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Crustal-scale convection and diapiric upwelling of a partially molten orogenic root (Naxos dame, Greece)

Naxosdome

Cyclades Geology Migmatites U-Pb geodtronology Zircon Monazite Crustal-scale convection Diapirism The goal of this paper is to use the structural, metamorphic and geochronological record from the migmatitic core of the Naxos dome (Greece) and its assodated subdomes to address the internai dynamics of a partially molten orogenic root U-Pb ages from ca. 24 to 16 Ma and textures of zircon in the migmatites suggest successive dissolution and precipitation cycles with a period of 1 to 2 Ma, interpreted as the timescale of convective in stabilities in a ca. 20 km thick partially molten layer. Dimensional analysis indicates that convection of this root requires a viscosity lower than 10 18 Pa•s, consistent with viscosity values expected for partially molten felsic rocks. Structural analysis and U-Pb geochronology of deformed granitic dikes rooting in the migmati tes record the subsequent development of the Naxos dome by diapirism from ca. 16 to 13 Ma. The size of the first on:ler migmatite dome on Naxos (5 x 12 lan) requires that the unstable layer at the onset of diapirism was 5 to 10 km thick and presented a moderate viscoeity contrast with its envelope. From this analysis we propose that the Naxos migmatite dome documents a two stage dynamic evolution for the partially molten root of the Aegean belt characterized by (1) crustal scale convection for at least 8 Ma and (2) diapirism for about 3 Ma during pro gressive thinning of the collapsing orogenic crust.

Introduction

Gneiss domes are ubiquitous features of the deep crust [START_REF] Eskola | The problem of mantled gneiss domes[END_REF][START_REF] Whitney | Gneiss domes and crustal flow[END_REF][START_REF] Yin | Gneiss domes and gneiss dome systems[END_REF]. They have been variously in terpreted as reflecting (i) interferenoe patterns related to polyphase folding [START_REF] Myers | Origin of granite-greenstone patterns, Yilgarn Block, Western Australia[END_REF][START_REF] Ramsay | Folding and Fracturing of Rocks[END_REF][START_REF] Steck | Geological transect across the Tso Morari and Spiti areas: the nappe structures of the Tethys Himalaya[END_REF], (iü flow of a low viscosity layer into dilation sites created by hetero geneous defor mation [START_REF] Brun | The mantled gneiss domes of Kuopio (Finland): interfering diapirs[END_REF][START_REF] Davis | Detachment faulting in continental extension: perspectives from the southwestem U.S. Cordillera: Boulder, Colorado[END_REF][START_REF] Rey | Viscous collision in channel explains double dome in metamorphic core complexes[END_REF], and (ili) buoyant flow of low density and low viscosity partially molten rocks [START_REF] Brun | The mantled gneiss domes of Kuopio (Finland): interfering diapirs[END_REF][START_REF] Ramberg | Diapirism and gravity collapse in the Scandinavian Caledonides[END_REF][START_REF] Schwerdtner | Salt stocks as natural analogues of Archean gneiss diapirs[END_REF]. These different models are not mutually exclusive and a variety of prooesses might be at play during the development of gneiss domes [START_REF] Burg | Dome structures in collision orogens: mechanical investigation of the gmvity/compression interplay[END_REF][START_REF] Kruckenberg | Flow of partially molten crust and the internal dynamics of a migmatite dome, Naxos, Greece[END_REF][START_REF] Vanderhaeghe | Migmatites, granites and orogeny: flow modes of partially molten rocks and magmas associated with melt/solid segregation in orogenic belts[END_REF]. Sorne of these domes are cored by diatexite migmatite (i.e. former magmas) and mantled by metatexite migmatite (i.e. former partially molten rocks) generated as a consequence of thermal relaxation fol lowing the thickening of orogenic crust (' [START_REF] Thompson | Melting the continental crust: some thermal and petrological constraints on anatexis in continental collision zones and other tectonic settings[END_REF][START_REF] Vanderhaeghe | Evolution of orogenic wedges and continental plateaus: insights from thermal-mechanical models with subduction basal boundary conditions[END_REF][START_REF] Vanderhaeghe | Thermal-mechanical evolution of orogenic belts at convergent plate boundaries: a reappraisal of the orogenic cycle[END_REF]. A key feature of many migmatite domes is the presenoe of second order domes desig nated as subdomes [START_REF] Ledru | The Velay dome (French Massif Central): melt generation and granite emplacement during orogenic evolution[END_REF][START_REF] Kruckenberg | Flow of partially molten crust and the internal dynamics of a migmatite dome, Naxos, Greece[END_REF] • Correspondlng author.

E-mailad<Fes:s: olivier .vanderhaeghe@get.omp.eu (O. Vanderhaeghe). [START_REF] Vanderhaeghe | Structural development of the Naxos migmatite dome[END_REF][START_REF] Whitney | Gneiss domes and crustal flow[END_REF]. We argue here that the Naxos dome (Cyclades, Greece) and its associated subdomes witness gravitational instabilities within a partially molten orogenic crust, in agreement with pioneering investigations (Bittner and Schmeling, 1995;[START_REF] Den Tex | Thermally mantled gneissdcmes; the case for convective heat flow in moce or less solid orogenic basement[END_REF][START_REF] Talbot | Infrastructural migmatitic upwelling in East Greenland interpreted as thermal convective structures[END_REF][START_REF] Weinberg | Polydiapirs: multiwavelength gravity structures[END_REF]Weinberg and Poclladchikov, 1995) and more recent thermal mechan ical models [START_REF] Burg | Dome structures in collision orogens: mechanical investigation of the gmvity/compression interplay[END_REF][START_REF] Gerbault | Crustal exhumation during ongoing compression in the Variscan Maures-Tanneron Massif, France-Geological and thermo-mechanical aspects[END_REF][START_REF] Gerya | Inherent gravitational instability of hot continental crust. Implications for doming and diapirism in granulite facies terranes[END_REF][START_REF] Ganne | Thermo-mechanical modeling of lower crust exhumation-constraints from the metamorphic record of the Palaeoproterozoic Eburnean orogeny, West African Craton[END_REF]. The originality of our study is to use (i) the structural and metamorphic record to constrain the tectonic thermal history of the Naxos dome, (ü) the size of the first order dome and its internai subdomes to provide a proxy for the characteristic scales of the gravitational instabilities, and (ili) U Pb geochronology depicting zircon dissolution and recrystallization to provide a sensitive indicator of the timescales related to these instabilities.

The Naxos dome in the Attic-Cycladic metamorphic complex

The Hellenides Aegean belt formed as a result of Mesozoic Cenozoic convergence between Gondwana and Eurasia [START_REF] Dewey | Aegean and surrounding regions: complex multiplate and continuous tectonics in a convergent zone[END_REF][START_REF] Dercourt | Geological evolution of the Tethys belt from Atlantic to the Pamir since the Lias[END_REF] 

Naxos dome structure

The core of the Naxos dome is dominated by diatexites (i.e. former heterogeneous granitic magmas containing abundant metasedimentary septa of predominantly marble and schist) surrounded by metatexites (i.e. former partially molten rocks) with a dominantly paragneissic protolith (Vanderhaeghe, 2004) (Figs. 1 & 2). Structures within the migmatites of the dome preserve abundant evidence for melt present deformation that is only locally overprinted by high temperature sub solidus intracrystalline deformation [START_REF] Kruckenberg | Viscoplastic flow in migmatites deduced from fabric anisotropy: an example from Naxos dome, Greece[END_REF][START_REF] Kruckenberg | Flow of partially molten crust and the internal dynamics of a migmatite dome, Naxos, Greece[END_REF]. The contact of the migmatite dome is typically delineated by sharp transitions between granite dominated diatexite and enveloping marble units. In particular, the southern edge of the dome is delineated by a km thick zone of leucogneiss showing pervasive solid state deforma tion. Locally, the contact between the envelope and the core of the dome is nevertheless expressed by a diffuse contact between diatexite, metatexite and schist layers interpreted as a gradational partial melting front (Fig. 2A). Detailed structural analysis of the migmatitic core of the Naxos dome has revealed a complex pattern of migmatitic foliation and layers of metasedimentary septa dominated by marble that delineate five km scale contiguous subdomes, separated by pinched synforms and high strain zones [START_REF] Kruckenberg | Flow of partially molten crust and the internal dynamics of a migmatite dome, Naxos, Greece[END_REF] (Fig. 1). In the central and northern region of the migmatite core, the subdomes have a vertical axis of symmetry and a distributed mineral lineation of variable plunge. Trends of synmigmatitic foliation are highly variable within the sub domes, and are commonly steeply dipping to overturn resulting in a mushroom shaped three dimensional geometry (Fig. 3). The north eastern subdome is overturned along its western edge, whereas the central subdome (Fig. 1) is overturned toward the north, in accordance with the regional scale bottom south sense of shear [START_REF] Kruckenberg | Flow of partially molten crust and the internal dynamics of a migmatite dome, Naxos, Greece[END_REF][START_REF] Vanderhaeghe | Structural development of the Naxos migmatite dome[END_REF]. To the south, the subdomes are elongated and transposed along a N S trending high strain zone marked by high temperature intracrystalline deformation and a shallow dipping stretching lineation [START_REF] Kruckenberg | Flow of partially molten crust and the internal dynamics of a migmatite dome, Naxos, Greece[END_REF]. The development of the Naxos dome is further recorded by transposition of granitic dikes structurally rooted in the migmatitic core [START_REF] Vanderhaeghe | Structural development of the Naxos migmatite dome[END_REF].

These structural features are characteristic of the dome's core and are not consistent with structural trends in the mantling metasedi mentary sequence, which is marked by superimposed folds with shal lowly dipping axes deflected and cross cut by the migmatites coring the dome [START_REF] Urai | Alpine deformation on Naxos (Greece)[END_REF][START_REF] Buick | The late Alpine evolution of an extensional shear zone, Naxos, Greece[END_REF][START_REF] Vanderhaeghe | Structural development of the Naxos migmatite dome[END_REF]. This in dicates mechanical decoupling between the mantling metasdimentary sequence and the migmatite coring the dome, thus ruling out a fold interference model [START_REF] Kruckenberg | Flow of partially molten crust and the internal dynamics of a migmatite dome, Naxos, Greece[END_REF]. The subdome structures might then be interpreted as resulting either from gravitational in stabilities in the low density partially molten to magmatic crust, or as isostatic driven flow of the low viscosity migmatitic layer. Isostatic driven flow should lead to the formation of double domes [START_REF] Rey | Viscous collision in channel explains double dome in metamorphic core complexes[END_REF] a scenario that is not consistent with the complex subdome geometries identified by the detailed structural analysis in Naxos, nor by the multiple vertical shear zones and variably oriented pinched synforms that separate them. This structure is thus more in line with the development of adjacent diapirs or imbricated polydiapirs developing simultaneously in the core of a larger rising dome and even with the development of convection within the partially molten layer [START_REF] Kruckenberg | Flow of partially molten crust and the internal dynamics of a migmatite dome, Naxos, Greece[END_REF][START_REF] Vanderhaeghe | Structural development of the Naxos migmatite dome[END_REF][START_REF] Weinberg | Polydiapirs: multiwavelength gravity structures[END_REF].

Nevertheless it is difficult to choose among these models from the structural analysis alone. In the following, we integrate the U Pb geo chronological record of zircon grains found in migmatites and granitic dikes rooted in the dome's core, and present a first order mechanical analysis of the Naxos dome and its subdomes, in order to revisit their possible genetic significance.

Geochronological record of Naxos dome development

In order to constrain the timing of the development of the Naxos dome and its subdomes, we (i) further explored the U Pb geochrono logical record of zircon grains from diatexite of the dome's core pre viously published by [START_REF] Keay | The timing of partial melting, Barrovian metamorphism and granite intrusion in the Naxos metamorphic core complex, Cyclades, Aegean Sea, Greece[END_REF] and [START_REF] Martin | The isotopic composition of zircon and garnet: a record of the metamorphic history of Naxos, Greece. Special volume "Geochronology of Metamorphism, Deformation and Metallogenesis[END_REF][START_REF] Martin | Mobility of trace elements and oxygen isotopes during metamorphism: consequences on geochemical tracing[END_REF], and (ii) obtained new U Pb geochronological dating on monazite and zircon from granitic dikes rooted in the diatexites and intrusive into the mantling metasedimentary sequence. The analytical method of the new data is indicated in Supplementary file S1.

The diatexites from the dome's core contain two distinct types of zircon grains, which have in common the presence of inherited mag matic cores yielding pre Alpine Carboniferous ages (Fig. 4 and Sup plementary file S2). Some of these cores have a porous texture whereas others are pristine. Zircon grains with a porous core containing nu merous inclusions of U and Th rich minerals, displaying convoluted zoning and corrosion gulfs (Fig. 4A), and having intermediate Th/U ratio (0.02 0.47), are interpreted as being formed by dissolution pre cipitation of the inherited zircon grains [START_REF] Corfu | Atlasof zircm textures[END_REF][START_REF] Martin | Mobility of trace elements and oxygen isotopes during metamorphism: consequences on geochemical tracing[END_REF][START_REF] Tomaschek | Zircons from Syros, Cyclades, Greece-recrystallization and mobilization of zircon during highpressure metamorphism[END_REF]. These cores are locally surrounded by a finely crystallized rim characterized by oscillatory zoning (Fig. 4A). U Pb ages obtained on the porous core of these grains define a discordia line ranging from the age of the inherited cores to a younger intercept, pointing to various degrees of resetting of the U Pb isotopic system owing to a Cenozoic event (see [START_REF] Martin | Mobility of trace elements and oxygen isotopes during metamorphism: consequences on geochemical tracing[END_REF] for a detailed de scription and analysis of these data). Ages from the finely crystallized rim range from ca. 24 to 16 Ma and are attributed to growth of the zircon in a magma. Zircons with a pristine core are surrounded by a Considering the current day thickness of 20 25 km beneath the Cy clades, we infer a thickness of about 20 km for the partially molten layer before exhumation of the migmatites to the surface.

Partial melting and crystallization of the migmatites has been bracketed to the Miocene between ca. 24 Ma and ca 12 Ma by U Pb geochronology on zircon from the migmatites and crustal derived S type granitic dikes intrusive in the mantling metasedimentary se quence, respectively [START_REF] Keay | The timing of partial melting, Barrovian metamorphism and granite intrusion in the Naxos metamorphic core complex, Cyclades, Aegean Sea, Greece[END_REF][START_REF] Martin | The isotopic composition of zircon and garnet: a record of the metamorphic history of Naxos, Greece. Special volume "Geochronology of Metamorphism, Deformation and Metallogenesis[END_REF][START_REF] Martin | Mobility of trace elements and oxygen isotopes during metamorphism: consequences on geochemical tracing[END_REF]. Low temperature thermochronology in the migmatites and mantling schists units indicates that they cooled from ~300 °C to ~80 °C between 12 and 9 Ma [START_REF] Brichau | Constraining the long term evolution of slip rates for a major extensional fault system in the central Aegean, Greeoe, using thennochronology[END_REF][START_REF] Seward | Cenozoic tectonic evolution of Naxos Island through a multi-faceted approach of fission-track analysis[END_REF]. The migmatitic core and the mantling metasedimentary rocks are juxtaposed to upper crustal low grade rocks and Miocene detrital sediments along a low angle detachment [START_REF] Gautier | Structure and kinematics of upper Cenozoic extensional detachment on Naxos and Paros (Cyclades Islands, Greece)[END_REF]. The activity of the detachment is marked by the syntectonic intrusion of an I type granodiorite pluton, exposed along the western coast of the island and dated at ca. 12 Ma [START_REF] Keay | The timing of partial melting, Barrovian metamorphism and granite intrusion in the Naxos metamorphic core complex, Cyclades, Aegean Sea, Greece[END_REF]. The calc alkaline nature of the granodiorite and the presence of entrained mafic xenoliths point to the contribution of mantle melts in relation to lithospheric thinning and asthenospheric upwelling owing to slab retreat at this time [START_REF] Altherr | 1-type plutmism in a continental back-arc setting: Miocene granitoids and monzonites from the central Aegean Sea, Greece. Cmtrib[END_REF][START_REF] Pe-Piper | Neogene backarc volcanism of the Aegean: new insights into the relationship between magmatism and tectonics[END_REF].

As for many migmatite domes worldwide, the tectonic significance of the Naxos dome has been debated. [START_REF] Jansen | Metamorphism on Naxos: petrology and geothermal gradients[END_REF] re cognized the importance of partial melting and first suggested that the dome results from a diapiric rise of the migmatites. [START_REF] Gautier | Structure and kinematics of upper Cenozoic extensional detachment on Naxos and Paros (Cyclades Islands, Greece)[END_REF] refined this model proposing that the dome corresponds to upwelling of the low viscosity migmatites during regional extension accommodated by a low angle detachment. More recently, [START_REF] Rey | Viscous collision in channel explains double dome in metamorphic core complexes[END_REF] advocated that flow of the low viscosity migmatites into the dilatant jog resulting from localized extension was mainly isostasy driven leading to the formation of double domes. Alternatively, several authors considered that the Naxos dome results from fold interferences owing to the combined effects of E W shortening and regional top to the NNE shearing based on a detailed structural analysis of folds [START_REF] Avigad | Ductile and brittle shortening, extension-parallel folds and maintenance of crustal thickness in the central Aegean (Cyclades, Gr eece)[END_REF][START_REF] Buick | The late Alpine evolution of an extensional shear zone, Naxos, Greece[END_REF]. In the following section, we propose a model that builds on these studies and on a synthesis of more recently acquired structural data advocating for the predominance of gravitational in stabilities in the formation of the dome and subdomes [START_REF] Kruckenberg | Viscoplastic flow in migmatites deduced from fabric anisotropy: an example from Naxos dome, Greece[END_REF][START_REF] Kruckenberg | Flow of partially molten crust and the internal dynamics of a migmatite dome, Naxos, Greece[END_REF][START_REF] Vanderhaeghe | Structural development of the Naxos migmatite dome[END_REF]. ). The mean age obtained from these rims is 18.7 ± 2.4Ma (Fig. 4C). Yet, the mean squared weighted deviation is very high (MSWD » 1) and in<lividual analytical points do not ail overlap within error. This in<licates an excess scatter relative to the estimated analy tical error, and suggests that this dataset corresponds to significantly <lifferent ages. This is the case, in particular, for the three analytical [START_REF] Corfu | Atlasof zircm textures[END_REF]. Here, we explore a third possibility, that the succession of dis solution and crystallization cycles over 8 Ma reflects the entrainment of the zircon grains within a convecting partially molten crust, recurrently above and below zircon saturation conditions in terms of temperature and, potentially, chemistry. The differenoe in ages obtained on zircon rims is consistent with cycles of 1 to 2Ma (Fig . 4). Note that relative to the zircon's reference frame, ail of these propositions are equivalent, as they ail result in varying the temperature and chemical environment of zircon grains (Fig. 6). Accordingly, U Pb geochronology on zircon on its own is not capable to discriminate between these propositions. Never theless, our preference for the convection mode! over the proposition of a succession of thermal pulses associated with the sporadic and loca lized circulation of fluids in the migmatites is motivated by the absence of features indicative of localized high temperature hydrothermal al teration in the rocks hosting the dated zircon grains.

Mechanical analysis of the Naxos dome system

In order to test the pertinence of the mode! invoked above, we present first order analyses of the Naxos dome system that assesses its potential to develop convective and diapiric instabilities. We evaluate (i) the viscosity of the Aegean partially molten crust required to exoeed the critical Rayleigh number and enable convection, (ii) the Stokes velocity of the secondary domes (i.e. subdomes), modeled as buoyant spheres rising through a viscous matrix, and (iii) the viscosity contrast that controls the growth rate and wavelength of diapirism according to the formulation proposed by [START_REF] Burg | Dome structures in collision orogens: mechanical investigation of the gmvity/compression interplay[END_REF].

The characteristic length and time scales of the system are given by the present day structure of the Naxos domes and its geochronological ------------------1 172 
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Solid crust 10 The Naxos dome, in the central part of the Attic Cycladic Metamorphic Complex, is a crustal scale structure cored by migmatites and heterogeneous granites exhumed beneath an extensional crustal detachment system. While the development of the Naxos dome has been variably attributed to a number of mechanisms (e.g., diapirism: [START_REF] Jansen | Geological Map of Naxos (1/50 000[END_REF][START_REF] Jansen | Metamorphism on Naxos: petrology and geothermal gradients[END_REF][START_REF] Vanderhaeghe | Structural development of the Naxos migmatite dome[END_REF]; exhumation during regional extension: [START_REF] Gautier | Structure and kinematics of upper Cenozoic extensional detachment on Naxos and Paros (Cyclades Islands, Greece)[END_REF][START_REF] Rey | Viscous collision in channel explains double dome in metamorphic core complexes[END_REF][START_REF] Pourhiet | Kinematic Interpretation of the 3D Shapes of Metamorphic Core Complexes[END_REF] and superposed folding resulting from E W re gional shortening followed by top to the NNE shearing: [START_REF] Avigad | Ductile and brittle shortening, extension-parallel folds and maintenance of crustal thickness in the central Aegean (Cyclades, Gr eece)[END_REF][START_REF] Buick | The late Alpine evolution of an extensional shear zone, Naxos, Greece[END_REF][START_REF] Urai | Alpine deformation on Naxos (Greece)[END_REF] a number of structural features inherent to the migmatitic core attest to the predominance of gravita tional instabilities (cf. [START_REF] Kruckenberg | Flow of partially molten crust and the internal dynamics of a migmatite dome, Naxos, Greece[END_REF]: (i) syn migmatitic (i.e. magmatic) foliation and entrained metasedimentary septa within high melt fraction migmatites delineate numerous internal subdomes within the 5 × 12 km first order dome; (ii) structures such as synforms, cas cading folds, and triple points commonly associated with the devel opment of diapirs and convective instabilities (e.g., [START_REF] Ramberg | Diapirism and gravity collapse in the Scandinavian Caledonides[END_REF] occur between subdomes, likely attesting to the downward flow of denser material in intervening regions between subdomes; and (iii) the strain pattern in the migmatite core is, in part, discontinuous with structures in mantling metasedimentary sequence (e.g., folds of the wavelength and amplitude of the subdomes and synforms do not project into equivalent structures in the enveloping units), suggesting that models invoking fold interference as the primary mechanism of dome formation are incapable of explaining the heterogeneous strain pattern and discordant structural fabrics recorded within the dome migmatites. Rather, these features are consistent with a scenario of convection of the partially molten to magmatic root of the Aegean orogenic crust, followed by diapirism and diking during orogenic gravitational collapse (Fig. 8). This model is corroborated by the quantitative assessment of the mechanical properties of the Naxos dome presented in this paper. We estimate a mean viscosity of the order of 10 18 Pa.s or less for the partially molten to magmatic orogenic root, which, although rather conservative for partially molten felsic rocks, is conceivable when averaging the whole 10 20 km thickness of partially molten crust. The roughly axial symmetric shape of the first order dome and subdomes further attests to the key role of buoyancy driven forces in triggering gravitational instabilities in the partially molten orogenic root. Never theless, the aspect ratio (~1:2) of the first order dome indicates that regional extension of the upper crust also played a role and likely al lowed for a component of isostasy driven flow of low viscosity material [START_REF] Kruckenberg | Flow of partially molten crust and the internal dynamics of a migmatite dome, Naxos, Greece[END_REF][START_REF] Rey | Viscous collision in channel explains double dome in metamorphic core complexes[END_REF]. This interpretation opens a new perspective on the interpretation of complexly zoned zircon grains with a protracted geochronological re cord typical of high grade terranes. Such zoning had been previously interpreted to be caused by repeated chemical and/or thermal mod ifications of the zircon environment causing dissolution/precipitation cycles at high temperature, in static contexts (e.g. [START_REF] Corfu | Atlasof zircm textures[END_REF][START_REF] Keay | The timing of partial melting, Barrovian metamorphism and granite intrusion in the Naxos metamorphic core complex, Cyclades, Aegean Sea, Greece[END_REF]. We propose to interpret the textural evidence of recurrent dissolution and growth of the zircon grains in the core of the Naxos dome as a chronological record of cyclic zircon entrainment in the convecting partially molten orogenic crust. Although further in vestigation of the zircon U Pb record is required to strengthen this model of the Naxos dome and the origin of its subdomes, we advocate that this interpretation is also consistent with the structural record of migmatitic deformation [START_REF] Kruckenberg | Flow of partially molten crust and the internal dynamics of a migmatite dome, Naxos, Greece[END_REF], other currently available data in Naxos, and with the first order mechanical analysis presented here.
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Convection has already been proposed to account for zoning of magmatic minerals in plutons and layered intrusions (e.g. [START_REF] Ginibre | Crystal zoning as an archive for magma evolution[END_REF] but only seldom at the crustal scale [START_REF] Riel | Convection in a partially molten metasedimentary crust? Insights from the El Oro complex (Ecuador)[END_REF][START_REF] Weinberg | Polydiapirs: multiwavelength gravity structures[END_REF]. According to this scenario, textural character istics and U Pb ages of zircon grains provide a proxy to estimate (i) the duration of metamorphism leading to the generation and crystallization of a melt fraction and (ii) the dynamics of convecting partially molten to magmatic layers. The duration of high temperature metamorphism associated with the presence of melt, in the case of the Naxos dome in the middle of the Aegean domain, is estimated to have lasted at least 11 Ma, when considering the difference between the oldest U Pb age obtained on a zircon grain marked by dissolution/precipitation (24 Ma) and the youngest age obtained on an intrusive granitic dike (13 Ma). An 8 Ma duration for the convective instability is bracketed by U Pb ages ranging from 24 to 16 Ma obtained on finely crystallized zircon rims within dome migmatites. The diapiric rise of the first order dome for mation is recorded by U Pb geochronology on zircon and monazite from partially transposed to cross cutting granitic veins rooting into the core of the Naxos migmatite dome, and intruding the metasedimentary mantle of the dome from ca. 16 to 13 Ma (~3 Ma). Interestingly, (i) convection of the partially molten rocks over a crustal column 10 to 20 km thick, followed by (ii) doming associated with magma extraction from the partially molten zone and intrusion in the host rocks over a relatively thinner 5 10 km crustal column could correspond to two distinct dynamic regimes that were relayed in time and accompanied the progressive thinning (collapse) of the Aegean orogenic belt. 

Conclusion

The structural, metamorphic, and geochronological record of the Naxos dome and its constituent subdomes cored by migmatites are used as proxies to define the thermal tectonic history of the exhumed root of the Aegean orogenic belt and to assess its internai dynamics while it was partially molten. A thickness of ~20 km is estimated for the former partially molten crust based on the present day crustal thickness be neath the exhumed migmatites. This thickness was reached at the climax of crustal thickening (up to about 50 km) as attested by P T conditions recorded in Ky bearing paragneisses marking the contact with the migmatites coring the dome. U Pb ages from ca. 24Ma to ca. 16Ma and textures of zircon in the migmatites suggest successive dis solution and precipitation cycles with a period of 1 to 2Ma. These cy des are probably controlled by temperature and/or chemical mod ification of the zircon's environment and we interpret them as the timescale of convective instabilities in a ca. 20 km thick partially molten layer. Dimensional analysis indicates that convection of a 20 km thick root requires a viscosity lower than 10 18 Pa-s, which is consistent with the estimated viscosity of partially molten felsic rocks. Structural analysis and U Pb geochronology of deformed granitic dikes rooting in the migmatites record the subsequent development of the Naxos dome by diapirism from ca. 16 to 13Ma. The size of the first order dome (5 x 12 km) requires that the unstable layer at the onset of diapirism was 5 to 10 km thick and presented a viscosity contrast with its en velope limited to about one order of magnitude.

These features, together with the structural record of deformation preserved in the dome migmatites, serve as a basis to elaborate a two stage model for the dynamic evolution of the partially molten root of the Aegean belt. After crustal thickening, thermal relaxation of the orogenic crust led to partial melting of a 20 km thick layer allowing for crustal scale convection for at least 8Ma from ca. 24 to ca. 16Ma. The formation of the 5 x 12 km Naxos dome occurred over approximately 3 Ma from ca. 16 to ca. 13 Ma, marking the transition from a convective instability to a diapiric instability during progressive thinning of the crust and gravitational collapse accompanied by progressive crystal lization of the molten orogenic root.

Supplementary data to this article can be found online at https:// doi.org/10.1016/j. tecto.2018.03. 007.

Fig. 1 .

 1 Fig. 1. Geologic map of the Naxos migmatite dame and its associated subdomes. A. Location map of Naxos Island within the Attic-Cycladic Metamorphic Complex, part of the Hellenides. B. Geological map of Naxos modified fram Vanderhaeghe et al. (2007), Kruckenberg et al. (2011), and Siebenaller et al. (2013). C. East-West cross section of the Naxos dame, corresponding to the map location shown in Fig. 1 B. E. Simplified ge ological map from Kruckenberg et al. (2011) showing subdomes delineated by synmigmatitic foliation and entrained metasedimentary septa within the migmatitic core of the Naxos dome.

Fig. 2 .

 2 Fig. 2. Representative structures of migmatites. A. Metatexitic paragneiss (right) grading into leucocratic diatexite with metatexitic enclaves Oeft) illustrating characteristic gradational contacts assodated with the partial melting front. B. Crossed polarized light photomicrograph of a typical migmatite leucosome showing magmatic texture characteriz.ed by interlocking plagioclase, potassium feldspar, biotite and interstitial quartz. C. Crossed polarized light photomicrograph of a diatexite illustrating deformation bands in quartz indicative of weak recrystallization at high-temperature. D. Metatexite with a syn-migmatitic foliation defined by alternations of concordant leucosome and mesosome layers. E. Heterogeneous, granitic diatexioe with metatexite enclaves. F. Heterogeneous granite typically coring the Naxos dome and its associated subdomes.

  points obtained across the finely crystallized rim with convoluted zoning shown on Fig. 4B. Accordingly, the finely crystallized rims are interpreted as representing successive dissolution precipitation of zircon around inherited cores, and potentially as growth of new zircon for rims with oscillatory zoning. Overall, four age subgroups are dis tinguished based on zircon U Pb dating of this migmatite sample from the core of the dome (Fig . 4C): 24.2 ± 0.7 Ma, 22.1 ± 0.7 Ma, 18.5 ± 0.6 Ma and 16.6 ± 0.3 Ma, defining a recurrence interval of ca. 1 to 2Ma for dissolution precipitation. lt should be mentioned that Keay et al. (2001) presented U Pb ages on zircon from the Naxos migmatites with similar age ranges (20.7 to 16.8 Ma) obtained on low luminescent rims truncating inherited cores or infilling dissolution embayments. This type of texture is consistent with a succession of dissolution/precipitation of zircon and is not in favor of progressive crystallization during cooling. In order to complement geochronologic data obtained on the mig matites, two granitic <likes that are intrusive into the mantling meta se<limentary sequence have been sampled (Fig. 5 and Supplementary files S3 and S4). One granitic <like, partially transposed in the foliation of the host metase<liments and marked by intracrystalline deformation, is considered to represent an early stage of granitic magma intrusion (see Vanderhaeghe, 2004, for a more detailed analysis of the ® Vtew to the NNE Mt.KDrmos V..ew to the SSW © Vt ew to the NE

Fig. 3 .

 3 Fig. 3. Panoramic views highlighting geometric aspects of subdomes within the core of the Naxos migmatite dome. A. view to the north-northeast from near the town of Kinidharos into the migmatitic core of Naxos dome south of Mount Koronos. Here, the synmigmatitic foliation and entrained metasedimentary septa of marble delineate three subdomes: two northem subdomes, the eastemmost of which is overtumed on its western edge, and a central subdome whose northem edge is overtumed and pinched into a tight E-W trending synform. The overturning of the marble unit is visible in this image as it transitions from vertical dipping and N.S striking in the lower left of the image, to E-W striking and S-dipping on the slope of Mount Koronos. B. View to the south-southwest of the north-facing slope of Mount Koronos showing the same overtumed western side of the northem subdome shown in part A, which can be traced by a well-developed synmigmatitic foliation. C. View from within the southem subdome to the northeast of the N-S oriented synform as it trends into the N-S striking high strain zone preserved in the southern half of the dome. N.b. See Kruckenberg et al., 2011 for a detailed structural map and associated cross-sections that delineates subdomes within the core of the Naxos dome.

  record. The P T conditions recorded by the metamorphic rocks, syn thesized above, indicate that the thickness of the partially molten crust (H) would have been approximately 20 km, considering that the granitic solidus was located at about 20 km depth (PT conditions of kyanite bearing paragneisses), and that the orogenic Moho attained at least 40 km depth (given the present day Moho depth of 20 25 km throughout the Aegean domain, which is located beneath rocks that exhumed from 20 km depth). The Rayleigh number is estimated assuming two distinct thermal sources, namely basal heating and internai heating (e.g. McKenzie et al., 1974; Fig. 7). Basal heating might adequately mode! an increased mantle heat flux caused by thinning of the lithospheric mantle and asthenospheric upwelling in a context of slab retreat, which applies to the Aegean domain (Vanderhaeghe and Duchêne, 2010). In this case the Rayleigh number is expressed by: source results from internai heating of the orogenic crust by the decay of radioactive isotopes. In this case the Rayleigh number is expressed by: p2gAH 5 Ra i =---.11!CkThe radioactive heat production A of paragneisses and migmatites exposed on Naxos, estimated on the basis of their U, Th and K contents,

Fig. 6 .

 6 Fig. 5. U-Pb dating of transposed and discordant granitic veins. A. Field photos of the granitic dike network that is structurally rooted in the migmatites comprising the dome core. B. Close up of cross cutting dike relationships in Fig. SA, where sampled locality 04NX13O is from a partially transposed dike that is in tum crosscut by a second generation dike (sample 04NX13C). C. U-Pb ages obtained on monazite grains from partially transposed dike 04NX13O with a mean age of 16.1 ± 0.3 Ma. O. U-Pb ages obtained on zircon grains from discordant magmatic vein 04NX13C with a mean age of 13.3 ± 0.1. Mean ages are indicated by dark green lines and error ranges by light green stripes. The MSWD applied to these datasets is close to 1 confirming the univariate distribution. The analytical method is detailed in Supplementary file S1 and additional geochronological data on these dikes are provided in Supplementary fil es S2 and S3. (For interpretation of the references to colaur in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7 .

 7 Fig. 7. Alternative models for the interpretation of U-Pb zircon ages. A. Thermal pulses affecting static zircon grains responsible for successive dissolution and precipitation. B. 0:mvection of the partially molten layer entraining zircon grains and causing successive cycles of dissolution and precipitation.

Fig. 8 .

 8 Fig. 8. Mode! for the internai dynamics of the Naxos dome showing the connection between crustal convection, the cyclical dissolution and crystallization of zircon, and the formation of subdomes. A. Crustal-scale convection of the partially molten orogenic root Zircon grains are entrained with the convecting partially molten rocks and magmas. Their geochronological and texturai record is interpreted to reflect dissolution at high temperature in the lower crust and crystallization at lower temperature at the top of the convective cell. The minimum duration of convection is given by the ages obtained on zircon's finely crystallized wnes (24-16 Ma). B. Development of the Naxos first order dome by diapirism and assodated crustal convection during orogenic gravitational collapse. The timing of dome formation is bracketed by U-Pb ages (16-13 Ma) obtained on granitic dikes transposed into the foliation and cross-cutting it.

Table 1

 1 Physical parameters used to evaluate the crustal Rayleigh number.

	Parameters for Rayleigh numbers										
	Density ρ (kg/m 3 )						2500					
	Thermal expansivity α (°K 1 )					3.10 5				
	Temperature contrast (°K)					300					
	Thermal diffusivity κ (m 2 •s 1 )					10 6					
	Thermal conductivity k (Wm 1 K 1 )				2,5					
	Viscosity η (Pa.s 1 )						10 15					10 19
	Thickness of low-viscosity layer H (km)				5					25
	U, Th, K contents and heat production of Naxos rocks								
	Rock types	Schist	Schist	Paragneiss	Paragneiss	Calcicgneiss	Metabasite	Metabasite	Metabasite	Metabasite	Granite	Migmatite
	U (in ppm)	1071	2459									

2,7557 1,99 0,17 0,39 1,85 3,85 3,13 3,34 Th (in ppm) 3489 10,37 15,23 15,6923 10,3 0,1 1,42 5,59 13,5 2,8 12,3 K 2 O (in %) 2,1 2,74 3,57 4,39 4,49 0,45 2,45 0,62 0,11 4,19 7,16 A (10 10 W.kg 1 ) 2,58 5,94 7,98 8,11 5,97 0,32 1,46 3,47 7,37 5,02 8,59 A (μW m 3 ) 0,70 1,6 2,15 2,19 1,61 0,09 0,39 0,94 1,91 1,36 2,32Radioactive heat release rates were calculated using values in W/kg of U = 9.81 10 5; Th = 2.64 10 5; K = 3.48 10 9 and a density of 2700 kg/m 3 .
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