinematics), and therefore differs for warm and cold subduction settings. Although most present-day subduction zone segments (both along strike and downdip) are likely below the detachment threshold, we propose that the most favorable location for detachment corresponds to the spatial transition between coupled and decoupled areas. Effective strain localization involves dissolution-precipitation and dislocation creep but also possibly brittle fractures and earthquakes, even at intermediate depths.

© 2018 Published by Elsevier B.V.

Introduction

Mechanical coupling and material transfer at and across subduction plate boundaries (hereafter the 'plate interface') interact on a wide range of spatial and temporal scales (10 -6 to 10 6 m, 10 0 to 10 15 s), with dramatic consequences for earth dynamics and risk assessment. Although intrinsically weak to accommodate mantle convection during millions of years, strong mechanical 'coupling' regularly builds up across the plates, causing (i)recurring mega-earthquakes at the human time scale (in Sumatra, Chile, Japan) and (ii) episodic return, at the million year scale, of slab fragments metamorphosed along subduction at high-pressurelow-temperature (HP-LT) conditions.

The nature, structure and properties of the subduction plate interface (i.e.,lithology, geometry, thickness, rheology, and how these change with depth) are still largely unknown, however, due to the lack of direct access and poor imaging beyond a few km depth (e.g. Nantroseize, Japan). And these two short-and long-term 'coupling' processes, though taking place along/across the very same plate interface (Fig. 1), are at present studied mostly independently and through very different approaches.

High-end monitoring of active subduction zones and related geophysical studies (i.e.,using seismological, GPS, InSAR or magnetotelluric methods) have, over the past two decades, improved our knowledge on short-term mechanical coupling and stress release (Peng and Gomberg, 2010 and references therein;Gao and Wang, 2017) and revealed new types of seismic phenomena, notably slow-slip events [START_REF] Ide | A scaling law for slow earthquakes[END_REF][START_REF] Schwartz | Slow slip events and seismic tremor at circum-Pacific subduction zones[END_REF]. Using ad hoc rheological properties of the plate interface (i.e.,rate-and-state behavior or brittle-viscous transitions: [START_REF] Scholz | Earthquakes and friction laws[END_REF][START_REF] Gao | Strength of stick-slip and creeping subduction megathrusts from heat flow observations[END_REF]Fagereng and den Hartog, 2017), many studies focus on mechanical coupling at the scale of (a fraction of) the seismic cycle (Métois et al., 2016;Gao and Wang, 2017;[START_REF] Van Dinther | The seismic cycle at subduction thrusts: Insights from seismo-thermo-mechanical models[END_REF][START_REF] Sobolev | Modeling seismic cycles of great megathrust earthquakes across the scales with focus at postseismic phase[END_REF][START_REF] Corbi | The seismic cycle at subduction thrusts: 1. Insights from laboratory models[END_REF][START_REF] Zheng | Fluid-assisted deformation of the subduction interface: coupled and decoupled regimes from 2-D hydromechanical modeling[END_REF]. At the other end of the spectrum, transient changes in (long-term) mechanical coupling have been invoked for fossil subduction zones to account for the punctuated recovery of subducted rocks [START_REF] Maruyama | Blueschists and Eclogites of the World and Their Exhumation[END_REF]Agard et al., 2009Agard et al., , 2016;;Monié and Agard, 2009;[START_REF] Plunder | Accretion, underplating and exhumation along a subduction interface: from subduction initiation to continental subduction (Tavşanlı zone, W. Turkey)[END_REF]Ruh et al., 2015).

What is in common, therefore, between stress accumulation and strain localization during the seismic cycle and stress-strain relationships during the detachment and/or exhumation of rock fragments? For example, rock recovery requires, prior to exhumation, a shift of the plate contact into the slab to detach fragments: could this deformation be operating on the scale of seismic cycles? The mechanical impact of seamounts (whose role as seismic barrier or asperity is much debated: e.g., Cloos, 1992;Mochizuki et al., 2008;Wang and Bilek, 2011;Geersen et al., 2015;Ruh et al., 2016) is expected to last a few hundred thousand years at least: how permanent is 'coupling' through time?

That short-and long-term processes might be more readily connected has emerged from studies linking mineral transformations, fluid release and seismicity at or close to the plate interface (i.e., Audet et al., 2009;[START_REF] Audet | Teleseismic constraints on the geological environment of deep episodic slow earthquakes in subduction zone forearcs: a review[END_REF][START_REF] Hacker | Subduction factory 2. Are intermediate-depth earthquakes in subducting slabs linked to metamorphic dehydration reactions?[END_REF][START_REF] Rogers | Episodic tremor and slip on the Cascadia subduction zone: the chatter of silent slip[END_REF]. There is indeed a growing body of evidence from the (fossil) rock record that at least some of the episodes of their long geological evolution match or are close to timescales of the seismic cycle. Recent findings address very different aspects, such as underplating [START_REF] Kimura | Seismic evidence for active underplating below the megathrust earthquake zone in Japan[END_REF], fluid-rock interactions (John et al., 2012;[START_REF] Penniston-Dorland | Lithium isotopes as a tracer of fluids in a subduction zone mélange: Franciscan complex, CA[END_REF][START_REF] Taetz | Fast intraslab fluid-flow events linked to pulses of high pore fluid pressure at the subducted plate interface[END_REF], fluid pressure changes [START_REF] Vannucchi | Geological record of fluid flow and seismogenesis along an erosive subducting plate boundary[END_REF], element transfer (Audet and Bürgmann, 2014;[START_REF] Fisher | The role of silica redistribution in the evolution of slip instabilities along subduction interfaces: constraints from the Kodiak accretionary complex, Alaska[END_REF] and switches in brittle/ ductile deformation (Fagereng, 2011a, Angiboust et al., 2012a;[START_REF] Sibson | Stress switching in subduction forearcs: implications for overpressure containment and strength cycling on megathrusts[END_REF][START_REF] Yamaguchi | Sources and physicochemical characteristics of fluids along a subduction-zone megathrust: a geochemical approach using syn-tectonic mineral veins in the Mugi mélange, Shimanto accretionary complex[END_REF]Menant et al., 2018).

Using HP-LT rocks recovered from subduction zones as natural probes is presently the only way to gain high-resolution, m-to hmscale insights on the constitution of the plate interface [START_REF] Stöckhert | Stress and deformation in subduction zones: insight from the record of exhumed metamorphic rocks[END_REF], and on the complex interplay between physical and chemical transformations, deformation and fluids (Agard et al., 2016;[START_REF] Bebout | Fluid and mass transfer at subduction interfaces-the field metamorphic record[END_REF]Fagereng and den Hartog, 2017;[START_REF] Wassmann | Rheology of the plate interface -Dissolution precipitation creep in high pressure metamorphic rocks[END_REF] and references therein). Understanding what these rocks exactly record is therefore of prime importance and, as for absolute earthquake relocation, setting back HP-LT rocks with respect to the plate interface is essential. The present contribution intends to critically assess the provenance of these rocks, the conditions of rock recovery along the plate interface, the information they preserve and how they help us track mechanical coupling (or any other process) along the plate interface. First, we redefine and review the current knowledge on the constitution of the plate interface (Section 2), the depths from which these rocks are recovered (Section 3) and provide supporting evidence, based on examples studied by our group or others (e.g., Monié and Agard, 2009;[START_REF] Plunder | Accretion, underplating and exhumation along a subduction interface: from subduction initiation to continental subduction (Tavşanlı zone, W. Turkey)[END_REF]Wakabayashi et al., 2015), that long-term mechanical coupling exerts a key control on their recovery (Section 4). We then further scrutinize the fossil record (Section 5), based on a comprehensive compilation of pressure (P; converted to depth) and temperature (T)conditions, T/P gradients, timing of detachment and thickness of rock units, for carefully selected localities preserving oceanic fragments sliced off from the top of the slab (i.e.,b~500 m away from the plate interface) during long-lasting oceanic lithosphere subduction. Results and new concepts are discussed with emphasis on (i)the evolution through space and time of long-term tectonic slicing, (ii) parameters controlling changes in mechanical coupling and (iii) short-to long-term physical mechanisms leading to effective detachment from the slab and rock recovery (Section 6).

Plate interface geometry across depths

Not much is known about the constitution of the plate interface at depths greater than a few kilometers [START_REF] Oncken | Seismic imaging of a convergent continental margin and plateau in the Central Andes (Andean Continental Research Project 1996 (ANCORP'96))[END_REF][START_REF] Sage | Interplate patchiness and subduction-erosion mechanisms: evidence from depth-migrated seismic images at the Central Ecuador convergent margin[END_REF][START_REF] Calahorrano | Nonlinear variations of the physical properties along the southern Ecuador subduction channel: results from depth-migrated seismic data[END_REF][START_REF] Contreras-Reyes | On the relationship between structure, morphology and large coseismic slip: a case study of the M w 8.8 Maule, Chile 2010 earthquake[END_REF], and available images provide a km-scale view at best. The NantroSeize project (e.g., [START_REF] Lewis | Evidence for mechanical decoupling of the upper plate at the Nankai subduction zone: Constraints from core-scale faults at NantroSEIZE Sites C0001 and C0002[END_REF] has not drilled through the plate boundary yet and will only at most access its shallow part. Absolute earthquake relocation is fraught with uncertainties on the order of 1 to 5 km (e.g., [START_REF] Rietbrock | A narrowly spaced double-seismic zone in the subducting Nazca plate[END_REF], equivalent to those associated with depth assessment of HP-LT rocks (~0.05-0.2 GPa, i.e. ~0.2 to 7 km; Plunder et al., 2012). Similarly, assessing the past location and distance of a given blueschist or eclogite facies sample from the plate interface is difficult and rarely done.

Published views on the plate interface geometry (starting from [START_REF] England | Archimedes and the Tauern Eclogites -role of Buoyancy in the preservation of exotic eclogite blocks[END_REF][START_REF] Shreve | Dynamics of sediment subduction, melange formation, and prism accretion[END_REF]Cloos, 1992) largely depend on whether they are based on field observations or geophysical data (as noted by Vannucchi et al., 2012; see Section 2.2). For the sake of clarity, the glossary of Table 1 and Fig. 2 provide the terminology used throughout the text (notably coupling, detachment, accretion/underplating and exhumation).

The term 'plate interface' is used throughout this contribution to describe the domain between the lower and upper plates, including their boundaries (Fig. 2a,b). We regard this term as less interpretative than 'subduction channel' which, in the literature of the last 30 years, often implicitly conveyed the idea of continuous return flow (e.g., [START_REF] Gerya | Exhumation of high-pressure metamorphic rocks in a subduction channel: a numerical simulation[END_REF]. Besides, the geometry is so poorly-constrained that there might be areas along the plate interface where there is no channel at all (and/or no 'control point' as defined by [START_REF] Shreve | Dynamics of sediment subduction, melange formation, and prism accretion[END_REF].

From geophysical data

Fig. 2c attempts to encapsulate current views on the plate interface as seen from geophysical data. Structures across depths are increasingly well imaged by seismology (e.g., Abers, 2005;[START_REF] Abers | The thermal structure of subduction zones constrained by seismic imaging: implications for slab dehydration and wedge flow[END_REF][START_REF] Bostock | The Moho in subduction zones[END_REF] 2011), illustrating the thermal regime of present-day subduction zones (ϕ: convergence velocity times oceanic plate age). This shows that underplating could occur across a range of thermal regimes, but data is still very restricted. See Section 5.3 for references. et al., 2002;[START_REF] Paulatto | Dehydration of subducting slow-spread oceanic lithosphere in the Lesser Antilles[END_REF]Saffer and Wallace, 2015), at least in areas illuminated by earthquakes/signals (i.e.,trench geometries commonly restrict instrumentation and coverage of the 10-30 km depth range, or 'white zone'). It is nevertheless beyond the scope of this contribution to review the huge progress made over the past twenty years on subduction-zone seismicity, moving from Wadati-Benioff to double (or triple) seismic planes, from regular earthquakes (EQ) to slower ones [START_REF] Ide | A scaling law for slow earthquakes[END_REF][START_REF] Schwartz | Slow slip events and seismic tremor at circum-Pacific subduction zones[END_REF], or on source mechanisms or stress drop estimates (e.g., Gao and Wang, 2017).

The seismogenic zone (or locked zone; ~15 to 25-30 km; Fig. 2c) is bounded by conditionally stable (i.e.,potentially velocity weakening) areas into which ruptures may propagate and finally die out [START_REF] Lay | Depth-varying rupture properties of subduction zone megathrust faults[END_REF]. Its downdip end (~35-40 km, 1-1.2 GPa, ~350 °C) is thought to represent the transition between the brittle field and the domain dominated by plastic deformation. In warm subduction zones, this area is also the locus of episodic tremor and slip characterized by slow energy dissipation at the scale of several weeks (ETS; [START_REF] Rogers | Episodic tremor and slip on the Cascadia subduction zone: the chatter of silent slip[END_REF], thought to be associated with fluid release beneath an impermeable seal (Audet et al., 2009;[START_REF] Nakajima | Repeated drainage from megathrusts during episodic slow slip[END_REF]Fig.2c). Fluid and mass transfer between the ETS region and shallower up-dip portions along the plate interface has recently been suggested (Fig. 2c; [START_REF] Fisher | The role of silica redistribution in the evolution of slip instabilities along subduction interfaces: constraints from the Kodiak accretionary complex, Alaska[END_REF]Audet and Burgmann, 2014).

Deeper down, beyond the seismogenic zone, earthquakes are interpreted as within plate because low stresses [START_REF] Oleskevich | The updip and downdip limits to great subduction earthquakes: thermal and structural models of Cascadia, South Alaska, SWJapan, and Chile[END_REF] and ductile behavior are thought to prevail on the plate interface (at least when 'decoupled'). The presence of fluids and serpentine minerals, suggesting fluid liberation into the wedge corner, has been argued based on estimates of Vp, Vs and Vp/Vs ratios. The hydration state of the mantle wedge is nevertheless largely debated [START_REF] Abers | The cold and relatively dry nature of mantle forearcs in subduction zones[END_REF][START_REF] Hyndman | Serpentinization of the forearc mantle[END_REF]. At some distance above and away from the interface (N20-30 km), mapping of the attenuation factor (Q)reveals the presence of fluids and/or melts (Fig. 2c).

The plate interface itself was estimated to be no more than a few kilometers thick (Abers, 2005;[START_REF] Hilairet | Stability and dynamics of serpentinite layer in subduction zone[END_REF] but only blurry pictures exist for now. On the other hand, receiver-function techniques have imaged on most subduction zones a low-velocity horizon (LVH) located at the top of the slab and associated with a variety of the recently discovered seismic manifestations (silent-slip, low or very-low frequency earthquakes; SSEs; LFEs; VLFEs; [START_REF] Bostock | The Moho in subduction zones[END_REF]. The LVH is believed to coincide with the oceanic (mafic) crust, probably its upper portion (i.e., basalts of Layer 2; [START_REF] Hansen | Nature of the low velocity zone in Cascadia from receiver function waveform inversion[END_REF]. Others have suggested that it may also in part be located in a sedimentary horizon [START_REF] Abers | Imaging the source region of Cascadia tremor and intermediate-depth earthquakes[END_REF]. The downdip end of the LVH, from ~50 km (Cascadia) to 120 km (NE Japan), correlates well with thermal structure (deeper ones for colder ones) and seems to dip into the slab and die out once the blueschist to eclogite transformation is completed (Fig. 2c; [START_REF] Kita | Existence of a seismic belt in the upper plane of the double seismic zone extending in the along-arc direction at depths of 70-100 km beneath[END_REF][START_REF] Rondenay | Seismic imaging of subduction zone metamorphism[END_REF][START_REF] Van Keken | Thermal structure and intermediate-depth seismicity in the Tohoku-Hokkaido subduction zones[END_REF]. A lower seismic plane, ~20-40 km into the slab mantle, whose origin is still debated (i.e., related to serpentine breakdown or bending), is also imaged for most subduction zones (e.g., [START_REF] Zhao | Mapping the mantle wedge and interplate thrust zone of the Northeast Japan arc[END_REF]Fig.1a).

From geological data

Plate interface thickness, not (yet) constrained by geophysical methods, was estimated for shallow depths (b15 km; [START_REF] Rowe | The thickness of subduction plate boundary faults from the seafloor into the seismogenic zone[END_REF] by inspection of fault drills from subduction environments and exhumed portions. These authors concluded on the existence of a ~100-350 m thick, depth independent multi-strand fault system (outside potentially accreted/underplated material). Though not preventing the possibility of material return, no supporting evidence was found. Such thickness makes steady return flow unlikely, even with deformable plate walls [START_REF] Raimbourg | Consequences of progressive eclogitization on crustal exhumation, a mechanical study[END_REF].

There is no direct information at greater depth, justifying the need for the present compilation (Section 5). The variety of subducted materials is immense, from slow to fast spreading lithosphere or oceanic plateaus with thick crust. Plate interface thickness is likely to be modulated 'Plate Interface' -It is characterized by two tectonic contacts (here named after Vannucchi et al., 2012): the 'roof décollement' (upper boundary) and 'basal décollement' (lower boundary), each of unknown width. These are the hanging wall and footwall of [START_REF] Shreve | Dynamics of sediment subduction, melange formation, and prism accretion[END_REF]. 'Plate Interface 'Thickness' -It refers to the total width of the plate interface, i.e.

comprising the roof and basal décollements and the domain in between (this last one being generally referred to as the 'Channel'). Its value is not known with any precision and could vary from the cm-m scale at shallow depths [START_REF] Saffer | Hydrogeology and mechanics of subduction zone forearcs: fluid flow and pore pressure[END_REF]Vannucchi et al., 2012b) to the km-scale deeper down (as suggested during subduction infancy; Agard et al., 2016). 'Channel Material' -This term is restricted to rocks located between the roof and basal décollement (Fig. 2a), whose displacement, during at least part of its evolution, does not coincide with those of the upper and lower plates. This material may be intact (meta)sedimentary sequences or oceanic crust or may be partly disrupted, incorporating various amounts of tectonic slices of variable dimensions, possibly leading to the formation of mélanges (see next point).

There might be also virtually no material (in case of zero plate interface thickness). 'Mélange' -This is a formation made of mixed rock bodies that are mappable (at 1:25,000 or less) and in which the proportion of blocks to matrix turns out to be b~50-70 vol% in subduction zone environments [START_REF] Grigull | Order from chaos": a field-based estimate on bulk rheology of tectonic melanges formed in subduction zones[END_REF]. Unless specified, we implicitly refer to a tectonic mélange (i.e., dismantling of preexisting structures by deformation along the plate interface, regardless of potential inherited heterogeneities) rather than sedimentary mélange (which may turn into a tectonic mélange in the interface; e.g., [START_REF] Cowan | Structure of the metamorphic sole to the Oman Ophiolite, Sumeini Window and Wadi Tayyin: implications for ophiolite obduction processes[END_REF]Cloos, 1982;[START_REF] Festa | Mechanisms and processes of stratal disruption and mixing in the development of mélanges and broken formations: redefining and classifying mélanges[END_REF]. The extent to which tectonic mélanges form by mechanical mixing and chemical mixing (i.e. by progressive reactions between the various rock types and/or fluids leading to chemical and rheological changes, with complex feedbacks) is generally unknown. 'Detachment' -This designates effective slicing of rocks/units from the slab (irrespective of effective deformation mechanisms or tectonic offsets), which inherently requires a down-stepping of the basal décollement and leads to the net addition of material to the interface. Any detachment requires strain localization into the slab and significant mechanical coupling (see below) across the plate boundary so that some strain is effectively transferred into the slab rather than focused across the plate interface alone (Fig. 2b). 'Underplating' -This process corresponds to the net addition (or accretion, in a broad sense) of material to the upper plate, hence involving a down-stepping of the roof décollement and transfer of channel or slab material to the upper plate. This may comprise underplating of incoming (fresh) material or of previously detached material (whether experiencing exhumation or not; Fig. 2b). The term 'Frontal Accretion' is restricted here to shallow accretion of material, i.e. within the non-subducted accretionary wedge. Subducted material, by definition, corresponds to rocks dragged pass the inlet of the plate interface (Fig. 2a). 'Exhumation' -This term describes the upward movement of material within the plate interface (by opposition to burial), whether in the channel or along one of the boundaries (more likely roof than basal décollement; [START_REF] Raimbourg | Consequences of progressive eclogitization on crustal exhumation, a mechanical study[END_REF]. Exhumation, probably in part 'buoyancy-propelled' (Ernst, 2001), is still not well understood (see [START_REF] Platt | Exhumation of high-pressure rocks -a review of concepts and processes[END_REF]Warren, 2013 and references therein). 'Basal erosion' -This term refers to the removal of material from the upper plate (whether previously underplated or not). 'Mechanical coupling' -This is defined, at any given depth, as the integrated resistance across the interface (and along some characteristic distance in 3D). Plates in contact are locally 'increasingly coupled' when not sliding at average plate velocities with respect to each other for some distance and time ('Partial Locking' on Fig. 2b), i.e. when the sum of relative displacements across the plate interface (at the roof and/or basal décollement and/or within channel material) is less than required by convergence. Strain distribution is modified whenever plates get 'increasingly (or strongly) coupled', as well as during opposite evolutions. Strain accumulation may induce localization within the downgoing plate (detachment) or the upper plate (basal erosion). We define the 'Coupled Thickness' (Fig. 2b) as the width across which strain is effectively distributed, such that coupled thickness ≥ plate interface thickness (see Section 6.3). For the sake of simplicity, when the coupled thickness equals the plate interface thickness (i.e., the integrated strength equals that of the channel material and décollements), plates are termed 'decoupled' (somewhat abusively since this does not mean there is no mechanical coupling). This definition of mechanical coupling is similar to the one used in the geophysical literature to describe variations in seismic coupling depth [START_REF] Tichelaar | Depth of seismic coupling along subduction zones[END_REF][START_REF] Oleskevich | The updip and downdip limits to great subduction earthquakes: thermal and structural models of Cascadia, South Alaska, SWJapan, and Chile[END_REF] or interseismic/geodetic coupling (e.g., Wallace et al., 2012;Métois et al., 2016). At intermediate timescales, mechanical coupling can be envisioned as the integrated resistance across the whole plate contact (e.g., Agard et al., 2016;[START_REF] Riel | Numerical modeling of stress and topography coupling during subduction: Inferences on global vs. regional observables interpretation[END_REF]. Implicit in all these definitions, increased mechanical coupling means higher stresses along a partly 'locked' portion but not necessarily across the whole plate interface. by the type of material/lithology involved and mixing proportions (e.g., Fagereng and den Hartog, 2017). Fluid budgets seem critical and particularly influenced by the hydrothermal alteration of basalts [START_REF] Spinelli | Long-distance fluid and heat transport in the oceanic crust entering the Nankai subduction zone, NanTroSEIZE transect[END_REF] and serpentinization at the top of the lithospheric slab (in the first 1-5 km: Fig. 2a; [START_REF] Emry | Incoming plate faulting in the Northern and Western Pacific and implications for subduction zone water budgets[END_REF]. Variations in ocean plate stratigraphy (OPS, Fig. 2a), particularly for sediments, have been discussed in a number of publications (Wakabayashi et al., 2011(Wakabayashi et al., , 2015;;[START_REF] Kusky | Recognition of ocean plate stratigraphy in accretionary orogens through Earth history: a record of 3.8billion years of sea floor spreading, subduction, and accretion[END_REF][START_REF] Wakita | Mappable features of mélanges derived from Ocean Plate Stratigraphy in the Jurassic accretionary complexes of Mino and Chichibu terranes in Southwest Japan[END_REF], but their impact on subduction mechanics is relatively poorly known (Agard et al., 2016;[START_REF] Behr | Sediment control on subduction plate speeds[END_REF]. Frontal accretion, though not considered here (this material does not enter into subduction much, unless aerial or basal erosion proceeds), likely impacts plate interface thickness: since accretion is favored by slower plate convergence (yet mostly independent from incoming sediment thickness, generally between 0.5 and 1 km; [START_REF] Cliff | Early Tertiary eclogite facies metamorphism in the Monviso Ophiolite: early tertiary eclogite facies metamorphism[END_REF][START_REF] Syracuse | The global range of subduction zone thermal models[END_REF], fast convergence will result in more sedimentary material dragged along the plate interface.

Field-based, idealized views of the plate interface provide more details but generally lack scale and/or information on the distance to the plate interface (e.g., [START_REF] Angiboust | Probing the transition between seismically coupled and decoupled segments along an ancient subduction interface[END_REF][START_REF] Bachmann | Exposed plate interface in the European Alps reveals fabric styles and gradients related to an 23[END_REF][START_REF] Konrad-Schmolke | Fluid migration above a subducted slab -constraints on amount, pathways and major element mobility from partially overprinted eclogite-facies rocks (Sesia Zone, Western Alps)[END_REF]Fagereng, 2011a,b;Kimura et al., 2012;Vannuchi et al., 2012;[START_REF] Rowe | The thickness of subduction plate boundary faults from the seafloor into the seismogenic zone[END_REF]Wakabayashi, 2015;Guillot et al., 2009Guillot et al., , 2015)). It is beyond the scope of this study to describe or reappraise the merits of all published representations, but most focus on two distinct depth ranges:

shallow depths b~20-25 km, in Japan [START_REF] Kitamura | Mélange and its seismogenic roof décollement: A plate boundary fault rock in the subduction zone-An example from the Shimanto Belt, Japan[END_REF]Kimura et al., 2012;[START_REF] Raimbourg | Long-term evolution of an accretionary prism: the case study of the Shimanto Belt, Kyushu, Japan[END_REF], New Zealand (Fagereng et al., 2011), California (Wakabayashi, 2015(Wakabayashi, , 2017) ) or the Western Alps [START_REF] Bachmann | Exposed plate interface in the European Alps reveals fabric styles and gradients related to an 23[END_REF]. depths N35-40 km [START_REF] Ague | Element mobility during regional metamorphism in crustal and subduction zone environments with a focus on the rare earth elements (REE)[END_REF]Angiboust et al., 2012bAngiboust et al., ,c, 2015;;[START_REF] Bebout | Metamorphic chemical geodynamics of subduction zones[END_REF]Guillot et al., 2015;[START_REF] Konrad-Schmolke | Fluid migration above a subducted slab -constraints on amount, pathways and major element mobility from partially overprinted eclogite-facies rocks (Sesia Zone, Western Alps)[END_REF]. For these, constraints from fluid-rock interactions, related mineral textures and detailed geochemistry are increasingly available [START_REF] Bebout | Metamorphic chemical geodynamics of subduction zones[END_REF][START_REF] Bebout | Fluid and mass transfer at subduction interfaces-the field metamorphic record[END_REF], but the exact tectonic setting is less well constrained (save for a few examples; e.g. Monviso massif, W. Alps: Angiboust et al., 2011 and references therein).

Field-based pictures highlight ductile deformation, shear bands or boudinage but differ in terms of strain localization (strongly localized or distributed shear), material behavior/status (coherent slices or variably disrupted mélanges) and fluid regime. Fossil deformation commonly reveals (i)a combination of deformation mechanisms, such as grain-size sensitive creep (mostly dissolution-precipitation creep; [START_REF] Stöckhert | Stress and deformation in subduction zones: insight from the record of exhumed metamorphic rocks[END_REF][START_REF] Wassmann | Rheology of the plate interface -Dissolution precipitation creep in high pressure metamorphic rocks[END_REF] and dislocation creep and (ii) fluctuations between brittle and ductile behavior owing, notably, to changes in fluid pressure (e.g.,at the hm-scale: Angiboust Please cite this article as: Agard, P., et al., The subduction plate interface: rock record and mechanical coupling (from long to short timescales), Lithos (2018), https://doi.org /10.1016/j.lithos.2018.09.029 et al., 2015;for large-scale, present-day changes: Wallace et al., 2012). Although essential physical parameters such as permeability or porosity remain largely unknown, many efforts have been devoted over the last 10 years to link long-term deformation to earthquakes [START_REF] Marone | Learning to read fault-slip behavior from fault-zone structure[END_REF][START_REF] Andersen | Fossil earthquakes recorded by pseudotachylytes in mantle peridotite from the Alpine subduction complex of Corsica[END_REF]Fagereng et al., 2011Fagereng et al., , 2018;;Angiboust et al., 2012a).

Episodic rock recovery from specific subduction depths

The punctuated exhumation record (Agard et al., 2009;Angiboust et al., 2016;Guillot et al., 2009) shows that rock recovery is intrinsically episodic: subducted rocks are returned over relatively short-lived episodes representing only a fraction of subduction lifetime (b20%, typically during a few Myr; Fig. 3a), and each time across only a small part of the subduction zone length (e.g.,b5% for the Neotethys or S. America). Altogether, rock recovery amounts to a few percents at most. This rules out a steady return flow process (a concept mainly derived from numerical models: Cloos and Shreve, 1988a,b;[START_REF] Gerya | Exhumation of high-pressure metamorphic rocks in a subduction channel: a numerical simulation[END_REF], at least across a significant part of the subduction history (see also the discussion in [START_REF] Krohe | The Franciscan complex (California, USA)the model case for returnflow in a subduction channel put to the test[END_REF]Wakabayashi, 2017).

Maximum depths at which exhumed rocks did equilibrate, i.e., reached their peak burial, is likely not random: despite some scatter, two main depth clusters were pointed out by [START_REF] Plunder | Accretion, underplating and exhumation along a subduction interface: from subduction initiation to continental subduction (Tavşanlı zone, W. Turkey)[END_REF]; Fig. 3b): at ~30-40 km (i.e., downdip of the seismogenic zone) and at ~80 ± 10 km, perhaps with one additional peak at ~50-55 km. The rock record may be biased for shallow depths, i.e. leaving aside rocks not recognized as having once been subducted due to difficulties in assessing P-T values for low temperatures (b~250 °C, or 20-25 km forsubduction zone gradients), but diagnostic minerals and thermodynamic models for both metasedimentary and metabasic rocks confidently cover the range for P N .4 GPa and T N 250 °C.

The lesser recovery (or gap) between depths of 30-40 and 80 km spatially coincides with the depth range over which the oceanic slab is juxtaposed against the mantle wedge, beyond the continental Moho (Fig. 3b), i.e. at modelled upper plate temperatures low enough that some rheologically weak serpentine material should be stable (b550-600 °C; Figs.2c and 3b; Ulmer and Trommsdorff, 1995a,b;[START_REF] Hyndman | Serpentinization of the forearc mantle[END_REF][START_REF] Reynard | Serpentine in active subduction zones[END_REF]Hilairet and Reynard, 2009;Guillot et al., 2015). This lesser recovery, once rocks are in contact with the partly serpentinized mantle wedge, is intuitively consistent with lubrication of the plate interface by serpentinites. We note, however, that serpentine stability depends on subduction thermal structure and may extend down to 100-120 km in cold subduction zones (van Keken et al., 2011) and that no or a very limited number of rocks are recovered beyond ~80 km (Agard et al., 2009;[START_REF] Plunder | Accretion, underplating and exhumation along a subduction interface: from subduction initiation to continental subduction (Tavşanlı zone, W. Turkey)[END_REF]Fig. 3b).

The depth range of most exhumed rocks therefore spatially coincides with marked changes in first-order features and mechanical coupling in active subduction zones, as shown in Fig. 3c (e.g.,hydration or dehydration sites, mega-earthquakes, ETS,intermediate-depth earthquakes): (i)from the seismogenic zone to a portion below generally considered as decoupled (30-40 km;[START_REF] Peacock | Hydrous minerals in the mantle wedge and the maximum depth of subduction thrust earthquakes[END_REF][START_REF] Lay | Depth-varying rupture properties of subduction zone megathrust faults[END_REF]Audet and Bürgmann, 2014;Gao and Wang, 2017) and (ii) from decoupled to recoupled depths (~80 km; [START_REF] Wada | Comwmon depth of slab-mantle decoupling: reconciling diversity and uniformity of subduction zones[END_REF][START_REF] Syracuse | The global range of subduction zone thermal models[END_REF]. This observation raises several important remarks:

does the rock record reliably reflect depths at which rocks get scraped off (hence detachment dynamics) or instead some process preventing the recovery of already detached slices? The latter could be (i)an exhumation barrier, whether geometrical and/or rheological [START_REF] Brun | Exhumation of high-pressure rocks driven by slab rollback[END_REF], (ii) an efficient dragging along the interface beyond a 'critical point' [START_REF] Shreve | Dynamics of sediment subduction, melange formation, and prism accretion[END_REF] or Stippled area to the lower right: domain where metabasalt becomes denser than and negatively buoyant with respect to the mantle peridotite (adapted from Agard et al., 2009). Superimposed coloring refers to a 50-50% mixture of metabasalt and serpentinite; light grey field: conditions where the mixture is lighter than peridotite; dark grey: conditions where the mixture is denser than peridotite. See discussion in text. Two main clusters (estimates projected on the T/P gradient) are noticeable, with some smearing. c -First-order dynamic processes operating along the subduction zone set back against depth (background profile as in Fig. 2a). Large-scale tectonic features are in red and fluid migration in blue. Zones of maximum (present-day) coupling are indicated: note that the depths of the transitions from coupled to decoupled coincide with depths from which high-pressure low-temperature (HP-LT) rocks are recovered. d -Close-up view emphasizing the need, in order to detach fragments from the slab (and potentially later exhume them), for two key processes: (i) increased mechanical coupling (i.e., at least partial locking of the interface) leading to strain redistribution across the plate boundary and ultimately (although for a transient period only) strain localization within the slab; (ii) effective 'slicing', thanks to strain localization mechanisms. Both processes are required, but which one is rate-limiting? (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) [START_REF] Gerya | Transient hot channels: perpetrating and regurgitating ultrahigh-pressure, high-temperaturecrust-mantle associations in collision belts[END_REF][START_REF] Hacker | Differentiation of the continental crust by relamination[END_REF]Marschall and Schumacher, 2012;[START_REF] Hacker | Paradigms, new and old, for ultrahigh-pressure tectonism[END_REF][START_REF] Nielsen | Geochemical evidence for melange melting in global arcs[END_REF]. Section 4 provides evidence supporting detachment-controlled recovery. could episodicity be an artifact due to switches between subduction accretion and erosion, the latter inducing full subduction of the OPS and removal of upper plate or underplated material [START_REF] Clift | Controls on tectonic accretion versus erosion in subduction zones: implications for the origin and recycling of the continental crust[END_REF][START_REF] Sallares | Structure and tectonics of the erosional convergent margin off Antofagasta, North Chile (23 degrees 30′ S)[END_REF][START_REF] Von Huene | Observations at convergent margins concerning sediment subduction, subduction erosion, and the growth of continental-crust[END_REF]? Subduction erosion, by essence elusive unless some material is later returned (for the few reports of basal erosion: Its importance in subduction environments is probably minimal, given the consistency between petrological and geophysical observations and the lateral homogeneity/extent of regional-scale exposures, but this point is further discussed in the light of the present compilation (Section 6.1).

Episodicity of the rock recovery (irrespective of depth) suggests the existence of a rate-limiting process. Since down-stepping of the subduction interface into the slab is necessary to scrape off rocks/units, it could be (i)the extent of mechanical coupling between the two plates or (ii) strain localization and slicing mechanisms in the slab (Fig. 3d: 1 and 2, respectively). As slabs undergo extensive deformation prior to reaching depths of 30-40 km (i.e., faults form at or near the ocean ridge, during bending and along the seismogenic zone; Fig. 3c; Ranero et al., 2003;[START_REF] Rietbrock | A narrowly spaced double-seismic zone in the subducting Nazca plate[END_REF], the second hypothesis seems less likely, unless efficient healing mechanisms erase weakness/fault zones beyond 30-40 km. These aspects are examined in the next section and in the Discussion.

Evidence that transient changes in mechanical coupling control rock recovery

4.1. Rock recovery linked to changes in regional-scale (N1000 km) kinematics and/or slab dynamics

We consider below two well-documented examples from the Mesozoic, from the Tethyan and Pacific realms respectively.

(1) Within the Neotethys, across N3000 km (from approx. Turkey to the Himalayas; Fig. 4a; Monié and Agard, 2009), most ocean-derived blueschists were returned coevally from a long-lived subduction system (N100 Myr), over a short time interval b~20 Myr (~90 ± 10 Ma) from depths around 30-40 km (Fig. 4b). These blueschists crop out as tectonic slices with fairly intact OPS sequences. The similarity of ages supports fresh slicing from the slab rather than recovery from a 'storage' zone: exhumation of previously, diachronously detached pieces would have led to different ages (especially for relatively low-T rocks that did not significantly exceed closure temperature of radiometric systems). It also indicates that detachment was rate-limiting: recovery across such a vast area requires that detachment was triggered by regionalscale (mantle-scale) geodynamic changes (Fig. 4a), as a result of plate reorganization and increase in convergence velocities in the Neotethys (Agard et al., 2006(Agard et al., , 2007;;Jolivet et al., 2016). Their return from similar depths, close to the downdip end of the seismogenic zone [START_REF] Agard | The subduction plate interface: rock record and mechanical coupling (from long to short timescales)[END_REF](31)(32)(33)(34)(35)(36)(37)(38)(39)(40)Figs.2c and 4b), suggests changes in long-term mechanical coupling between the upper and lower plates, possibly extending the seismogenic zone downward.

A slightly younger episode of deeper recovery from depths of 50-55 km (at 70-80 Ma; Seghin unit: Agard et al., 2006;Angiboust et al., 2016;Sapi-Shergol: Groppo et al., 2016) is recorded from the same subduction system. Interestingly, in the nearby Sistan subduction zone, a pulse of rock recovery along ~150 km is documented at 85 Ma (Eastern Iran; [START_REF] Broecker | New age constraints for the geodynamic evolution of the Sistan Suture Zone, eastern Iran[END_REF]Angiboust et al., 2013;Bonnet et al., 2018): two types of mafic rocks returned from depths of 30-40 and ~80 km are found as m-to 10 m-scale blocks in a serpentinite mélange. (2) In the Franciscan complex of California, despite N10,000 km of eastward subduction, rock recovery was limited. It is characterized by small volumes returned shortly after subduction inception (~175-170 Ma; [START_REF] Anczkiewicz | Franciscan subduction off to a slow start: evidence from high-precisionLu-Hf garnet ages on high grade-blocks[END_REF][START_REF] Mulcahy | Early onset of Franciscan subduction[END_REF]Fig. 4d), of high temperature eclogites (high-grade blocks; [START_REF] Cloos | Thermal evolution of convergent plate margins -thermal modeling and reevaluation of isotopic Ar-ages for blueschists in the Franciscan complex of California[END_REF][START_REF] Ukar | Low-temperatureblueschist-facies mafic blocks in the Franciscan melange, San Simeon, California: field relations, petrology, and counterclockwise P-T paths[END_REF]Wakabayashi, 2015) or slightly more coherent terranes (e.g.,Ward Creek, Goat Mountain, Willow Spring, Skaggs Springs; Wakabayashi, 2015). More volumetrically significant rock recovery and underplating mostly took place during the Cretaceous (Fig. 4c,d). This coincided with large-scale geodynamic reorganization, notably with the reorientation of the Pacific plate at ~125 Ma, the increase in magmatic production in the Sierra Nevada batholith, the switch from erosional to accretionary mode (Dumitru et al., 2010 and references therein) and predated the period of flat slab subduction (85-45 Ma). Underplating was discontinuous in space and time [START_REF] Cloos | Thermal evolution of convergent plate margins -thermal modeling and reevaluation of isotopic Ar-ages for blueschists in the Franciscan complex of California[END_REF][START_REF] Dumitru | Early cretaceous transition from nonaccretionary behavior to strongly accretionary behavior within the Franciscan subduction complex[END_REF]Wakabayashi, 2015).

Stepwise underplating of ~km-thick tectonic slices (Fig. 4c) occurred in the north at ~123 Ma (South Fork mountain schist), 117 Ma (Valentine Springs) and 110-100 Ma (Yolla Bolly terranes) and at 105-80 Ma ~300 km further south, in the Diablo range [START_REF] Ernst | Californian blueschists, subduction, and the significance of tectonostratigraphic terranes[END_REF]. All units were returned from similar depths of ~25 km (~0.7 GPa; Fig. 4c) as largely non-disrupted slices. Biostratigraphic constraints for the subducted material demonstrate diachronous subduction and thus sequential underplating, suggesting fresh tectonic slicing from the slab rather than recovery from a 'storage' zone.

A similar example of stepwise underplating is provided by the stacking sequence observed in Southern Chile (Almagro island; Angiboust et al., 2018). Another striking example of large-scale, transient recovery is documented in the Guatemala-Cuba-Hispaniola trench at 120 ± 10 Ma (Garcia-Casco et al., 2008a, 2008b).

Sequential underplating at 30-40 km depth

Peak burial conditions indicate that the 30-40 km depth range is a favorable locus for detachment of slab material (Fig. 3b). Combined structural and petrochronological data have enabled the identification of stepwise underplating towards the base or below the seismogenic zone ('underplating' in Fig. 3c; e.g., [START_REF] Platt | Metamorphic and deformational processes in Franciscan-complex, California -some insights from Catalina Schist Terrane[END_REF][START_REF] Grove | The Catalina Schist: evidence for middle Cretaceous subduction erosion of southwestern North America[END_REF]Plunder et al., 2012;[START_REF] Angiboust | A 100-m.y.-long window onto mass-flow processes in the Patagonian Mesozoic subduction zone (Diego de Almagro Island, Chile)[END_REF]. By comparison, much less structural information is available for greater depths.

Underplating requires that the main displacement zone within the plate interface shifts from the roof décollement to within the interface, along the basal décollement or within the slab (Fig. 2b). Recent studies outline a threefold sequence for underplating: (i)scraping off (and strain localization into) the top of the downgoing slab to individualize a tectonic slice, (ii) welding of the slice to the upper plate, in several cases to an earlier underplated sliver and (iii) pervasive shearing of the base of the tectonic slice as it transiently occupies a roof décollement position (e.g., [START_REF] Angiboust | A 100-m.y.-long window onto mass-flow processes in the Patagonian Mesozoic subduction zone (Diego de Almagro Island, Chile)[END_REF]. All these features suggest (transient) periods of effective mechanical coupling between the tectonic plates.

This process most commonly involves the uppermost sedimentary section at the slab surface as shown along the Chilean margin or in the Schistes Lustrés complex of the Western Alps (e.g., Plunder et al., 2012;[START_REF] Willner | Pressure-temperature evolution of a late Palaeozoic paired metamorphic belt in north-Central Chile (34 degrees-35 degrees 30′S)[END_REF], but rocks deeper in the slab sequence may also be involved in duplex structures (Kimura and Ludden, 1995;[START_REF] Kukowski | Mechanical decoupling and basal duplex formation observed in sandbox experiments with application to the Western Mediterranean Ridge accretionary complex[END_REF][START_REF] Hyppolito | Late Paleozoic onset of subduction and exhumation at the western margin of Gondwana (Chilenia Terrane): Counterclockwise P-T paths and timing of metamorphism of deep-seatedgarnet-mica schist and amphibolite of Punta Sirena, Coastal Accretionary Complex, central Chile (34 degrees S)[END_REF] In long-lived margins, this process may lead to the formation of a large antiformal stack structure, eventually cutting across the forearc crust (Central Chile: [START_REF] Glodny | Internal dynamics of a paleoaccretionary wedge: insights from combined isotope tectonochronology and sandbox modelling of the South-CentralChilean forearc[END_REF]Crete: Marsellos et al., 2010). Asperities at the slab surface (such as seamounts, extensional allochtons, plateaus) may also undergo stacking, leading to the formation of a composite, interface-parallel body separating the downgoing slab from the forearc lower crust or mantle wedge, with implications on stress and coupling distribution near the downdip end of the seismogenic zone (e.g., Menant et al., 2018).

Detachment and underplating during subduction infancy

One of the best examples of (long-term) mechanical coupling along the plate interface is provided by metamorphic soles (Agard et al., 2016;Fig. 5), which represent pieces of crust stripped from young slabs and underplated beneath the (nascent) mantle wedge shortly after subduction initiation [START_REF] Wakabayashi | Spatial and temporal relationships between ophiolites and their metamorphic soles: a test of models of forearc ophiolite genesis[END_REF].

These metamorphosed pieces of crust, scraped off and underplated over ~1-2 Myr (Rioux et al., 2016), have very comparable characteristics worldwide: the ~10-100 m thick slices of high temperature soles (HT soles) formed at 800 ± 50 °C and 1 ± 0.1 GPa are made of mafic crust, whereas later, lower temperature soles (LT soles, down to ~600 °C) have an increasing sedimentary component (Casey and Dewey, 1984). Progressively shallower portions of the slab are thus being scraped off diachronously across a few Myr and underplating is stepwise (Fig. 5a; Soret et al., 2017a,b). The mantle above is strongly deformed across ~0.5-1 km during HT sole formation (Fig. 5b,c) and partly exhumed together with the metamorphic sole. This indicates that deformation is distributed across the whole subduction interface and testifies to theexistence of a thick roof décollement during early subduction (stage 1a; Fig. 5b; [START_REF] Prigent | Transfer of subduction fluids into the deforming mantle wedge during nascent subduction: evidence from trace elements and boron isotopes (Semail ophiolite, Oman)[END_REF].

In essence, metamorphic soles record initial subduction steps, during which the newly born slab attempts to overcome the resistance of the (upper plate) mantle acting as a buttress (e.g.,formation of the HT sole: Fig. 5c). Comparing effective viscosities shows that the slab crust is initially stronger than the (shallow) serpentinized mantle wedge until it reaches at depth a value similar to that of the deeper, drier mantle wedge (evolution 1 to 1″; Fig. 5d): the detachment of metamorphic soles and welding to the upper plate marks the fact that, during a relatively short time span (b1-2 Myr), the slab crust and the mantle wedge on top share similar viscosities (Fig. 5c,d), which induces strong mechanical coupling (Agard et al., 2016).

The cooling of the subduction thermal regime has several important consequences:

(i) at 1 GPa, the mantle wedge is initially stronger than the slab but weakens over time as it cools and as weak hydrous phases, mainly serpentinite, are progressively stable deeper and deeper (Fig. 5b), lubricating the plate interface and allowing for strain localization across an increasingly narrower zone (orange arrows in Fig. 5b). (ii) as mantle wedge serpentinization expands further down, strong mechanical coupling can only be expected at greater depths, yet rock analogous to metamorphic soles are no longer exhumed. Agard et al. (2016) suggested that high-grade mafic blocks found in serpentinites or lower-T mélanges exhumed early during subduction history (Agard et al., 2009;Garcia-Casco et al., 2008a,b;[START_REF] Lazaro | Fifty-five-million-year history of oceanic subduction and exhumation at the northern edge of the Caribbean plate (Sierra del Convento mElange, Cuba)[END_REF] may represent such analogues. (iii) the stepping down of the roof décollement into the slab gets shallower and shallower (Fig. 5a,b), first stripping the whole upper crust (step 1a), then parts of it mixed with minor sediments (step 1b), then only sediments (step 2)and ultimately stops (step 3).

Metamorphic soles exemplify the role of transient mechanical coupling along the plate interface. They highlight the importance of fluid release and contrasting mechanical behavior of incoming materials, suggesting that similar mechanisms may also control the transient detachment and subsequent underplating/exhumation of HP-LT rocks in mature subduction systems.

Detachment of tectonic slices from the slab in numerical models

Using numerical experiments, Ruh et al. (2015); Fig. 6) investigated the effect of upper and lower oceanic plate mantle serpentinization Fig. 5. Evolution of subduction dynamics during the early stages of subduction (~0-2 Myr), when a newly born slab attempts to overcome the resistance of the (upper plate) mantle to make its way towards the earth interior. This evolution highlights the importance of fluid release and of the contrasting mechanical behavior of incoming materials. a -The rock record (i.e., metamorphic soles) reveals that the stepping down of the roof decollement into the slab gets shallower and shallower with time, first stripping the whole upper crust (step 1a), then parts of it mixed with minor sediments (step 1b), then only sediments (step 2) and ultimately stops (step 3). b -Evolution of the plate interface as the slab progresses, from largely distributed (km scale) to strongly localized (cm scale). c-d -Slab crust is initially stronger than the shallow serpentinized mantle wedge but weakens with increasing temperature (thick blue line) until it reaches a value similar to that of the drier mantle wedge (evolution 1 to 1″). This induces a strong transient mechanical coupling along the plate interface, which is responsible for the detachment of slab fragments (i.e., the metamorphic soles). For more detail see Agard et al. (2016).(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) (Figs.2a and 3b;Ranero et al., 2003;Faccenda, 2014 and references therein;[START_REF] Emry | Incoming plate faulting in the Northern and Western Pacific and implications for subduction zone water budgets[END_REF] on the possibility, amount and depth of detachment of the oceanic crust along the plate interface.

In the absence of oceanic mantle serpentinites, models indicate that most of the downgoing slab crust remains attached to the slab mantle and get subducted (Fig. 3 of Ruh et al., 2015; see also Angiboust et al., 2012b). This is consistent with the fact that a mechanically weak zone is needed within the slab (whether inherited or newly formed as a result of progressive strain accumulation and damage) to localize strain. Continuous serpentinization of the upper oceanic mantle, on the other hand, results in complete shallow accretion (Fig. 4 of Ruh et al., 2015; see also Vogt and Gerya, 2014b). Depending on several rheological, mechanical and thermal parameters, discontinuous, patchy serpentinization of the oceanic mantle may or not lead to effective detachment at various depths:

(i) cooler continental geothermal gradients within the upper plate enhance mechanical coupling and deeper dehydration of serpentinite, favoring deeper slicing of oceanic crust (Fig. 6a,b). (ii) larger serpentinite patches (170 km; Ruh et al., 2015) induce shallower detachment, due to the fact that larger patches decrease mechanical coupling between the oceanic crust and oceanic mantle: decoupling within the oceanic slab (atop a patch) occurs when the slab is still at accretionary wedge levels. Tectonic slices underplated at shallow depths (i.e., 20 km, such as the Crescent Terrane along the Cascadia subduction zone; [START_REF] Hyndman | The Northern Cascadia subduction zone at Vancouver Island -seismic structure and tectonic history[END_REF][START_REF] Hirsch | Spatially heterogeneous burial and high-P/T metamorphism in the Crescent Formation, Olympic Peninsula,Washington[END_REF] could thus derive from the presence of large serpentinized patches below the oceanic crust. Too small patches (e.g.,42.5 km) do not trigger detachment, since oceanic crustal/mantle decoupling is too weak and stresses built up within the crust are insufficient for strain localization. (iii) faster convergence velocities have a negative impact on the detachment of tectonic slices (Fig. 6a,c). A plausible explanation is that the associated colder geotherms extend the forearc serpentine stability (and lubrication) downward; (iv) whenever oceanic crust detaches from eclogitic depths, exhumation along the serpentinized mantle wedge occurs with velocities from 1 to 10 mm/yr, i.e. comparable to natural observations (Agard et al., 2009 and references therein).

Mechanical coupling: from long-to short-term

The above examples allow drawing a number of general conclusions:

the punctuated rock record (dominantly from depths ≤30-40 km to ~80 km) results from the fundamentally transient detachment from the slab (followed or not by underplating of channel material; Fig. 2b), on the order of the Myr or possibly less. Most of the fossil record originates from the downgoing plate. rocks/units detached likely correspond to « fresh » material: the absence of a storage zone (at least over more than a few Myr) supports the absence of an exhumation barrier/filter. mechanical coupling (rather than the effective slicing) chiefly controls the detachment of tectonic slices from the slab and is controlled by effective viscosities across the plate interface. It will depend on changes in strain rates, kinematics, fluid inputs and/or rock type (Figs. 5 and6). transient (changes in) mechanical coupling and strain localization are essential components of subduction dynamics: how rocks get detached can therefore provide useful information on active deformation processes (i.e., seismic or interseismic/geodetic coupling; Table1).

Further evidence from diagnostic fossil exposures

A systematic survey of diagnostic fossil exposures was performed to scrutinize further the rock record: the above conclusions suggest that this (through the duration and physical conditions of detachment, typical volumes, rock types, structural relationships, or the nature of the incoming plate structure) should help constrain the threshold values for 'long-term' mechanical coupling (i.e., effective viscosity and/or strain rate along the roof décollement or strain zone in the slab) but also provide constraints on short-term mechanical coupling.

Data selection and rock types

We selected diagnostic fossil exposures within b~500 m from the plate interface. This compilation encompasses ~130 oceanic examples from the Phanerozoic (e.g., Cuba, Chile, Japan, Cyclades, Turkey, Iran, W. Alps, California, N. Caledonia; Table2; Fig. 7). In order to focus on the dominant mode of subduction on Earth (i.e., sinking of oceanic lithosphere), only fragments of oceanic lithosphere are considered, i.e. slab and/or cover for which relocation with respect to the plate interface can reasonably be assessed (e.g., [START_REF] Scarsi | Lawsonite-bearing eclogite from a tectonic melange in the Ligurian Alps: new constraints for the subduction plate-interface evolution[END_REF]. The present compilation can be seen as an extension, to greater depths, with more variable settings and more information (e.g., rock types, fragment types, thicknesses), of the study of peeled oceanic slabs by Kimura and Ludden (1995; 'greenstone slabs covered by cherts') or the compilation of Agard et al. (2009). Some examples are common to the selection of [START_REF] Penniston-Dorland | The global range of subduction zone thermal structures from exhumed blueschists and eclogites: Rocks are hotter than models[END_REF], but examples with continental subduction were discarded (except two examples of oceanic fragments possibly transitioning to very stretched outboard margins: Corsica, Crete). Estimating the frequency of the different types of rocks/units is fraught with uncertainties due to uneven exposure of the geological record or sampling biases (e.g., studies concentrated on spectacular localities, or pieces from 0 to ~15-20 km depth not identified as once subducted due to the scarcity of index minerals).

Overall, two main groups can be distinguished:

(1) Tectonic slices (Fig. 7a). These can be made of metasediments only ('S' type; A third type corresponds to crustal material associated with ultramafic rocks, i.e. with fragments of lithospheric mantle ('SBU' type). Ultramafic fragments may be of variable sizes, from the hm-to km-scale (Angiboust and Agard, 2010;[START_REF] Grove | The Catalina Schist: evidence for middle Cretaceous subduction erosion of southwestern North America[END_REF]John et al., 2010). Exposures with serpentinites and/or metasomatic mafic-ultramafic horizons along faults only were not considered as part of this category (i.e., Diahot unit, New Caledonia; [START_REF] Cluzel | Tectonic accretion and underplating of mafic terranes in the Late Eocene intraoceanic fore-arc of New Caledonia (Southwest Pacific): geodynamic implications[END_REF][START_REF] Vitale-Brovarone | Tectonic and metamorphic architecture of the HP belt of New Caledonia[END_REF].

High-temperature metamorphic soles (Section 4.2) range within tectonic slices of SB type, but were distinguished on the plots (e.g., red dots in Fig. 8b): though mainly made of metamorphosed mafic rocks and only minor metasediments, relative proportions can be difficult to assess, as sediments (and to a lesser extent basalts) may have partly melted away (see discussion in Soret et al., 2017a,b).

(2) Mélanges (Fig. 7b) are block-in-matrix units with matrix/block ratio typically N~50 vol% [START_REF] Grigull | Order from chaos": a field-based estimate on bulk rheology of tectonic melanges formed in subduction zones[END_REF][START_REF] Yamaguchi | Sources and physicochemical characteristics of fluids along a subduction-zone megathrust: a geochemical approach using syn-tectonic mineral veins in the Mugi mélange, Shimanto accretionary complex[END_REF]. A first type of mélange is represented by blocks in metasediments (type 'MS'; e.g., most knockers of the Franciscan complex), whereas a second type, perhaps more frequent, corresponds to blocks in serpentinites or serpentinized peridotites (i.

e., ultramafics: type 'MU'; e.g., Cuba; Table2). To which extent the characteristics of these mélanges are controlled by inherited, primary sedimentary features (e.g., [START_REF] Festa | Mechanisms and processes of stratal disruption and mixing in the development of mélanges and broken formations: redefining and classifying mélanges[END_REF][START_REF] Vitale-Brovarone | The blueschist-eclogite transition in the Alpine chain: P-T paths and the role of slowspreading extensional structures in the evolution of HP-LT mountain belts[END_REF] is a case by case study (e.g., Wakabayashi, 2017). Some of the mélanges, for example, correspond to strongly deformed tectonic slices, as suggested by the progressive dismantling observed in sedimentary series or SB mixtures in shallow environments (e.g., Shimanto, SWJapan; Chrystalls Beach, N. Zealand). This is the case in SW Zagros, where metabasalt ridges (100 m thick by 500 m long) metamorphosed at ~55 km depth are now 'floating' in a serpentinite matrix (Seghin unit; Agard et al., 2006;Angiboust et al., 2016).

As an example of the difference between tectonic slices and mélanges, two end-member types of tectonic settings can be opposed within the global diversity of eclogite exposures (Agard et al., 2009;Guillot et al., 2015;Fig. 7c,d): (i)LT eclogites commonly recovered as (late) large-scale tectonic slices and more rarely in mélanges (Tsujimori and Ernst, 2014), whereas (ii) HT eclogites dominantly sampled from (early) mélanges. Potential explanations will be addressed in the discussion (Section 6.2).

Parameters considered here are: 2). Two main groups are distinguished: (i) tectonic slices with recognizable lateral continuity (Nhm-km) and (ii) mélanges with block-in-matrix structures. Tectonic slices are grouped in metasediments only (type 'S'), metasediments with metamafics usually alternating in varying amounts (type 'SB') or crustal material associated with ultramafic rocks, i.e. with fragments of lithospheric mantle (type 'SBU'; some were identified as seamounts). Mélanges are (mostly mafic) blocks in metasediments (type 'MS'; e.g., most knockers of the Franciscan complex), or (mostly mafic) blocks in serpentinites or serpentinized peridotites (i.e., ultramafics: type 'MU'; e.g., Cuba). c-d -A common distinction can be made between two end-member types of eclogites (Guillot et al., 2015), although counter-examples exist: (i) LT eclogites, some of which are (large-scale) tectonic slices (e.g., Monviso, W. Alps; see Angiboust et al., 2011); and (ii) HT eclogites sampled from (early) mélanges (e.g., Sistan example; after Angiboust et al., 2013). See Discussion (notably Section 6.2).

the age of peak pressure equilibration (peak burial), which corresponds to the age of detachment. The timing of detachment normalized to subduction lifetime is noted t* (0 b t* b 1). thickness: data is very disparate and thickness is rarely estimated.

The only systematic study is the one by Kimura and Ludden (1995), but for specific shallow slices (b~25 km). This study extends the approach to the whole fossil record. Unless specifically reported, estimates come from published maps and sections, and unpublished field inspection. We report the thickness of individual fossil fragments, whether large pieces of crust or blocks in matrix. For tectonics slices, particularly metasediments, some could represent stacks (despite attempts to disentangle individual slices or mélanges), so that thickness estimates should be taken as maximum values.

the nature of sediments (deep-sea, trench or both) or crustal type (basalts only or with some plutonic bodies) are indicated in Table2 whenever possible. The latter characteristic may not be very important since it is highly dependent on ocean type. the homogeneous or heterogeneous character of the mafic/ultramafic fragment (i.e., fast-or slow-spreading). the age of incoming material. This is however rarely known with certainty, except for some cases such as the Meso-Cenozoic Pacific subduction. whether they might represent more buoyant material (e.g., ridge, nascent arc), or their recovery be associated with continental subduction or a slowing down of subduction.

5.2. Characteristic trends in pressure, temperature, T/P gradient, thickness and relative timing of recovery

The data compiled (see also Table2) are displayed as histograms of metamorphic gradients (T/P), timing of detachment (t*), and thickness (Fig. 8a). Pressure and temperature conditions are shown by sample type (Fig. 8b) and timing (Fig. 8c), and compared with calculated thermal profiles [START_REF] Gerya | Exhumation of high-pressure metamorphic rocks in a subduction channel: a numerical simulation[END_REF]van Keken et al., 2011;G02 and VK11 in Fig. 8b). Thermal profiles were also calculated for plate convergence rates of 2 or 8 cm/yr and subducting plate ages of 15 or 80 Myr based on the method of Ruh et al. (2015); R18 in Fig. 8b andC). In Fig. 8d, maximum burial depths are shown for the S/SB/SBU type tectonic slices (and for all samples in grey; Fig. 8d) and compared to relocated earthquakes for two characteristic subduction zones with an intermediate 5f), which partly include subducted continental fragments, are shown in the background. Note the cooler T/P gradients (~b 100-150 °C lower) reported here on average for mature subduction (i.e., t* N 0.1; see also Fig. 8c) and, by contrast, the warmer ones represented by metamorphic soles. Also note the cut-off at ~2.8 GPa for oceanic rocks. Typical prograde paths estimated for subduction interface rocks by numerical models are also shown (Gerya et al., 2002: G02;van Keken et al., 2011: VK11;Ruh et al., 2015: R18, this study). R18 and G02 show no significant mismatch with natural data. c -P-T conditions shown as a function of relative timing of all samples: the smaller the dots the earlier the recovery in subduction life time. d -Maximum burial depths shown by type for tectonic slices (see legend for S/SB/SBU types) and for all samples (in grey). These are compared to relocated earthquakes for two characteristic subduction zones (one Pacific, one Tethyan) with an intermediate thermal regime (Alaska, Lesser Antilles; [START_REF] Syracuse | The global range of subduction zone thermal models[END_REF]. e -Maximum temperatures recorded by tectonic slices only (S/SB/SBU types). Note the bimodal distribution for SB and SBU. The MU type would plot towards higher temperatures (see black dots on Fig. 8b). thermal regime (Alaska, Lesser Antilles; [START_REF] Syracuse | The global range of subduction zone thermal models[END_REF]. In Fig. 8e, the range of temperatures is compared for the S-SB-SBU rock types.

More than half of the metamorphic gradients lie b12 °C/km, with a peak at 9.5 °C/km. Fig. 8b-c reveal the existence of three main types of T/P gradients: ~25 °C/km for subduction initiation, ~15-17 °C/km for early subduction and 8-12 °C/km for steady subduction. A difference can be noted within the MU category: early ones (black dots with a cross; Fig. 8b; dashed ellipses: Fig. 9a,b) show a higher T/P than the later ones (see also Fig. 8c). Fig. 9c outlines the change of T/P gradient with timing of recovery (by contrast, there is no change in pressure: Fig. 9d).

Oceanic rocks are returned from maximum depths of ~85 km (2.8 GPa; Fig. 8b). There is no difference between the mélange types (MS and MU) in terms of maximum burial, but mélanges with matrix serpentinite (MU) record slightly higher pressure values on average .

Histograms by type as a function of peak pressure (i.e., depths; Fig. 8d) reveal a difference between metasediment-dominated and types with mafic fragments. Type S is rarer beyond ~1.5-2 GPa. For type SB, the peak of recovery of slices (with basalt and chert) lies at ~1 GPa. A pressure gap (such as noted by [START_REF] Plunder | Accretion, underplating and exhumation along a subduction interface: from subduction initiation to continental subduction (Tavşanlı zone, W. Turkey)[END_REF][START_REF] Groppo | Petrology of blueschist from the Western Himalaya (Ladakh, NWIndia): exploring the complex behavior of a lawsonite-bearing system in a paleo-accretionary setting[END_REF]Fig. 3b) is only observed for type SB and SBU, between ~1.2 and 1.7-1.8 GPa (approx. 40 and 55 km). A second peak is observed for SBU at 2.3 GPa (~70 km).

These burial depths can be compared with the seismicity of two active subduction zones for which earthquakes were relocated with a precision of a couple of km (Alaska: by double-difference, courtesy M. Bostock; Lesser Antilles after [START_REF] Paulatto | Dehydration of subducting slow-spread oceanic lithosphere in the Lesser Antilles[END_REF], hence with a comparable or lower uncertainty than the estimates of metamorphic pressure (whereas EQ locations in the ISC catalogue, for example, tend to be larger). The range of depths reached by SBU broadly coincides with the envelope of intermediate-depth seismicity. The SB and SBU types show a bimodal distribution with respect to temperatures (in someway comparable to the plot as a function of depth, considering the average T/ P gradient is ~9.5 °C/km), which match the temperature range of the brittle-ductile transition (~350 °C) and of partial de-serpentinization (550 °C).

The timing of recovery of these rocks (t*; Fig. 8a, middle panel) is highly variable but shows that early and late recovery dominate (grey overlays on Fig. 9b-d). Intermediate peaks show that incidental recovery is also significant (Agard et al., 2009), as further illustrated by thedispersion of points along the vertical axis in Fig. 9b-d. As mentioned above, early ones have (quite logically) the highest T/P (Fig. 9b). Fig. 8c also shows that steady subduction is rapidly reached (b~5 Myr).

There are a few long-lasting systems with underplating b0.5-0.8 GPa, along the North American margin (Franciscan, 123-80 Ma; see Section 4.1) and SWJapan subduction zones (i.e., the successive Chichibu-Sambagawa-Shimanto belts, from the Late Jurassic to early Cenozoic). For these examples deep recovery exists too, but only early on and in mélanges (MU or MS).

Rock fragments are mainly metasediments and metabasalts, and only rarely gabbros, suggesting that what is sampled corresponds mostly to the top of the slab, except for SBU fragments. The contrast between the fairly anhydrous gabbros and the more strongly hydrothermalized and therefore hydrated basalts probably allows for a major tectonic decoupling between the two. In general, returned fragments correspond to rather thin slices (Fig. 8a, right panel), in line with former findings of Kimura and Ludden (1995; b200 m; black overlay), though hinting towards higher values (b400 m; see also Fig. 9e).

Thicker types are slab pieces comprising crustal and lithospheric fragments (SBU; Fig. 9e-h), and are restricted to b4 km. Maximum thickness for the metasedimentary type (S)is ~700 m. No blocks or units thicker than ~100 m are found for the highest temperature pieces (Fig. 9f) or T/P gradients (metamorphic soles plus early mélanges; Fig. ). The underplating of metamorphic soles, however, probably involves significant thinning (Soret et al., 2017a,b). This may also be the case of units involving only metasediments (Plunder et al., 2012;[START_REF] Fagereng | On stress and strain in a continuous-discontinuous shear zone undergoing simple shear and volume loss[END_REF], in Rowe et al., 2013). No correlation is observed between peak burial and thickness.

As pointed out by [START_REF] Grigull | Order from chaos": a field-based estimate on bulk rheology of tectonic melanges formed in subduction zones[END_REF], subduction mélanges are such that matrix (serpentine or sediments) largely dominates over blocks. Block sizes of MU type are nevertheless somewhat larger when mélanges are less chaotic [START_REF] Despaigne-Díaz | Structure and tectonic evolution of the southwestern Trinidad dome, Escambray complex, Central Cuba: insights into deformation in an accretionary wedge[END_REF].

No major difference exists between the subducted material types identified by [START_REF] Maruyama | Blueschists and Eclogites of the World and Their Exhumation[END_REF], i.e. 'type B' represented by Japan and the Franciscan complex ('active continental-margin protoliths in an accretionary complex characterized by bedded chert, MORB and ocean-island basalts, reef limestones, and graywackes') or the 'type A' by Samana Peninsula and the Western Alpine Schistes Lustrés ('passive-margin protoliths characterized by platform-type carbonates, bimodal volcanics, and peraluminous sediments'), except for slight differences in maximum burial, mostly b2 GPa for type A and mostly b1 GPa for type B.

Present-day examples

Evidence for present-day detachment and/or underplating is scarce. Geophysical imaging is blurry, particularly in the 10-30 km depth range (Saffer and Wallace, 2015), and only a handful examples have so far been reported (see below and location on Fig. 1b). There could be more since local seismic networks have been deployed only across a limited number of subduction zones (e.g., [START_REF] Toda | A slab fragment wedged under Tokyo and its tectonic and seismic implications[END_REF]. However, with only a few percents detached in the rock record (Section 3), one should expect less than ~500-1000 km coeval detachment along the 55,000 km of active subduction zones, which may easily go unnoticed.

Suspected underplated pieces of crust ± mantle (S or SBU type, which may or may not ultimately be recovered) include:

-North and South America: (i)Yakutat: ~5 km of sediments underplated at ~35 km depth [START_REF] Chuang | Plateau subduction, intraslab seismicity, and the Denali (Alaska) volcanic gap[END_REF]; (ii) Cascadia: ~5-10 km thick at 25 km [START_REF] Calvert | Seismic reflection imaging of two megathrust shear zones in the northern Cascadia subduction zone[END_REF]; (iii) Costa Rica: 3-4 km at ~15 km depth [START_REF] St Clair | Along-strike structure of the Costa Rican convergent margin from seismic a refraction/reflection survey: evidence for underplating beneath the inner forearc[END_REF]). -Japan: (i)SEJapan (Kanto region): ~10 km thick, 25 km by 100 km fragment [START_REF] Toda | A slab fragment wedged under Tokyo and its tectonic and seismic implications[END_REF] and km-thick sedimentary slices at ~10-15 km depth [START_REF] Kimura | Seismic evidence for active underplating below the megathrust earthquake zone in Japan[END_REF]; (ii) Nankai: 10-15 km of underplated material at ~30 km depth (Kodaira et al.). -Sumatra: 10-15 km at ~30 km depth (Singh et al., 2008[START_REF] Singh | Aseismic zone and earthquake segmentation associated with a deep subducted seamount in Sumatra[END_REF].

Return of HP-LT rocks in active subduction zones are scarce too and do not (yet) bring much information on these processes: fragments returned by shallow serpentinite diapirs were metamorphosed long before exhumation (e.g., ~48 Ma for the Marianas; Maekawa et al., 1993;Pabst et al., 2012;[START_REF] Tamblyn | Metamorphic Conditions of Blueschist Erupted From Serpentinite Mud Volcanism in the Mariana Forearc[END_REF], suggesting that these pieces stagnated at sub-surface depths before being plucked by the diapirs.

Discussion

6.1. Conditions of rock recovery: pressure, temperature, T/P gradients, thickness and timing 6.1.1. T/P gradients: no significant overpressures Fig. 8 demonstrates that very consistent T/P gradients are observed for all rocks recovered significantly after subduction initiation (Fig. 8c). This observation rules out significant overpressure [START_REF] Schmalholz | Metamorphism under stress: the problem of relating minerals to depth[END_REF][START_REF] Yamato | Metamorphic record of catastrophic pressure drops in subduction zones[END_REF]Marques et al., 2018), as already hinted by [START_REF] Warren | Exhumation of (ultra-)high-pressure terranes: concepts and mechanisms[END_REF]-or would imply systematic overpressure in a very consistent way for all rocks.

Trustable natural probes for the plate interface

Our compilation suggests that P-T trajectories of recovered rocks are those expected for subduction interface conditions. Doubts were cast by the suggestion that rocks may preserve higher T than numerical models [START_REF] Penniston-Dorland | The global range of subduction zone thermal structures from exhumed blueschists and eclogites: Rocks are hotter than models[END_REF][START_REF] Van Keken | Mafic high-pressure rocks are preferentially exhumed from warm subduction settings[END_REF]). Yet the present compilation shows that the high T/P steady state gradients are less dispersed than suggested by these authors and that rocks may not be significantly warmer than models (e.g., the steady metamorphic T/P gradient and that of Gerya et al., 2002 are close;Fig. 8b), especially given uncertainties on the models. Predictions from the four thermomechanical models calculated here (R18; Figs. 8b,c) match in fact quite well the rock record. The consistency of T/P gradients for oceanic remnants (Fig. 8a,b) also suggests that the thermal impact of later exhumation-related processes is only moderate. The apparent discrepancy in [START_REF] Penniston-Dorland | The global range of subduction zone thermal structures from exhumed blueschists and eclogites: Rocks are hotter than models[END_REF] probably comes from the fact that the timing of recovery (t*) was not considered and that subducted continental fragments were considered along with oceanic rocks in their compilation (as well as in [START_REF] Brown | Secular change in metamorphism and the onset of global plate tectonics[END_REF], for which higher temperature and greater thermal imprint may result from subduction slow down and exhumation (e.g., [START_REF] O'brien | Exhumation of UHP rocks: deciphering the petrologic and geochronologic evidence in Himalayan examples[END_REF]. In theory, part of the T mismatch (if any) could arise from the fact that rocks were not located exactly along slab tops or may correspond to minor additional T sources (e.g., shear heating, though likely b50 °C; [START_REF] Van Keken | Mafic high-pressure rocks are preferentially exhumed from warm subduction settings[END_REF]. A significant contribution from rock convection within a 'subduction channel' would conflict with the punctuated character of exhumation, and its independence from convergence rates (Agard et al., 2009;[START_REF] Penniston-Dorland | The global range of subduction zone thermal structures from exhumed blueschists and eclogites: Rocks are hotter than models[END_REF].

Maximum depths

Fig. 8b shows that there is a depth cut-off at ~2.8 GPa: beyond that point, no deeper oceanic rocks are recovered in general (in line with Agard et al., 2009;[START_REF] Whitney | Petrofabrics of high-pressure rocks exhumed at the slab-mantle interface from the "point of no return" in a subduction zone (Sivrihisar, Turkey)[END_REF]. The only exception so far (Fig. 8b) is a 10-50 m thick UHP slice (Lago di Cignana; [START_REF] Reinecke | Prograde high-to ultrahigh-pressure metamorphism and exhumation of oceanic sediments at Lago di Cignana, Zermatt-Saas Zone, western Alps[END_REF], from the Zermatt-Saas unit in the W. Alps, equilibrated at 3.2 GPa and 600 °C [START_REF] Frezzotti | Carbonate dissolution during subduction revealed by diamond-bearing rocks from the Alps[END_REF][START_REF] Groppo | The P-T path of the ultra-high pressure Lago Di Cignana and adjoining high-pressuremeta-ophiolitic units: insights into the evolution of the subducting Tethyan slab[END_REF]. This occurrence nevertheless lies within the domain where a 50-50% mixture of metabasalt and serpentinite (as reported throughout the Zermatt-Saas unit; Angiboust and Agard, 2010) is more buoyant than the surrounding mantle (see Fig. 3b). Pieces comprising only serpentinites, equilibrated at similar depths, have also recently been reported [START_REF] Luoni | UHP Ti-chondrodite in the Zermatt-Saas serpentinite: constraints on a new tectonic scenario[END_REF]. Rocks recovered from greater depths in other compilations are all continental.

Tentative explanations for this depth cut-off beyond 2.8 GPa include, separately or combined (i)density increase (rocks become too dense with respect to the mantle: Agard et al., 2009;Fig. 3b), (ii) slab density and effect on slab pull (Angiboust and Agard, 2010;[START_REF] Duesterhoeft | Relative impact of mantle densification and eclogitization of slabs on subduction dynamics: a numerical thermodynamic/thermokinematic investigation of metamorphic density evolution[END_REF] and (iii) viscous recoupling processes dragging down rocks irreversibly into the mantle once serpentine is no longer stable [START_REF] Syracuse | The global range of subduction zone thermal models[END_REF][START_REF] Wada | Comwmon depth of slab-mantle decoupling: reconciling diversity and uniformity of subduction zones[END_REF]. Mechanical recoupling at depth, invoked by numerical models to match heat fluxes [START_REF] Wada | Comwmon depth of slab-mantle decoupling: reconciling diversity and uniformity of subduction zones[END_REF][START_REF] Syracuse | The global range of subduction zone thermal models[END_REF][START_REF] Abers | The cold and relatively dry nature of mantle forearcs in subduction zones[END_REF], is inherently required by plate tectonics. Cold subduction zones, where serpentinite could may reach 100-120 km depth [START_REF] Reynard | Serpentine in active subduction zones[END_REF]van Keken et al., 2011), may extend recovery somewhat deeper (such as for the Lago di Cignana exposure from the W. Alps cold subduction).

Preferential depths for recovery?

Although similar depth peaks are observed as in [START_REF] Plunder | Accretion, underplating and exhumation along a subduction interface: from subduction initiation to continental subduction (Tavşanlı zone, W. Turkey)[END_REF] and [START_REF] Groppo | Petrology of blueschist from the Western Himalaya (Ladakh, NWIndia): exploring the complex behavior of a lawsonite-bearing system in a paleo-accretionary setting[END_REF], the distribution appears less clustered in our exhaustive compilation (Fig. 8d, grey histogram), with peaks at ~25-35 km, 55-60 km and 80 km. Outstanding features are the large overall peak at 25-35 km and the sharp drop in recovery beyond 80 km. Lesser recovery in between the peaks may in part relate to differences in rock type (these differences can also be seen in single localities: e.g., Krebs et al., 2011) comparing depths with seismicity for two subduction zones with intermediate thermal regime (Fig. 8d; Alaska: Pacific type; Lesser Antilles: Tethyan type); (ii) the SB-SBU types also probably detach at non-random temperatures (Fig. 8e); (iii) metasediments, by contrast, show no clustering at all. Some of the data dispersion may well reflect the variability of thermal regimes and therefore of decoupling/serpentinization depths in the mantle wedge (from ~55 to 110 km;van Keken et al., 2011). Since serpentinization is b20% for cold subduction [START_REF] Abers | The cold and relatively dry nature of mantle forearcs in subduction zones[END_REF], one may also anticipate the presence of an only thin serpentine horizon in these settings which, if tectonically dismembered, would affect mechanical coupling (see Section 6.4).

Importantly, synchronous bimodal recovery from 25 to 35 km and 70-80 km is observed in the Sistan (Bonnet et al., 2018), Sambagawa [START_REF] Aoki | Metamorphic P-T-time history of the Sambagawa belt in Central Shikoku, Japan and implications for retrograde metamorphism during exhumation[END_REF] and Franciscan complexes (e.g., San Simeon and W. Creek; [START_REF] Ukar | First Ar-40-Ar-39 Ages from Low-T Mafic Blueschist Blocks in a Franciscan Melange near San Simeon: implications for Initiation of Subduction[END_REF]. This observation suggests that increased mechanical coupling can take place coevally along the whole first 80 km of the plate interface, with preferential strain localization and detachment in places where mechanical coupling and viscosity contrasts are the highest (Figs.3b).

Punctuated, but when and what?

Punctuated recovery with respect to subduction history (i.e., early, late, incidental: Agard et al., 2009) points to long periods of insufficient effective detachment (thus low mechanical coupling) alternating with periods during which transient processes and/or specific boundary conditions prevail. Recovery is generally less than a few percents and rarely reaches a few tens of percent (mostly via underplating; e.g., Kimura and Ludden, 1995;[START_REF] Willner | Time markers for the evolution and exhumation history of a Late Palaeozoic paired metamorphic belt in north-Central Chile (34 degrees-35 degrees 30′ S)[END_REF]Plunder et al., 2012), even for examples showing longer recovery (Franciscan, Japan, W. Alps, Rio San Juan; Table2).

Although mostly b~300-500 m (Fig. 8a), some very large fragments can be recovered, such as seamounts, thick MORB fragments, or slowspreading pieces once located near hyper-extended margins (notably in the Western Alps). However, massive transfer of channel material across the plate interface via deep diapirs, hypothesized on the basis of thermo-mechanical or geochemical arguments (see [START_REF] Behn | Diapirs as the source of the sediment signature in arc lavas[END_REF][START_REF] Codillo | Arc-like magmas generated by melangeperidotite interaction in the mantle wedge[END_REF]Marschall and Schumacher, 2012;[START_REF] Nielsen | Geochemical evidence for melange melting in global arcs[END_REF], has not been documented. Formation of largescale diapirs, if any, has to occur deeper down [START_REF] Bayet | Massive sediment accretion at ∼80 km depth along the subduction interface: evidence from the southern Chinese Tianshan[END_REF] this probably holds true also for large-scale relamination in a subduction context; [START_REF] Hacker | Paradigms, new and old, for ultrahigh-pressure tectonism[END_REF]. Serpentinite mélanges (Blanco-Quintero et al., 2011) could nevertheless represent examples of restricted diapiric ascent during early subduction (see Section 6.2), but not in a steady state convective fashion.

Although young-warm and/or slow fragments may be recovered [START_REF] Van Keken | Mafic high-pressure rocks are preferentially exhumed from warm subduction settings[END_REF], as for metamorphic soles at the start of subduction, this is by no means a pre-requisite: there are also many old/cold fragments, as shown by Fig. 8c (e.g., Western Alps or other Tethyan examples). Recovery is rather promoted by subduction of heterogeneous low-spreading lithosphere and/or asperities (seamounts: Ecuador; ridges: SWJapan; seafloor fragments: [START_REF] Lagabrielle | Fossil oceanic core complexes recognized in the blueschist metaophiolites of Western Alps and Corsica[END_REF]. Heterogeneities are indeed essential to localize strain (Gorzyik et al., 2007;Ruh et al., 2015: Fig. 6), so that model calculations of T/P gradients with heterogeneous slab structure should be considered. The present compilation outlines the existence, superimposed on transient/occasional recovery, of a systematic long-term trend associated with subduction cooling, from metamorphic soles to HT eclogites and then LT eclogites (Figs.8c and 10). We relate this trend to an evolution of mechanical coupling, from strong to weak, across the subduction interface as subduction cools (Fig. 10, inset):

-When young and still relatively dry, the plate interface experiences strong viscous coupling as testified by underplating of metamorphic soles (Fig. 10a; Section 4.2). The effective viscosity of the plate interface is estimated to be on the order of 10 20 (to 10 21 ) Pa.s during these stages (Fig. 5d; Agard et al., 2016). -During subsequent subduction cooling (first ~1-5 Myr; Fig. 10b), high-temperature eclogites (or HP amphibolites) form, mostly in serpentinite mélanges (MU; Fig. 8b). These HP tectonic mélanges require significant mixing along the interface, which is favored by strongly altered and/or warm (or young) incoming lithosphere and coupling at m-hm scale with the mantle wedge (e.g., Sistan: Angiboust et al., 2013;Cuba: Garcia-Casco et al., 2008b;[START_REF] Lazaro | Fifty-five-million-year history of oceanic subduction and exhumation at the northern edge of the Caribbean plate (Sierra del Convento mElange, Cuba)[END_REF]. Effective viscosities could be in the range 10 19-20 Pa•s. Similar conditions might prevail beneath warm subduction zones today and reflect how mechanical recoupling takes place at depths (e.g., 600-800 °C at ~60-90 km depending on the thermal regime; [START_REF] Syracuse | The global range of subduction zone thermal models[END_REF][START_REF] Abers | The cold and relatively dry nature of mantle forearcs in subduction zones[END_REF].

In the present understanding, metamorphic soles form in nascent intraoceanic subduction zones [START_REF] Dewey | The sole of an ophiolite: the Ordovician Bay of Islands Complex, Newfoundland[END_REF]van Hinsbergen et al., 2015;[START_REF] Wakabayashi | Spatial and temporal relationships between ophiolites and their metamorphic soles: a test of models of forearc ophiolite genesis[END_REF]. Their formation is less likely in the context of subduction initiation beneath a continent, since the sub-continental mantle (i.e., the future mantle wedge) is comparatively colder and more hydrated. For the same reason, we infer that the recovery of HT eclogites is less likely in ocean-continent contexts, at least for those with a cold continental geothermal gradient (see also Ruh et al., 2015). -During steady-state subduction, the locally fluid-rich, colder (older) and weaker plate interface (η b b10 19 Pa•s: [START_REF] Grigull | Order from chaos": a field-based estimate on bulk rheology of tectonic melanges formed in subduction zones[END_REF][START_REF] Wassmann | Rheology of the plate interface -Dissolution precipitation creep in high pressure metamorphic rocks[END_REF][START_REF] Freed | Resolving depth-dependent subduction zone viscosity and afterslip from postseismic displacements following the 2011 Tohoku-oki, Japan earthquake[END_REF] is 'decoupled' (Table1; Fig. 10c), similar to most subduction zones today. Only occasional 'accidents' (Fig. 10d) result in the detachment of metasedimentary material and, more rarely, large-scale slivers of oceanic lithosphere. These accidents are only possible if décollement horizons exist within the crust (Kimura and Ludden, 1995) and/or if the oceanic mantle is partly serpentinized (allowing for the decoupling within the downgoing slab for SBU fragments; Fig. 6; Ruh et al., 2015;[START_REF] Cannao | Linking serpentinite geochemistry with tectonic evolution at the subduction plate-interface: the Voltri Massif case study (Ligurian Western Alps, Italy)[END_REF]. Some of these fragments are selectively exhumed at the end of oceanic subduction, as a result of the entrance of a buoyant continent (e.g., Agard et al., 2009). This cooling trend is recorded in the Rio San Juan fossil subduction (active from ~125 to 70 Ma; Table2), with m-scale fragments equivalent to metamorphic soles formed at ~120 Ma (and ~30 km), fragments transitional between HT and LT eclogites formed at 105 Ma (and 75 km) and the later recovery, between ~80 and 70 Ma, of mostly blueschists and LT eclogites from depths of 25-35 km and ~55 km respectively (Fig. 5 in Krebs et al., 2011). This cooling trend is also consistent with the one observed in Santa Catalina island in the Franciscan complex [START_REF] Grove | The Catalina Schist: evidence for middle Cretaceous subduction erosion of southwestern North America[END_REF][START_REF] Penniston-Dorland | A melange of subduction temperatures: evidence from Zr-in-rutile thermometry for strengthening of the subduction interface[END_REF]Platt, 1975).

Differences for cold or warm settings?

Depending on thermal regime and on the thickness of the serpentinite horizon above the plate interface, we predict the following differences in the way (long-term) mechanical coupling may operate in cold or warm settings (Fig. 11):

warm settings (Fig. 11a): variations in coupling and fluid release (and volume change) will control the possibility to embed (HT eclogite of HP amphibolite) blocks in serpentinite, possibly through fluctuations in frictional-viscous properties. This likely occurs in the depth-temperature range of recoupling, where serpentine becomes unstable (~550-600 °C). This is consistent with blocks in MU preserving a warm T/P record being generally eclogites rather than blueschists, and may contribute to the second peak observed at ~50 km depth (Figs. 8d and11d).

cold settings (Fig. 11b): because the downdip limit of serpentinization is almost never reached before ~80 km, transient changes in mechanical coupling will have an impact only if discontinuities preexist, with wavelength N ~km scale as seen from fossil fragments (or numerical models: Fig. 6) and/or if the rheologically weak serpentinite horizon predicted to exist along the mantle wedge [START_REF] Scambelluri | Boron isotope evidence for shallow fluid transfer across subduction zones by serpentinized mantle[END_REF][START_REF] Reynard | Serpentine in active subduction zones[END_REF]Fig. 11b) gets rubbed away. Rheological contrasts across specific sedimentary horizons (lithologies) could modulate/control strain localization [START_REF] Ikari | Principal slip zones: precursors but not recorders of earthquake slip[END_REF][START_REF] Vannucchi | Past seismic slip-to-the-trench recorded in Central America megathrust[END_REF], explaining the distinct lithostratigraphic content of successive tectonic slices (e.g., Schistes

Lustrés: [START_REF] Lagabrielle | Fossil oceanic core complexes recognized in the blueschist metaophiolites of Western Alps and Corsica[END_REF][START_REF] Deville | From oceanic closure to continental collision: A synthesis of the" Schistes lustrés" metamorphic complex of the Western Alps[END_REF]Plunder et al., 2012). In addition, in contexts where background mechanical 'coupling' is strong, changes in mantle wedge geometry and thermal structure of the cold corner, such as lithospheric thinning and/or mantle upwelling, can be expected to modulate the decoupling depth (e.g., Agard et al., 2016;Aygül and Oberhansli, 2018) and affect maximum recovery depth (in any case b~2.8 GPa). 

Subduction interface thickness

The subduction rock record can be used to constrain interplate thickness or geometries, to determine whether the plate interface has a constant width, may decrease to almost zero or varies with time at a given depth [START_REF] Shreve | Dynamics of sediment subduction, melange formation, and prism accretion[END_REF][START_REF] Raimbourg | Consequences of progressive eclogitization on crustal exhumation, a mechanical study[END_REF], and whether deformation is rather localized on one or multiple active faults and/or shear zones (e.g., [START_REF] Meneghini | Deformation and hydrofracture in a subduction thrust at seismogenic depths: the Rodeo Cove thrust zone, Marin Headlands, California[END_REF][START_REF] Rowe | The thickness of subduction plate boundary faults from the seafloor into the seismogenic zone[END_REF] or distributed on sheared 'channel material'.

Plate interface thickness

Our compilation outlines that most units are thin slices b~300-500 m (Fig. 8a; Fig. 9e-h), similar yet somewhat thicker than those reported by Kimura and Ludden (~200 m;1995). The thickest natural examples (~2-4 km) are thinner than present-day examples inferred by geophysics (~5-10 km; Section 5.3). The contrast with Kimura and Ludden (1995) may come from the greater diversity of examples considered here and/or from the fact that packages more strongly metamorphosed may be more difficult to subdivide, each tectonic slice being potentially composed of many smaller, unrecognized imbricate structures developed during burial, such as those disrupting the ocean plate stratigraphy (Franciscan complex: Wakabayashi, 2015Wakabayashi, , 2017)).

This average thickness thus scales with that of typical OPS sedimentary sequences (e.g., ~0.5-1 km for sediments; [START_REF] Cliff | Early Tertiary eclogite facies metamorphism in the Monviso Ophiolite: early tertiary eclogite facies metamorphism[END_REF] and places a lower bound (since some tectonic thinning may be involved) on the average volume 'capacity' of the plate interface. No particular depth-time-volume recovery systematics is apparent however, apart from one associated with cooling (Fig. 9g: warm fragments are commonly thin; metamorphic soles, however, have probably been thinned by a factor of ~5; Soret et al., 2017a,b).

Fig. 12a provides a tentative picture of what the plate interface might look like. Irrespective of its 'average' value, plate interface thickness must vary at least during episodes of down-stepping and partial migration of rocks/units (Fig. 12a), to allow for the existence and accumulation of km-thick slices (deep examples: Tianshan: [START_REF] Bayet | Massive sediment accretion at ∼80 km depth along the subduction interface: evidence from the southern Chinese Tianshan[END_REF]W. Alps: Angiboust et al., 2009).

Since the width of active plate interface deformation is unlikely to be larger than the average thickness of the units stripped from the slab (Fig. 12a; i.e., distributed deformation on a ≥ km-scale shear zone would make additional strain localization across the hm-scale, in the slab, unlikely), we suggest that the regular plate interface thickness (i.e., when there is no detachment) is less than ~300 m. This upper bound is consistent with estimates obtained for shallow depths (from ~2 to 15 km, i.e. down to ~250°-300 °C; [START_REF] Rowe | The thickness of subduction plate boundary faults from the seafloor into the seismogenic zone[END_REF] by studying strain localization at the m-to hm-scale. These authors suggested cumulative displacement on a 100-350-m-thick multistrand fault system (Fig. 12b; for shallow portions: e.g., [START_REF] Contreras-Reyes | On the relationship between structure, morphology and large coseismic slip: a case study of the M w 8.8 Maule, Chile 2010 earthquake[END_REF] sufficiently weak that gradual growth (at the expense of the oceanic plate) is 'discouraged'. Whether only some or all of the studied planes were active coevally is unclear, however, so that the extent of localization at a given time is uncertain.

Coupled thickness

The concept of 'coupled thickness' of the subduction zone, taken as the width across which strain is effectively distributed (Table1; Fig. 12a), is probably more relevant here. During periods (and in areas) of strong mechanical coupling, this coupled thickness (always ≥ plate interface thickness) will comprise part of the upper plate (mantle wedge), the plate interface (i.e., potentially the roof and basal décollement and channel material) and any décollement horizon within the slab (e.g., at the contact between basalts and sheeted dykes; Fig. 12a).

Widening of the strain zone will result in more faults/shear bands with lower strain rates, which in turn may control which deformation mechanism is preferentially activated (e.g., diffusion versus dislocation creep; see Section 6.4). Strain rates are thus likely to drop below ~10 -11 s -1 (i.e., accomodation of 3 cm/yr of slip on a 100 m wide plate interface, as in the downdip end of Fig. 12a), perhaps down to exhumation values, which are 1-2 orders of magnitude lower (~10 -13 s -1 , for mm/yr displacements on the hm-km scale). Whether or not exhumation will ensue will depend on density and viscosity ratios on both sides of the tectonic slice/mélange (Fig. 12a; exhumation number of [START_REF] Raimbourg | Consequences of progressive eclogitization on crustal exhumation, a mechanical study[END_REF] and deformation mechanisms once within the plate interface (Fig. 2b; e.g., [START_REF] Platt | Exhumation of high-pressure rocks -a review of concepts and processes[END_REF][START_REF] Jolivet | Subduction tectonics and exhumation of high-pressure metamorphic rocks in the Mediterranean orogens[END_REF][START_REF] Laurent | Strain localization in a fossilized subduction channel: insights from the Cycladic Blueschist Unit (Syros, Greece)[END_REF][START_REF] Soldner | Metamorphic P-T-t-d evolution of (U)HP metabasites from the South Tianshan accretionary complex (NW China) -implications for rock deformation during exhumation in a subduction channel[END_REF]. Intuitively, once detachment is effective, specific boundary conditions need to be maintained long enough to allow for the exhumation of this transiently 'channel material', which otherwise will get underplated or dragged down.

The concept of coupled thickness allows depicting the evolution of mechanical coupling through time (Fig. 12c) in a way that complements the evolution shown in Fig. 10. During subduction initiation and formation of HT soles the coupling thickness is maximum (~several km) across a wide depth interval (~10 km; Fig. 12c; see also Fig. 5a,b). Upon cooling, the coupled thickness decreases and changes location, moving both deeper for HT eclogites and shallower for LT soles (both form in first approximation coevally; Fig. 12c). From then on, coupled thickness is equivalent to plate interface thickness for most of the subduction history except during 'accidents' (Fig. 12c). It is thinner when shallow portions of the slab are recovered (e.g., S or SB types) than when crustal/lithospheric-scale fragments are (SBU type).

This evolution can be compared to effective short-term (only?) mechanical coupling along an active subduction zone (Fig. 12d). Owing to the scarcity of rocks recovered, effective coupling must generally be below the coupling threshold leading to detachment (vertical dashed line in Fig. 12d). The rock record (Fig. 8; Table2) indicates that chances of overcoming this critical threshold are greater at ~30 km, 50 km and 70-80 km (dotted line and histogram in Fig. 12d), which points to the role of depth variations of coupled/decoupled transitions for the first and third cases.

Mechanical coupling and strain (de)localization processes

Increased mechanical coupling leading to effective rock detachment and recovery could in principle result from subduction of geometric obstacles (e.g., seamounts, asperities, rugosities; Wang and Bilek, 2011;Shillington et al., 2015;Bassett and Watts, 2015;Ruh et al., 2016;van Rijsingen et al., 2018), changes in regional slab dynamics/kinematics, or fluctuations in mineral reactions and fluid liberation (i.e., major changes in incoming rock types/lithologies). Seafloor obstacles, however, represent ~17% of the total length of modern subduction systems [START_REF] Vannucchi | Origin and dynamics of depositionary subduction margins[END_REF], much more than the fraction of rocks recovered in any fossil subduction system (see above), and are thus far from being systematically effective. Peaks of recovery may be controlled by regional-scale rearrangements of slab dynamics (e.g., slab convergence: Monié and Agard, 2009;Fig. 4a;slab roll-back: Brun and Faccenna, 2008;slab windows: McCrory et al., 2009;slab interference: Uchida et al., 2009), global changes in subduction flux and crustal accretion (Crameri et al., 2018, their Fig. 8c;[START_REF] Hounslow | Subduction flux modulates the geomagnetic polarity reversal rate[END_REF], or the Wilson cycle and/or mantle plumes [START_REF] Vaughan | Ophiolite obduction pulses as a proxy indicator of superplume events? Earth Planet[END_REF][START_REF] Dumitru | Early cretaceous transition from nonaccretionary behavior to strongly accretionary behavior within the Franciscan subduction complex[END_REF][START_REF] Kusky | Recognition of ocean plate stratigraphy in accretionary orogens through Earth history: a record of 3.8billion years of sea floor spreading, subduction, and accretion[END_REF][START_REF] Van Hinsbergen | Acceleration and deceleration of India-Asia convergence since the Cretaceous: Roles of mantle plumes and continental collision[END_REF], but quantification is yet to come.

Whatever the exact trigger, the possibility of detaching slab fragments (Fig. 3d) will depend on (i)how bulk/effective rheologies control mechanical coupling and (ii) which deformation mechanisms are activated during strain localization in weaker horizons and subsequent slicing.

Lubrication of the plate interface (particularly of the roof décollement), whether through weak hydrous phyllosilicates or pore fluids, is certainly essential. Progressive changes along the plate interface [START_REF] Kitamura | Dynamic role of tectonic melange during interseismic process of plate boundary mega earthquakes[END_REF] are indeed thought to be dominantly governed by dissolution-precipitation creep processes requiring only low effective stresses [START_REF] Stöckhert | Stress and deformation in subduction zones: insight from the record of exhumed metamorphic rocks[END_REF]Wakabayashi, 2015;[START_REF] Wassmann | Rheology of the plate interface -Dissolution precipitation creep in high pressure metamorphic rocks[END_REF]. Kimura and Ludden (1995) argued that sealing by the 'precipitation of pore-filling and vesicle filling minerals, such as smectites and carbonates' creates a 100-150 m thick upper crust cap and controls the thickness of recovered tectonic slices. Similar permeability changes have been invoked in the context of ETS, e.g., sealing by the positive volume change of serpentinization, upward fluid transfer and down temperature silica deposition (Fig. 2c; [START_REF] Fisher | The role of silica redistribution in the evolution of slip instabilities along subduction interfaces: constraints from the Kodiak accretionary complex, Alaska[END_REF]Audet and Bürgmann, 2014;Gao and Wang, 2017) or deeper down [START_REF] Bebout | Fluid and mass transfer at subduction interfaces-the field metamorphic record[END_REF][START_REF] Faccenda | Water in the slab: a trilogy[END_REF]. The mechanical behavior of matrix mineral or mineral mixtures [START_REF] Faulkner | A review of recent developments concerning the structure, mechanics and fluid flow properties of fault zones[END_REF][START_REF] Penniston-Dorland | A melange of subduction temperatures: evidence from Zr-in-rutile thermometry for strengthening of the subduction interface[END_REF]Rowe et al., 2013), particularly in mélanges [START_REF] Grigull | Order from chaos": a field-based estimate on bulk rheology of tectonic melanges formed in subduction zones[END_REF], or the rheological evolution of sediments (which may control accretion/underplating: e.g. [START_REF] Kitamura | Dynamic role of tectonic melange during interseismic process of plate boundary mega earthquakes[END_REF][START_REF] Raimbourg | Long-term evolution of an accretionary prism: the case study of the Shimanto Belt, Kyushu, Japan[END_REF][START_REF] Vannucchi | Past seismic slip-to-the-trench recorded in Central America megathrust[END_REF], may also contribute to strain hardening/weakening. Flow laws incorporating dissolution-precipitation and dislocation creep Fig. 12. a -Integrated view of the subduction interface. Its thickness is (again) exaggerated for clarity and probably b300 m in general. The interface is shown with ongoing detachment along a portion of it (i.e., stripping of a tectonic slice of SB type, here; the pink contact into the mantle would lead to the detachment of a SBU slice; see Fig. 7a,b). The integrated mechanical coupling across a given portion of the plate boundary is referred to as 'coupled interface thickness'. The interface is most commonly decoupled, at least from the long-term perspective, but detachment requires partial locking of the interface (as in the central portion of the sketch). Whether this happens through creep or earthquakes (EQ; or a combination) is unknown (see discussion; EQ shown as stars; plain: active EQ; faded: former EQ in already detached slice). Such locations probably coincide with short-term mechanical coupling. Conversely, the extent to which short-term mechanical coupling contributes to effective detachment is unclear. Other details: detached slices may be partly exhumed (as shown here), underplated (compare with Fig. 2c), and may even be dragged down back into subduction. Reasonable values for strain rates the viscosity are indicated. Note the active shearing of channel material and the usual contrast between subduction and exhumation velocities (mm/yr). The thick grey line is highlighting finite strain of the group of slices detached during transient coupling. b -Close-up view on m-to hm-scale strain distribution across the plate interface, bridging our interpretation with that of [START_REF] Rowe | The thickness of subduction plate boundary faults from the seafloor into the seismogenic zone[END_REF], after which the sketch was adapted. Their 'cumulated deformed rocks' broadly corresponds to what we termed 'coupled interface thickness'. Their sketch was adapted so as to feature more general situations than mélanges (which only corresponds to one of the natural possibilities; this compilation) in the central portion of the fault. c -Evolution of the coupled interface thickness as a function of time. This evolution should be compared with that of Fig. 10. Rock recovery is controlled by periods when at least a portion of the plate interface gets increasingly coupled (or partly locked). See text for details (Sections 6.1 and 6.2). d -Evolution with depth of effective mechanical coupling at a given time (i.e. present-day, short-to long-term). Mechanical coupling is generally insufficient during steady state regime (though higher in the seimogenic zone and beyond ~80 km) to promote detachment (which is rate-limiting compared to coupling, as discussed in Section 4.5). A critical threshold of mechanical coupling must be overcome, which will mostly impact portions where important changes in mechanical coupling exist, explaining the distribution of rocks recovered (grey column to the right). Please cite this article as: Agard, P., et al., The subduction plate interface: rock record and mechanical coupling (from long to short timescales), Lithos (2018), https://doi.org/10.1016/j.lithos.2018.09.029 [START_REF] Gratier | Chapter2 -the role of pressure solution creep in the ductility of the Earth's Upper Crust[END_REF][START_REF] Wheeler | Importance of pressure solution and coble creep in the deformation of polymineralic rocks[END_REF] and mixing laws for polymineralic assemblages (i.e., rocks; [START_REF] Huet | The Minimized Power Geometric model: an analytical mixing model for calculating polyphase rock viscosities consistent with experimental data[END_REF] are therefore required but yet unknown.

We propose that changes in mechanical coupling impact the depth and/or strength contrast of the coupled/decoupled transitions (Figs. 3c and12d), thereby explaining preferential exhumation around 30 km and 80 km:

-Near 30 km depth (i.e., the downdip limit of the seismogenic zone), mechanical coupling impacts deformation mechanisms fluctuating from frictional (potentially velocity weakening) to viscous flow (velocity strengthening), e.g., from plastic yielding on phyllosilicates to pressure-solution controlled deformation [START_REF] Stöckhert | Stress and deformation in subduction zones: insight from the record of exhumed metamorphic rocks[END_REF]Fagereng et al., 2011;[START_REF] Vannucchi | Aseismic-Seismic transition and fluid regime along subduction plate boundaries and a fossil example from the Northern Apennines of Italy. Fault-Zone Properties and Earthquake Rupture Dynamics[END_REF]Vannucchi et al., , 2012;;Fagereng and den Hartog, 2017). Such switches in the brittle-ductile regime are commonly envisioned [START_REF] Bachmann | Exposed plate interface in the European Alps reveals fabric styles and gradients related to an 23[END_REF]Behr et al., 2018;[START_REF] Hayman | The geologic record of deep episodic tremor and slip[END_REF]Webber et al., 2018) as a result of fluctuations in near-lithostatic fluid pressure [START_REF] Angiboust | Probing the transition between seismically coupled and decoupled segments along an ancient subduction interface[END_REF]Gao and Wang, 2017;Wallace et al., 2012 and references therein). -Near 80 km depth, where serpentine may destabilize. Its distribution and mechanical behavior near the plate interface (i.e., within the first km) are unknown (e.g., [START_REF] Bloch | High-resolution image of the North Chilean subduction zone: seismicity, reflectivity and fluids[END_REF], with only estimates of bulk mantle wedge serpentinization (e.g., [START_REF] Abers | The cold and relatively dry nature of mantle forearcs in subduction zones[END_REF]: b20-30% for most subduction zones, and only significant in warm ones where ETS are reported). A layered mantle wedge is in fact suspected down to ~100 km from numerical modelling to best explain postseismic data (e.g., [START_REF] Freed | Resolving depth-dependent subduction zone viscosity and afterslip from postseismic displacements following the 2011 Tohoku-oki, Japan earthquake[END_REF]. Any increase in strain rate, via increased shear heating and/or mechanical abrasion of the serpentinite horizon (Fig. 6a,c; Section 4.3), will tend to restrict serpentinization, leading to hardening of the roof décollement. This could tentatively explain rock recovery associated with an increase in convergence velocities (e.g., for the Neotethys at ~95 Ma; Section 4.1; Monié and Agard, 2009).

The origin of a third peak of recovery, near 55-60 km (1.7-1.8 GPa, Fig. 8d; [START_REF] Groppo | Petrology of blueschist from the Western Himalaya (Ladakh, NWIndia): exploring the complex behavior of a lawsonite-bearing system in a paleo-accretionary setting[END_REF] and/or the gap until ~2.3 GPa) is more enigmatic. These examples might represent cases for which recoupling depths are shallower than 80 km depth (i.e., warm gradients; Fig. 11b). Dehydration reactions (particularly those with ΔV N 0, which may be velocity-weakening) may provide an alternative explanation, since fluids released by the breakdown of chlorite (to garnet, liberating ~12 wt% H 2 O: Angiboust and Agard, 2010), lawsonite (to epidote: ~6.5 wt% H 2 O: Schmidt andPoli, 1998, 2014;[START_REF] Vitale-Brovarone | True metamorphic isograds or tectonically sliced metamorphic sequence? New high-spatial resolution petrological data for the New Caledonia case study[END_REF] or carpholite (to chloritoid: ~4.5 wt% H 2 O; [START_REF] Agard | Tectonometamorphic evolution of the Schistes Lustre's complex: implications for the exhumation of HP and UHP rocks in the western Alps[END_REF] will impact strain localization in this specific depth range in metabasites (first two reactions) and metasediments (last two reactions). 13. Can long-term mechanical coupling, i.e. localities with exhumed fragments, be linked to locked/coupled patches detected by GPS and/or InSAR methods? Across how many seismic cycles a given interseismic coupling state can and needs to be sustained? Detaching a 10 km long piece of a slab at 5-10 cm/y requires ~10 5 yr, which, in principle, could be accommodated by ~1000 M-earthquakes (e.g., Mw ~8 with ~1-10 m of displacement every 100 yr, as along Chile). The reader is referred to the caption of Fig. 11a and the discussion in Section 6.3. a -Location, in the Franciscan complex, of the main recovered rock bodies (after [START_REF] Dumitru | Early cretaceous transition from nonaccretionary behavior to strongly accretionary behavior within the Franciscan subduction complex[END_REF]Fig. 4d). The map is adapted from Wakabayashi (2015). b -Map of interseismic coupling in the central part of Chile (Métois et al., 2016).

Bridging long and short time scales

Mechanical coupling being rate-limiting for rock recovery (Section 4.5), the question arises as to how long an increased interseismic coupling state needs to be sustained (see [START_REF] Kaneko | Towards inferring earthquake patterns from geodetic observations of interseismic coupling[END_REF][START_REF] Kinoshita | Interseismic stress accumulation at the locked zone of Nankai Trough seismogenic fault off Kii Peninsula[END_REF][START_REF] Wakabayashi | Whither the megathrust? Localization of large-scale subduction slip along the contact of a mélange[END_REF] to detach slab fragments, and whether this will happen mostly through creep (i.e., macroscopically ductile formation, whether mylonitic or cataclastic; [START_REF] Wassmann | Rheology of the plate interface -Dissolution precipitation creep in high pressure metamorphic rocks[END_REF][START_REF] Fagereng | Melange rheology and seismic style[END_REF] or earthquakes (whether regular or slow-slip; [START_REF] Ide | A scaling law for slow earthquakes[END_REF][START_REF] Peng | An integrated perspective of the continuum between earthquakes and slow-slip phenomena[END_REF]. Detaching a 10 km long slab fragment (e.g., a small seamount; [START_REF] Singh | Seismic evidence of bending and unbending of subducting oceanic crust and the presence of mantle megathrust in the 2004 Great Sumatra earthquake rupture zone[END_REF][START_REF] Toda | A slab fragment wedged under Tokyo and its tectonic and seismic implications[END_REF] at 5-10 cm/yr requires ~10 5 yr, which could be accommodated by ~1000 mega-earthquakes (considering one Mw~8 with ~1-10 m of displacement every 100 yr, as along Chile). One can therefore tentatively link long-term mechanical coupling inferred from areas where rocks are recovered (Fig. 13a) to locking/coupling patches inferred from GPS images (Fig. 13b; e.g., for Chile; [START_REF] Metois | Interseismic coupling, segmentation and mechanical behavior of the central Chile subduction zone[END_REF]Metois et al., , 2016;;[START_REF] Moreno | Heterogeneous plate locking in the South-CentralChile subduction zone: Building up the next great earthquake[END_REF]Ecuador: Nocquet et al., 2017). [START_REF] Song | Large trench-parallel gravity variations predict seismogenic behavior in subduction zones[END_REF] have indeed suggested, based on trench-parallel gravity variations, that the seismogenic behavior within a given subduction zone is stationary and linked to geological structures over time scales up to at least 1 Myr (see also [START_REF] Uchida | What controls interplate coupling? Evidence for abrupt change in coupling across a border between two overlying plates in the NEJapan subduction zone[END_REF].

Stability of mechanical coupling through time

High-resolution geophysical imaging recently revealed the existence of several high-Vp patches along the plate interface, advocating for a strong upper plate and/or a relatively dry subduction channel and a locked and potentially loaded megathrust fault [START_REF] Paulatto | Dehydration of subducting slow-spread oceanic lithosphere in the Lesser Antilles[END_REF]; stars on Fig. 8d). The discovery of aftershocks in the deep wake of megathrust planes, down to 50-60 km [START_REF] Frank | Along-faultpore-pressure evolution during a slow-slip event in Guerrero, Mexico[END_REF] may indicate that seismic fault planes extend downdip into major tectonic structures (as featured by stars on Fig. 12a). At shallower depths, slow-slip events were taken as evidence for active underplating [START_REF] Kimura | Seismic evidence for active underplating below the megathrust earthquake zone in Japan[END_REF]; see also [START_REF] Tsuji | 3D geometry of a plate boundary fault related to the 2016 Off-Mie earthquake in the Nankai subduction zone, Japan[END_REF]. Active underplating is inferred from large EQ and uplift near the Yakutat plateau subduction in the area of the 1964 Great Alaskan rupture [START_REF] Haeussler | Focused exhumation along megathrust splay faults in Prince William Sound, Alaska[END_REF].

Whether or not these features are stable through time is yet unknown (e.g., [START_REF] Melnick | The super-interseismic phase of the megathrust earthquake cycle in Chile[END_REF]. Geological information bridging the seismic cycle with a fraction of Myr (e.g., 10 2 to 10 5 yr) may come from systematic investigation of terrace uplift (e.g., SAmerica: [START_REF] Bookhagen | Using uplifted Holocene beach berms for paleoseismic analysis on the Santa Maria Island, south-Central Chile[END_REF][START_REF] Saillard | Non-steadylong-term uplift rates and Pleistocene marine terrace development along the Andean margin of Chile (31 degrees S)inferred from Be-10 dating[END_REF] and long-term trends in mechanical coupling (e.g., across the Andes: [START_REF] Oncken | Deformation of the Central Andean upper plate system -facts, fiction, and constraints for plateau models[END_REF]. Geodynamic modelling (e.g., impact of plateau and fore-arc uplift: Vogt and Gerya, 2014a;[START_REF] Sobolev | Modeling seismic cycles of great megathrust earthquakes across the scales with focus at postseismic phase[END_REF][START_REF] Govers | The geodetic signature of the earthquake cycle at subduction zones: model constraints on the deep processes[END_REF] may test which conditions and rheologies, in the context of steady-statelong-term coupling with recurrent seismicity, trigger detachment instabilities on the 10 5 to 10 6 yr scale.

Creeping or seismic?

Reports of EQ are still relatively rare in metamorphic rocks due to overprinting, particularly on detachment shear zones reworked multiple times (Fig. 12a; e.g., basal versus lower shear zone in Angiboust et al., 2011). Some intermediate-depthEQ were nevertheless documented (Zambia: [START_REF] John | Interrelations between intermediate-depth earthquakes and fluid flow within subducting oceanic plates: constraints from eclogite facies pseudotachylytes[END_REF]Corsica: Andersen and Austrheim, 2006;Magott et al., 2016) and can be assigned to portions of the slab (W. Alps: Angiboust et al., 2012a,b;Scambelluri et al., 2017). Strain localization has also been shown to involve significant fluid migration (e.g. Angiboust et al., 2014a,b), which is in turn suspected to operate on seismic cycle timescales: vein filling (John et al., 2012;[START_REF] Taetz | Fast intraslab fluid-flow events linked to pulses of high pore fluid pressure at the subducted plate interface[END_REF], garnet growth ≤10 4-5 yr (Dragovic et al., 2012) and even flash garnet or clinopyroxene growth (~b1 yr; [START_REF] Deseta | Initiating intermediate-depth earthquakes: insights from a HP-LT ophiolite from Corsica[END_REF]Menant et al., 2018) indeed match fluid migration on seismic cycle time-scales (Audet et al., 2009;[START_REF] Frank | Along-faultpore-pressure evolution during a slow-slip event in Guerrero, Mexico[END_REF]. Some correlation between the depths of intra-slabEQ and the distribution of rock remnants (Fig. 8d) hints to the possibility of linking nests of EQ to detachment in active subduction zones. This could be further tested by scrutinizing present-day subduction zones with dense seismic networks in the most favorable areas (e.g., Puysegur; [START_REF] Hayes | Intraplate deformation adjacent to the Macquarie Ridge south of New Zealand-the tectonic evolution of a complex plate boundary[END_REF][START_REF] Choi | The kinematic evolution of the Macquarie Plate: a case study for the fragmentation of oceanic lithosphere[END_REF]. However, if displacement is controlled by features such as the numerous ~10 cm long veins found in rocks, which have been argued to accommodate plate interface movements (Fagereng et al., 2011) or invoked in some fracture and viscous flow models [START_REF] Hayman | The geologic record of deep episodic tremor and slip[END_REF], their formation would require negative magnitude EQ lasting a fraction of seconds, thus pointing to creep rather than detectable EQ.

Conclusions

Based on critical observations and an exhaustive compilation of worldwide subducted oceanic rocks, the present study demonstrates how long-term mechanical coupling exerts a key control on detachment from the slab and potential rock recovery from subduction zones. This calls for changing the current paradigm in subduction zone tectonics, from wondering how (deep) rocks are exhumed to how they get detached and what this tells us about active processes:

• The critical assessment of rock T/P characteristics indicates that these fragments track subduction interface dynamics down to ~2.8 GPa and can be used as reliable natural probes. • Rock clusters can be identified at depths of 30 km and 80 km, and possibly 55-60 km, with some differences between rock types. Outstanding features are the broad cluster at 25-35 km and the sharp drop in recovery beyond 80 km. • There is a first-order impact of subduction cooling on rock recovery, which is interpreted as reflecting a systematic trend from strong to weak mechanical coupling-after which (N~5 Myr) subduction is lubricated and mostly inhibits rock recovery. • Mechanical coupling, rather than tectonic slicing, is likely rate-limiting and controls the occasional detachment from the slab. Later exhumation (providing favorable density and viscosity conditions) likely shortly ensues after detachment. • Mechanical coupling depends on mantle wedge rheology, viscosity contrasts and initial structure (e.g., existence of décollement horizons, heterogeneous lithosphere, extent of hydration, asperities, etc.) but also on boundary conditions (convergence rates, kinematics). Strain localization processes involve creep (notably grain size sensitive deformation mechanisms such as dissolution-precipitation) and possibly brittle fractures and EQ, even at intermediate depths.

• We provide estimates for regular plate interface thickness (b300 m; i.

e. where/when there is no detachment) and effective viscosity required for rock recovery (i.e., ~10 19-20 Pa•s, inferred from the evolution from 10 20-21 to ~10 19-20 Pa•s during early subduction). • Plate interface geometry will change during episodes of strong mechanical coupling: we herein use the concept of 'coupled thickness' to capture subduction interface dynamics and link long-term mechanical coupling with present-day, short-term mechanical coupling inferred from geophysical data. • Although most present-day subduction zone segments (both along strike and downdip) are likely below the detachment threshold, we propose that transitional zones between coupled and decoupled areas, notably at 30 km and 80 km depth, are most favorable for detachment and predict differences between warm and cold subduction settings.

Our study suggests that bridging long-to short-term processes (and vice versa) should be possible. Future progress in our understanding of subduction zones will require better relocation (both for rocks and EQ), radiochronometers able to track short-lived processes on the order of 10 2 -10 5 yr and dedicated thermomechanical modelling with adequate rheologies/viscosities.
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 11 Figure 1.1 -Map of subduction zones, after Stern (2002).
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 12 Figure 1.2 -Two contrasting visions of the mechanical coupling. a) short-term (geodetic) coupling (Métois et al., 2016); b) Possible record of long-term coupling in the Franciscan high-pressure complex?(Agard et al., 2018, modified after Wakabayashi, 2015).

Figure 2 . 1 -

 21 Figure 2.1 -Bathymetric map of the Pacific seafloor. GEBCO bathymetry.

  2.2). Although this can be affected by sampling bias, it shows that there is a greater diversity of seamount geochemistry than what could be expected, i.e. a greater diversity of origins. E-MORB-like chemistries are possibly formed by the mixing between an enriched OIB-like mantle and a depleted MORB-type mantle, and are often found on seamounts close to ridge (e.g. seamounts off the East Pacific Rise, Brandl et al., 2012. Many seamounts also form in supra-subduction zone environments and have arc-like chemistries.
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 22 Figure 2.2 -Compilation of average seamount geochemistry from the literature, this work (http://georoc.mpch-mainz.gwdg.de/georoc/Start.asp)
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 24 Figure 2.4 -Examples of geophysical images of seamounts entering subduction. a) Daiichi-Kashima seamount subducting in the Japan Trench being affected by a normal fault (Lallemand et al., 1989); b) Seamounts entering the Costa Rica Trench leaving scars within the Upper Plate[START_REF] Ranero | Subduction erosion along the Middle America convergent margin[END_REF].

  Precise location of subduction trenches is assessed using global bathymetry maps by creating a series of regularly-spaced (3 km) parallel profiles that are roughly perpendicular to a trench and intersect it (e.g. with less densely spaced profiles on Fig.3.1b). The geographical coordinates of the deepest point on each profile are assumed to be the trench (in white on Fig.3.1b). These profiles are smoothed by replacing each trench coordinate by the average of the 11 closest trench points (i.e. over ∼30 km).
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 31 Figure 3.1 -Main stages of the process for the obtention of residual gravimetry maps, example of the Tonga-Kermadec trench. a) Uncorrected free-air gravimetry maps showing that trenches and seamounts are first order features, b) Trench-normal profiles on bathymetry maps to extract the location of the trench, c) Interpolation of trench-normal free-air anomaly profiles on a map, d) Residual gravimetry obtained by substraction of map c from map a. On each side of the trench, the occurrence of a black (strongly negative) anomalies correspond to areas where the trench is not removed.
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 32 Figure 3.2 -High-pass filtered maps. a) High-pass filtering of raw free-air anomaly data, b) High-pass filtering of residual gravity data.
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 3 Figure 3.3 -Comparison of residual gravity maps (a) of this study and (b) of the study of Bassett & Watts (2015).
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 34 Figure 3.4 -Residual gravity map of the Central American Trench.
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 35 Figure 3.5 -Residual gravity map of the Aleutian Trench.
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 36 Figure 3.6 -Residual gravity map of the South American Trench.

  Figure 3.8 -Residual gravity map of the Nankai-Ryukyu Trench.
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 39 Figure 3.9 -Residual gravity map of the Sunda Trench.
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 41 Figure 4.1 -Topographic map of Iran showing ophiolitic rocks.
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 426 Figure 4.2 -Cross-section of the Zagros orogen from the Persian Gulf to Central Iran, after Agard et al. (2006).

  Figure 4.6.
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 43 Figure 4.3 -Map of the the Zagros blueschists, after Agard et al. (2006).
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 44 Figure 4.4 -Cross section of the Zagros suture Zone, after Agard et al. (2006).
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 45 Figure 4.5 -Structural data on Siah Kuh, after Sabzehei (1974). a) Log of Siah Kuh around Darreh Jira; b) Schematic cross-section of Siah Kuh.
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 46 Figure 4.6 -Late Cretaceous-Paleocene subduction and exhumation of the Zagros blueschist, after Angiboust et al. (2016).

Figure 4 .

 4 Figure 4.7 -Geodynamic evolution of the Zagros belt from subduction to collision, after Agard et al. (2011).

  are the remnants of the Neotethys ocean separating Arabia from Eurasia (Fig. 7.1a). Subduction of the Neotethys under Eurasia is testified by Jurassic to Quaternary magmatism within the Sanandaj-Sirjan Zone (SSZ) and in the Urumieh Dokhtar magmatic arc (UDMA; Fig 7.1a). While collisional structures are well characterized in the Zagros fold-and-thrust belt and in the lower part of the Crush Zone
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 51 Figure 5.1 -Geological context and structural framework of the Siah Kuh unit. a) Map of Iran highlighting Mesozoic ophiolites and arc volcanism in the Zagros orogen, after Angiboust et al. (2016); b) Zoom on the Hajiabad-Esfandagheh zone, modified after Angiboust et al. (2016); c) Map of the Siah Kuh seamount, inset: polar projection of fault orientation and striation.
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 52 Figure 5.2 -Cross-sections through the Siah Kuh seamount.
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 5 Figure 5.3 -Pictures of pre-subduction structures (1/2). a) Pillow basalt cliff in the A 1 unit ; b) Basalt flow on top of pillow basalts in the A 1 unit; c) Massive limestone overlying basalt from the core of the seamount, a granite pluton intrudes the basalts in the core of the seamount and rejuvenated magmatism of the A 1 unit is visible in the bottom part of the picture; d) Carbonate breccia, high-energy reworking of a carbonate platform; e) Gastropod in carbonate; f) Foraminifera beds in the massive limestone; g) Sedimentary sequence on top of the A unit: Massive "reef" limestone overlies basalts from the core of the seamount, with a deepening detrital sequence on top of the massive limestone, A 1 (rejuvenated) unit on the right; h) Small blocks of limestone in a debris flow with a tuffaceous sandstone matrix; i) Large blocks of limestone and basalt in a debris flow with a tuffaceous sandstone and clay matrix.

Figure 5

 5 Figure 5.3 -Pictures of pre-subduction structures (2/2). j) Limestone olistolith within the massive limestone cliff; k) Sheath fold in pelagic sediments resulting from slumping; l) Resumption of basaltic volcanism after deep sedimentation in the A 2 unit; m) Continuous layer of pelagic sediments (pelagic limestone and radiolarian chert) within the basalts of the A 2 unit; n) Structure of the B unit.
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 54 Figure 5.4 -Pictures of subduction-related structures. a) Sheared pillows and pillow breccia in the A unit; b) Folded massive limestone on top of the A unit; c) Large-scale anticline in the A unit affecting basalt and massive limestone; d) Tight folding of limestone of the core of the seamount; e) Thrusting (décollement) of pelagic sediments on top of the A unit; f) Sheared serpentinite pod pinched in a fault zone; g) Lawsonite-quartz vein with basalt clasts in a basalt of the A 2 unit; h) Cataclastically deformed gabbro at the base of the B unit; i) Pseudotachylite vein in gabbro of the B unit.
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 55 Figure 5.5 -Microphotographs and back-scattered electrons images (1/2). a) Pumpellyitequartz vein in a basalt (1613); b) Prehnite-clinozoisite vein in gabbro (cross-polarized light, 1716); c) Hydroandradite and andradite crystallization in a calcsilicate rock (1603); d) Microstructures of a lawsonite-quartz vein in basalt at the thin-section scale (1529); e) Composite image in a lawsonite-quartz vein in basalt (1529; f) BSE image of a lawsonitequartz vein, showing destabilization of lawsonite by pumpellyite (1529); g) Small lawsonitequartz vein in basalt (1607); h) Lawsonite-quartz vein in rhyolite with destabilization of lawsonite into pumpellyite (1518).
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 55 Figure 5.5 -Microphotographs and back-scattered electrons images (2/2). i) Texture of metagabbro with pristine augite partially replaced by tremolite and plagioclase fully replaced by lawsonite and pumpellyite (1530); j) Overgrowth of Na-rich amphibole over tremolite in gabbro (1530); k) Overgrowth of Na-rich amphibole over hornblende in a high-pressure matrix (1531); l) Complex zoning of amphibole in gabbro (1530); m) Aragonite vein in basaltic rock with quartz-filled vacuoles (1628); n) Hydrothermal vein crossing a deformed metasediment (1722).
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 56 Figure 5.6 -Back-scattered electrons images of the pseudotachylite vein. a) Chromosomshaped plagioclase in a tremolite-albite matrix (devitrified glass) and sulfide; b) Plagioclaseclinopyroxene spherulite; c) Glaucophane in the tremolite-albite matrix.

Figure 5

 5 Figure 5.7 -Chemistry of metamorphic minerals. a) T Si vs XMg of white mica; b) O Al vs XMg of chlorite; d) Al 2 O 3 map of a lawsonite vein (1529); e) FeO T map of lawsonite inside a lawsonite vein (1529); f) Trace element patterns of lawsonite in vein.

Figure 5

 5 Figure 5.8 -Chemistry of amphiboles. a) Complex zoning of amphibole revealed by T Si mapping, and b) B Na mapping; c) Discrimination diagram of calcium amphibole after Hawthorne et al. (2012); d) Discrimination diagram of calcium amphibole after Leake et al. (1997); e) Plot for amphibole, where B Na is a proxy for pressure and A Na a proxy for temperature; f) Plot for amphibole, according toBonnet et al. (2018).
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 59 Figure 5.9 -Chemistry of pseudotachylite minerals. a) Al vs Na of clinopyroxene; b) Ternary diagram for plagioclase.
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 510 Figure 5.10 -Synthesis of P-T conditions of subduction-related metamorphism for the Siah Kuh seamount.
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 51 Seamount genesis and oceanic stage 5.5.1.1 Seafloor roughness Identification of the A unit Siah Kuh as a seamount, i.e. as a discrete volcano on the seafloor is due to (1) voluminous amounts of erupted material building up a continuous, >1.5 km-thick pile of pillow lavas, lava flows, hyaloclastite; (2) shallow water column for the sedimentation of massive (possibly reef) limestone on top of this volcanic edifice, with high energy reworking of sediments and benthic fauna; (3) deepening sediments from shallow water limestone to pelagic limestone; (4) slope destabilization processes recorded in sediments of the Siah Kuh unit by abundant mass transport deposits (MTDs; such as olistoliths, debris flows, slumps; Fig. 7.3f,i-l) affecting diversely consolidated lithologies.
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 511 Figure 5.11 -Oceanic and subduction evolution of the Siah Kuh seamount.

5. 5

 5 Figure 5.12 -Provenance of fluids in the Siah Kuh seamount. Local or deep source?

S1:

  Striation and fault plane orientation in gabbro S2: Additional chemistry plots for chlorite, pumpellyite and lawsonite S3: Results of Raman spectroscopy on Carbonaceous Material S4: Methods and results of Ar-Ar geochronology S5: Major and trace element analyses of lawsonite and pumpellyite.

Figure -

 - Figure -Additional chemistry plots for chlorite (after Plunder et al., 2012), pumpellyite and lawsonite (after Vitale Brovarone et al., 2014).

  Figure -Ar-Ar degasing pattern (plateau) for sample 1722.
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Figure 6 . 1 -

 61 Figure 6.1 -Geological context. a) Ophiolites and arc along the Zagros suture zone; b) Detailed zoom of the Hajiabad-Esfandagheh zone; c) Paleogeographic map of the Iranian-Omanese Neotethys during Late Cretaceous. Numbers 1 and 2 indicate two hypotheses for the former location of the Siah Kuh seamount (see discussion for more details).

(

  relatively coherent) ophiolitic massifs of Kermanshah, Neyriz, Hajiabad/Esfandagheh (from Northwest to Southeast) in Zagros. The Hajiabad-Esfandagheh ophiolitic exposures (Fig. 7.1b) is associated with the only exposures of blueschists in Zagros, which led Agard

Figure 6 . 2 -

 62 Figure 6.2 -Structural frame: the Siah Kuh seamount. a) Map of the Siah Kuh unit; b) Synthetic cross-section of the Siah Kuh seamount; c) Synthetic log of the A and B units, and proposed correlations.

Figure 6

 6 Figure 6.3 -Field pictures. a) Reef carbonates resting on top of A1 unit lavas. The granite intrusion is related to felsic lavas studied hereafter. Rejuvenated magmatism of the A1' unit above the limestones; b) Pillow lawas of the core of the seamount; c) Sediment intercalation between the A1 unit and magmatic rejuvenation in the A unit (A3); d) Rhyolite dykes in basalt in the core of the seamount (A1 unit); e) Structure of the B unit; f) Plagiogranite dyke intruding serpentinite at the base of the B unit.

Figure 6 . 4 -

 64 Figure 6.4 -Microphotographs of representative rocks from the Siah Kuh seamount, from Unit A (a-c), Unit B (d-f) and felsic associated rocks from both units (g-i). All pictures are at the same scale and the white horizontal bar represents 500 µm. a) Porphyric texture of sample 1635; b) Sample 1746 with a phaneritic texture; c) Porphyric texture of sample 1614b ; d) Intergranular texture of sample 1532, where zircons have been dated; e) Intergranular texture of sample 1735; f) Porphyric texture of sample 1432 where zircons have been dated; g) Porphyric texture of sample 1601; h) Trachytic texture of sample 1725; i) Phaneritic texture of sample 1720, where zircons have been dated.
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 565 Fig. 6.7.
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 62 Major and trace element analyses of the magmatic samples (3/3) negative anomalies, and small Ti negative anomalies. They plot in the oceanic arc field on the Th/Yb -Nb/Yb, and in the arc fields of the Th/Ta-Yb/Tb and V-Ti diagrams (Fig. 6.7). They plot in the primitive arc tholeiite field of the Th-Hf-Ta. One sample (#1628) has enriched LREE compared to HREE, Nb-Ta-Ti anomalies similar to the other samples, and a small Sr positive anomaly. It plots in the oceanic arc field on the Th/Yb -Nb/Yb, in the arc fields of the Th/Ta-Yb/Tb and V-Ti diagrams and in the calc-alkaline field of the Th-Hf-Ta diagram.

  Figure 6.6 -Rare-earth element and multi-element diagrams for all rocks normalized to chondrite and primitive mantle respectively[START_REF] Sun | Chemical and isotopic systematics of oceanic basalts: implications for mantle composition and processes[END_REF]. (a, b) Mafic rocks of the core of the A unit; (c, d) Felsic rocks of the A and B units; (e,f) Magmatic rejuvenation within the A unit; (g, h) Mafic rocks of B unit; Felsic rocks of B unit. Reference spectra are Oman V2[START_REF] Alabaster | The volcanic stratigraphy and petrogenesis of the Oman ophiolite complex[END_REF][START_REF] Godard | Geochemical variability of the Oman ophiolite lavas: Relationship with spatial distribution and paleomagnetic directions[END_REF]; Siah Kuh boninites[START_REF] Moghadam | Geochemistry and petrogenesis of the Late Cretaceous Haji-Abad ophiolite (Outer Zagros Ophiolite Belt, Iran): Implications for geodynamics of the Bitlis-Zagros suture zone[END_REF], Oman boninite[START_REF] Ishikawa | Trace element characteristics of the fluid liberated from amphibolite-facies slab: Inference from the metamorphic sole beneath the Oman ophiolite and implication for boninite genesis[END_REF].

Figure 6

 6 Figure 6.7 -Trace element discrimination diagrams of mafic rocks. Light red diamonds are boninites from the core of the seamount (Moghadam et al., 2013b). a) Th/Yb vs Nb/Yb diagram by Pearce (2008), also including felsic rocks.; b) V vs Ti diagram by Shervais (1982); c) Th/Ta vs Yb/Tb diagram by Joron (2000); d) Th-Hf-Ta ternary diagram by Wood (1980). Fields are A: N-MORB, B: E-MORB, C: alkaline within-plate lavas, D1: primitive arc tholeiites, D2: calc-alkaline lavas.

Figure 6 .

 6 Figure 6.8 -Mineral compositions of clinopyroxene and spinel. (a-c) Clinopyroxene discrimination diagrams in mafic rocks from Leterrier et al. (1982). a) Ti vs Ca + Na diagram showing all clinopyroxenes plotting in the calk-alkaline to tholeiitic field; b) Ti + Cr vs Ca diagram showing most of the clinopyroxene analyses from the core of the seamount plotting in the orogenic basalts field and other mafic rocks in the non-orogenic tholeiite field; c) Ti vs Al diagram showing that clinopyroxenes from the core of the seamount plot in the arc tholeiite field (other analyses not plotted); d) Cr# vs Mg# diagram for spinel in peridotite after[START_REF] Dick | Chromian spinel as a petrogenetic indicator in abyssal and alpine-type peridotites and spatially associated lavas[END_REF] showing all analyses plotting in the supra-subduction zone field.

Figure 6 . 9 -

 69 Figure 6.9 -Wetherill Concordia diagrams for 4 samples. a) Rhyolite within A1 (#1518), inset shows a zoom on the 70-110 Ma age window; b) Gabbro within B (#1532), inset shows the age dispersion; c) Plagiogranite within B (#1720), inset shows the age dispersion; d) Basalt at the top of B (#1432), inset shows a zoom on the 70-110 Ma age window. Ages mentioned are weighted averages (*: youngest zircon population).

Figure 6 .

 6 Figure 6.10 -Zircon Hf(t) vs age plot showing positive values for most zircons.

  is observed in the B unit. Felsic lavas of the B unit are chemically comparable to the ones of the A unit. It is thus suggested that these lavas formed at the same time, although these lavas are not dated. The contact between them and underlying gabbros is not clear, but gabbros might be intrusive within them. An indication of this stems from the chemical similarity between basal gabbros and basaltic lavas overlying the felsic lavas. Basaltic lavas right above felsic lavas have E-MORB signatures whereas other basalts further away have N-MORB signatures. This evolution is comparable to the one of the A unit. Small variations of chemical signatures of E-MORB and N-MORB lavas between the A and the B unit might relate to small spatial source variations. These basalts are likely associated with plagiogranite and N-MORB gabbro intrusions at 78-77 Ma in the basal peridotite. Positive zircons Hf(t) values mostly between 7 and 13 in the plagiogranite and between 11 and 21 for gabbro are characteristic of a partially depleted mantle source (Patchett, 1983), consistent with the MORB signature of the gabbro and related basalts. They give respectively T DM ages around 540 Ma and 270 Ma. Slightly lower Hf(t) values in plagiogranite possibly imply a stronger crustal contamination in the source. The N-MORB-like basalt (1432) yielded two concordant ages at ∼ 73 Ma, which would correspond to the latest magmatic event in Siah Kuh. Hf(t) values of -3 and 16 for these zircons suggest a mixed source for those zircons. These data reveal a multistage magmatic history for the Siah Kuh seamount, which evolved from arc tholeiite to boninite and calc-alkaline until 87 Ma, and later experienced a distinct magmatic episode of E-to-N-MORB affinity, occurring around 78 Ma and possibly until 73 Ma. Disappearance of the SSZ signature and enrichment of the source mantle at the base of the Siah Kuh seamount took <10 Myrs, while the depletion of the mantle was <5 Myrs.

  early spreading history (Permian to Jurassic)

Figure 6 . 11 -

 611 Figure 6.11 -Synthesis of the tectono-magmatic evolution of the Siah Kuh seamount. a) Two stage evolution of the Siah Kuh seamount during late Cretaceous; b) Two possible paleogeographic locations of the Siah Kuh seamount.

Hypothesis 2 :

 2 Arc of the Northern Neotethys Subduction?No arc magmatism at 87 Ma is described in the obducted ophiolites (Semail-Neriz), nor in the Sanandaj-Sirjan zone surrounding the Siah Kuh unit. The main argument for a genesis in this context is the possible genetic link between the Sikhoran complex and the Siah Kuh seamount discussed above. Genesis of Siah Kuh above the Northern Neotethys subduction requires the existence of extensional allochtons similar to the Sargaz-Abshur complex, but a formation above the Northern Neotethys subduction explains the Late Cretaceous E-MORB dykes within the Sikhoran complex. Arc magmatism in Siah Kuh likely corresponds to a magmatic event recorded in Makran by detrital zircons aged 85-89, interpreted by[START_REF] Mohammadi | Arc magmatism witnessed by detrital zircon U-Pb geochronology, Hf isotopes and provenance analysis of late Cretaceous-Miocene sandstones of onshore Western Makran (SE Iran)[END_REF] and[START_REF] Burg | Geology of the onshore Makran accretionary wedge: Synthesis and tectonic interpretation[END_REF] to result from arc magmatism on the Northern margin of the Neotethys. Quite startlingly however, this event is only recorded in sediments of Oligocene and younger ages.In this configuration, subduction of the Siah Kuh seamount would require (1) initiation of a new subduction zone to the North of the Northern Tethys Subduction or (2) a northward migration of the subduction zone, for example through a splay fault. The present position of the Siah Kuh unit below the other Zagros blueschists makes hypothesis (1) unlikely.

   B), and is composed of two sub-units separated by tectonic contacts (Figs. 7.11C, D): (i) A ∼15x12 km ovalshaped unit (unit A) to the southwest is made of up to 3 km of basaltic lava flows and pillow lavas intercalated with pillow breccia. Rhyo-dacitic subvolcanic rocks intruding this basaltic core are associated with lavas erupted on top of the basalts. Basalts and felsic lavas are overlain by a ≤500 m-thick Late Cretaceous sedimentary sequence, fully exposed on the southern flank of the unit. This sequence consists of a massive limestone cap (10-50 m thick), of reef to lagoon affinity, with recrystallized fossil fragments like urchin spines, foraminifera and gastropods, followed by a variably thick (∼100-500 m) mostly detrital, deepening-up sedimentary sequence of tuffaceous sandstone, red clay, pelagic limestone and olistostromic debris flows. Pillow lavas (up to 1 km-thick) emplaced comformably on top of these sediments indicate resumption of volcanic activity after sedimentation (Fig.7.1).

Figure 7 . 1 -

 71 Figure 7.1 -Geological overview of the Siah Kuh (SK) seamount. a) Satellite image of SK seamount showing the different units. b) Photograph showing the reef limestone capping basalts of the seamount and the later, rejuvenated volcanic activity. c) Geological map of SK seamount; stars locate high-pressure metamorphism. d) Present-day section across the SK seamount; the successive location of the plate interface (numbered 1-3) is highlighted; inset below: schematic restoration showing the seamount initial architecture.
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 72 Figure 7.2 -Subduction metamorphism and brittle deformation. a) Estimation of the peak P-T conditions reached by the Siah Kuh seamount during subduction. b) Lawsonite vein in basalt testifying for hydraulic brecciation at high-pressure-low-temperature conditions. c) Pseudotachylite vein in gabbro.

Figure 7

 7 Figure 7.3 -Siah Kuh seamount shown in its former subduction environment within the seismogenic zone.

  difficult. Most of the pseudotachylite is recrystallized, with very small ( 1µm-long) amphibole crystals. It records different generations of crystallization/recrystallization processes: Very fast solidification (quench) of a melt into glass calcium-rich plagioclase, titaniumrich augite, glass and sulfide/oxide droplets. High-pressure recrystallization of the glass into rarely-preserved glaucophane, high-silica phengite crystals and pumpellyite. Late alteration of the glass at low pressure into tremolite, magnesian chlorite, quartz, and albite.The bulk composition of the pseudotachylite vein and the host gabbro vary significantly for some elements, notably SiO2 and MgO, which might be due to metasomatism, possibly during the pervasive, late stage recrystallization of the pseudotachylite at low pressure conditions.

Figure -

 - Figure -SEM images of pseudotachylite. a) Devitrified glass with radial plagioclase and high-Ti augite crystallization, and sulfide droplets; b) Glaucophane crystal in devitrified glass.
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 81 Figure 8.1 -Synthesis of the main results of this PhD thesis.
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 991 Appendices Bonnet et al. (2018): Tectonic slicing and mixing processes along the subduction interface: The Sistan example

  Contents lists available at ScienceDirectLithos j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / l i t h o s 9 -Appendices

  Fig.1. a) Map of ophiolitic complex in Eurasia, underlining the continuity of ophiolite outcrops along thousands of kilometers, as remnants of different segments of the Neotethys Ocean. The Sistan ophiolitic complex appears as a North-South-trending branch of the Neotethys, orthogonal to the Zagros to the Southwest, and to the Makran ophiolites to the Southeast; b) Sistan geological map centered on the Ratuk complex and block-in-matrix complexes of Gazik and Sulabest (modified from[START_REF] Jentzer | Neogene to present paleostress field in Eastern Iran (Sistan belt) and implications for regional geodynamics[END_REF]; c) Early Campanian paleogeography of Iran (modified fromBarrier et al. (2008) showing the Sistan as a branch of the Neotethys Ocean subducting under the Afghan block.

Fig. 2 .

 2 Fig. 2. a) Localization of samples in the Gazik area of the block-in-matrix complexes; b) Detailed mapping of two zones in Gazik; (c) Synthetic cross-section of the suture units in Gazik.

Fig. 3 .

 3 Fig. 3. Pictures of outcrops in Gazik: a) Global structure of the block-in-matrix complexes; b) Sedimentary contact between Maastrichtian flysch-type sediments and serpentinized peridotite from a ~300 × 150 m, less dismembered part of the serpentinite-matrix complex; c) Peridotite clasts at the contact between Paleocene and peridotite of Fig. b; d) Folded greenschist-facies micaschist and basaltic block in siliciclastic mélange, e) Block of amphibolitized blueschist in serpentinite; f) Preserved pillow structures in amphibolitized blueschist; g) Amphibolitized blueschist of the serpentinite-matrix complex composed of albite matrix, large calcium-sodium amphibole crystals, phengite and epidote crystals. The scale is 5 cm-long; h) Fibroradial actinolite associated with chlorite in the serpentinite.

Fig. 4 .

 4 Fig 4f

Fig. 5 .

 5 Fig. 5. Photomicrographs and other pictures of samples (2/2). a) Amphibolitized blueschist-facies metabasalt; b) Amphibolitized blueschist-facies metatuff; c) SEM image of clinopyroxene in amphibolitized blueschist-facies metatuff; d) Actinolite cores in glaucophane in amphibolitized blueschist-facies metatuff attesting for a prograde greenschist-facies assemblage; e) Garnet and stilpnomelane in amphibolitized blueschist-facies metatuff; f) Blue amphibole-bearing metachert.

ECLOGITEFig. 6 .

 6 Fig. 6. Compositional plots of minerals: a) Ternary diagram for garnet; b) Ternary diagram for clinoyroxene; c) B Na versus O XFe 3+ in amphibole ( O XFe 3+ = O Fe 3+ /( O Al + O Fe 3+ )); d) T Si versus O XMg diagram of phengite; e) XCzo of epidote in rocks according to their metamorphic grade.

  Fig. 7. a) Pseudosection on eclogite 0908 of Gazik. Filling of the fields corresponds to variance, from 2 to 5. Darker fields have higher variance. Blue isopleths are for Si content (apfu) in phengite, red is for grossular content of garnet, green for pyrope content in garnet. The orange zone is the best-fit area of the pseudosection, the ellipse is the result of Average P-T calculation. Legend of the fields: 1: Grt Omp Tr Gln Bt Chl Ep Qz, 2: Grt Omp Gln Bt Chl Ep Qz, 3: Grt Omp Gln Ph Bt Chl Ep Qz, 4: Grt Omp Gln Tr Ph Chl Ep Lws Qz, 5: Grt Omp Gln Tr Ph Ep Lws Qz, 6: Grt Omp Gln Tr Ph Lws Tc Qz, 7: Grt Omp Gln Ph Chl Lws Qz, 8: Grt Omp Gln Tr Ph Chl Lws Qz, 9: Grt Omp Ph Chl Ep Qz, 10: Grt Omp Ph Chl Ep Qz H2O, 11: Grt Omp Ph Chl Ep Lws Qz H2O, 12: Grt Omp Gln Ph Chl Ep Qz H2O, 13: Grt Omp Gln Ph Chl Ep Lws Qz H2O, 14: Grt Omp Ph Chl Lws Qz H2O, 15: Grt Omp Gln Ph Chl Lws Qz H2O, 16: Grt Omp Gln Ph Lws Qz H2O, 17: Grt Omp Gln Ph Lws Qz, 18: Grt Omp Gln Ph Lws Tc Qz H2O, 19: Grt Omp Ph Lws Tc Qz H2O, 20: Grt Omp Ph Lws Tc Coe H2O, 21: Grt Omp Brs Ph Pg Ep Qz H2O, 22: Grt Omp Ph Pg Ep Qz H2O, 23: Grt Omp Brs Ph Pg Ep Zo Qz H2O, 24: Grt Omp Ph Pg Ep Zo Qz H2O, 25: Grt Omp Ph Ep Zo Qz H2O, 26: Grt Omp Brs Ph Pg Zo Qz H2O, 27: Grt Omp Ph Pg Zo Qz H2O, 28: Grt Omp Ph Zo Qz H2O. X-ray maps of a garnet in sample 0908, modal and mineral compositions show a very good correspondence between analyses and models; b) Synthesis of P-T estimates for the eclogites in Gazik and Sulabest from Fotoohi Rad et al. (2005) in dashed gray ellipses and Angiboust et al. (2013) in solid gray ellipses and pseudosection fields, and new P-T estimates (pseudosection and Average P-T ellipses) in Gazik. Dashed boxes indicate approximate P-T evolution of the amphibolitized blueschists in Gazik are estimates from Diener and Powell (2012). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

  Fig.8. a) Ar-Ar plateau age from phengite in an eclogite of Sulabest; b) Ar-Ar plateau age from retrograde amphibole in the same sample; c) Ar-Ar plateau age from phengite in an amphibolitized blueschist of Gazik; d) Summary of radiometric ages in the Sistan high-pressure rocks, sorted following age value, mineral dated, method or kind of rock and locality. G refers to Gazik, S to Sulabest. Argon-argon ages from this study are intercepts, and plateau from other studies. Arrows link phengite age and amphibole age from the same sample. Ages associated to small symbols (including all datings on metachert) are from[START_REF] Bröcker | New age constraints for the geodynamic evolution of the Sistan Suture Zone, eastern Iran[END_REF] and[START_REF] Kurzawa | Cretaceous highpressure metamorphism and low pressure overprint in the Sistan Suture Zone, eastern Iran: additional temperature estimates for eclogites, geological significance of U-Pb zircon ages and Rb-Sr constraints on the timing of exhumation[END_REF]. * represents the locality of Gurchang between Gazik and Sulabest. ECLO = eclogite, ABS = amphibolitized blueschist; e) Synthesis of P-T paths. The green path relates to eclogite and the blue to amphibolitized blueschist. BS = blueschist, EA = epidote-amphibolite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9 .

 9 Fig. 9. a, b, c) Three different hypotheses for mixing processes. a) Sedimentary mixing hypothesis: pre-metamorphozed and exhumed olistoliths in a sedimented serpentinite; b) Serpentinite diapir to exhume and mix the blocks with serpentinite; c) Direct underplating of the blocks to a weakly serpentinized mantle wedge and subsequent fast exhumation in a low viscosity subduction channel. d) Synthesis of the processes showing the almost simultaneous underplating of eclogite and amphibolitized blueschist along the subduction interface, with the potential effect of serpentinization of the mantle wedge to explain fragmentation of the blocks in Gazik.
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Fig. 1 .

 1 Fig.1. a -Three dimensional cartoon illustrating the intricacy of subduction interface processes, with transient processes operating at very different timescales on the same interface (in a broader sense, across the plate contact): short-lived deformation episodes such as earthquakes coexist with longer-lived movements (e.g., detachment of rocks from the slab, exhumation), calling for a better understanding of mechanical coupling in space and time. b -Locations, in present-day subduction zones, where active and/or recent detachment of N1-10 km wide fragments from subducting slabs has been suspected (see text for details; Section 5.3). Background map of van Keken et al. (2011), illustrating the thermal regime of present-day subduction zones (ϕ: convergence velocity times oceanic plate age). This shows that underplating could occur across a range of thermal regimes, but data is still very restricted. See Section 5.3 for references.

Fig. 2 .

 2 Fig.2. a -Main (commonly accepted) features of the long-term behavior of a subduction zone, focusing on major contact zones and potential rock movements. The thickness of the plate interface is exaggerated to feature detachment and exhumation. See Section 2.1 for a precise nomenclature and glossary. b -Close-up view on the plate interface itself illustrating the fate of any detached fragment, irrespective of the constitution of the plate interface: detachment from the slab requires (i) at least partial locking of a portion of the interface, potentially inducing (ii) down-stepping of the basal décollement into the slab. Fragments will either get underplated (case 1) or travel back/upward for some distance within/along the plate interface, amongst channel material (case 2). See Fig.11afor more detailed portrayal of subduction interface dynamics. c -Composite snapshot of an idealized active subduction zone showing the main dynamic processes or characteristics recognized by geophysical methods (see details in Section 2.2). The simplest possible subduction shape is featured here (afterAudet and Burgmann, 2014), since this sketch is not meant to encompass the variability of present-day subduction shapes/regimes/peculiarities, and isotherms are purely qualitative. For the sake of simplicity, geochemical exchanges other than fluid liberation (blue arrows) are not shown. Earthquakes swarms (i.e., variably-sized dots) are mostly taken from and modified after Bostock (2012) and van[START_REF] Van Keken | Thermal structure and intermediate-depth seismicity in the Tohoku-Hokkaido subduction zones[END_REF]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3 .

 3 Fig.3. a -Percentage of subduction lifetime covered by rocks returned from subduction zones, estimated by comparing the duration of recovery with subduction duration (i.e., ratio of the age range of subducted rocks to subduction duration; after Fig.8ofAgard et al., 2009). This is by far a maximum estimate of episodicity since only subduction zones for which rocks were recovered are considered, and since along a fraction of subduction zone length shows HP-LT rock fragments (e.g., b5% in both Chile and Zagros, examples). Episodicity of rock return is such that rocks recovered represent most probably bb1% of the total amount of subducted material. b -Compilation by[START_REF] Plunder | Accretion, underplating and exhumation along a subduction interface: from subduction initiation to continental subduction (Tavşanlı zone, W. Turkey)[END_REF] of the peak burial of oceanic rocks equated to depth. Stippled area to the lower right: domain where metabasalt becomes denser than and negatively buoyant with respect to the mantle peridotite (adapted fromAgard et al., 2009). Superimposed coloring refers to a 50-50% mixture of metabasalt and serpentinite; light grey field: conditions where the mixture is lighter than peridotite; dark grey: conditions where the mixture is denser than peridotite. See discussion in text. Two main clusters (estimates projected on the T/P gradient) are noticeable, with some smearing. c -First-order dynamic processes operating along the subduction zone set back against depth (background profile as in Fig.2a). Large-scale tectonic features are in red and fluid migration in blue. Zones of maximum (present-day) coupling are indicated: note that the depths of the transitions from coupled to decoupled coincide with depths from which high-pressure low-temperature (HP-LT) rocks are recovered. d -Close-up view emphasizing the need, in order to detach fragments from the slab (and potentially later exhume them), for two key processes: (i) increased mechanical coupling (i.e., at least partial locking of the interface) leading to strain redistribution across the plate boundary and ultimately (although for a transient period only) strain localization within the slab; (ii) effective 'slicing', thanks to strain localization mechanisms. Both processes are required, but which one is rate-limiting? (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

  seecompilation in Section 5). Ongoing nappe-stacking over tens of millions of years is marked in the rock record by gradually younger deformation ages towards the bottom of the accreted sequence (Franciscan: Dumitru et al., 2010; Chilean Patagonia: Angiboust et al., 2018; Cuba: Despaigne-Diaz et al., 2016, Despaigne-Díaz et al., 2017).

Fig. 4 .

 4 Fig. 4. Rock recovery linked to changes in regional-scale (N1000 km) kinematics and/or slab dynamics. a-b -Ocean-derived blueschists returned coevally along the Neotethys from depths around 30-40 km. The similarity of ages supports fresh slicing from the slab rather than recovery from a 'storage' zone (see text for details; Section 4.1). c-d -Stepwise underplating of ~km-thick tectonic slices at ~125-100 Ma in the Franciscan complex (123 Ma: South Fork mountain schist; 117 Ma: Valentine Springs; 110-100 Ma: Yolla Bolly terranes). This episode coincides with large-scale geodynamic processes, notably the reorientation of the Pacific plate at ~125 Ma, the increase in magmatic production in the Sierra Nevada batholith, and predates the period of flat slab subduction (85-45 Ma). Modified after Dumitru et al. (2010).

8

  P.Agard et al. / Lithos 320-321 (2018) xxx-xxx Please cite this article as: Agard, P., et al., The subduction plate interface: rock record and mechanical coupling (from long to short timescales),Lithos (2018), https://doi.org/10.1016/j.lithos.2018.09.029

Fig. 6 .

 6 Fig.6. Influence of lower (and upper) oceanic plate mantle serpentinization on the possibility, amount and depth of slicing of the oceanic crust along the plate interface (afterRuh et al., 2015). The existence of discontinuous serpentinite patches (i.e., violet lenses in the topmost slab mantle, beneath the light green gabbros) allows for strain localization in the slab and detachment of slices. Detachment is promoted by slow convergence and shallower for warmer upper plates. See text (Section 4.4) for details.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7 .

 7 Fig.7. a-b -Natural examples considered in this study correspond to fragments derived from oceanic slabs (b~500 m from the plate interface) for which P-T, timing of peak burial, subduction duration and thickness of the units could be assessed (e.g., Cuba, Chile, Japan, Cyclades, Turkey, Iran, W. Alps, California, N. Caledonia; Supplementary Table2). Two main groups are distinguished: (i) tectonic slices with recognizable lateral continuity (Nhm-km) and (ii) mélanges with block-in-matrix structures. Tectonic slices are grouped in metasediments only (type 'S'), metasediments with metamafics usually alternating in varying amounts (type 'SB') or crustal material associated with ultramafic rocks, i.e. with fragments of lithospheric mantle (type 'SBU'; some were identified as seamounts). Mélanges are (mostly mafic) blocks in metasediments (type 'MS'; e.g., most knockers of the Franciscan complex), or (mostly mafic) blocks in serpentinites or serpentinized peridotites (i.e., ultramafics: type 'MU'; e.g., Cuba). c-d -A common distinction can be made between two end-member types of eclogites(Guillot et al., 2015), although counter-examples exist: (i) LT eclogites, some of which are (large-scale) tectonic slices (e.g., Monviso, W. Alps; seeAngiboust et al., 2011); and (ii) HT eclogites sampled from (early) mélanges (e.g., Sistan example; afterAngiboust et al., 2013). See Discussion (notably Section 6.2).

Fig. 8 .

 8 Fig. 8. a -Histograms of metamorphic gradients (T/P), relative timing of detachment (t*), and thickness for all samples (see Supplementary Table2). b -T/P conditions are shown by sample type (see legend). Metamorphic soles clearly stand out. Fragments in serpentinite mélanges (MU type) reaching peak metamorphic conditions early during the subduction history (i.e., t* b 0.1) are indicated by a white cross (or smaller dots on Fig. 8c). The conditions compiled by Penniston-Dorland et al. (2015; their Fig.5f), which partly include subducted continental fragments, are shown in the background. Note the cooler T/P gradients (~b 100-150 °C lower) reported here on average for mature subduction (i.e., t* N 0.1; see also Fig.8c) and, by contrast, the warmer ones represented by metamorphic soles. Also note the cut-off at ~2.8 GPa for oceanic rocks. Typical prograde paths estimated for subduction interface rocks by numerical models are also shown(Gerya et al., 2002: G02; van Keken et al., 2011: VK11; Ruh et al., 2015: R18, this study). R18 and G02 show no significant mismatch with natural data. c -P-T conditions shown as a function of relative timing of all samples: the smaller the dots the earlier the recovery in subduction life time. d -Maximum burial depths shown by type for tectonic slices (see legend for S/SB/SBU types) and for all samples (in grey). These are compared to relocated earthquakes for two characteristic subduction zones (one Pacific, one Tethyan) with an intermediate thermal regime (Alaska, Lesser Antilles;[START_REF] Syracuse | The global range of subduction zone thermal models[END_REF]. e -Maximum temperatures recorded by tectonic slices only (S/SB/SBU types). Note the bimodal distribution for SB and SBU. The MU type would plot towards higher temperatures (see black dots on Fig.8b).
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 2 Fig. 8. a -Histograms of metamorphic gradients (T/P), relative timing of detachment (t*), and thickness for all samples (see Supplementary Table2). b -T/P conditions are shown by sample type (see legend). Metamorphic soles clearly stand out. Fragments in serpentinite mélanges (MU type) reaching peak metamorphic conditions early during the subduction history (i.e., t* b 0.1) are indicated by a white cross (or smaller dots on Fig. 8c). The conditions compiled by Penniston-Dorland et al. (2015; their Fig.5f), which partly include subducted continental fragments, are shown in the background. Note the cooler T/P gradients (~b 100-150 °C lower) reported here on average for mature subduction (i.e., t* N 0.1; see also Fig.8c) and, by contrast, the warmer ones represented by metamorphic soles. Also note the cut-off at ~2.8 GPa for oceanic rocks. Typical prograde paths estimated for subduction interface rocks by numerical models are also shown(Gerya et al., 2002: G02; van Keken et al., 2011: VK11; Ruh et al., 2015: R18, this study). R18 and G02 show no significant mismatch with natural data. c -P-T conditions shown as a function of relative timing of all samples: the smaller the dots the earlier the recovery in subduction life time. d -Maximum burial depths shown by type for tectonic slices (see legend for S/SB/SBU types) and for all samples (in grey). These are compared to relocated earthquakes for two characteristic subduction zones (one Pacific, one Tethyan) with an intermediate thermal regime (Alaska, Lesser Antilles;[START_REF] Syracuse | The global range of subduction zone thermal models[END_REF]. e -Maximum temperatures recorded by tectonic slices only (S/SB/SBU types). Note the bimodal distribution for SB and SBU. The MU type would plot towards higher temperatures (see black dots on Fig.8b).

  Fig. 8. a -Histograms of metamorphic gradients (T/P), relative timing of detachment (t*), and thickness for all samples (see Supplementary Table2). b -T/P conditions are shown by sample type (see legend). Metamorphic soles clearly stand out. Fragments in serpentinite mélanges (MU type) reaching peak metamorphic conditions early during the subduction history (i.e., t* b 0.1) are indicated by a white cross (or smaller dots on Fig. 8c). The conditions compiled by Penniston-Dorland et al. (2015; their Fig.5f), which partly include subducted continental fragments, are shown in the background. Note the cooler T/P gradients (~b 100-150 °C lower) reported here on average for mature subduction (i.e., t* N 0.1; see also Fig.8c) and, by contrast, the warmer ones represented by metamorphic soles. Also note the cut-off at ~2.8 GPa for oceanic rocks. Typical prograde paths estimated for subduction interface rocks by numerical models are also shown(Gerya et al., 2002: G02; van Keken et al., 2011: VK11; Ruh et al., 2015: R18, this study). R18 and G02 show no significant mismatch with natural data. c -P-T conditions shown as a function of relative timing of all samples: the smaller the dots the earlier the recovery in subduction life time. d -Maximum burial depths shown by type for tectonic slices (see legend for S/SB/SBU types) and for all samples (in grey). These are compared to relocated earthquakes for two characteristic subduction zones (one Pacific, one Tethyan) with an intermediate thermal regime (Alaska, Lesser Antilles;[START_REF] Syracuse | The global range of subduction zone thermal models[END_REF]. e -Maximum temperatures recorded by tectonic slices only (S/SB/SBU types). Note the bimodal distribution for SB and SBU. The MU type would plot towards higher temperatures (see black dots on Fig.8b).

Fig. 9 .

 9 Fig. 9. a -Same as Fig. 8b (but with fewer details) to compare with Fig. 9b-h. b-d -Timing of recovery of the subducted rocks with respect to other parameters. e-h -Evaluation of a possible relationship between thickness and t*, T, T/P or P. See text for detailed comments.
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6. 2 .

 2 Long-term interplate mechanical coupling 6.2.1. Long-term trend with subduction cooling

Fig. 10 .

 10 Fig. 10. Long-term trend in mechanical coupling and rock recovery associated with subduction cooling. The progressive change in mechanical coupling, from strong to weak, is governed by effective viscosity contrasts across the subduction interface. The combined evolution of temperature and fluid migration (and storage) plays a key role (see text for details and viscosity estimates). When young and still relatively dry (a), the plate interface experiences strong viscous coupling and the formation of metamorphic soles. During subsequent subduction and cooling (b) high-temperature (eclogite) rocks are recovered, mostly in serpentinite mélanges (early MU type; Fig. 8b). The steady-state, locally fluid-rich, colder (older) and weaker interface leads to a decoupled plate interface (c), similar to most subduction zones today, except during occasional 'accidents' (d).

Fig. 11 .

 11 Fig. 11. Inferred differences in the way (long-term) mechanical coupling may operate in cold or warm settings, depending on thermal regime and on the thickness of the serpentinite horizon above the plate interface. See text for details.
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Fig.

  Fig.13. Can long-term mechanical coupling, i.e. localities with exhumed fragments, be linked to locked/coupled patches detected by GPS and/or InSAR methods? Across how many seismic cycles a given interseismic coupling state can and needs to be sustained? Detaching a 10 km long piece of a slab at 5-10 cm/y requires ~10 5 yr, which, in principle, could be accommodated by ~1000 M-earthquakes (e.g., Mw ~8 with ~1-10 m of displacement every 100 yr, as along Chile). The reader is referred to the caption of Fig.11aand the discussion in Section 6.3. a -Location, in the Franciscan complex, of the main recovered rock bodies (after[START_REF] Dumitru | Early cretaceous transition from nonaccretionary behavior to strongly accretionary behavior within the Franciscan subduction complex[END_REF] Fig. 4d). The map is adapted fromWakabayashi (2015). b -Map of interseismic coupling in the central part of Chile(Métois et al., 2016).
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Table -

 - Results of Raman Spectroscopy on Carbonaceous Material.

Table -

 - Isotopic data obtained during step-heating degassing of sample 1722.

	Sample Lithology	Mineral Total

fusion age Intergrated age %39Ar Intercept age (40Ar/36Ar)i MSWD

  

	1722 Metasediment White mica	122.62 ± 0.54	123.09 ± 0.72	94.32 123.35 ± 1.50 272.7 ± 102.8 11.58

Table -Synthesis of Ar-Ar ages for sample 1722.

  Table -Major and trace element analyses of lawsonite and pumpellyite.

	Location Core Mineral Lws Point # 33 6 Geochemical and geochrono-Core Core Core Core Core Core Rim Rim Rim Rim Rim Rim Lws Lws Lws Lws Lws Lws Lws Lws Lws Lws Lws Lws 35 37 41 67 85 89 51 53 55 57 61 73	Vein Pmp 125	Vein Pmp 127
	SiO2	41.98 41.19 40.16 41.33 39.38 43.94 40.31 39.63 38.48 41.17 38.69 40.37 41.99 39.29 39.30
	TiO2 Al2O3 Fe2O3T MnO Fossil seamount in SE Zagros records forearc to back-arc 0.01 0.01 0.00 0.00 0.01 0.02 0.01 0.01 0.01 0.03 0.03 0.05 0.04 0.05 0.06 27.65 27.65 27.65 27.65 27.65 27.65 27.65 27.65 27.65 27.65 27.65 27.65 27.65 22.21 22.21 0.29 0.26 0.26 0.25 0.44 0.53 0.48 0.38 0.34 0.71 0.83 0.84 0.69 1.38 1.90 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.14 logical constraints on the Siah 0.13 MgO 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 3.68 3.47 CaO 18.70 18.16 17.33 17.91 17.78 18.06 17.50 17.68 17.90 18.48 16.32 16.63 16.91 21.50 21.36 Na2O 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.13 0.13 transition: new constraints for the evolution of the Kuh seamount Neotethys
	K2O	0.00	0.00	0.00		0.00	0.00	0.00	0.00		0.00	0.00	0.00	0.00		0.00	0.00
	Total	88.68 87.30 85.43 87.18 85.27 90.22 85.98 85.36 84.39 88.05 83.53 85.56 87.29 88.38 88.55
	La	0.22	0.15	0.08	0.05	0.46	0.72	0.62	2.05	1.01	0.27	1.61	1.15	1.54		0.06	0.08
	Ce	0.57	0.40	0.36	0.24	0.78	1.08	1.00	3.89	1.76	0.78	2.77	2.20	2.35		0.14	0.17
	Pr	0.11	0.09	0.06	0.05	0.09	0.18	0.14	0.52	0.23	0.12	0.32	0.35	0.32		0.05	0.04
	Nd	0.63	0.64	0.31	0.45	0.42	0.74	0.61	2.55	1.39	0.82	1.83	1.75	1.49		0.32	0.30
	Sm	0.29	0.28	0.22	0.24	0.26	0.37	0.23	0.92	0.42	0.39	0.70	0.69	0.50		0.22	0.19
	Eu	0.14	0.12	0.06	0.02	0.15	0.20	0.17	0.71	0.33	0.23	0.52	0.50	0.25		0.08	0.11
	Gd	0.56	0.61	0.56	0.34	0.28	0.39	0.30	1.04	0.63	0.60	0.80	0.96	0.68		0.27	0.31
	Tb	0.06	0.07	0.07	0.05	0.04	0.05	0.05	0.14	0.07	0.09	0.15	0.13	0.11		0.05	0.05
	Dy	0.45	0.48	0.45	0.21	0.18	0.36	0.25	0.52	0.35	0.49	0.78	0.78	0.44		0.28	0.40
	Ho	0.08	0.11	0.09	0.04	0.04	0.07	0.05	0.05	0.07	0.12	0.14	0.15	0.07		0.06	0.06
	Er	0.20	0.22	0.15	0.10	0.06	0.08	0.12	0.11	0.09	0.25	0.24	0.40	0.11		0.14	0.21
	Tm	0.01	0.01	0.01	0.00	0.00	0.00	0.01	0.01	0.01	0.01	0.02	0.03	0.01		0.01	0.04
	Yb	0.03	0.06	0.03	0.00	0.01	0.02	0.00	0.02	0.02	0.08	0.09	0.11	0.03		0.07	0.18
	Lu	0.01	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.01	0.01	0.01		0.02	0.02
	Li	0.24	0.00	0.34	0.00	0.01	0.00	0.00	0.58	0.00	0.00	0.25	0.40	0.04		0.22	0.00
	Be	0.04	0.09	0.08	0.33	0.15	0.28	0.00	0.00	0.03	0.00	0.20	0.99	0.05		0.36	0.29
	V	243.98 247.79 252.55 133.49 70.90 57.66 70.54 161.58 145.86 142.62 124.62 195.90 68.40 181.44 155.01
	Cr	1.17	1.34	0.33	1.03	0.70	0.90	0.71	0.68	0.83	3.47	3.02	6.41	3.25	15.72 72.82
	Ni	0.00	0.17	0.30	0.00	0.00	0.00	0.65	0.45	0.00	0.72	0.62	0.00	0.00		3.52	10.97
	Sr	503.62 506.67 341.44 435.37 310.80 496.91 205.28 461.65 415.82 597.16 306.17 267.62 430.32 3.07	6.92
	Y	3.53	4.28	2.98	1.54	1.45	1.76	1.77	2.39	2.35	4.46	5.10	6.43	2.71		1.73	2.18
	Zr	0.05	0.01	0.02	0.03	0.06	0.16	0.11	0.22	0.07	0.07	0.14	0.22	0.24		0.64	1.35
	Cs	0.00	0.00	0.00	0.01	0.00	0.00	0.03	0.00	0.00	0.00	0.00	0.13	0.02		0.00	0.05
	Ba	2.40	1.52	1.28	2.97	0.86	0.78	0.82	0.38	0.21	0.52	0.95	0.74	0.61		1.49	2.10
	Hf	0.00	0.00	0.01	0.00	0.00	0.00	0.00	0.02	0.00	0.00	0.01	0.01	0.02		0.03	0.06
	Pb	0.33	0.34	0.26	0.47	0.12	0.13	0.16	0.10	0.11	0.11	0.21	0.15	0.11		0.07	0.08
	Th	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00		0.01	0.02
	U	0.01	0.01	0.02	0.01	0.02	0.02	0.01	0.03	0.01	0.01	0.03	0.08	0.06		0.01	0.01
	Sm/Nd	0.46	0.43	0.70	0.54	0.62	0.50	0.38	0.36	0.30	0.47	0.38	0.39	0.34		0.71	0.64

∼

In preparation.

∼ Guillaume Bonnet 1 , Philippe Agard 1 , Hubert Whitechurch 2 , Marc Fournier 1 , Samuel Angiboust 3 , Benoît Caron 1 , Jafar Omrani 4

Table 6 .

 6 1 -Localization of samples and applied methods. Sorbonne Université) through QQQ-ICP-MS spectroscopy (using an Agilent 8800 ICP-QQQ-MS) after dissolution at 80°C with HNO 3 and HF and neutralization with HNO 3 and H 3 BO 3 .

	Sample	Description	Classification Latitude	Longitude Traces Sr-Nd Cpx Spl U-Pb
		Pillow tephrite	A1 mafic	N56°45.720' E56°45.720'	x	x	x
		Basalt	A1 mafic	N56°43.412' E56°43.412'	x	
		Pillow trachy-basalt	A1 mafic	N56°42.509' E56°42.509'	x		x
		Basalt	A1 mafic	N56°47.583' E56°47.583'	x	x	x
		Rhyolite	A1 felsic	N56°50.738' E56°50.738'	x	x	x
		Rhyolite	A1 felsic	N56°50.788' E56°50.788'	x	
		Granitic rock	A1 felsic	N56°46.298' E56°46.298'	x	x
		Granitic rock	A1 felsic	N56°45.548' E56°45.548'	x	
		Granitic rock	A1 felsic	N56°47.651' E56°47.651'	x	
		Rhyolite	A1 felsic	N56°48.715' E56°48.715'	x	
		Rhyolite	A1 felsic	N56°50.858' E56°50.858'	x	
		Picro-basalt	A early rej. N56°47.754' E56°47.754'	x	
		Picro-basalt	A early rej. N56°48.698' E56°48.698'	x	x
		Basalt	A early rej. N56°51.190' E56°51.190'	x	
		Trachy-basalt	A early rej. N56°48.463' E56°48.463'	x	x	x
		Basalt	A late rej. N56°46.395' E56°46.395'	x	
		Basalt	A late rej. N56°49.932' E56°49.932'	x		x
		Pilllow tephrite	A late rej. N56°49.907' E56°49.907'	x	
		Pillow basalt	A late rej. N56°48.278' E56°48.278'	x	x
		Basalt	A late rej. N56°50.642' E56°50.642'	x	
		Basalt	A late rej. N56°50.756' E56°50.756'	x	x	x
		Basalt	B base	N56°51.582' E56°51.582'	x	x	x
		Basalt	B base	N56°51.525' E56°51.525'	x		x
		Basalt	B top	N56°52.682' E56°52.682'	x	
		Basalt	B top	N56°52.140' E56°52.140'	x	x	x	x
		Dacite	B felsic	N56°51.342' E56°51.342'	x	x
		Dacite	B felsic	N56°50.967' E56°50.967'	x	
		Andesite	B felsic	N56°51.025' E56°51.025'	x	
		Gabbro	B gabbro	N56°51.397' E56°51.397'	x		x	x
		Gabbro	B gabbro	N56°52.269' E56°52.269'	x	
		Plagiogranite	B	N56°50.635' E56°50.635'	x		x
		Serpentinized peridotite	A	N56°47.347' E56°47.347'			x
		Serpentinized peridotite	B	N56°51.342' E56°51.342'			x
		Serpentinized chromite pod	B	N56°51.839' E56°51.839'			x
		Serpentinized peridotite	B	N56°51.172' E56°51.172'			x
		Serpentinized peridotite	B	N56°50.960' E56°50.960'			x
	min with an electric mortar in agate to avoid contamination. These samples were finely
	crushed to <2 µm grains for major, trace and Sr-Nd isotopes analyses.
	About 4 g of each sample was dried at 110°C in an alumina crucible and heated twice
	for one hour to 1000°C and reweighted for loss on ignition calculation. Major elements

analyses were performed at ALIPP6 (Sorbonne Université) by ICP-OES spectroscopy (with an Agilent 5100 SVDV ICP-OES) after dissolution at 80°C with HNO 3 and HF and neutralization with B(OH) 3 . Trace element analyses were also performed at ALIPP6 (

  . A early rejuv. A early rejuv. A early rejuv. A early rejuv. A late rejuv. A late rejuv.

	Sample Sample	1606 1615	1628 1634	1630 1719	1635 1723	1609 1532	1610 1738a	1613 1735	1744 1626	1746 1307a	1334 1432	1614b 1518a
	Unit Unit A late rejuv. A late rejuv.A late rejuv.A late rejuv. B base A1 A1 A1 A1 A early rejuvChimie tephrite basalt trachy-basalt basalt picro-basalt picro-basalt B top Chimie tephrite basalt basalt basalt gabbro gabbro SiO2 42.83 46.40 49.04 46.46 49.17 54.82	B base basalt basalt 48.49	B base basalt basalt 50.10	B top trachy-basalt basalt 47.50	B top basalt basalt 47.35	A1 Rhyolite basalt 72.85
	SiO2 TiO2	45.55 0.89	51.32 0.71	51.29 0.97	49.04 1.18	44.25 0.44	42.74 1.73	47.38 1.01	51.39 0.73	50.84 0.80	47.55 0.78	47.13 0.30
	TiO2 Al2O3	0.44 18.13	0.84 17.10	0.67 16.42	0.46 16.43	1.65 17.53	1.06 17.71	1.51 17.36	0.71 16.99	1.25 17.24	0.69 17.19	0.90 14.28
	Al2O3 FeOt	15.97 8.34	17.30 7.74	18.25 8.08	18.22 9.28	15.14 5.57	17.40 6.09	15.19 7.28	15.37 7.62	16.75 7.74	16.67 7.73	16.93 3.13
	FeOt MnO MnO MgO CaO	7.76 0.15 0.19 7.27 12.03	8.57 0.16 0.20 9.18 14.42	9.06 0.16 0.14 9.43 11.38	9.15 0.21 0.18 9.04 11.60	10.82 0.12 0.27 9.93 15.01	9.03 0.16 0.16 7.77 10.27	10.58 0.16 0.18 10.16 10.74	7.44 0.14 0.14 9.41 9.88	8.84 0.14 0.16 9.26 11.85	7.60 0.16 0.14 9.43 12.27	0.08 7.77 0.86 0.15 3.50
	MgO Na2O	11.41 2.97	3.93 2.08	5.28 2.34	8.10 1.91	5.14 2.26	6.63 5.00	7.92 3.53	12.05 4.41	7.34 3.02	9.79 3.04	9.91 3.48
	CaO K2O	10.73 1.34	11.05 0.00	9.35 0.01	8.85 2.49	14.56 0.00	15.10 0.00	12.24 0.19	7.53 0.00	9.01 1.09	12.71 0.13	11.05 1.93
	Na2O P2O5	1.15 0.09	3.90 0.07	5.78 0.12	1.57 0.11	2.84 0.05	3.00 0.11	2.84 0.13	4.46 0.12	5.03 0.10	2.60 0.09	3.36 0.09
	K2O LOI Total	1.51 6.79 100.83 102.56 0.19 4.71	0.00 5.10 103.05	2.38 4.04 102.76	0.08 3.80 103.88	0.00 3.00 106.65	0.02 4.23 103.28	0.00 3.86 103.26	0.21 4.59 103.34	0.24 4.19 102.36	2.62 0.14 103.13
	P2O5	0.19	0.18	0.10	0.06	0.24	0.12	0.19	0.14	0.16	0.07	0.10
	LOI As	8.58 13.61	5.77 1.90	3.46	4.73 2.15	7.73	7.45 1.13	4.04	4.37 3.45	3.55 0.85	4.44 0.50	4.49 44.99
	Total Co	103.49 104.18 46.40 36.12	103.38 37.12	102.74 39.16	102.72 31.46	102.70 25.11	102.08 35.47	103.60 35.30	103.14 36.68	102.52 36.04	101.94 4.30
	Cr	409.19 387.68	342.34	323.07	414.67	38.30	333.04	258.39	359.41	361.27	7.55
	As Ga Li	3.58 13.98 15.82	4.99 12.78 16.40	9.24 13.34 17.05	13.97 13.81	4.40 11.46	2.00 13.06	12.41	12.08 4.04	12.90 6.30	12.94	10.47 3.39 9.22
	Co Mo	39.04 0.53	22.84 0.51	33.48 0.48	31.98 0.48	35.06	39.64 0.51	42.48 0.48	34.41 0.49	29.69	36.33 0.52	37.61 0.85
	Cr Ni	437.20 207.83 144.25 17.06	28.13 129.70	43.58 96.43	164.96 142.02	244.89 80.80	243.19 130.99	371.55 125.49	46.68 166.72	413.35 141.62	370.25 7.81
	Ga Pb	11.78	13.85	14.36	12.18	17.42	14.80	15.07	9.81	15.24	12.51	12.81 4.11
	Li Sc V	6.43 37.89 233.52 196.74 13.57 34.80	6.68 39.06 216.03	4.76 45.53 248.20	14.50 43.78 171.37	15.35 30.61 195.56	12.27 38.05 184.51	12.06 35.31 215.53	6.74 36.45 197.83	6.60 37.55 203.38	13.41 6.07 57.73
	Mo Zn	0.54 55.17	0.92 47.06	0.61 52.16	0.51 64.57	0.71 24.03	0.80	0.61 47.12	0.53 36.86	0.63 49.72	0.48 54.33	0.47 35.70
	Ni Cu	113.06 74.75	9.95 73.27	23.14 62.42	19.08 91.82	56.39 91.55	115.76 6.57	52.63 166.93	240.72 37.42	39.49 69.50	157.50 68.62	155.47 22.49
	Pb S	2.38 149.14 275.91	188.23	55.07	3.09 328.21	87.51	660.99	143.95	132.64	3525.25	2.04 75.29
	Sc U V Sr Cs	47.27 0.14 204.37 314.85 50.03 0.10 80.90 75.79 0.40 0.09	42.76 0.03 236.86 45.79 0.24	48.37 0.03 232.23 117.11 1.22	39.33 0.02 267.52 144.55 0.04	36.10 0.08 181.96 120.29 0.04	46.32 0.14 249.59 135.77 0.51	27.92 0.13 145.66 123.57 0.03	38.79 0.06 237.84 89.78 0.67	36.56 0.05 202.55 113.56 0.16	0.15 37.64 43.95 219.69 0.59
	Zn Rb	22.04	87.08 1.12	63.66 1.86	56.32 46.62	86.72 1.20	50.24 1.20	72.47 2.78	31.65 1.15	54.67 12.63	46.36 2.08	43.51 14.40
	Cu Ba	19.71	170.23 17.85	15.37 16.26	240.89 46.00	36.34 10.74	87.43 23.52	107.89 38.99	3.56 23.97	25.30 44.79	61.86 32.57	78.87 117.06
	S Th	57.40 0.07	293.45 0.17	157.01 0.08	208.33 0.05	222.55 0.04	314.10 0.53	1102.15 0.32	48.57 0.46	290.87 0.12	151.99 0.14	43.02 0.44
	U Nb Ta	0.04 0.93 0.08	1.61 2.30 0.15	0.02 1.32 0.09	0.04 1.17 0.08	0.12 0.58 0.04	0.08 12.74 0.67	0.12 6.73 0.40	0.12 6.44 0.40	0.06 2.30 0.14	0.05 2.14 0.14	0.97 0.03 0.07
	Sr La	45.68 1.92	199.74 2.04	71.55 2.21	45.71 2.25	288.43 0.99	220.19 5.30	127.05 5.07	55.05 4.97	116.26 2.32	93.74 2.19	94.94 3.09
	Cs Ce	0.21 5.79	0.30 4.84	0.02 6.75	0.40 6.97	0.24 2.60	0.23 11.48	0.13 11.23	0.04 10.10	0.57 5.89	0.11 5.69	0.08 7.44
	Rb Pr	8.61 0.98	3.92 0.71	1.14	12.47 1.22	5.16 0.40	1.44 1.54	1.63 1.56	1.33	3.38 0.95	4.23 0.92	2.25 1.11
	Ba Nd Th Zr Hf	57.18 5.59 0.05 46.54 1.34	38.00 3.70 0.65 30.87 0.93	18.61 6.14 0.10 56.76 1.47	130.23 7.15 0.07 34.36 1.23	162.10 2.33 0.45 17.30 0.43	22.18 7.16 0.15 17.42 0.66	44.71 7.59 0.29 29.17 0.93	12.33 6.01 0.46 28.58 0.77	22.97 4.95 0.18 35.83 1.07	24.29 4.84 0.10 37.58 1.23	5.19 9.58 32.71 0.04 1.08
	Nb Sm	0.19 2.08	1.17 1.55	0.44 2.34	0.24 2.72	6.63 0.98	2.58 2.15	5.90 2.45	4.32 1.74	3.54 1.80	1.58 1.88	0.78 1.65
	Ta Eu	0.01 0.83	0.07 0.61	0.03 0.87	0.02 0.98	0.39 0.49	0.17 0.86	0.35 0.79	0.26 0.61	0.21 0.71	0.10 0.72	0.06 0.52
	La Ti	0.93 5330.39 4227.14 5.10	1.88 5791.94	1.07 7082.61	7.10 2610.01	3.53 10348.54	5.94 6039.95	4.56 4401.67	4.10 4768.30	1.66 4697.04	1.70 1814.29
	Ce Gd Tb	2.42 2.78 0.56	11.29 2.08 0.43	4.49 2.88 0.55	2.72 3.44 0.67	17.54 1.35 0.28	9.47 2.56 0.47	14.62 2.94 0.54	10.23 2.18 0.43	11.12 2.43 0.47	4.18 2.51 0.48	1.81 5.38 0.32
	Pr Dy	0.44 3.79	1.65 2.99	0.88 3.77	0.43 4.45	2.63 2.03	1.42 3.26	2.18 3.53	1.41 2.80	1.73 3.23	0.65 3.35	0.96 2.22
	Nd Ho	2.57 0.81	8.17 0.68	5.00 0.83	2.49 0.97	13.03 0.43	7.32 0.68	10.59 0.73	6.51 0.63	8.93 0.71	3.81 0.75	5.58 0.42
	Zr Y	22.04 22.90	49.62 19.14	39.38 23.64	20.96 27.39	83.90 12.01	67.48 19.23	76.35 20.41	51.96 17.28	62.28 19.71	34.95 20.58	36.97 12.95
	Hf Er Sm Tm Yb	0.60 2.31 1.02 0.35 2.36	1.41 1.97 2.57 0.30 1.91	0.99 2.29 1.83 0.36 2.19	0.59 2.49 1.00 0.39 2.37	2.40 1.22 3.95 0.19 1.11	1.60 1.89 2.25 0.29 1.89	2.18 1.94 3.21 0.27 1.80	1.31 1.72 1.89 0.26 1.72	1.72 1.94 3.04 0.29 1.88	0.88 1.98 1.56 0.32 2.04	1.13 1.21 0.15 2.20 1.02
	Eu Lu	0.43 0.33	0.86 0.26	0.67 0.33	0.39 0.34	1.40 0.17	0.92 0.27	1.24 0.27	0.52 0.26	1.08 0.28	0.59 0.30	0.83 0.16
	Ti (Nb/Ta)N	2658.63 5023.38 0.70 0.86	4011.02 0.86	2776.85 0.80	9861.65 1.38	6327.76 1.09	9056.57 0.97	4264.59 0.93	7479.41 0.96	4148.97 0.85	5423.30 0.81
	Gd (Th/Ta)N Tb (La/Yb)N (La/Sm)N	1.45 0.43 0.30 0.58 0.59	2.88 0.52 0.52 0.77 0.85	2.34 0.42 0.47 0.73 0.61	1.33 0.29 0.25 0.68 0.54	4.72 0.48 0.80 0.64 0.65	2.86 0.38 0.53 2.02 1.60	4.05 0.38 0.70 2.02 1.34	2.29 0.55 0.43 2.08 1.84	3.75 0.43 0.73 0.89 0.83	2.19 0.48 0.43 0.77 0.75	3.03 2.76 2.16 0.53 1.21
	Dy (Nb/La)N	2.13 0.47	3.46 1.09	3.29 0.57	1.81 0.50	5.32 0.56	3.49 2.32	4.52 1.28	2.89 1.25	4.71 0.95	3.01 0.94	3.75 0.30
	Ho (Th/La)N	0.47 0.29	0.76 0.67	0.72 0.28	0.41 0.18	1.11 0.33	0.71 0.80	0.98 0.50	0.61 0.74	1.02 0.43	0.67 0.53	0.80 1.14
	Y	13.41	21.50	22.45	11.63	31.22	20.91	27.92	16.41	29.06	18.97	22.59
	Er	1.37	2.04	2.03	1.17	3.27	1.98	2.67	1.58	2.76	1.89	2.17
	Tm	0.19	0.33	0.31	0.18	0.45	0.29	0.39	0.26	0.41	0.30	0.35
	Yb	1.28	2.19	1.90	1.15	2.72	1.85	2.46	1.53	2.76	1.89	2.13
	Lu	0.20	0.36	0.29	0.19	0.40	0.27	0.34	0.24	0.42	0.28	0.31
	(Nb/Ta)N	0.86	1.01	0.86	0.86	0.97	0.89	0.96	0.94	0.95	0.94	0.72
	(Th/Ta)N	1.71	4.70	1.58	2.25	0.56	0.45	0.39	0.84	0.41	0.49	0.28
	(La/Yb)N	0.52	1.67	0.71	0.67	1.87	1.37	1.74	2.14	1.07	0.63	0.57
	(La/Sm)N	0.59	1.28	0.66	0.69	1.16	1.01	1.20	1.56	0.87	0.69	0.50
	(Nb/La)N	0.20	0.22	0.22	0.21	0.90	0.70	0.96	0.91	0.83	0.92	0.44
	(Th/La)N	0.39	1.03	0.41	0.55	0.52	0.35	0.39	0.82	0.36	0.48	0.17
		Table 6.2 -Major and trace element analyses of the magmatic samples (1/3).

Core of the seamount (A 1 )

Mafic rocks from the core of the seamount have basaltic to trachy-basaltic compositions

Table 6 .

 6 2 -Major and trace element analyses of the magmatic samples (2/3) with 47-50 wt.% SiO 2 , low TiO 2 ranging from 0.46 to 0.66 wt.% and alkali between 2.5 and 5.7 wt.%, and plot in the basalt field in the Zr/Ti -Nb/Y diagram (Fig.6.5).

	They show a slight enrichment in FeO associated with differentiation, as shown on the
	AFM and FeO/MgO vs SiO 2 diagrams, which is consistent with a tholeiitic origin. REE
	diagrams show low LREE content compared to MREE and HREE (with very low REE
	contents for two samples: <5*chondrite for LREE and <8*chondrite for HREE). These

rocks have very similar trace element signatures to the V2 lavas from Oman

[START_REF] Alabaster | The volcanic stratigraphy and petrogenesis of the Oman ophiolite complex[END_REF][START_REF] Godard | Geochemical variability of the Oman ophiolite lavas: Relationship with spatial distribution and paleomagnetic directions[END_REF]

. Multielementary spider diagrams show strong Nb-Ta

  . They have basalt to basaltic andesite compositions with 46-53 wt.% SiO 2 , MgO ranging from 4.5 to 7.76 wt.%, very low TiO 2 between 0.28 and 0.42 wt.% and low alkali content between 0.25 and 3.6 wt.%, and they are basalts in the Zr/Ti -Nb/Y diagram. They are not strictly boninites according to the classification by Hickey & Frey (1982) due to low SiO 2 < 56 wt.% and low Mg#(=MgO/(MgO+FeO T ) in molar percentage) between 0.3 and 0.45 (< 0.55), but they have low Ti and REE content required for boninite. They have high FeO contents in the AFM diagram which is consistent with a tholeiitic origin,

but their classification in the FeO/MgO -SiO 2 diagram is not clear. REE diagrams show strong depletion in LREE compared to HREE. They are chemically very close to one Oman boninite. They plot in the volcanic arc field of the Th/Yb -Nb/Yb diagram and in the boninite field of the V -Ti diagram.

Table 6 .
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						uncorrected ratios		corrected ages
	Analysis U (ppm) Th (ppm) Th/U 207 Pb/ 206 Pb	1σ	207 Pb/ 235 U	1σ	206 Pb/ 238 U	1σ	rho t207/206	1σ t207/235 1σ t206/238 1σ
	1720-03		175	1.08 0.06269 0.01166 0.12624 0.02446 0.01220 0.00022 0.09 697.0 411.0 120.7 22.1 78.2	1.4
	1720-04		690	1.56 0.05183 0.00234 0.09126 0.00395 0.01250 0.00016 0.30	1.3	120.3 76.9	4.2	79.4	1.0
	1720-05		130	1.30 0.06042 0.00539 0.13744 0.00732 0.01222 0.00028 0.43 561.0 255.0 93.3 12.0 76.0	2.0
	1720-08		253	1.26 0.06917 0.01111 0.13781 0.02015 0.01238 0.00024 0.13 892.0 323.0 111.1 17.0 78.1	1.7
	1720-09		160	1.23 0.07300 0.00939 0.15198 0.01317 0.01216 0.00033 0.31 462.0 329.0 87.7 13.7 74.5	2.2
	1720-10		430	1.52 0.05209 0.00360 0.08893 0.00543 0.01197 0.00019 0.25 288.0 135.0 86.5	5.1	76.7	1.2
	1720-11		139	1.13 0.08334 0.00749 0.15486 0.01006 0.01289 0.00036 0.42	3.3	284.1 76.0	9.8	78.3	2.2
	1720-12		984	3.20 0.08090 0.00478 0.13165 0.00781 0.01181 0.00018 0.26 494.0 279.0 87.6 11.9 73.4	1.5
	1720-13		695	1.92 0.05223 0.00314 0.08277 0.00478 0.01145 0.00016 0.25 294.0 128.0 80.7	4.5	73.4	1.0
	1720-15		244	1.35 0.04730 0.00354 0.09007 0.00529 0.01215 0.00021 0.30 63.3 133.5 87.6	4.9	77.9	1.3
	1720-17		152	1.08 0.06595 0.00538 0.12563 0.00757 0.01227 0.00024 0.33 627.0 201.0 97.6	9.8	77.2	1.7
	1720-18		236	1.21 0.07754 0.00546 0.14767 0.00983 0.01296 0.00026 0.30 97.2 264.4 80.0	9.4	79.4	1.7
	1720-19		490	1.92 0.04683 0.00305 0.08209 0.00492 0.01225 0.00020 0.27 39.5 138.0 80.1	4.6	78.5	1.3
	1532B-01		307	1.44 0.05144 0.00399 0.09366 0.00602 0.01223 0.00020 0.26 260.0 142.0 90.9	5.6	78.4	1.3
	1532B-02		947	1.87 0.04508 0.00273 0.08370 0.00433 0.01254 0.00017 0.27	0.0	180.0 81.6	4.1	80.3	1.1
	1532B-04		1080	1.96 0.05265 0.00759 0.08492 0.01037 0.01188 0.00016 0.11 313.0 276.0 82.8	9.7	76.1	1.0
	1532B-05		262	1.26 0.06628 0.01207 0.12161 0.02104 0.01199 0.00022 0.11 814.0 360.0 116.5 19.0 76.8	1.4
	1532B-06		194	1.00 0.04865 0.00426 0.09193 0.00670 0.01221 0.00023 0.26 130.0 165.0 89.3	6.2	78.2	1.5
	1532B-07		1059	2.18 0.04901 0.00283 0.08186 0.00455 0.01194 0.00015 0.23 147.0 127.0 79.9	4.3	76.5	1.0
	1532B-08		485	1.68 0.04837 0.00264 0.08036 0.00434 0.01199 0.00017 0.26 116.0 123.0 78.5	4.1	76.8	1.1
	1532B-10		907	1.57 0.04614 0.00203 0.07746 0.00334 0.01222 0.00015 0.28	3.9	99.7	75.8	3.1	78.3	1.0
	1532B-11		639	1.55 0.05131 0.00276 0.08511 0.00428 0.01213 0.00016 0.27 254.0 111.0 82.9	4.0	77.7	1.0
	1532B-13		1660	1.83 0.04704 0.00195 0.07708 0.00320 0.01195 0.00014 0.27 50.2	95.4	75.4	3.0	76.6	0.9
	1532B-16		76	0.50 0.03875 0.00326 0.08866 0.00532 0.01271 0.00031 0.40	0.0	94.0	86.3	5.0	81.4	2.0
	1532B-18 2326	8443	3.63 0.04841 0.00112 0.08236 0.00183 0.01235 0.00011 0.41 118.3 47.8	80.4	1.7	79.1	0.7
	1532B-20		118	0.89 0.05575 0.00534 0.10819 0.00757 0.01223 0.00024 0.29 110.0 189.0 77.8	6.7	76.8	1.6
	1432-04		259	1.32 0.04920 0.00358 0.08628 0.00525 0.01141 0.00020 0.29 156.0 136.0 84.0	4.9	73.1	1.3
	1432-07	93	74	0.79 0.12751 0.00891 0.84365 0.06476 0.04587 0.00065 0.18 441.0 435.0 279.9 49.4 260.9 4.9
	1432-09	1556	1038	0.67 0.05243 0.00107 0.29490 0.00608 0.04075 0.00037 0.44 303.2 42.2 262.4 4.8 257.5 2.3
	1432-10		93	0.75 0.05416 0.00186 0.57119 0.02053 0.07620 0.00075 0.27 376.7 77.7 458.8 13.3 473.4 4.5
	1432-13		1211	1.76 0.05091 0.00203 0.08223 0.00313 0.01154 0.00012 0.28 235.7 84.3	80.2	2.9	74.0	0.8
	1432-14		610	0.82 0.05962 0.00171 0.26938 0.00786 0.03270 0.00029 0.31 252.9 95.1 209.2 8.7 205.2 2.0
	1518-03		209	0.61 0.07602 0.00132 1.91481 0.03375 0.18238 0.00123 0.38 1094.7 32.8 1086.3 11.8 1080.0 6.7
	1518-05		272	1.22 0.04770 0.00352 0.09204 0.00535 0.01338 0.00022 0.28 83.3 132.3 89.4	5.0	85.7	1.4
	1518-06		412	0.98 0.05477 0.00280 0.10158 0.00492 0.01372 0.00018 0.26 402.0 105.0 98.2	4.5	87.8	1.1
	1518-09	70	111	1.59 0.05458 0.00400 0.31676 0.02070 0.03939 0.00068 0.26 394.0 141.0 279.4 16.0 249.1 4.2
	1518-11	1515	361	0.24 0.11354 0.00149 5.12493 0.07230 0.32697 0.00221 0.48 1856.0 22.6 1840.2 12.0 1823.7 10.7

3 -Zircon U-Pb data on concordant zircons.

  .22 53.17 53.30 53.40 53.16 52.19 52.89 52.00 52.93 52.41 53.91 52.78 52.59 53.90 51.68 51.47 52.15 51.85 51.47 51.70 51.54 51.82 51.77 52.40 52.17 .31 17.36 17.38 17.17 17.06 16.75 17.12 16.64 16.82 17.09 18.31 17.24 17.08 18.75 14.35 15.41 15.33 15.13 15.35 15.86 16.90 17.16 18.11 18.13 17.88 CaO 21.31 21.40 22.11 22.50 21.09 21.46 20.28 20.45 20.41 20.23 21.42 21.51 21.99 21.94 20.27 22.14 20.81 21.17 21.42 20.56 18.61 19.32 18.53 19.92 20.25 19.90 Total 100.53 100.39 100.34 100.09 100.29 100.71 100.53 100.39 99.35 100.20 99.96 100.77 100.98 100.96 100.25 99.75 99.73 100.32 100.10 99.24 99.81 100.23 99.99 99.01 99.56 98.79 Si
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Table -Clinopyroxene chemical analyses (1/3).

TABLE A1 :

 A1 LOCATIONS OF METAMORPHIC MINERALS

	S4: Representative analyses of minerals			
		Glaucophane	Glaucophane	Lawsonite	Lawsonite	Plagioclase	Plagioclase	Titanium-rich augite
		in pseudotachylite in pseudotachylite	in gabbro	in vein	in pseudotachylite in pseudotachylite in pseudotachylite
	Sample	So15-30	So15-30	So15-31-1	So15-29	So15-30	So15-30	So15-30
	SiO2	57.10	56.18	38.97	38.89	53.73	53.43	47.10
	TiO2	-	-	0.00	0.00	0.13	0.17	1.94
	Al2O3	20.12	19.71	31.93	31.82	26.59	26.08	7.56
	Cr2O3	-	-	0.02	0.03	0.04	0.12	0.08
	FeO	3.71	3.73	0.17	0.59	1.29	1.47	12.24
	MnO	0.00	0.00	0.00	0.00	0.01	0.06	0.20
	MgO	9.32	10.75	0.12	0.00	1.46	1.28	9.29
	CaO	0.48	0.47	18.27	18.41	12.44	13.62	20.80
	Na2O	7.28	7.17	0.01	0.02	4.16	3.54	0.70
	K2O	-	-	0.01	0.00	0.10	0.10	0.02
	H2O (est.)	2.00	2.00	-	-	0.00	0.00	0.00
	Sum	98.00	98.00	89.50	89.76	99.96	99.88	99.92
	#(O, OH)	23.00	23.00	8.00	8.00	8.00	8.00	6.00
	Si	7.53	7.41	2.02	2.02	2.45	2.45	1.79
	Ti	-	-	0.00	0.00	0.00	0.01	0.06
	Al	3.13	3.06	1.95	1.94	1.43	1.41	0.34
	Cr	-	-	0.00	0.00	0.00	0.00	0.00
	Fe 3+	0.00	0.00	0.01	0.03	0.00	0.00	0.03
	Fe 2+	0.41	0.41	0.00	0.00	0.05	0.06	0.36
	Mn	-	-	0.00	0.00	0.00	0.00	0.01
	Mg	1.83	2.11	0.01	0.00	0.10	0.09	0.53
	Ca	0.07	0.07	1.01	1.02	0.61	0.67	0.85
	Na	1.86	1.83	0.00	0.00	0.37	0.31	0.05
	K	-	-	0.00	0.00	0.01	0.01	0.00
	End-members	-	-	-	-	Ab0.38 An0.62	Ab0.32 An0.68	-
			Table -Location of metamorphic minerals.		

Mineral

TABLE A2: REPRESENTATIVE ANALYSES OF MINERALS Table -Representative analyses of minerals.

Table 1

 1 Synthesis of the variety of origins of serpentinite mélange-like units, structural thickness, diversity of metamorphism, block size, and metamorphic rinds from several examples in the world. PP = prehnite-pumpellyite, GS = greenschist, LB = lower blueschist, BS = blueschist, EC = eclogite, AM = amphibolite.

	270		G. Bonnet et al. / Lithos 310-311 (2018) 269-287		
	Mélange-like complexes	Origin	Structural	Diversity of			Size of blocks	Metasomatic	References
			thickness	metamorphism				rinds	
				PP GS LB BS EC AM			
	Great Valley Group USA	Sedimentary	~1-2 km	x		x	x	cm to 500 m	Some	Wakabayashi (2017a)
	Franciscan serpentinite	Disputed (tectonic	b1.5 km	x	x	x	x	cm to 500 m	Some	Cloos (1982)
	mélanges USA	or sedimentary)								Wakabayashi (2015)
	Santa Catalina Serpentinite	Assumed tectonic	b1 km				x	~1 cm to ~1 km	Yes	Platt (1975)
	unit									Sorensen and Barton (1987)
										Bebout and Barton (1993)
	New Idria diapir USA	Disputed (diapiric	N1 km	x	x	x	x	~1 cm to tens of m Some	Tsujimori et al. (2007)
		or sedimentary)								Wakabayashi (2015)
	Mariana forearc mud	Diapir	Up to 2 km	x	x			~1 mm to?	No	Maekawa et al. (1995)
	volcanoes									Pabst et al. (2012)
	Northern serpentinite Cuba	Assumed tectonic	?	x	x	x	x	1-10 m	Yes	Garcia-Casco et al. (2006)
	Rio San Juan Dominican	Assumed tectonic	?		x	x		0.25 m to 20 m	Yes	Draper et al. (1991)
	Republic									Krebs et al. (2011)
	North Motagua Mélange	Assumed tectonic	b500 m		x	x	x	~1 m to 100 m	Yes	Flores et al. (2013)
	Guatemala									Martin et al. (2016)
										Martens et al. (2017)
	South Motagua Mélange	Assumed tectonic	b100 m		x	x		b10 m	Some	Tsujimori et al. (2006a)
	Guatemala									Flores et al. (2013)
	Siuna Serpentinite Mélange	Assumed tectonic	Usually b50 m,	x	x	x	x	b5 m	Yes	Flores et al. (2015)
	Nicaragua		max 500 m							
	Sulawesi Serpentinite Mélange Assumed tectonic	b500 m		x		x	10 cm-5 m	Yes	Parkinson (1996)
	Monviso shear zones Italy	Tectonic	Tens of meters			x		1-10 m blocks	Yes	Angiboust et al. (2011)
								~100 m slivers		
	Cascine Parasi Mélange Voltri	Tectonic	b100 m		x	x		~5-10 m	Yes	Federico et al. (2007)
	Massif, Italy									

Table 2

 2 Coordinates and minerals in analyzed and/or dated minerals.

	Sample	Locality	Gt	Cpx	Ca-Amp	Ca-Na-Amp	Na-Amp	Ph	Bt	Ep	Ab	Chl	Qz	Rt	Ttn	Accessory	Latitude	Longitude
	0903	Gazik			x	x		x			x	x			x	Cal	33.0433°60.2589°0
	908	Gazik	x	x	x	x	x	x		x	x	x		x	x	Cal	33.0864°60.2394°0
	909	Gazik		x	x	x		x		x	x	x			x	Cal	33.098°60.2522°1
	438	Gazik											x			Cal, Organic Matter	33.0256°60.2452°1
	439	Gazik						x				x	x			Cal, Organic Matter	33.0367°60.2448°1
	440	Gazik						x				x	x			Organic Matter	33.0331°60.2486°1
	501	Gazik	x	x	x			x	x	x	x			x	x	Op	33.064°60.2439°1
	503	Gazik	x	x	x	x	x	x		x	x	x		x		Pg, Op	33.0865°60.2381°1
	504	Gazik	x				x				x					Stp, Op	33.0902°60.2509°1
	509a	Gazik					x	x		x	x	x		x	x	Op	33.119°60.2439°1
	514b	Gazik				x		x	x	x	x	x			x	Op	33.0446°60.262°1
	514e	Gazik			x	x		x		x	x	x			x	Or	33.0446°60.262°1
	517c	Gazik	x	x			x	x					x		x	Or	33.0452°60.2674°1
	520	Gazik					x	x		x	x	x				Cal, Ox	33.0568°60.2696°1
	5b02	Gazik			x				x	x	x	x					33.0353°60.2546°1
	5b03	Gazik		x		x		x			x						33.0459°60.2652°1
	5b04	Gazik				x	x	x		x	x	x		x	x	Ilm, Op	33.0458°60.2661°1
	5b05	Gazik						x			x	x	x			Cal	33.0453°60.2664°1
	5b06	Gazik				x		x			x	x				Cal	33.0449°60.267°1
	5b07	Gazik				x					x	x				Cal, Ox	33.0447°60.2674°1
	5b21a	Gazik	x		x	x	x			x	x				x	Ox	33.0872°60.2389°1
	5b21c	Gazik	x		x	x				x	x	x				Ox	33.0872°60.2389°1
	5b21d	Gazik	x	x	x	x	x	x		x	x	x		x	x	Lws, Pg, Ox	33.0872°60.2389°1
	5b22	Gazik			x	x			x		x	x			x	Cal, Op	33.0927°60.2325°1
	5bα	Sulabest	x			x										no thin section	32.5109°60.3452°S
	u-n	Sulabest	x	x	x	x		x		x	x	x		x	x	Ox	32.5087°60.3493°S
	u0902	Sulabest	x	x	x	x		x		x	x			x		Ox	32.5083°60.3464°S
	u0906	Sulabest			x	x		x	x		x	x		x			32.5046°60.3529°S
	u0909	Sulabest				x		x			x	x				Ox	32.5114°60.3486°S
	u0910	Sulabest				x		x		x	x	x					32.5114°60.3486°S
	um8	Sulabest				x		x	x	x	x	x				Ox	32.5128°60°3457°2

Table 3

 3 Representative analyses of the main metamorphic minerals.

	Mineral	Gt	Gt	Cpx	Cpx	Amp	Amp	Ph	Ph	Ep	Ep	Lws
	Sample	0908	1503	0908	15b03	1503	1514e	1517c	1501	0908	1514b	15b21d
	Location	Core	Core	Inclusion in Gt	Matrix	Core	Matrix	Matrix	Matrix	Inclusion in Gt	Matrix	Inclusion in Gt
	SiO 2	38.05	36.77	55.35	53.97	57.09	52.24	49.84	48.79	38.06	37.11	38.39
	TiO2	0.00	0.16	0.05	0.00	0.03	0.21	0.51	0.39	0.12	0.13	0.18
	Al2O3	21.22	20.65	9.01	5.88	10.57	6.35	24.26	27.48	30.61	23.77	31.59
	Cr 2 O 3	0.00	0.00	0.07	0.00	0.04	0.03	0.03	0.03	0.01	0.00	0.00
	FeO	28.49	28.42	7.45	11.59	9.28	11.13	6.19	5.87	4.93	11.97	0.96
	MnO	0.87	4.89	0.08	0.52	0.08	0.27	0.13	0.05	0.11	0.28	0.08
	MgO	3.42	1.67	8.39	7.81	11.33	14.66	3.20	2.78	0.08	0.00	0.01
	CaO	7.95	7.77	13.62	12.79	1.33	8.97	0.04	0.03	23.60	22.96	16.84
	Na 2 O	0.02	0.08	6.45	6.93	6.83	3.27	0.30	0.43	0.00	0.01	0.03
	K2O	0.00	0.01	0.00	0.00	0.01	0.12	10.52	10.85	0.00	0.00	0.00
	Total	100.02	100.42	100.47	99.51	96.61	97.25	95.00	96.70	97.52	96.23	88.15
	#(O, OH)	12	12	6	6	23	23	11	11	12.5	12.5	8
	Si	3.01	2.96	2.00	2.02	7.87	7.44	3.42	3.29	2.93	2.97	2.02
	Ti	0.00	0.01	0.00	0.00	0.00	0.02	0.03	0.02	0.00	0.00	0.00
	Al	1.98	1.96	0.38	0.26	1.72	1.07	1.96	2.18	2.78	2.24	1.96
	Cr	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00
	Fe 3+	0.02	0.17	0.11	0.31	0.32	0.35	0.00	0.00	0.32	0.80	0.04
	Fe 2+	1.87	1.74	0.12	0.06	0.75	0.98	0.35	0.33	0.00	0.00	0.00
	Mn	0.06	0.33	0.00	0.00	0.01	0.03	0.00	0.00	0.01	0.02	0.00
	Mg	0.40	0.20	0.45	0.44	2.33	3.11	0.33	0.28	0.00	0.00	0.00
	Ca	0.67	0.67	0.53	0.51	0.20	1.37	0.00	0.00	1.95	1.97	0.95
	Na	0.00	0.00	0.45	0.50	1.83	0.90	0.04	0.06	0.00	0.00	0.00
	K	0.00	0.00	0.00	0.00	0.00	0.02	0.92	0.93	0.00	0.00	0.00
	Comp.	Grs 21.5 Prp 13.5	Grs 17.5 Prp 6.5	Jd 37 Ae 10	Jd 24 Ae 29	Gln	Brs	Mus 64 Cel 36	Mus 79 Cel 21	Czo 69 Ep 31	Czo 20 Ep 80	Lws
		Alm62Sps2	Alm60.5Sps11	Quad53	Quad47							
		Adr1	Adr4.5									

Table 4

 4 Synthesis of RSCM temperatures. n is the number of good spectra for each sample, σT is the standard deviation of the temperature, σT/√(n -1) is a statistical test to probe the quality of the temperature calculation, it is good if b8, LT refers to the low temperature calibration, HT to the high-temperature one.

	Sample	T max (°C)	n	R or R2	σT (°C)	σT/√(n-1)	Method
	1438	240	13	0.995	14	4.1	LT
	1439	339	27	0.680	4.1	0.8	HT
	1440	343	11	0.670	7.3	2.6	HT

Table 5

 5 Synthesis of the argon-argon ages for each sample, detailing the fusion age, the plateau age, the intercept age, and the initial 40 Ar/ 36 Ar ratio. ABS = amphibolitized blueschist.

	Sample	Lithology	Mineral	Location	Total fusion age	Plateau age	%39Ar	Intercept age	( 40 Ar/ 36 Ar)i	MSWD
	15b21c	Eclogite	Phengite	Gazik	86.99 ± 0.34	86.94 ± 0.33	97.25	86.79 ± 0.38	304 ± 9	0.53
	15b-21d	Eclogite	Phengite	Gazik	84.39 ± 0.80	84.61 ± 0.52	100	84.58 ± 0.71	297 ± 19	0.77
	Su-n	Eclogite	Phengite	Sulabest	88.37 ± 0.33	88.44 ± 0.35	88.47	87.93 ± 0.56	352 ± 50	1.13
	15b21a	Eclogite	Amphibole	Gazik	88.49 ± 2.93	86.85 ± 2.04	100	86.09 ± 2.22	298 ± 3	0.43
	15b-α	Eclogite	Amphibole	Gazik	91.91 ± 4.63	88.07 ± 2.65	100	87.33 ± 2.74	300 ± 4	0.11
	15b21d	Eclogite	Amphibole	Gazik	83.37 ± 1.17	83.81 ± 0.94	100	83.96 ± 1.01	294 ± 4	0.66
	Su0902	Eclogite	Amphibole	Sulabest	85.71 ± 1.89	84.77 ± 1.17	100	84.40 ± 1.22	301 ± 4	0.31
	Su-n	Eclogite	Amphibole	Sulabest	86.84 ± 1.19	86.60 ± 0.85	100	86.80 ± 0.97	291 ± 13	0.98
	15b04	ABS	Phengite	Gazik	83.73 ± 0.36	83.52 ± 0.37	78.02	83.49 ± 0.38	301 ± 5	2.15
	15b06	ABS	Phengite	Gazik	84.96 ± 0.39	84.81 ± 0.40	100	84.59 ± 0.40	302 ± 4	0.58
	Su0909	ABS	Phengite	Sulabest	86.79 ± 0.30	86.77 ± 0.35	100	86.61 ± 0.34	310 ± 8	3.62
	Su0910	ABS	Phengite	Sulabest		87.92 ± 0.36	71.19	(Integrated)		
	Sum8	ABS	Phengite	Sulabest	87.05 ± 0.33	86.82 ± 0.35	64.9	86.71 ± 0.48	304 ± 11	3.44
	15b08	ABS	Amphibole	Gazik	93.40 ± 11.38	86.23 ± 1.34	100	85.72 ± 1.40	297 ± 2	0.91
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Supplementary Material

Abstract

Bathymetric highs on the ocean floor ultimately sink into highly seismic subduction zones, raising vigorous debates on their potential to trigger or arrest mega-earthquakes (Mw>8). Many geophysical and seismological studies addressing this problem meet penetration and/or resolution issues and deal with only the most recent earthquakes. We herein bring the missing piece of the puzzle with the time-integrated field and petrographic record of a unique, almost intact subducted seamount cropping out along a fossil subduction interface. We document seamount build-up and subduction down to ∼30 km, and show that this seamount did not behave as a mega-earthquake asperity and may have acted as a barrier.

Snow Mountain, California), and could confirm the conclusions of this thesis or help propose new mechanisms.