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Introduction

Accretionary orogens develop along oceanic and continental active margins, feature volumetrically abundant mantle-derived magmatism and are accordingly considered as the main locus of continental crust production [START_REF] Cawood | Accretionary orogens through Earth history[END_REF][START_REF] Jagoutz | Role of Arc Processes in the Formation of Continental Crust[END_REF]Reymer and Schubert, 1984;[START_REF] Taylor | The Continental Crust: its Composition and Evolution[END_REF]. Conversely, collisional orogens juxtapose stable portions of continental lithospheric blocks and are rather seen as domains of extensive crust reworking through partial melting of pre-existing crustal rocks [START_REF] Dewey | Shortening of continental lithosphere: the neotectonics of Eastern Anatolia -a young collision zone[END_REF][START_REF] Harris | Geochemical characteristics of collision-zone magmatism[END_REF][START_REF] Hawkesworth | A matter of preservation[END_REF][START_REF] Hawkesworth | The generation and evolution of the continental crust[END_REF]. However, recent studies have refined and nuanced these end-member scenarios by pointing out that new crust may also be produced at the end of continental collision [START_REF] Couzinié | Post-collisional magmatism: Crustal growth not identified by zircon Hf-O isotopes[END_REF][START_REF] Moyen | Collision vs. subduction-related magmatism: Two contrasting ways of granite formation and implications for crustal growth[END_REF][START_REF] Niu | Continental collision zones are primary sites for net continental crust growth -A testable hypothesis[END_REF] and likewise, that crust reworking also takes place in arc systems (Collins and Richards, 2008;[START_REF] Zurbriggen | Ordovician orogeny in the Alps: a reappraisal[END_REF].

Therefore, assessing the relative importance of each phenomenon in both geodynamic settings is paramount to understand the modes of continental crust formation and evolution through time.

Terranes formerly belonging to the northern Gondwana margin (Fig. 1, see review in [START_REF] Stampfli | The formation of Pangea[END_REF]) are ideal targets to address this issue because they have sequentially been affected by: (i) the Cadomian Western Pacific-type marginal orogenic system, of Cryogenian-Ediacaran age [START_REF] Chelle-Michou | Pre-Cadomian to late-Variscan odyssey of the eastern Massif Central, France: Formation of the West European crust in a nutshell[END_REF][START_REF] Garfunkel | The relations between Gondwana and the adjacent peripheral Cadomian domain-constrains on the origin, history, and paleogeography of the peripheral domain[END_REF][START_REF] Linnemann | The Cadomian Orogen: Neoproterozoic to Early Cambrian crustal growth and orogenic zoning along the periphery of the West African Craton-Constraints from U-Pb zircon ages and Hf isotopes (Schwarzburg Antiform, Germany)[END_REF][START_REF] Nance | Late Proterozoic tectonostratigraphic evolution of the Avalonian and Cadomian terranes[END_REF]; followed by, (ii) the Variscan orogeny, a major late Paleozoic continental collision episode resulting from the convergence between Laurussia and Gondwana [START_REF] Kroner | Two plates -Many subduction zones: The Variscan orogeny reconsidered[END_REF][START_REF] Matte | Tectonics and plate tectonics model for the Variscan belt of Europe[END_REF] and culminating with the assembly of Pangea, the latest supercontinent of Earth's history [START_REF] Rogers | Supercontinents in Earth History[END_REF].

The French Massif Central (FMC) shows one of the largest exposures of the inner part of the Variscan orogen [START_REF] Lardeaux | The Moldanubian Zone in the French Massif Central, Vosges/Schwarzwald and Bohemian Massif revisited: differences and similarities[END_REF] and isotopic evidence from the voluminous Variscan crustderived granitoids demonstrate that such magmatism extensively reworked a continental crust of Neoproterozoic to early Paleozoic ancestry [START_REF] Melleton | Precambrian protoliths and Early Paleozoic magmatism in the French Massif Central: U-Pb data and the North Gondwana connection in the west European Variscan belt[END_REF][START_REF] Moyen | Collision vs. subduction-related magmatism: Two contrasting ways of granite formation and implications for crustal growth[END_REF][START_REF] Pin | Source of Hercynian granitoids from the French Massif Central: Inferences from Nd isotopes and consequences for crustal evolution[END_REF][START_REF] Turpin | Meta-igneous origin of Hercynian peraluminous granites in N.W. French Massif Central: implications for crustal history reconstructions[END_REF]. However, the nature of this pre-Variscan crust as well as the geodynamic setting in which it formed are still a matter of debate. For instance, it remains unclear to what extent the crust segment today exposed in the FMC was impacted by the Cadomian orogeny (see discussion in [START_REF] Garfunkel | The relations between Gondwana and the adjacent peripheral Cadomian domain-constrains on the origin, history, and paleogeography of the peripheral domain[END_REF]). From this perspective, a better knowledge of the age, structure, lithological composition and configuration of the pre-Variscan crust in the FMC would:

(i) provide new constraints on the late Ediacaran/early Paleozoic paleogeography and geodynamics of the northern Gondwana margin; (ii) improve our understanding of the rate and timing of crustal growth in Western Europe.

In the eastern part of the FMC, the Variscan nappes feature high-grade gneisses and, in particular, large amounts of meta-igneous rocks, which have likely witnessed one or several pre-Variscan magmatic episodes. Somewhat outdated radiometric dating from these orthogneisses [START_REF] Caen-Vachette | Age cambrien des rhyolites transformées en leptynites dans la série métamorphique du Pilat (Massif Central français)[END_REF][START_REF] Chaham | The Fix augen gneiss (French Massif Central): new evidence for the lower Cambrian peraluminous magmatism[END_REF] as well as detrital and inherited zircon data from metasedimentary rocks [START_REF] Chelle-Michou | Pre-Cadomian to late-Variscan odyssey of the eastern Massif Central, France: Formation of the West European crust in a nutshell[END_REF] and Variscan granitoids [START_REF] Laurent | Protracted, coeval crust and mantle melting during Variscan lateorogenic evolution: U-Pb dating in the eastern French Massif Central[END_REF] respectively, suggest that they emplaced close to the Proterozoic-Paleozoic boundary at ca. 545

Ma. Yet, these meta-igneous rocks lack modern and/or direct geochronological data, in contrast to the western FMC where such work has been undertaken [START_REF] Alexandre | U-Pb zircon SIMS ages from the French Massif Central and implication for the pre-Variscan tectonic evolution in Western Europe[END_REF][START_REF] Alexandrov | Ion microprobe dating of zircons from the Upper Gneiss Unit (South Limousin, Massif Central, France)[END_REF][START_REF] Melleton | Precambrian protoliths and Early Paleozoic magmatism in the French Massif Central: U-Pb data and the North Gondwana connection in the west European Variscan belt[END_REF]. Similarly, the nature, petrogenesis and geodynamic significance of the FMC orthogneisses are poorly constrained. The aim of this contribution is therefore to decipher the age and origin of the pre-Variscan orthogneiss units in the Velay area using field observations, wholerock geochemistry, LA-ICP-MS zircon U-Pb dating and LA-MC-ICP-MS zircon Lu-Hf isotope measurements. This new dataset demonstrates that the pre-orogenic evolution of this part of the FMC is dominated by late Ediacaran events and features the emplacement at shallow crustal levels of a large (~1800 km²) S-type granite batholith, most likely formed by melting of an Ediacaran back-arc supracrustal sequence at the end of the Cadomian orogeny. This pinpoints the importance of crust reworking in accretionary orogens, even in domains lacking significant volumes of ancient basement.

Geological setting

The French Massif Central and its pre-Variscan evolution

The French Massif Central displays a south-verging stack of metamorphic nappes built up from the early Devonian to the early Carboniferous and composed from top to bottom of (Faure et al. (2009b); [START_REF] Ledru | Where are the nappes in the French Massif central?[END_REF] and references therein): (i) amphibolite-to greenschist-facies upper allochthonous units (UAU: Thiviers-Payzac, Leyme, Gartempe, S t -Sernin-sur-Rance, Génis, Brévenne); (ii) the Upper Gneiss Unit (UGU) which comprises amphibolite-to granulite-facies ortho-and paragneisses and typically shows at its base a bimodal meta-igneous association ("Leptynite-Amphibolite Complex" or LAC) that contains relicts of eclogite-facies metamorphism;

(iii) the Lower Gneiss Unit (LGU), an assemblage of amphibolite-facies micaschists, ortho-and paragneisses together with scarce amphibolites; (iv) the lower-grade Parautochthonous Unit (PAU) made up largely of greenschist-to amphibolite-facies meta-sediments (e.g. Cévennes schists); and

(v) a Fold-and-Thrust Belt of very low metamorphic grade (Montagne Noire nappes, Vigan schists). The Variscan tectono-metamorphic evolution encompasses [START_REF] Burg | Syn-to post-thickening extension in the Variscan Belt of Western Europe: Modes and structural consequences[END_REF]Faure et al., 2009b): (i) an early (late Silurian to early Devonian) event corresponding to the closure of several oceanic domains and coeval HP metamorphism; (ii) late Devonian nappe stacking and crustal thickening ending up in the growth and lateral flow of an orogenic plateau during the early Carboniferous; (iii) gravitational collapse via the activation of low-angle detachment faults marked by the development of migmatite domes in the late Carboniferous.

The pre-Variscan sedimentary materials that build up the low-grade nappes (UAU, PAU and Foldand-Thrust Belt) are mostly late Ediacaran to early Ordovician in age as shown by paleontological data [START_REF] Fournier-Vinas | Présence de micro-organismes dans les terrains métamorphiques précambriens (schistes X) de l'Ouest de la Montagne Noire[END_REF][START_REF] Guérangé-Lozes | Variscan nappes in the southwest of the Massif Central (1:250 000 geological and structural maps of Montpellier and Aurillac)[END_REF][START_REF] Reitz | Upper Proterozoic microfossils in low-grade phyllites of the Brévenne-Unit, NE Massif Central (France)[END_REF] and dating of interlayered volcanics (Faure et al., 2009a;[START_REF] Lescuyer | Single-zircon dating of the Sériès meta-dacites: evidence for a Late Proterozoic age of the "X Schists" from Montagne Noire (Southern French Massif Central)[END_REF]. In highergrade, gneissic units (UGU and LGU), detrital zircon studies [START_REF] Chelle-Michou | Pre-Cadomian to late-Variscan odyssey of the eastern Massif Central, France: Formation of the West European crust in a nutshell[END_REF][START_REF] Melleton | Precambrian protoliths and Early Paleozoic magmatism in the French Massif Central: U-Pb data and the North Gondwana connection in the west European Variscan belt[END_REF] together with field relationships between meta-sediments and adjacent dated orthogneisses suggest maximum depositional ages ranging from the early Ediacaran to the Cambrian [START_REF] Ledru | Notice explicative, Carte géol[END_REF][START_REF] Melleton | Precambrian protoliths and Early Paleozoic magmatism in the French Massif Central: U-Pb data and the North Gondwana connection in the west European Variscan belt[END_REF]. The conspicuous presence of volcanic rocks (meta-tuffs, meta-lavas) throughout the stratigraphic pile exposed in low-grade units [START_REF] Alvaro | Stratigraphic review of the Cambrian-Lower Ordovician volcanosedimentary complexes from the northern Montagne Noire[END_REF][START_REF] Marini | Relictual clinopyroxenes in paleozoic metabasites from Albigeois: tracers of a distensive transitional-to-tholeiitic volcanism ("Schistes et Roches Vertes" formation, Tarn, probable ordovician age)[END_REF][START_REF] Pouclet | Cambrian-early Ordovician volcanism across the South Armorican and Occitan domains of the Variscan Belt in France: Continental break-up and rifting of the northern Gondwana margin[END_REF] and the existence of several orthogneiss massifs of similar ages within the high-grade domains [START_REF] Alexandre | U-Pb zircon SIMS ages from the French Massif Central and implication for the pre-Variscan tectonic evolution in Western Europe[END_REF][START_REF] Duthou | Palaeozoic granitoids from the French Massif Central: age and origin studied by 87 Rb-87 Sr system[END_REF][START_REF] Melleton | Precambrian protoliths and Early Paleozoic magmatism in the French Massif Central: U-Pb data and the North Gondwana connection in the west European Variscan belt[END_REF][START_REF] Roger | Timing of formation and exhumation of the Montagne Noire double dome, French Massif Central[END_REF] testify for a protracted magmatic activity from the late Ediacaran to the late Ordovician. Petrogenetic studies attest to the tapping of two contrasting reservoirs throughout this period: (i) the asthenospheric/lithospheric mantle, source of the metabasites from the low-grade units and the LAC [START_REF] Briand | Alkaline affinity of the metabasites in the gneissic series surrounding the Velay migmatitic domain[END_REF][START_REF] Marini | Relictual clinopyroxenes in paleozoic metabasites from Albigeois: tracers of a distensive transitional-to-tholeiitic volcanism ("Schistes et Roches Vertes" formation, Tarn, probable ordovician age)[END_REF][START_REF] Pin | Early Ordovician continental break-up in Variscan Europe: Nd-Sr isotope and trace element evidence from bimodal igneous associations of the Southern Massif Central, France[END_REF][START_REF] Pouclet | Cambrian-early Ordovician volcanism across the South Armorican and Occitan domains of the Variscan Belt in France: Continental break-up and rifting of the northern Gondwana margin[END_REF];

(ii) preexisting crustal lithologies [START_REF] Alexandre | U-Pb zircon SIMS ages from the French Massif Central and implication for the pre-Variscan tectonic evolution in Western Europe[END_REF][START_REF] Melleton | Precambrian protoliths and Early Paleozoic magmatism in the French Massif Central: U-Pb data and the North Gondwana connection in the west European Variscan belt[END_REF] as a source of felsic magmas. Coeval sedimentation, crust-and mantle-derived magmatism has been attributed to longlived continental extension ending up in the formation of a hyperextended margin during the Ordovician [START_REF] Lardeaux | The Moldanubian Zone in the French Massif Central, Vosges/Schwarzwald and Bohemian Massif revisited: differences and similarities[END_REF]. Collectively, these data suggest that the pre-Variscan crust of the FMC is not older than Neoproterozoic in age [START_REF] Chelle-Michou | Pre-Cadomian to late-Variscan odyssey of the eastern Massif Central, France: Formation of the West European crust in a nutshell[END_REF].

The Velay dome

In the eastern Massif Central, the Variscan nappe stack (and notably the LGU; Fig. 3) is reworked by the formation of a 120x80 km granite-migmatite complex, referred to as the Velay dome. It corresponds to partially molten middle crust which exhumation was controlled on its northern edge by the Pilat low-angle detachment shear zone, typically showing top-to-the-NE sense of shear dated at 313 ± 6 Ma by 39 Ar/ 40 Ar on syntectonic biotite [START_REF] Gardien | Metamorphism during late orogenic extension : insights from the French Variscan belt[END_REF][START_REF] Malavielle | Collapse of the thickened Variscan crust in the French Massif Central: Mont Pilat extensional shear zone and St. Etienne Late Carboniferous basin[END_REF].

On its southern edge, the dome is overturned to the south [START_REF] Lagarde | Strain patterns within the late Variscan granitic dome of Velay, French Massif Central[END_REF] onto the PAU, from which it is separated by a top-to-the south normal shear zone dated at 310 ± 5 Ma [START_REF] Bouilhol | Relationships between lower and upper crust tectonic during doming: the mylonitic southern edge of the Velay metamorphic core complex (Cévennes-French Massif Central)[END_REF]. The Velay Dome consists of several lithologies including (Fig. 1): (i) orthoand paragneisses ranging from unmolten to diatexitic [START_REF] Montel | Thermobarometry and granite genesis: the Hercynian low-P, high-T Velay anatectic dome (French Massif Central)[END_REF] together with very scarce amphibolites [START_REF] Briand | Alkaline affinity of the metabasites in the gneissic series surrounding the Velay migmatitic domain[END_REF]; (ii) a set of peraluminous granitoids comprising early laccoliths [START_REF] Ledru | The Velay dome (French Massif Central): melt generation and granite emplacement during orogenic evolution[END_REF] and the heterogeneous biotite-cordierite-bearing "Velay" granite [START_REF] Williamson | The relationship between crustal magmatic underplating and granite genesis: an example from the Velay granite complex, Massif Central, France[END_REF]. The migmatites and associated granites result from several successive melting events [START_REF] Montel | Thermobarometry and granite genesis: the Hercynian low-P, high-T Velay anatectic dome (French Massif Central)[END_REF] over a period of 35 Ma, from c. 335 to 300 Ma [START_REF] Couzinié | Temporal relationships between Mg-K mafic magmatism and catastrophic melting of the Variscan crust in the southern part of Velay Complex (Massif Central, France)[END_REF][START_REF] Laurent | Protracted, coeval crust and mantle melting during Variscan lateorogenic evolution: U-Pb dating in the eastern French Massif Central[END_REF].

Here we define the Velay Orthogneiss Formation (VOF) as a consistent lithological unit gathering all pre-Variscan meta-igneous felsic rocks that crop out in the dome. The VOF can be divided into three main geographic sub-domains (Fig. 2): (i) the Pilat orthogneisses, exposed along the northeastern part of the dome; (ii) the Vivarais area, where meta-igneous rocks and paragneisses represent the weakly molten roof of the dome [START_REF] Lagarde | Strain patterns within the late Variscan granitic dome of Velay, French Massif Central[END_REF]; (iii) the "Arc-de-Fix" orthogneisses (R'Kha [START_REF] Chaham | The Fix augen gneiss (French Massif Central): new evidence for the lower Cambrian peraluminous magmatism[END_REF], which form a crescent outlining the western and southern parts of the dome. Collectively, the VOF covers an exposed area of ~1800 km². Field observations show that the VOF is intrusive within the adjacent paragneisses (Ledru et al., 1994, Fig. 3).

Typical lithologies of the VOF are (based on our field survey and unpublished French PhD theses from the 70s-80s, referenced in Supplementary text): (i) a volumetrically dominant biotite ± muscovite ± sillimanite augen gneiss (Fig. 4a) featuring pluricentimetric K-feldspar porphyroblasts and accessory garnet, allanite, ilmenite, apatite and zircon; (ii) a muscovite ± biotite ± garnet fine-grained leucogneiss (locally called "leptynite") with similar accessory minerals; (iii) a volumetrically subordinate biotite ± cordierite/garnet medium-grained banded orthogneiss. The leucogneisses occasionally occur as pluri-metric enclaves or boudins within the augen gneiss (Fig. 4b), but most often form concordant bodies embedded within it (Fig. 4c,d). The contact between both lithologies can be sharp and locally underlined by a thin biotite selvage (Fig 4c), or gradational, in which case leucogneisses appear as counterparts of the augen gneisses lacking biotite and K-feldspar porphyroblasts. All rock types are deformed by the Variscan tectonics, especially the augen gneiss that shows a well-developed foliation locally up to mylonitic grade (Fig. 4d), and locally display evidence for partial melting such as disruption of the foliation associated with segregation of leucosomes (especially close to the margins and at the roof of the Velay dome). The Vivarais gneisses tend to be more migmatitic (metatexite to diatexite) than the Arc-de-Fix (typically unmolten to metatexitic).

Studies on the VOF have concluded that augen gneisses in the Arc de Fix, Vivarais and Pilat domains correspond to former porphyritic granitoids [START_REF] Ledru | The Velay dome (French Massif Central): melt generation and granite emplacement during orogenic evolution[END_REF]. Previous geochronological investigations suggest that those granitoids were emplaced in the early Cambrian as the Arc-de-Fix gneisses yielded a zircon Pb evaporation age of 533 ± 23 Ma [START_REF] Mougeot | U-Pb chronology on accessory minerals of the Velay anatectic dome (French Massif Central)[END_REF] and a whole-rock Rb-Sr age of 528 ± 9 Ma (R'Kha [START_REF] Chaham | The Fix augen gneiss (French Massif Central): new evidence for the lower Cambrian peraluminous magmatism[END_REF]. EPMA dating of inherited monazites in a migmatitic augen gneiss yielded similar results (543 ± 25 Ma;[START_REF] Be Mezeme | Electron microprobe monazite geochronology of magmatic events: Examples from Variscan migmatites and granitoids, Massif Central, France[END_REF]). The origin and age of leucogneisses are still disputed. In the Arc-de-Fix domain, they are thought to be part of the same magmatic suite of the augen gneiss protolith and would thus correspond to early Cambrian meta-leucogranites (R'Kha [START_REF] Chaham | The Fix augen gneiss (French Massif Central): new evidence for the lower Cambrian peraluminous magmatism[END_REF]. In the Vivarais area, [START_REF] Chenevoy | Metamorphic alkali-basalts and leucogranites in the Western Vivarais series (French Central Massif): a record of two major tectonic events in paleozoic time[END_REF] also proposed a leucogranite protolith. In the Pilat domains, leucogneisses are rather regarded as former rhyolites or rhyolitic tuffs of late Ediacaran age (545 ± 14 Ma; Caen-Vachette (1979)).

Materials and methods

Whole-rock geochemistry

We collected 35 samples of unmolten augen gneisses, banded gneisses and leucogneisses from the three domains mentioned above. Location, GPS coordinates and description of investigated samples are presented Table S1. Whole-rock major and trace element contents were obtained from the ALS Global firm (details on the procedure and accuracy/reproducibility in Supplementary text).

A database of VOF samples was compiled using this new dataset and analyses from the literature (see Table S2), carefully filtering out: (i) migmatitic samples, based on petrographic descriptions; and (ii) samples that experienced alteration and/or LILE (Large Ion Lithophile Elements) mobility during Variscan metamorphism, by calculating the weathering index (W) of [START_REF] Ohta | Statistical empirical index of chemical weathering in igneous rocks: A new tool for evaluating the degree of weathering[END_REF] and considering a cut-off value of W=30% (see Supplementary text). A total of 270 major-elements analyses were retained accordingly (including the newly obtained data). We will further consider that the retained VOF samples experienced nearly closed-system metamorphism during the Variscan orogeny, such that their chemical compositions reflect those of their igneous protoliths.

This assumption is supported by (i) their position close to, or overlapping with the "igneous trend" in the MFW diagram of [START_REF] Ohta | Statistical empirical index of chemical weathering in igneous rocks: A new tool for evaluating the degree of weathering[END_REF], suggesting limited element mobility; and (ii) the fact that 22 samples from the VOF analyzed for Rb-Sr isotopes [START_REF] Caen-Vachette | Age cambrien des rhyolites transformées en leptynites dans la série métamorphique du Pilat (Massif Central français)[END_REF] and R'Kha [START_REF] Chaham | The Fix augen gneiss (French Massif Central): new evidence for the lower Cambrian peraluminous magmatism[END_REF]) define a whole-rock isochron clearly yielding a pre-Variscan (Cambrian) date (see Supplementary text and Fig. S2), specifically identical (within uncertainties) to our zircon U-Pb dating results (see section 4.2).

U-Pb geochronology

We selected four samples from the VOF for U-Pb dating, to constrain the age(s) of the igneous protolith(s). In this perspective, we focused the sampling in the Arc de Fix domain (Fig. 2) that is the least affected by the Variscan anatexis. Dated samples correspond to two augen gneisses (MM06 and MM11) and two leucogneisses (MM09 and MM10) representative of the main facies observed in the VOF. Their textures range from granoblastic to grano-lepidoblastic and porphyroclastic (for the augen gneisses, see Fig. 4a andc). Mineralogical assemblages are described Table 1 and representative annotated thin section photomicrographs can be found in the Supplementary material (Fig. S3).

Rock samples were crushed using standard procedures (jaw crusher, ring mill) and sieved to <500 µm. Zircons were concentrated using conventional techniques (panning, heavy liquids, magnetic separation) and hand-picked under a binocular microscope. Selected grains were subsequently cast in epoxy resin and polished to expose their interiors. The internal structures were characterized by back-scattered electron (BSE) and cathodoluminescence (CL) imaging using (i) a Jeol JSM-6400 SEM at the Ecole des Mines de St-Etienne for BSE and (ii) a Jeol JSM-5910 SEM at the Laboratoire Magmas et Volcans (Clermont-Ferrand) for CL. U-Pb geochronology was conducted by in-situ laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at Géosciences Rennes using a ESI NWR193UC Excimer laser coupled to a quadrupole Agilent 7700x ICP-MS equipped with a dual pumping system to enhance sensitivity. The instrumental conditions are reported in Table S3.

The ablated material was carried into helium, and then admixed with nitrogen [START_REF] Paquette | Sensitivity enhancement in LA-ICP-MS by N 2 addition to carrier gas: Application to radiometric dating of U-Th-bearing minerals[END_REF] and argon, before injection into the plasma source. The alignment of the instrument and mass calibration was performed before each analytical session using the NIST SRM 612 reference glass, by inspecting the 238 U signal and by minimizing the ThO + /Th + ratio (<0.5%). During the course of an analysis, the signals of 204 (Pb+Hg), 206 Pb, 207 Pb, 208 Pb and 238 U masses are acquired. The occurrence of common Pb in the sample can be monitored by the evolution of the 204 (Pb+Hg) signal intensity, but no common Pb correction was applied owing to the large isobaric interference with Hg. The 235 U signal is calculated from 238 U on the basis of the ratio 238 U/ 235 U=137.88. Single analyses consisted of 20s of background integration followed by 60s integration with the laser firing and then a 10 s wash-out delay. Ablation spot diameters of 20-35 µm with repetition rates of 3 Hz were used depending on the grain size. Data were corrected for U-Pb and Th-Pb fractionation and for mass bias by standard bracketing with repeated measurements of the GJ-1 zircon standard [START_REF] Jackson | The application of laser ablation-inductively coupled plasma-mass spectrometry to in situ U-Pb zircon geochronology[END_REF]. Along with the unknowns, the zircon standard Plešovice (337.13 ± 0.37 Ma, [START_REF] Sláma | Plešovice zircon -A new natural reference material for U-Pb and Hf isotopic microanalysis[END_REF]) was measured to monitor accuracy of the analyses and produced a Concordia age of 337.0 ± 1.8 Ma (N=20, MSWD C+E =0.21). Data reduction was carried out with the GLITTER® software package developed by the Macquarie Research Ltd. [START_REF] Van Achterbergh | Data reduction software for LA-ICP-MS: appendix[END_REF]. Concordia ages and diagrams were generated using Isoplot/Ex [START_REF] Ludwig | A Geochronological Toolkit for Microsoft Excel[END_REF]. Further information on the protocol can be found in [START_REF] Ballouard | Tectonic record, magmatic history and hydrothermal alteration in the Hercynian Guérande leucogranite, Armorican Massif, France[END_REF]. The full set of results is available as Supplementary material (Table S4 for standards and S5 for samples).

Zircon Lu-Hf isotope determination

Measurements were performed on magmatic zircons previously analyzed for U-Pb dating at GUF, using a Thermo-Finnigan Neptune multicollector ICP-MS attached to a Resolution M-50 193 nm Ar-F excimer laser ablation system, equipped with a two-volume Laurin Technic ablation cell.

Laser spots with diameters of 40 or 60 µm were drilled "on top" of the existing spots already analyzed for U-Pb dating or in the same domain as identified on the basis of CL images (Fig. 5), with repetition rates of 4 Hz and an energy density of 5 to 6 J.cm -2 . He was used as a carrier gas (~0.6 L.min -1 ) and make-up gas consisting of high-purity Ar (~0.75 L.min -1 ) and N 2 (~0.07 L.min - 1 ) was admixed to the carrier gas to improve sensitivity. Post-ablation homogenization is performed by fluxing the gases through a Resolution Instruments Squid® tubing. Data were acquired using multi-collector static mode, during 58 s of measurement characterized by 1.052 s integration time (55 baseline-corrected ratios). 172 Yb, 173 Yb and 175 Lu masses were monitored to allow the correction of isobaric interferences ( 176 Yb and 176 Lu on 176 Hf). Instrumental mass bias for Yb isotopes (calculation of β Yb ) was monitored for each measurement using an exponential law, and corrected to the natural ratio 172 Yb/ 173 Yb = 1.35351. Mass fractionation of Lu isotopes was assumed identical to that of Yb isotopes (β Lu = β Yb ). The isobaric interferences were subsequently corrected to mass bias-corrected 176 Yb/ 173 Yb = 0.79502 and 176 Lu/ 175 Lu = 0.02656 (see [START_REF] Gerdes | Combined U-Pb and Hf isotope LA-(MC-)ICP-MS analyses of detrital zircons: Comparison with SHRIMP and new constraints for the provenance and age of an Armorican metasediment in Central Germany[END_REF]). Mass bias for Hf isotopes (β Hf ) was determined using an exponential law and normalized to 179 Hf/ 177 Hf = 0.7325. Accuracy and external reproducibility of the method were controlled by repeated analyses of reference zircon standards GJ-1 [START_REF] Jackson | The application of laser ablation-inductively coupled plasma-mass spectrometry to in situ U-Pb zircon geochronology[END_REF][START_REF] Morel | Hafnium isotope characterization of the GJ-1 zircon reference material by solution and laser-ablation MC-ICPMS[END_REF], Plešovice [START_REF] Sláma | Plešovice zircon -A new natural reference material for U-Pb and Hf isotopic microanalysis[END_REF], and Temora [START_REF] Woodhead | Zircon Hf-isotope analysis with an excimer laser, depth profiling, ablation of complex geometries, and concomitant age estimation[END_REF]) (see Table S7 for results on the standards). The quoted uncertainties on 176 Hf/ 177 Hf ratios and εHf(t) are quadratic additions of within-run precision of each measurement with the external reproducibility (2 S.D.) of the reference zircon standard GJ-1 (~70 ppm, see data table). Data reduction was carried out using an in-house MS Excel© spreadsheet [START_REF] Gerdes | Combined U-Pb and Hf isotope LA-(MC-)ICP-MS analyses of detrital zircons: Comparison with SHRIMP and new constraints for the provenance and age of an Armorican metasediment in Central Germany[END_REF]2009).

Calculation of initial 176 Hf/ 177 Hf ratios were performed using the individual 176 Lu/ 177 Hf ratio of each measurement, a decay constant of λ 176 Lu = 1.867 × 10 -11 [START_REF] Scherer | Calibration of the Lutetium-Hafnium Clock[END_REF][START_REF] Söderlund | The 176Lu decay constant determined by Lu-Hf and U-Pb isotope systematics of Precambrian mafic intrusions[END_REF] and the emplacement age obtained by U-Pb zircon dating. For the calculation of the εHf(t), parameters of the chondritic uniform reservoir (CHUR) recommended 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 used ( 176 Lu/ 177 Hf = 0.0336; 176 Hf/ 177 Hf = 0.282785). Two-step depleted mantle (DM) Hf model ages (T DM2 C ) were calculated using a DM model considering linear regression from present-day depleted mantle as recommended by [START_REF] Griffin | Zircon chemistry and magma mixing, SE China: In-situ analysis of Hf isotopes, Tonglu and Pingtan igneous complexes[END_REF], i.e. 176 Lu/ 177 Hf = 0.0384 and 176 Hf/ 177 Hf = 0.28325, and an average 176 Lu/ 177 Hf of 0.0113 for the crustal reservoir.

Results

Geochemistry

Regardless of the rock type, samples from the VOF are all very silicic (SiO 2 > 68 wt.%) and have a granitic (s.s.) composition (Fig. 6a). More specifically, they show high A/CNK (1.05 to 1.4) and A/NK (1.1 to 1.6) implying that their protoliths are peraluminous granites (Fig 6b). The very high values displayed by some samples (A/CNK in the range 1.4 to 1.8) probably reflect alkali losses during amphibolite-facies metamorphism (not identified by the abovementioned filtering procedure, see section 3.1). Mg# is highly scattered (2 to 60, Fig. 6c). Leucogneiss are SiO 2 richer (> 74 wt.%) and have lower and variable Mg# (< 30) compared to augen gneisses (SiO 2 = 69-75 wt.%; Mg# = 30-55). Banded gneisses span in composition between those two endmembers. As a whole, VOF compositions remarkably mimic that of Variscan S-type granites from the eastern Massif Central (Fig. 6a,b,c). We investigated possible systematic differences between the three domains (Pilat, Arc-de-Fix and Vivarais) of the VOF. We used linear discrimination analysis (LDA) on major elements, a statistical tool calculating the linear combination of variables that maximizes the difference between three previously defined sets of data (Fig. 6d). LDA was computed using the open-source R language [START_REF] Ihaka | R: a language for data analysis and graphics[END_REF] and the package MASS [START_REF] Venables | Modern Applied Statistics with S[END_REF]. We followed the method of [START_REF] Aitchison | The Statistical Analysis of Compositional Data[END_REF] and implemented the compositional variables X (Al 2 O 3 , MgO, FeO t , TiO 2 , CaO, Na 2 O, K 2 O) as log(X/SiO 2 ) ratios. No systematic difference is observed and samples from all three regions have statistically similar major elements compositions.

Like for major oxides, trace element compositions of VOF samples are very homogeneous between the three domains (Fig. 7). Augen gneisses show a slight enrichment in Light Rare Earth Elements (La/Yb: mostly 6-14), flat Heavy Rare Earth Elements patterns (Dy/Yb: 1.3-3) together with a negative Eu anomaly (Fig. 7a). Leucogneisses are less enriched in LREE (La/Yb: mostly 2-6), have similar HREE patterns and a more pronounced Eu anomaly (Fig. 7a). Banded gneisses seem significantly depleted in HREE compared to the other lithologies (La/Yb: 25 to 50), but this difference may not be statistically significant given that trace elements are only available for two samples. All rock types have multi-element patterns characterized by significant negative Ba-Sr, Nb-Ta and Ti anomalies and positive Pb and U anomalies (Fig. 7b). As a whole leucogneisses are depleted in all incompatible elements compared to augen gneisses with the exception of Nb-Ta (constant) and Rb-U (enriched in the leucogneisses).

U-Pb dating

Zircon textures

Figure 5 shows representative CL images of zircon crystals from the investigated VOF samples.

Zircon grains are idiomorphic to sub-idiomorphic, display aspect ratios between 1.5 and 3.5 and show well-developed pyramidal tips (Fig. 5a,b). Grains range in size from 200 to 350 µm in augen gneisses and are notably smaller in leucogneisses (150-250 µm). Core-rim relationships are commonly observed (Fig. 5). They often consist of CL-dark or bright sub-idiomorphic to rounded cores, mantled by a rim showing typical oscillatory zoning. A careful examination of CL images reveals the existence of small textural discontinuities in such oscillatory zoning, with truncations and irregular surfaces being common. Finally, few grains display very CL-bright narrow (< 10µm) rims (see Fig. 5d).

Sample MM06

This sample is a typical « Arc-de-Fix » augen gneiss collected from the cliff along the RD40 road below the village of S t -Privat-d'Allier (Fig. 2 and4a). Twenty-six analyses were performed on 24 zircon grains. Three cores yield concordant Neoproterozoic 238 U/ 206 Pb dates at 559.7 ± 13.4, 660.3 ± 15.2 and 721.4 ± 16.9 Ma respectively (errors quoted at 2σ, Table S5). Plotted in the Tera-Wasserburg diagram, 21 analyses from rims or grains devoid of any core trend along a mixing line between radiogenic and common Pb compositions. This trend has a lower intercept at 540.5 ± 3.2

Ma (MSWD = 0.26) and an identical Concordia date of 541.8 ± 3.1 Ma (MSWD C+E = 0.34, Fig. 8a) is calculated out of the 16 statistically equivalent concordant analyses. Two spots (z10 and z20)

have 206 Pb/ 238 U dates of c. 510 Ma that are statistically different from those of the main population, and were therefore not included in the calculation. There is no systematic relationship between 238 U/ 206 Pb dates and Th/U ratios which range between 0.02 and 0.64. This observation is also valid for the three other samples.

Sample MM11

Sample MM11 is an augen gneiss collected at the "Col de Meyrand" (Fig. 4a). Out of 28 analyses, 7 correspond to zircon cores. Five yielded concordant Neoproterozoic 206 Pb/ 238 U dates ranging from 580.7 ± 14.1 Ma (z30) to 1077.1 ± 25.0 Ma (z33) and two discordant 207 Pb/ 206 Pb dates of 860

Ma and 2100 Ma (Fig. 8b). In the Tera-Wasserburg diagram, a total of 18 spots from zircon rims and core-free grains define a trend with a lower intercept at 541.2 ± 3.6 Ma (MSWD = 0.34), which slope is mostly controlled by discordant spot z38. Excluding the latter and the slightly discordant spot z44, an identical Concordia date of 542.5 ± 3.1 Ma (MSWD C+E = 0.43, Fig. 8b) can be calculated out of 16 analyses. Three spots yielded significantly younger 206 Pb/ 238 U dates (two are discordant and one concordant with a 206 Pb/ 238 U date of 502.6 ± 12.1 Ma) that were thus not included in the calculations.

Sample MM10

MM10 is a leucogneiss collected at the Pont-du-Bon-Dieu along the RD6 road south of Labastide-Puylaurent. It features an intricate association with mylonitic augen gneiss (see Fig. 4d). Sixty-five analyses were performed, out of which 12 spots on zircon cores gave concordant Neoproterozoic 206 Pb/ 238 U dates ranging from 560.3 ± 13.2 Ma (z88) to 657.8 ± 14.5 Ma (z136) and 805.8 ± 17.5

Ma (z137) to 921.7 ± 20.6 Ma (z130, Table S5). Three discordant analyses, also from zircon cores, S5). From the remaining data obtained on rims and core-free zircons, nine concordant spots define a Concordia date of 545.9 ± 4.3 Ma (MSWD C+E = 1.05, Fig. 8d); the rest of the data show younger 206 Pb/ 238 U dates and are notably discordant, with the exception of two concordant spots having 206 Pb/ 238 U dates of 509.9 ± 12.2 Ma and 516.7 ± 12.4 Ma respectively.

yielded

Lu -Hf isotope data

Zircon Lu-Hf analyses obtained for augen gneisses MM06 and MM11 are displayed in Table S6.

Only magmatic zircon grains and rims were analyzed. Therefore, initial Hf isotope compositions were calculated using the intrusion age determined for each sample (see section 4.2). The 176 Hf/ 177 Hf(t) ratios of magmatic zircons from augen gneiss MM06 range from 0.282376 ± 0.000023 to 0.282487 ± 0.000036 (2 S.E. -standard error), corresponding to εHf(t) of -2.4 to 1.6 with a chondritic average value of -0.2 ± 2.9 (2 S.D. -standard deviation; Fig. 9a and Table 1).

Augen gneiss sample MM11 shows a tighter range of zircon 176 Hf/ 177 Hf(t), from 0.282407 ± 0.000027 to 0.282462 ± 0.000025 (2 S.E. -standard error) equivalent to εHf(t) of -1.3 to 0.7 (Fig. 9a) and yielding an identical average εHf(t) at -0.2 ± 1.2 (2 S.D. -standard deviation; Table 1).

Discussion

Interpretation of the U-Pb data and orthogneisses emplacement ages

All investigated samples are characterized by a largely dominant population of zircon grains having statistically equivalent and concordant 206 Pb/ 238 U dates between 550-540 Ma, which we interpret as the crystallization ages of the VOF granitic protoliths. This interpretation is supported by (i) the fact that these data were obtained on zircon rims or grains devoid of any core; (ii) the typical magmatic oscillatory zoning showed by the analyzed domains (Fig. 7); and (iii) the well-developed {211} pyramids of these crystals, which are characteristic of zircon grown in peraluminous granitic magmas (Pupin, 1980;Belousova et al., 2006), in line with whole-rock geochemistry of the investigated samples (Fig. 5b).

From this perspective, we interpret the 28 analyses obtained from zircon cores, showing notably older 238 U/ 206 Pb dates (from 560 Ma up to 1100 Ma, 75% of which being >95% concordant), as reflecting zircon inheritance from the source of these (meta)granites or xenocrysts sampled from the country-rocks during magma ascent and emplacement. The presence of these inherited cores and xenocrysts is significant because they occur in all of the four investigated samples (Fig. 8) and represent a non-negligible proportion of the dataset (ca. 19%). In addition, CL images hint the presence of more small, strongly resorbed or irregular cores (see Fig. 7c close to z134 or 7d close to z78) that could not be analyzed by LA-ICP-MS.

A significant amount of zircon analyses (including 17 concordant ones) show 206 Pb/ 238 U dates younger than the 550-540 Ma crystallization age, in the range 523 to 482 Ma. These are well represented in the leucogneiss samples (Fig. 8), particularly MM10 (Fig. 8c). We argue that these dates do not correspond to any geological event but rather result from radiogenic Pb loss affecting the main, 545-540 Ma-old zircon population. Firstly, these dates are often associated with incoherent core-rim relationships (cores having younger 238 U/ 206 Pb dates than their associated rims, see for instance zircons 93, 103 and 106, Fig. 7c). Second, recent Pb loss is represented by horizontal lines in the Tera-Wasserburg diagram because it does not affect 207 Pb/ 206 Pb ratios (Fig. 8c). The weak curvature of the Concordia at Paleozoic times implies that the Discordia and Concordia curves are nearly parallel so that any c. 540 Ma-old zircon having experienced a limited Pb loss would still be sub-concordant within uncertainty.

Following the abovementioned interpretations, the igneous protoliths of all the investigated VOF samples show overlapping emplacement ages of c. 542 Ma, at the Ediacaran/Cambrian boundary (541 ± 1 Ma, [START_REF] Finney | The ICS International Chronostratigraphic Chart[END_REF]). This age is close to, yet significantly older than the Cambrian Rb/Sr date of 528 ± 9 Ma obtained by R'Kha [START_REF] Chaham | The Fix augen gneiss (French Massif Central): new evidence for the lower Cambrian peraluminous magmatism[END_REF] on Arc de Fix augen gneisses.

It complies with the zircon Pb evaporation age of 533 ± 22 Ma [START_REF] Mougeot | U-Pb chronology on accessory minerals of the Velay anatectic dome (French Massif Central)[END_REF] 

Petrogenesis of the magmatic suite

The VOF samples display remarkable geochemical homogeneity, regardless of their geographic provenance. Their composition is consistent with the chemistry of peraluminous S-type granites (see Fig. 6). Moreover, zircon grains from augen-and leucogneisses have similar, low aspect ratios which comply with a plutonic origin for the protoliths of both rocks [START_REF] Corfu | Atlas of Zircon Textures[END_REF], and morphologies typical of crystals formed in S-type granitic magmas (Pupin, 1980;Belousova et al., 2006) (Fig. 5). Furthermore, the obtained emplacement ages for the four samples (545-540 Ma) are overlapping within analytical uncertainties. All these lines of evidence indicate that the VOF represent a former, large S-type granitic batholith emplaced at the Ediacaran/Cambrian boundary that was subsequently deformed and dismembered by Variscan tectonics. The aim of this section is to characterize its petrogenesis.

Given the narrow range of silica contents (mostly 70-76 wt.%) and the apparent similar chemical composition of investigated samples, we plotted the geochemical data using the principal component approach. This procedure helps pinpointing petrogenetic trends [START_REF] Buccianti | The complex nature of potassic and ultrapotassic magmatism in Central-Southern Italy: a multivariate analysis of major element data[END_REF][START_REF] Janoušek | Magma-mixing in the genesis of Hercynian calc-alkaline granitoids: an integrated petrographic and geochemical study of the Sázava intrusion, Central Bohemian Pluton, Czech Republic[END_REF]. Principal components were calculated using the internal routine of the GCDkit software [START_REF] Janoušek | Interpretation of Whole-rock Geochemical Data in Igneous Geochemistry: Introducing Geochemical Data Toolkit (GCDkit)[END_REF] after recasting the chemical compositions to 100% in the system SiO 2 -Al 2 O 3 -MgO-FeO-TiO 2 -CaO-Na 2 O-K 2 O. The first three principal components account for 86% of the cumulative variance of the system. As principal component 1 (P.Comp 1 ) mostly opposes silica vs. compatible elements contents (MgO, FeO, TiO 2 , CaO), the most silicic rocks (i.e., the leucogneisses) feature high P.Comp 1 values (Fig. 10). Similar to trends observed in major elements diagrams, the banded gneisses' compositions spread between an augen gneiss and a leucogneiss endmember.

Source of the magmatic suite

The complete absence of mafic or even intermediate meta-igneous rocks in the VOF together with the observation of inherited zircon cores in the dated samples precludes the formation of the magmatic suite by fractionation of mantle-derived magmas. This absence rather suggests that the granitic magmas originated from melting of pre-existing crustal lithologies. The low CaO contents (0.2-1.5 wt.%) displayed by samples from the VOF discard amphibole-rich mafic rocks as a potential source material [START_REF] Coldwell | Deep crustal melting in the Peruvian Andes: Felsic magma generation during delamination and uplift[END_REF][START_REF] Sisson | Voluminous granitic magmas from common basaltic sources[END_REF], such that meta-sediments and meta-intermediate to felsic igneous rocks are most adequate as potential sources.

Figure 11 compares the composition of VOF samples to primary liquids formed by melting of a range of meta-sedimentary and meta-igneous crustal lithologies. Relevant melting conditions correspond to a range of crustal pressures from 3 to 15 kbar and temperatures < 900°C in agreement with (i) the absence of magmatic orthopyroxene in the investigated suite [START_REF] Frost | On charnockites[END_REF];

(ii) first-order estimates given by zircon saturation thermometry, the persistence of inherited zircon cores in the dated samples indicating maximum magma temperatures of 780 ± 15 °C upon emplacement (calculated with the equation of [START_REF] Boehnke | Zircon saturation rerevisited[END_REF]) and therefore, melting temperatures that cannot have been in excess of 840-885°C considering a maximum melting pressure of 15 kbar and reasonable adiabats (i.e. between 4 and 7°C/kbar; [START_REF] Annen | The Genesis of Intermediate and Silicic Magmas in Deep Crustal Hot Zones[END_REF][START_REF] Clemens | Deformation-enhanced fluid transport in the Earth's crust and mantle[END_REF][START_REF] Holtz | Maximum and minimum water content of granitic meltsimplications for chemical and physical properties of ascending magmas[END_REF]. Experimental melt compositions are projected on the principal component framework determined from statistical analysis of the VOF samples (Fig. 10). The considered experimental studies together with respective starting materials and P-T conditions are summarized in Table 2.

Clearly, tonalites and metaluminous granodiorites are inappropriate source rocks because melts derived from those lithologies have respectively lower Mg# (Fig. 11f) and/or lower K 2 O/Na 2 O (Fig. 11h) than natural samples. Peraluminous granodiorite melts display more adequate compositions but can only account for a small part of the natural samples variability centered on P.Comp 1 ~ 0 (Fig. 11). By contrast, melting of quartz-rich to quartz-poor pelites, greywackes and volcanoclastic rocks generates a range of primary melt compositions that fairly reproduce the compositional scatter of the augen-and part of the banded gneisses, i.e. samples with -4 < P.Comp 1 < 0.5. This is in line with the VOF samples displaying a geochemical affinity to S-type granites (see Fig. 6) that derive from melting of such lithologies [START_REF] Chappell | Two contrasting granite types: 25 years later[END_REF]. Therefore, it is reasonable to consider that the granitic protoliths of augen-and banded gneisses from the VOF represent liquids which originated from melting of a heterogeneous sedimentary sequence at 750 < T < 900°C and 3 < P < 15 kbars. This is consistent with the wide range of inherited zircon ages, scattering from 560 to 1100 Ma (Fig. 8), which points to an Ediacaran depositional age for the source sediments.

Importantly, leucogneiss samples (with P.Comp 1 > 0.5) clearly differ from any investigated experimental melt composition. Two non-exclusive scenarios may account for their origin: (i) leucogneisses derive from source materials and/or at P-T conditions not represented in our database; or (ii) they result from fractionation of the granitic magmas at the origin of augen-and banded gneisses with P.Comp 1 <0.5. The first hypothesis is unlikely, since the range of investigated source materials (Table 2) is fairly representative of the most common felsic sources in the crust, and the investigated temperature range (680-900°C) encompasses a wide domain of melting conditions, from water-present melting (c. 650-700°C) to muscovite dehydration melting (c. 720-750°C) and biotite dehydration melting (c. 850-875°C). The feasibility of the fractionation hypothesis is tested hereafter.

Leucogneiss petrogenesis

In this section, we investigate whether leucogneisses could be derived from fractionation of the magma at the origin of the augen gneisses. Figures 12a andb depict the chemical evolution of a magma fractionating minerals typically found in peraluminous S-type granites: K-feldspar, oligoclase, biotite, muscovite, cordierite, garnet [START_REF] Bea | Differentiation of strongly peraluminous, phosphorus granites: the Pedrobernardo pluton, central Spain[END_REF][START_REF] Tartèse | Differentiation of peraluminous leucogranites "en route" to the surface[END_REF].

Fractionation vectors are calculated using mass balance for major elements, and Rayleigh-type fractionation together with partition coefficients for traces (cordierite could not be modelled for traces due to the lack of available partitioning data). In terms of major elements, fractionation of an augen gneiss-like liquid to a leucogneiss composition cannot be driven by muscovite, nor Kfeldspar, as both result in too high values for PComp.3 (Fig. 12b). Leucogneisses are better reproduced by concomitant fractionation of plagioclase and a ferromagnesian phase (biotite, garnet and/or cordierite, Fig. 12a,b). The low Ba-Sr contents displayed by leucogneisses can result from fractionation of either a K-feldspar dominated assemblage (however, this is ruled out by major elements), or a polymineralic assemblage comprising 40% biotite and 60% plagioclase (Fig. 12c).

Fractionation of plagioclase is also in agreement with the more pronounced Eu anomaly displayed by leucogneisses (Fig. 6). The decrease in HREE and Y contents from augen gneisses to leucogneisses could result from fractionation of a small amount of garnet, zircon or xenotime [START_REF] Bea | Residence of REE, Y, Th and U in granites and crustal protoliths; implications for the chemistry of crustal melts[END_REF]. The same observation for LREE could originate from minor fractionation of apatite and/or monazite [START_REF] Bea | Residence of REE, Y, Th and U in granites and crustal protoliths; implications for the chemistry of crustal melts[END_REF]. As a result, fractionation of a Pl+Bt (+accessory phases) assemblage from an augen gneiss-like magma satisfactorily accounts for the composition of leucogneisses.

Emplacement depth

Leucogneisses are highly silicic (SiO 2 generally ranging between 74 and 77 wt.%), mostly contain quartz+feldspar, and, as demonstrated above, correspond to residual melts after fractionation of a

Pl+Bt assemblage out of a melt similar to augen gneisses. Therefore, the leucogneisses compositions should be very close to that of the minimum or eutectic in the haplogranitic system.

The position of this minimum/eutectic in the ternary Qz-Ab-Or diagram is a function of the water activity and the pressure of crystallization [START_REF] Johannes | Petrogenesis and experimental petrology of granitic rocks[END_REF]. At a given pressure, decreasing water activity (corresponding to H 2 O-undersaturated melts) shifts the position of the minimum/eutectic towards the Qz-Or join keeping the normative Qz proportion constant [START_REF] Johannes | Petrogenesis and experimental petrology of granitic rocks[END_REF]. The latter is therefore strictly pressure-dependent and is an indicator of the pressure of magma crystallization. In this section, we aim at retrieving the depth of emplacement/crystallization of the batholith by comparing the compositions of leucogneisses to that of the haplogranitic minimum/eutectic as predicted by experimental data.

Experimental data on the Qz-Ab-Or-H 2 O system have been compiled by [START_REF] Blundy | Ascent-driven crystallisation of dacite magmas at Mount St Helens, 1980-1986[END_REF]. We projected natural leucogneiss compositions following the recommendations of the same authors by: (i) calculating the CIPW norm; (ii) correcting the effect of the An normative component on the position of the natural melt in the ternary diagram. Only samples with measured Fe 2 O 3 /FeO ratios were retained (total of 66 analyses) to ensure calculation of accurate normative values. Leucogneisses from the VOF cluster around the minimal melt compositions expected at pressures of 0.5 -2 kbars and water-saturated conditions (a H2O = 1, Fig. 13). Few samples show higher Qz modal values which could result from limited sub-solidus chemical modifications or the presence of quartz veinlets.

Since leucogneisses and augen gneisses are intimately associated in the field (see section 2.2), a pressure of crystallization for the whole batholith of 0.5 -2 kbars can be inferred. This corresponds to depths of ~ 2 to 7 km and suggests that the VOF S-type granites emplaced at shallow crustal levels.

Interpretation of Lu -Hf data

The εHf(t) variability within a given sample is small (<4 and even <2 εHf-units in MM11) and of the same order of magnitude than the analytical uncertainties (i.e. ±1.1εHf-units), indicating that zircons crystallized from a magma with relatively homogeneous Hf isotope composition. Both samples reveal identical average εHf(t) clustering around the chondritic value, taken as representative of that of the magma at the time of crystallization.

Clearly, a chondritic mantle source for the magmas at the origin of the VOF must be discarded because geochemical data are rather in line with a sedimentary source (see section 5.2.1).

Accordingly, the chondritic value could originate from the melting of an isotopically homogeneous sedimentary reservoir that would itself rework continental crust extracted from the Depleted Mantle (DM) at ~1.3 Ga (calculated model age with a crustal 176 Lu/ 177 Hf of 0.0113, from [START_REF] Taylor | The Continental Crust: its Composition and Evolution[END_REF]). However, there is no crust of that specific age in the north Gondwana margin, where crust production occurred in the Archean (2.5-3.3Ga), Paleoproterozoic (1.8-2.2Ga) and Neoproterozoic (0.6-0.7Ga) [START_REF] Gerdes | Combined U-Pb and Hf isotope LA-(MC-)ICP-MS analyses of detrital zircons: Comparison with SHRIMP and new constraints for the provenance and age of an Armorican metasediment in Central Germany[END_REF][START_REF] Linnemann | The Cadomian Orogen: Neoproterozoic to Early Cambrian crustal growth and orogenic zoning along the periphery of the West African Craton-Constraints from U-Pb zircon ages and Hf isotopes (Schwarzburg Antiform, Germany)[END_REF][START_REF] Nance | Late Proterozoic tectonostratigraphic evolution of the Avalonian and Cadomian terranes[END_REF].

As a result, the chondritic signature of the VOF parental magmas most probably stems results from the melting of a sedimentary source composed of a mixture of the three above-mentioned reservoirs, including at least 50% of Neoproterozoic juvenile crust (as proposed for Variscan Stype granites from the same area [START_REF] Moyen | Collision vs. subduction-related magmatism: Two contrasting ways of granite formation and implications for crustal growth[END_REF][START_REF] Turpin | Meta-igneous origin of Hercynian peraluminous granites in N.W. French Massif Central: implications for crustal history reconstructions[END_REF]). Ediacaran metasediments throughout the Variscan belt of Western Europe are characterized by a very large spread of detrital zircon εHf(t), specifically ranging from c. +10 down to c. -40 at 600 Ma (Fig. 9b), interpreted as reflecting the contribution of terrigenous material from both juvenile Neoproterozoic crust (such as the Arabian-Nubian Shield) and ancient, Paleoproterozoic to Archean crust from Gondwana [START_REF] Chelle-Michou | Pre-Cadomian to late-Variscan odyssey of the eastern Massif Central, France: Formation of the West European crust in a nutshell[END_REF][START_REF] Linnemann | The Cadomian Orogen: Neoproterozoic to Early Cambrian crustal growth and orogenic zoning along the periphery of the West African Craton-Constraints from U-Pb zircon ages and Hf isotopes (Schwarzburg Antiform, Germany)[END_REF][START_REF] Orejana | Ediacaran-Cambrian paleogeography and geodynamic setting of the Central Iberian Zone: Constraints from coupled U-Pb-Hf isotopes of detrital zircons[END_REF]. Therefore, the Ediacaran metasediments represent adequate sources for the VOF granites.

The U-Pb dates of inherited zircons in the VOF samples strongly support this interpretation, since those are dominantly in the range 560-900 Ma (20 analyses out of 28, i.e. 71%) that is typical for detrital zircons in Ediacarian metasediments of the northern Gondwana margin (Chelle-Michou et al., 2017;[START_REF] Linnemann | The Cadomian Orogen: Neoproterozoic to Early Cambrian crustal growth and orogenic zoning along the periphery of the West African Craton-Constraints from U-Pb zircon ages and Hf isotopes (Schwarzburg Antiform, Germany)[END_REF][START_REF] Orejana | Ediacaran-Cambrian paleogeography and geodynamic setting of the Central Iberian Zone: Constraints from coupled U-Pb-Hf isotopes of detrital zircons[END_REF][START_REF] Teixeira | Combined U-Pb geochronology and Lu-Hf isotope systematics by LAM-ICPMS of zircons from granites and metasedimentary rocks of Carrazeda de Ansiães and Sabugal areas, Portugal, to constrain granite sources[END_REF]; see also Fig. 8).

The Hf isotope homogeneity displayed by the parental magmas of the VOF (Fig. 9b) is rather uncommon for S-type granites, which magmatic zircons commonly show larger variations of εHf(t), most often of ~10 epsilon-units [START_REF] Appleby | Do S-type granites commonly sample infracrustal sources? New results from an integrated O, U-Pb and Hf isotope study of zircon[END_REF][START_REF] Farina | Small-scale Hf isotopic variability in the Peninsula pluton (South Africa): the processes that control inheritance of source 176 Hf/ 177 Hf diversity in S-type granites[END_REF][START_REF] Teixeira | Combined U-Pb geochronology and Lu-Hf isotope systematics by LAM-ICPMS of zircons from granites and metasedimentary rocks of Carrazeda de Ansiães and Sabugal areas, Portugal, to constrain granite sources[END_REF][START_REF] Villaros | Isotopic variations in S-type granites: an inheritance from a heterogeneous source?[END_REF]. Based on the natural case of the Cape Granite Suite in South Africa, [START_REF] Villaros | Isotopic variations in S-type granites: an inheritance from a heterogeneous source?[END_REF] proposed that the Hf isotope scatter observed in S-type granites results from the dissolution at emplacement level of inherited detrital zircons in the melt phase. Such grains being isotopically disparate, their dissolution creates small-scale Hf isotopic heterogeneities captured by newly formed zircon when the melt crystallizes. However, [START_REF] Farina | Small-scale Hf isotopic variability in the Peninsula pluton (South Africa): the processes that control inheritance of source 176 Hf/ 177 Hf diversity in S-type granites[END_REF] showed that the cooling history of the magmatic body exerts a strong control on this process, with fast cooling rates (≥0.0125 °C/yr) leading to rapid zircon saturation. In that case, especially if some zircon has already been dissolved during melting and/or transport and the Hf isotopic composition was homogenized thereby, igneous zircons crystallized at the emplacement level would not show strong Hf isotope heterogeneities (i.e. about 1 εHf unit even though the initial inherited zircons showed compositional variation in excess of 10 εHf units; [START_REF] Farina | Small-scale Hf isotopic variability in the Peninsula pluton (South Africa): the processes that control inheritance of source 176 Hf/ 177 Hf diversity in S-type granites[END_REF]. It is therefore likely that the parental magmas of the VOF experienced such a process, i.e. (i) inherited zircon dissolution during melting and/or ascent in the crust; (ii) coeval homogenization of Hf isotopic compositions in the melt; and (iii) subsequently, limited further dissolution at the emplacement level (if any).

Liquids formed by melting of sedimentary lithologies at 750-850°C can dissolve up to 115-390 ppm Zr (calculated using the equation of [START_REF] Boehnke | Zircon saturation rerevisited[END_REF] and the composition of experimental melts from the compilation presented in Table 2), which corresponds to 14 to 48% dissolution of detrital zircons present in the sedimentary source lithology, assuming a source composition of ca.

200 ppm Zr (close to the average composition of the upper crust, Rudnick and Gao, 2003), that all Zr is hosted in detrital zircons and an average melt fraction of ca. 25% (derived from experimental data listed in Table 2). Consistently, Zr concentrations in augen and banded gneisses from the VOF range mostly from ca. 50 to 180 ppm, indicating that they would have left the source in a Zrundersaturated state after dissolution of maximum 6-23% detrital zircon (and probably much less, given the presence of inherited zircons in the VOF samples) using the same parameters as above.

Close to their liquidus, the resulting melts would have readily undergone homogenization through advection and elemental/ isotopic diffusion. Conversely, zircon saturation temperatures of the VOF samples are around 780°C (see section 5.2.1), meaning that they would have very rapidly reached saturation upon emplacement and cooling, especially considering that they emplaced at relatively shallow crustal levels (≤7 km, see section 5.2.3). This would have indeed promoted fast cooling rates and in turn, limited dissolution (if any) of the remaining inherited zircon cores [START_REF] Farina | Small-scale Hf isotopic variability in the Peninsula pluton (South Africa): the processes that control inheritance of source 176 Hf/ 177 Hf diversity in S-type granites[END_REF]. All lines of evidence therefore suggest that the unusually homogeneous zircon Hf isotopic composition of the S-type VOF granites result from a combination of Zr-undersaturated conditions during melting and transport in the crust followed by early saturation upon emplacement owing to rapid cooling at shallow crustal levels. Gondwana margin that culminated in rifting and the opening of small-scale oceanic basins [START_REF] Lardeaux | The Moldanubian Zone in the French Massif Central, Vosges/Schwarzwald and Bohemian Massif revisited: differences and similarities[END_REF]. However, at the scale of the Variscan belt, the significance of this Ordovician event is much discussed and contrasted geodynamic settings have been proposed such as an active margin environment with a fore-arc accretionary complex [START_REF] Zurbriggen | Ordovician orogeny in the Alps: a reappraisal[END_REF] and continental subduction [START_REF] Villaseca | Zircon Hf signatures from granitic orthogneisses of the Spanish Central System: Significance and sources of the Cambro-Ordovician magmatism in the Iberian Variscan Belt[END_REF].

The existence of the Ediacaran/Cambrian peak together with its origin and significance have not been addressed in the FMC. By that time, the crust segment today exposed in the FMC was located along the northern margin of Gondwana [START_REF] Stampfli | The formation of Pangea[END_REF] and was therefore likely affected by the Cadomian orogeny, a Cryogenian-Ediacaran Western Pacific-type marginal orogenic system [START_REF] Nance | Late Proterozoic tectonostratigraphic evolution of the Avalonian and Cadomian terranes[END_REF]. Accordingly, remnants of Cadomian granitoid rocks have been described in several parts of the Variscan belt (see review in [START_REF] Garfunkel | The relations between Gondwana and the adjacent peripheral Cadomian domain-constrains on the origin, history, and paleogeography of the peripheral domain[END_REF]). In the following, we compare the Cadomian magmatic record of the eastern FMC to that of the closest crustal block shaped by the Cadomian orogeny but nearly devoid of Variscan imprint: the Mancellian Domain of the North Armorican Massif (Fig. 1). Today located 500 km NW of the Velay Dome, it preserves an excellent record of the Cadomian orogenic evolution [START_REF] Ballèvre | The tectonothermal evolution of the Cadomian belt of northern Brittany, France: a Neoproterozoic volcanic arc[END_REF][START_REF] Chantraine | The Cadomian active margin (Northern Armorican Massif, France): a segment of the North Atlantic Panafrican belt[END_REF] and the developed comparison would better constrain the origin and geodynamic setting of late Ediacaran magmatism in the FMC.

The Mancellian Domain comprises two main lithological units: (i) a terrigenous sedimentary sequence of Ediacaran ("Brioverian") age, interpreted as a turbidite-type back-arc to retro-arc basin [START_REF] Ballèvre | The tectonothermal evolution of the Cadomian belt of northern Brittany, France: a Neoproterozoic volcanic arc[END_REF][START_REF] Linnemann | The Cadomian Orogen: Neoproterozoic to Early Cambrian crustal growth and orogenic zoning along the periphery of the West African Craton-Constraints from U-Pb zircon ages and Hf isotopes (Schwarzburg Antiform, Germany)[END_REF]; (ii) a range of granitoids which intrude the sediments and develop thermal aureoles that suggest emplacement depths lower than 6 km [START_REF] Ballèvre | The tectonothermal evolution of the Cadomian belt of northern Brittany, France: a Neoproterozoic volcanic arc[END_REF]. Available ages on this magmatism range between 550 and 540 Ma [START_REF] Egal | The Cadomian orogeny revisited in northern Brittany, Avalonian and Related Peri-Gondwanan Terranes of the Circum-North Atlantic[END_REF][START_REF] Egal | Notice explicative, Carte géol[END_REF][START_REF] Peucat | Behaviour of Rb-Sr whole-rock and U-Pb zircon systems during partial melting as shown in migmatitic gneisses from the Saint-Malo Massif, NE Brittany, France[END_REF]. This configuration clearly resembles that observed in the LGU of the eastern FMC [START_REF] Ledru | The Velay dome (French Massif Central): melt generation and granite emplacement during orogenic evolution[END_REF]. As demonstrated above, orthogneisses correspond to a late Ediacaran S-type granitic suite emplaced at shallow crustal levels (2-7 km). Field observations clearly indicate that the VOF is intrusive within the regional paragneisses [START_REF] Ledru | Notice explicative, Carte géol[END_REF]. Consequently, our dating results on the VOF importantly constrain a minimum deposition age of 545 Ma for the sedimentary protoliths of the paragneisses, besides consistent with constraints based on the age of the youngest detrital zircons in these rocks (Chelle-Michou et al., 2017). We thus propose that Velay paragneisses are akin to the Brioverian sediments and that the VOF is the counterpart of the Mancellian granitoids.

However, when compared to the VOF, Mancellian plutonic rocks show a larger petrographic diversity as they include mafic to intermediate rocks which are not observed in the VOF.

Accordingly, the Mancellian suite displays a larger scatter in SiO 2 contents (49-78 wt.%) than the VOF (69-79 wt.%) (Fig. 15a). Moreover, the dominant phase of the Mancellian suite is a granodiorite as opposed to a granite and leucogranites only form subordinate massifs. The Mancellian granodiorites trend between two endmembers in the ternary CaO -K 2 O/Na 2 O -Al 2 O 3 /(FeO t +MgO) diagram [START_REF] Laurent | The diversity and evolution of late-Archean granitoids: Evidence for the onset of "modernstyle" plate tectonics between 3.0 and 2.5 Ga[END_REF] (Fig. 15b). This observation suggests a dual origin by: (i) melting of sedimentary materials in agreement with petrographic [START_REF] Brown | The late-Precambrian geodynamic evolution of the Armorica segment of the Cadomian belt (France): Distortion of an active continental margin during south-west directed convergence and subduction of a bathymetric high[END_REF] and isotopic data (D'Lemos and [START_REF] D'lemos | Sm-Nd isotope characteristics of late Cadomian granite magmatism in northern France and the Channel Islands[END_REF] ; (ii) involvement of K-rich mantle-derived magmas (Fig. 15b), either as a component of the source (remelting of underplated mafic rocks) and/or via magma mixing/mingling as suggested by the occurrence of mafic microgranular enclaves [START_REF] Jonin | Un batholite fini-Précambrien : le batholite mancellien[END_REF] and the presence of mafic/intermediate calc-alkaline rocks as part of the suite (Le [START_REF] Gall | Petrology of late Cadomian magmatism in the northern Armorican Massif; the Ernee and Tregomar mafic and ultramafic complexes[END_REF]. Leucogranites have been interpreted as sediment-derived melts produced under high a (H2O) conditions and are not genetically linked to the granodiorites [START_REF] Brown | The late-Precambrian geodynamic evolution of the Armorica segment of the Cadomian belt (France): Distortion of an active continental margin during south-west directed convergence and subduction of a bathymetric high[END_REF]. As a result, the respective petrogenesis of Mancellian and VOF granitoid suites contrast by the extent of mantle contribution (respectively significant vs. lacking) and the relative role played by fractionation in accounting for the most felsic compositions.

The proposed geodynamic setting for Mancellian magmatism corresponds to the post-570 Ma inversion of a back-arc basin (the Brioverian sequence) in a transpressional regime coeval with collision between the Cadomian arc and the Gondwana continent [START_REF] Chantraine | The Cadomian active margin (Northern Armorican Massif, France): a segment of the North Atlantic Panafrican belt[END_REF][START_REF] Dallmeyer | Chronology of Cadomian tectonothermal activity in the baie de Saint-Brieux (North Brittany), France: evidence from 40 Ar/ 39 Ar mineral ages[END_REF][START_REF] Linnemann | The Cadomian Orogen: Neoproterozoic to Early Cambrian crustal growth and orogenic zoning along the periphery of the West African Craton-Constraints from U-Pb zircon ages and Hf isotopes (Schwarzburg Antiform, Germany)[END_REF]. Given the evidence for limited thickening (maximum crustal thickness of ~ 40 km according to [START_REF] Ballèvre | The tectonothermal evolution of the Cadomian belt of northern Brittany, France: a Neoproterozoic volcanic arc[END_REF] and the presence of a mantle component in the Mancellian suite, crustal melting is considered to have been triggered by the underplating of mafic magmas [START_REF] Ballèvre | The tectonothermal evolution of the Cadomian belt of northern Brittany, France: a Neoproterozoic volcanic arc[END_REF][START_REF] Dissler | Cadomian geodynamical evolution in the northeastern Armorican massif[END_REF][START_REF] Linnemann | The Cadomian Orogen: Neoproterozoic to Early Cambrian crustal growth and orogenic zoning along the periphery of the West African Craton-Constraints from U-Pb zircon ages and Hf isotopes (Schwarzburg Antiform, Germany)[END_REF]. In contrast, the lack of substantial evidence for mantle-derived magmatism in the VOF despite its large surface (~1800 km²), especially the invariably (leuco)granitic character and high SiO 2 content (>68 wt.%) of the samples (see Fig. 6), rules out mafic magma underplating as a potential heat source. The Cadomian back-arc basin corresponded to stretched and thinned continental crust [START_REF] Brown | The Cadomian granites of Mancellia, northeast Armorican Massif of France: relationship to the St. Malo migmatite belt, petrogenesis and tectonic setting[END_REF][START_REF] Chantraine | The Cadomian active margin (Northern Armorican Massif, France): a segment of the North Atlantic Panafrican belt[END_REF][START_REF] Linnemann | The Cadomian Orogen: Neoproterozoic to Early Cambrian crustal growth and orogenic zoning along the periphery of the West African Craton-Constraints from U-Pb zircon ages and Hf isotopes (Schwarzburg Antiform, Germany)[END_REF] and by analogy with modern back-arc settings, high mantle heat flow was expected in this crust segment [START_REF] Currie | The thermal structure of subduction zone back arcs[END_REF]. As demonstrated by [START_REF] Clark | How Does the Continental Crust Get Really Hot?[END_REF], thermal relaxation following stacking of back-arc units generates temperatures in the middle crust in excess of 750°C, compatible with extensive melting of sedimentary lithologies and with the conditions of formation inferred for the VOF parental magmas based on experimental constraints and zircon saturation (see above). Therefore, limited thickening of anomalously warm Cadomian back-arc basins would have triggered significant crustal melting [START_REF] Brown | The Cadomian granites of Mancellia, northeast Armorican Massif of France: relationship to the St. Malo migmatite belt, petrogenesis and tectonic setting[END_REF]. As a result, we propose that the VOF is a lateral equivalent of the Mancellian batholith in an area unaffected by mantle melting during the Cadomian back-arc basin inversion. Several reasons can explain the apparent lack of coeval mantle-derived magmatism including: (i) previous depletion of the underlying mantle during back-arc spreading as evidenced by the 590 -570 Ma tholeiitic to calc-alkaline mafic magmatism observed in parts of the Northern Armorican Massif [START_REF] Chantraine | The Cadomian active margin (Northern Armorican Massif, France): a segment of the North Atlantic Panafrican belt[END_REF][START_REF] Linnemann | The Cadomian Orogen: Neoproterozoic to Early Cambrian crustal growth and orogenic zoning along the periphery of the West African Craton-Constraints from U-Pb zircon ages and Hf isotopes (Schwarzburg Antiform, Germany)[END_REF]; or (ii) lateral variations in the Cadomian subducting slab dynamics with localized break-off that strongly affected the thermal regime of the back-arc mantle [START_REF] Nance | Evolution of the Rheic Ocean[END_REF].

Conclusion

Remnants of a Cadomian basement are described in the Velay area (eastern French Massif Central)

where an S-type granitic suite intruded Ediacaran sediments at c. 542 Ma. The main phase of this large (~1800 km²) batholith corresponded to a porphyritic granite (transformed into an augen gneiss during the Variscan orogeny) while some magmas evolved by fractional crystallization towards leucogranitic compositions (corresponding to the present-day leucogneisses). Such voluminous magmatism was likely caused by the inversion of a back-arc basin domain at the end of the Cadomian orogeny, leading to limited stacking of supracrustal sequences in a high thermal regime that favored significant melting. This is supported by the homogeneous εHf(t) of the VOF zircons compared with their inferred protoliths (sediments derived from various Gondwana-related reservoirs with extremely contrasted isotopic signatures) which points to dissolution of detrital zircons in the source and rapid cooling upon emplacement. From a crust evolution perspective, the Cadomian magmatism in the Velay area was strictly crust-derived and thus attests for substantial reworking of older crust away from a proper continent-continent collision zone. Conversely, there is currently no compelling evidence for Cadomian crust production in the FMC. (except those in italic). Hf isotope data are reported using the εHf calculated at the emplacement age of the corresponding sample, quoted with ±2σ uncertainty. ), the Bohemian Massif [START_REF] Linnemann | The Cadomian Orogen: Neoproterozoic to Early Cambrian crustal growth and orogenic zoning along the periphery of the West African Craton-Constraints from U-Pb zircon ages and Hf isotopes (Schwarzburg Antiform, Germany)[END_REF] and the Iberian Massif [START_REF] Orejana | Ediacaran-Cambrian paleogeography and geodynamic setting of the Central Iberian Zone: Constraints from coupled U-Pb-Hf isotopes of detrital zircons[END_REF][START_REF] Teixeira | Combined U-Pb geochronology and Lu-Hf isotope systematics by LAM-ICPMS of zircons from granites and metasedimentary rocks of Carrazeda de Ansiães and Sabugal areas, Portugal, to constrain granite sources[END_REF]. The εHf(t) range for the depleted mantle reservoir is bracketed by the models of [START_REF] Naeraa | Hafnium isotope evidence for a transition in the dynamics of continental growth 3.2 Gyr ago[END_REF] (lowermost value) and [START_REF] Griffin | Zircon chemistry and magma mixing, SE China: In-situ analysis of Hf isotopes, Tonglu and Pingtan igneous complexes[END_REF] (uppermost value). (except mentioned value) fractionation of the mineral phase. The list of considered partition coefficients is available as Supp. Material (Table S8). Same legend as figure 4. Larger symbols correspond to dated samples. Minima/eutectics (black squares) as compiled by [START_REF] Blundy | Ascent-driven crystallisation of dacite magmas at Mount St Helens, 1980-1986[END_REF]. Shift of minima/eutectic positions with decreasing water activity from [START_REF] Johannes | Petrogenesis and experimental petrology of granitic rocks[END_REF]. 

  older Paleoproterozoic 207 Pb/ 206 Pb dates of 1600, 1900 and 2400 Ma. Twenty-eight spots from zircon rims or grains without cores trend along a mixing line between radiogenic and common Pb with a lower intercept at 540.7 ± 2.7 Ma (MSWD = 0.11). Considering the concordant analyses only (n = 26), a Concordia date of 541.4 ± 2.3 Ma (MSWD C+E = 0.38, Fig. 8c) can be calculated. Thirteen concordant spots have 206 Pb/ 238 U dates ranging between 523.4 ± 11.1 Ma and 482.4 ± 11.1 Ma. Those were not included in the calculations because as argued below (see section 5.1), they would correspond to radiogenic Pb loss from the main population at ca. 541 Ma. 4.2.5 Sample MM09 Sample MM09 is a leucogneiss boudin stretched within an augen gneiss matrix and exposed along the D906 road south of Langogne (Fig. 4b). Out of 25 analyses, 3 correspond to zircon cores: one displays a concordant 206 Pb/ 238 U date of 686.7 ± 16.3 Ma and two show similar discordant Paleoproterozoic 207 Pb/ 206 Pb dates of 1700 Ma (Table

  and the chemical U-Th-Pb monazite date of 543 ± 25 Ma (Be Mezeme et al., 2006) both obtained on unmolten to anatectic Arc de Fix augen gneisses. It is also identical to the whole-rock Rb-Sr age of 545 ± 14 Ma determined by Caen-Vachette (1979) for the Pilat leucogneisses.

5. 4

 4 Geodynamic setting of late Ediacaran magmatism in the French Massif CentralA compilation of available geochronological data (n=74 dated samples) shows that pre-Variscan magmatism in the French Massif Central spanned over 150 Ma from the Ediacaran (c. 600 Ma) to the late Ordovician (c. 450 Ma) and possibly the Early Silurian (Fig.14). The age pattern shows a bimodal distribution reflecting the existence of two pulses of magmatic activity at c. 475 Ma (Ordovician) and c. 540 Ma (Ediacaran/Cambrian boundary). As outlined before, Ordovician magmatic activity in the FMC is interpreted as reflecting long-lived extension of the Northern
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 2 Figure 2: Geological map of the Velay dome area. The extent of Variscan partial melting of the metamorphic lithologies is not shown for sake of clarity. Redrawn after Ledru et al. (2001) and regional geological maps of France at scale 1/50000.
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 3 Figure 3: Schematic diagram showing the field relationships and ages of the main lithological components within the two high-grade units (Upper and Lower Gneiss Units) of the eastern French Massif Central. See text for discussion.

Figure 4 :

 4 Figure 4: Outcrop photographs showing: (a) a typical biotite + muscovite augen gneiss (dated sample MM06), St Privat-d'Allier; (b) a leucogneiss boudin (dated sample MM09) elongated within the augen gneiss facies, D906 Langogne; (c) sharp contact between the two facies underlined by a biotite-rich layer, D906 Langogne; (d) 10cm-thick laminated layers of mylonitic augen gneiss embedded within strongly deformed leucogneiss, contact is intricate and gradational, Pont-du-Bon-Dieu, Labastide-Puylaurent.

Figure 5 :

 5 Figure 5: Representative cathodoluminescence images of zircon grains from samples of the Velay Orthogneiss Formation. The locations of laser spots (white and yellow circles for U-Pb and Lu-Hf analyses respectively) are indicated along with the spot name (zXX). The corresponding 206 Pb/ 238 U dates are quoted with ±2σ uncertainty, in Ma. All displayed analyses are concordant at >98%

Figure 6 :

 6 Figure 6: Major elements compositions of samples from the Velay Orthogneiss Formation: (a) Na 2 O+K 2 O vs. SiO 2 Middlemost's classification diagram (Middlemost, 1994); (b) A/CNK vs.A/NK Shand's diagram[START_REF] Shand | Eruptive Rocks[END_REF]; (c) Mg# vs. SiO 2 . All diagrams were plotted using the GCDkit software[START_REF] Janoušek | Interpretation of Whole-rock Geochemical Data in Igneous Geochemistry: Introducing Geochemical Data Toolkit (GCDkit)[END_REF]; (d) Results of linear discrimination analysis (LDA) More than 80% of the data are indistinguishable from one another. Data for Variscan S-type granites are from[START_REF] Moyen | Collision vs. subduction-related magmatism: Two contrasting ways of granite formation and implications for crustal growth[END_REF].
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 7 Figure 7: Average trace-elements compositions of rocks from the Velay Orthogneiss Formation: (a) Rare Earth Elements patterns normalized to the chondrite (Boynton, 1984); (b) Coryell-Masuda diagram normalized to the Primitive Mantle (McDonough and Sun, 1995). Same legend as Figure 4. The shaded areas correspond to 1 S.D. (standard deviation).
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 8 Figure 8: Tera-Wasserburg diagrams ( 238 U/ 206 Pb vs. 207 Pb/ 206 Pb) showing zircon data from the Velay Orthogneiss Formation samples investigated in this study. Error ellipses and ages are displayed/quoted at 2σ level of uncertainty. Yellowish ellipses are those included in age calculations.
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 9 Figure 9: (a) Measured εHf(t) on magmatic zircon grains and rims from the two investigated samples of augen gneisses of the Velay Orthogneiss Formation (VOF). (b) Zircon εHf(t) vs. age diagram for the two VOF samples and a compilation of data from detrital zircon in regional Ediacaran metasediments (n=371), regarded as the potential source of the peraluminous magmas from which the VOF protoliths derive. Data from the French Massif Central (Chelle-Michou et al., 2017), the Bohemian Massif[START_REF] Linnemann | The Cadomian Orogen: Neoproterozoic to Early Cambrian crustal growth and orogenic zoning along the periphery of the West African Craton-Constraints from U-Pb zircon ages and Hf isotopes (Schwarzburg Antiform, Germany)[END_REF] and the Iberian Massif[START_REF] Orejana | Ediacaran-Cambrian paleogeography and geodynamic setting of the Central Iberian Zone: Constraints from coupled U-Pb-Hf isotopes of detrital zircons[END_REF] 

Figure 10 :

 10 Figure 10: Binary diagrams of the first three principal components calculated for the VOF samples. Scaled correlation matrix are displayed in bold. Same legend as figure 4. PComp.1 = 0.418 SiO 2 -0.408 TiO 2 -0.319 Al 2 O 3 -0.397 FeO t -0.409 MgO -0.397 CaO -0.118 Na 2 O + 0.248 K 2 O. PComp.2 = -0.183 TiO 2 + 0.266 Al 2 O 3 -0.258 FeO t -0.134 MgO -0.116 CaO + 0.829 Na 2 O -0.332 K 2 O. PComp.3 = 0.417 SiO 2 + 0.11 TiO 2 -0.523 Al 2 O 3 + 0.131 FeO t + 0.185 MgO -0.699 K 2 O.

Figure 11 :

 11 Figure 11: Comparison between VOF samples and experimental melt compositions for a range of crustal sources (see Table 2). Experimental data are projected on the principal component framework. Same legend as figure 4.

Figure 12 :

 12 Figure 12: (a) and (b) Major element compositions of fractionated melts. Each arrow shows the composition of a centroid melt (P.Comp 1 = 0) after 10% fractionation of the mentioned mineral phase (and given the composition of the centroid melt). The melt composition in case of a polymineral fractionating assemblage can be graphically estimated by a linear combination of each vector. Generic mineral compositions are from Stevens et al. (2007). (c) and (d) Trace element compositions of fractionated melts. Each arrow depicts the composition of the melt after 20%
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 13 Figure 13: Comparison of leucogneisses corrected normative compositions and experimental data on the H 2 O-saturated Qz -Ab -Or system at different pressures (numbers in kbars).

Figure 14 :

 14 Figure 14: Compilation of available intrusion ages for pre-Variscan volcanic and plutonic rocks in the French Massif Central. (a) Age distribution represented as Kernel Density Estimate, calculated using the DensityPlotter program of Vermeesch (2012); the bandwidth considered is the average 2σ error on emplacement ages (12 Ma). (b) Details on available intrusion ages. Abbreviations and references available in Supplementary text.

Figure 15 :

 15 Figure 15: Geochemical comparison between Cadomian granitoids from the Mancellian domain and the VOF (>95% of the samples in the grey field). (a) Na 2 O+K 2 O vs. SiO 2 Middlemost's classification diagram (Middlemost, 1994); (b) ternary CaO -K 2 O/Na 2 O -Al 2 O 3 /(FeO t +MgO)diagram[START_REF] Laurent | The diversity and evolution of late-Archean granitoids: Evidence for the onset of "modernstyle" plate tectonics between 3.0 and 2.5 Ga[END_REF]. The fields represent the composition of melts derived from a range of potential sources. MME: mafic microgranular enclaves.

Table 1 :

 1 Nature, mineralogy, sampling localities and coordinates (decimal degrees, WGS84) of the investigated samples of the Velay Orthogneiss Formation together with results of zircon U-Pb dating and Lu-Hf isotope measurements performed in this study. Mineral abbreviations from Whitney and Evans (2009).

Table 2 :

 2 Experimental melts database used in this study. List of starting materials, pressures and temperatures of melting and associated references (available as Supplementary material).
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