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The Neoproterozoic volcano-sedimentary succession of the Heussaye Headland (Erquy) belongs to the Cadomian block located in the north-east of the Armorican Massif (France).

The volcanism, dated at approximately 608 ± 7 Ma (zircon U/Pb data), occurred in a back-arc basin. This site exhibits a noteworthy verticalized pile of moderately metamorphosed (greenschist facies) basaltic andesite flows of arc/back-arc tholeiite affinity, alternating with metasedimentary layers (sandstones and siltstones). A large range of volcanic facies, characteristic of an underwater soft-substrate environment, can be continuously studied for over than 200 metres parallel to the flow edges. They include pillow lavas, lava lobes, fluidal peperites and sediment-matrix hyaloclastites. The presence of parallel lava lobes in a sector where one lava flow is capped by a variably thick hyaloclastite carapace, together with the occurrence of asymmetric turbiditic folds in interbedded metasedimentary layers, suggests the existence of an easterly-facing gentle paleoslope. The sudden thinning of this hyaloclastite carapace in two spots located approximately 60 metres from each other, is attributed to the synvolcanic activity of two conjugate normal paleofaults. This hypothesis is supported by the observation of a hyaloclastite accumulation in one of the two spots close to a strike-slip fault, which may have been extensional at the time of the volcanism. Water entered the lava flow along the faults, resulting in an interstitial network of hyaloclastites by quench fragmentation in the upper part of the hanging wall block. All these observations are consistent with a model of lava emplacement along a subaqueous slope resulting from synmagmatic extensional faulting in a marginal basin context.

Introduction

Precambrian subaerial and subaqueous volcanic systems form some of the largest effusive and explosive volcanic units on the Earth [START_REF] Mueller | Processes in physical volcanology and volcaniclastic sedimentation: modern and ancient[END_REF][START_REF] Mueller | Precambrian volcanism: an independent variable through time[END_REF]Lenhart and Eriksson, 2012;[START_REF] Roverato | Paleoproterozoic andesitic volcanism in the southern Amazonian craton, the Sobreiro Formation: new insights from lithofacies analysis of the volcaniclastic sequences[END_REF]Albuquerque do Santos et al., in press). These sequences expose a large diversity of ancient products, the understanding of which is important for our knowledge of the volcanism evolution over geological time.

Besides pyroclastic and epiclastic rocks, volcaniclastic formations include mainly peperites and hyaloclastites [START_REF] Ross | Mafic volcaniclastic deposits in flood basalt provinces: a review[END_REF]. Peperites, generally present around magmatic bodies intruded into water-rich unconsolidated sediment and at the base of lava flows emplaced onto such material, consist of a mixture of blocky and fluidal magmatic/sedimentary clasts, and/or single magmatic clasts with fluidal margins in contact with sediment [START_REF] Skilling | Peperite: a review of magma-sediment mingling[END_REF].

Hyaloclastites are glassy volcanic breccias resulting from non-explosive in situ quench fragmentation upon contact with ambient water or ice melt water, in one of these situations: subaerial lava flow entering a water body, extrusion of lava in a subaqueous environment, or extrusion in a glacial environment [START_REF] Pichler | Acid hyaloclastites[END_REF][START_REF] Schopka | The formation of Helgafell, southwest Iceland, a monogenetic subglacial hyaloclastite ridge: sedimentology, hydrology and volcano-ice interaction[END_REF][START_REF] Van Otterloo | The fracture behavior of volcanic glass and relevance to quench fragmentation during formation of hyaloclastite and phreatomagmatism[END_REF]. Quenching is mainly dominated by the cooling rate, controlled by, among others, the shape of cooling magma, its composition and crystallinity, and the water chemistry [START_REF] Van Otterloo | The fracture behavior of volcanic glass and relevance to quench fragmentation during formation of hyaloclastite and phreatomagmatism[END_REF]. Not being dispersed at the time of their formation, hyaloclastites can be mobilized by wave action or through gravity-controlled movement in a downslope direction, for instance in lava deltas resulting from propagation of breccia sheets [START_REF] Schmincke | Evolution of the northwestern Iblean Mountains, Sicily: uplift, Plicocene/Pleistocene sea-level changes, paleoenvironment and volcanism[END_REF]Watton et al., 2013). Hyaloclastites are generally associated with pillowed/lobate lavas [START_REF] Schmincke | Evolution of the northwestern Iblean Mountains, Sicily: uplift, Plicocene/Pleistocene sea-level changes, paleoenvironment and volcanism[END_REF][START_REF] Skilling | Basaltic pahoehoe lava-fed deltas: large-scale characteristics, clast generation, emplacement processes and environmental discrimination[END_REF]Watton et al., 2013). 4 Pillow lavas are identifiable through their tubular, worm-like shape, with a grossly circular cross-section [START_REF] Carracedo Sánchez | Structure and Organization of submarine basaltic flows: sheet flow transformation into pillow lavas in shallow submarine environments[END_REF]. Normal-size pillows have typically diametres of 50-150 cm, whereas megapillows are > 150 cm in cross-section [START_REF] Dimroth | Structure and organization of Archean basalts flows, Rouyn-Noranda area, Quebec, Canada[END_REF][START_REF] Carracedo Sánchez | Structure and Organization of submarine basaltic flows: sheet flow transformation into pillow lavas in shallow submarine environments[END_REF]. Subaqueous pahoehoe lobes resemble flattened pillow lavas, with smaller thickness/width ratios [START_REF] Ballard | Photographic Atlas of the Mid-Atlantic Ridge Rift Valley[END_REF][START_REF] Fornari | Submarine slope micromorphology and volcanic substructure of the island of Hawaii inferred from visual observations from U.S. Navy deep-submergence vehicle (DSV) "Sea Cliff[END_REF]Walker, 1992;[START_REF] Umino | Subaqueous lava flow lobes, observed on ROV KAIKO dives off Hawaii[END_REF]. [START_REF] Hon | Emplacement and inflation of pahoehoe sheet flows: Observations and measurements of active lava flows on Kilauea Volcano, Hawaii[END_REF] has studied thin sheet lobes typically 20-30 cm thick. Submarine lobate flows may be characterized by lobe inflation and sheet morphologies in their interior, together with pillow forms at their front [START_REF] Soule | New insights into mid-ocean ridge volcanic processes from the 2005-2006 eruption of the East Pacific Rise, 9°46'N-9°56[END_REF][START_REF] Carracedo Sánchez | Structure and Organization of submarine basaltic flows: sheet flow transformation into pillow lavas in shallow submarine environments[END_REF].

Most detailed studies about hyaloclastites in lobate sheet flows concern modern deposits. Archean or Proterozoic sites may expose well-preserved outcrops, but within units often parceled or severely deformed by tectonics (e.g., [START_REF] Ross | Basaltic to andesitic volcaniclastic rocks in the Blake River Group, Abitibi Greenstone Belt: 1. Mode of emplacement in three areas[END_REF][START_REF] Duraiswami | Emplacement of pillow lavas from the ~2.8 Ga Chitradurga Greenstone Belt, South India: A physical volcanological, morphometric and geochemical perspective[END_REF]. Despite its rather modest dimensions, the Heussaye Headland (Erquy, France) exhibits a spectacular pile of twelve pillowed/lobate lavas, Neoproterozoic in age, interbedded with metasedimentary layers, mainly ancient sandstones and siltstones. No significant gap occurs in the volcano-sedimentary succession. The conditions of metamorphism are moderate (greenschist facies) and the tectonic deformations unimportant, which permits the observation of preserved primary magmatic structures. There is a great diversity of underwater volcanic facies, including pillow lavas, more or less inflated pahoehoe lobes, peperites and hyaloclastites. Some lava flows are laterally traceable over more than 200 metres. All these features make this site an excellent case study to apply to Precambrian series the recent effusion concepts proposed for modern lavas and associated breccias in subaqueous environments (e.g., [START_REF] Maicher | Sheet hyaloclastite: density-current deposits of quench and bubble-burst fragments from thin, glassy sheet lava flows, Seamount Six, Eastern Pacific Ocean[END_REF][START_REF] Skilling | Basaltic pahoehoe lava-fed deltas: large-scale characteristics, clast generation, emplacement processes and environmental discrimination[END_REF][START_REF] Moore | In situ hydroclastic fragmentation of subaqueous ponded lavas; New Senator caldera, Abitibi greenstone belt[END_REF]Watton et al., 2013;[START_REF] Van Otterloo | The fracture behavior of volcanic glass and relevance to quench fragmentation during formation of hyaloclastite and phreatomagmatism[END_REF]. Furthermore, the combined study of lavas, metasedimentary layers and synvolcanic faults supplies new insights for a Neoproterozoic subduction setting.

Geology

The Cadomian chain in the Armorican Massif

The Cadomian block forms the North Armorican Domain in the north-east of the Armorican Massif (Fig. 1a). The corresponding Neoproterozoic rocks, ranging in age from 615 to 540 Ma (all the ages mentioned in this section are U-Pb ages), were mostly unaffected by Variscan deformation [START_REF] Brown | The late-Precambrian geodynamic evolution of the Armorican segment of the Cadomian belt (France): Distortion of an active continental margin during south-2 west directed convergence and subduction of a bathymetric high[END_REF][START_REF] Chantraine | The Cadomian active margin (North Armorican Massif, France): a segment of the North Atlantic Panafrican belt[END_REF][START_REF] Ballèvre | The tectonothermal evolution of the Cadomian belt of northern Brittany, France: a Neoproterozoic volcanic arc[END_REF]. Six units have been defined in the Cadomian block (Trégor, Saint-Brieuc, Guingamp, Yffiniac, Saint-Malo, Fougères), limited by NE-SW-trending sinistral strike-slip faults and younging towards southeast (Fig. 1b). Fragments of the Paleoproterozoic (Icartian, 2 000 -1 800 Ma) / Lower Neoproterozoic (Pentevrian/Eocadomian, 750 -624 Ma) basement are observable in the Trégor and Saint-Brieuc units [START_REF] Samson | U-Pb geochronology and Hf-Nd isotope compositions of the oldest Neoproterozoic crust within the Cadomian orogeny; new evidence for a unique juvenile terrane[END_REF] (Fig. 1).

The upper crustal Cadomian structures have been interpreted by [START_REF] Bitri | Structure crustale du bloc cadomien de Bretagne Nord (France) : sismique réflexion vertical et sondage magnétotellurique (projet Géofrance 3D -Armor) [Crustal structure of the Cadomian block in the north Brittany (France): seismic reflection and magnetotelluric sounding (Geofrance 3D -Armor project)[END_REF] as a SE-verging overthrusting prism. [START_REF] Chantraine | The Cadomian active margin (North Armorican Massif, France): a segment of the North Atlantic Panafrican belt[END_REF] suggest that the Armorican Cadomian belt corresponds to the collision of an ancient active margin juxtaposing a continental margin (Saint-Malo/Fougères Units), a marginal basin (Saint-Brieuc Unit) and a volcanic arc (Saint-Brieuc/Trégor Units) (Fig. 2a). The Guinguamp/Yffiniac Units were interpreted by [START_REF] Chantraine | The Cadomian active margin (North Armorican Massif, France): a segment of the North Atlantic Panafrican belt[END_REF] as intervening domains, with migmatites and highgrade metamorphic rocks (Figs. 1b and2b). Minor reactivation of the Cadomian structures occurred during the Late Carboniferous Variscan orogeny [START_REF] Ballèvre | The tectonothermal evolution of the Cadomian belt of northern Brittany, France: a Neoproterozoic volcanic arc[END_REF].

The Saint-Brieuc Unit is made up of 610 -590 Ma volcano-sedimentary and plutonic complexes with arc/back-arc affinities (geochemical data in [START_REF] Cabanis | Geochemical study of the Brioverian (late Proterozoic) volcanic rocks in the Northern Armorican Massif (France) -Implications for geodynamic evolution during the Cadomian. In: Geochemistry and Mineralization of Proterozoic Volcanic suites[END_REF][START_REF] Lees | Upper Proterozoic basaltic volcanism in the Northern Massif Armorican, France. In: Geochemistry and Mineralization of Proterozoic Volcanic suites[END_REF][START_REF] Shufflebotham | Geochemistry and geotectonic interpretation of the Penthièvre Cryslalline Massif, Northern Brittany, France[END_REF][START_REF] Roach | Brioverian volcanism and Cadomian tectonics, Baie de St Brieuc, Brittany: stages in the evolution of a late Precambrian ensialic basin[END_REF][START_REF] Lécuyer | Seawater-sediment-basalt interactions: stable isotope (H, O) and elemental fluxes within the Ordovician volcano-sedimentary sequence of Erquy (Brittany, France)[END_REF]. The 610 ± 9 Ma 6 Paimpol volcanics are assumed to result from an oceanic subduction, while the volcanosedimentary Lanvollon formation, which includes the Erquy succession, would have been emplaced contemporaneously in a sedimentary basin located above a thinned continental crust [START_REF] Chantraine | The Cadomian active margin (North Armorican Massif, France): a segment of the North Atlantic Panafrican belt[END_REF] (Fig. 2a). Such an interpretation is consistent with the clear tholeiitic affinity of the Lavollon-Erquy volcanics, with a calc-alkaline chemistry less marked than in the subcontemporaneous Paimpol metabasalts [START_REF] Cabanis | Geochemical study of the Brioverian (late Proterozoic) volcanic rocks in the Northern Armorican Massif (France) -Implications for geodynamic evolution during the Cadomian. In: Geochemistry and Mineralization of Proterozoic Volcanic suites[END_REF][START_REF] Roach | Brioverian volcanism and Cadomian tectonics, Baie de St Brieuc, Brittany: stages in the evolution of a late Precambrian ensialic basin[END_REF][START_REF] Lécuyer | Seawater-sediment-basalt interactions: stable isotope (H, O) and elemental fluxes within the Ordovician volcano-sedimentary sequence of Erquy (Brittany, France)[END_REF].

If the existence of a Neoproterozoic subduction is not in doubt, its dip direction was debated at length in the literature, and two opposite models were proposed with either a southward-dipping subduction, associated to a Cadomian suture extending along the Mid-Channel magnetic anomaly [START_REF] Lefort | Possible 'Caledonian' subduction under the Domnonean domain -North Armorican area[END_REF][START_REF] Bois | Superimposed Variscan Caledonian and Proterozoic features inferred from deep seismic profiles recorded between Southern Ireland, Southwestern Britain and Western France[END_REF]Le Gall, 1990), or a northwarddipping subduction, with a Cadomian suture along the major Belle-Isle-La Fresnaye Fault (BILF in Figs. 1 and2) [START_REF] Brun | Cadomian tectonics in northern Brittany[END_REF][START_REF] Graviou | Reconnaissance d'une suture majeure au sein de la chaîne cadomienne[END_REF]. Among other arguments, the antithetic nature of the Cadomian thrust structures with respect to a southward-dipping subduction zone has led most author since the 2000s to rather favour the northward-dipping subduction model [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 (North Armorican Massif, France): a segment of the North Atlantic Panafrican belt[END_REF]. The Lanvollon-Erquy volcanism would be in back-arc position in such a model, as depicted in Fig. 2a.

The Erquy volcano-sedimentary succession

The volcano-sedimentary succession studied here crops out at the Heussaye Headland (Erquy), east of Saint-Brieuc Bay in northern Brittany (France). It belongs to the Lanvollon Formation. Unfossiliferous red conglomerates and sandstones, probably Cambrian in age from paleogeographic considerations [START_REF] Mcmahon | Negligible microbial matground influence on pre-vegetation river functioning: Evidence from the Ediacaran-Lower Cambrian Series Rouge, France[END_REF], unconformably overlie the volcano-sedimentary pile. They were deposited during the terminal stages of the Cadomian orogeny. [START_REF] Cogné | Données nouvelles sur l'Anté-Cambrien dans l'Ouest de la France : Pentévrien et Briovérien en Baie de Saint-Brieuc (Côtes-du-Nord)[END_REF], then [START_REF] Auvray | Le volcanisme spilitique de la pointe de la Heussaye, Erquy (Côtes du Nord)[END_REF], in the first modern thorough study of Erquy intrusions and volcanics, interpreted these as Neoproterozoic in age (based on cartographic criteria). [START_REF] Vidal | Données géochronologiques sur la série spilitique d'Erquy : problèmes nouveaux à propos du Briovérien de Bretagne septentrionale[END_REF] and [START_REF] Deunff | Confirmation micro-paléontologique de l'âge radiométrique Ordovicien inférieur du groupe spilitique d'Erquy (Côtes-du-Nord)[END_REF], however, determined an Ordovician age.

Based on microfossil identification and a magmatic zircon (extracted from a volcanosedimentary sample) U/Pb age of 608 ± 7 Ma, using ion microprobe SHRIMP II, [START_REF] Cocherie | Datation U/Pb : âge Briovérien de la série d'Erquy (Massif armoricain, France) [U/Pb dating: Brioverian age of the Erquy series (Armorican massif[END_REF] reconfirmed a Neoproterozoic age.

The present study concerns mainly the western side of the Heussaye Headland and the related foreshore, the other flank, comparable, being less well exposed. The east-westtrending Erquy volcano-sedimentary succession is nearly vertical, dipping southward [START_REF] Auvray | Le volcanisme spilitique de la pointe de la Heussaye, Erquy (Côtes du Nord)[END_REF][START_REF] Roach | Brioverian volcanism and Cadomian tectonics, Baie de St Brieuc, Brittany: stages in the evolution of a late Precambrian ensialic basin[END_REF], and younging northward. Most of the metasedimentary layers display a NE-SW-trending spaced cleavage, steeply dipping toward the southeast [START_REF] Roach | Brioverian volcanism and Cadomian tectonics, Baie de St Brieuc, Brittany: stages in the evolution of a late Precambrian ensialic basin[END_REF]. To the south of the Heussaye Headland, metasedimentary rocks are intruded by undeformed mafic sills (Fig. 3). They do not crosscut any tectonic fabric of the metasedimentary rocks. The former exhibit 1-5 metres wide erosion-resistant fringes of contact metamorphism at the top and base of the sills (Fig. 3). These zones are protruding on the foreshore. The geochemistry of the sills, including stable isotopes (H, O), has been investigated by [START_REF] Lécuyer | Seawater-sediment-basalt interactions: stable isotope (H, O) and elemental fluxes within the Ordovician volcano-sedimentary sequence of Erquy (Brittany, France)[END_REF]. They display a composition of subalkaline basalts (Fig. 4). All the headland north of the fault zone making a notch in its southern part (Fig. 3) is constituted of an alternation of more or less pillowed/lobate lava flows, 3 to 26 m-thick, of basaltic andesite composition (Fig. 4), and metasedimentary layers, sometimes cut and shifted by NNE-SSW-trending faults (Fig. 3). The studied lavas flows are numbered from south (F 1 for "flow 1") to north (F 12 for "flow 12"). The upper part of F 4, F 5, F 10 and F 11 is brecciated in the form of hyaloclastites. Such breccias also occur in the matrix of the pillow lavas (F 2, for instance). Some flows are entirely pillowed (F 1, F 2), other ones exhibit lobate lavas only at their base and top (F 4), still others only in their upper part (F 3, F 10, F 11, F 8 12), the rest of the flows being massive (Fig. 3). This volcano-sedimentary sequence is intruded by several undeformed felsic sills and dykes ("keratophyres" of Auvray 1968), up to 2.5 m-thick (Fig. 3). They are rhyodacitic in composition (Fig. 4) (no geochronological data available).

The mafic sills and lava flows from Erquy are tholeiitic, with a slight orogenic-type geochemical signature [START_REF] Cabanis | Geochemical study of the Brioverian (late Proterozoic) volcanic rocks in the Northern Armorican Massif (France) -Implications for geodynamic evolution during the Cadomian. In: Geochemistry and Mineralization of Proterozoic Volcanic suites[END_REF][START_REF] Lees | Upper Proterozoic basaltic volcanism in the Northern Massif Armorican, France. In: Geochemistry and Mineralization of Proterozoic Volcanic suites[END_REF][START_REF] Shufflebotham | Geochemistry and geotectonic interpretation of the Penthièvre Cryslalline Massif, Northern Brittany, France[END_REF]. The entire volcanic sequence was metamorphosed under low to moderate greenschist facies conditions ("spilite-keratophyre association" of [START_REF] Auvray | Le volcanisme spilitique de la pointe de la Heussaye, Erquy (Côtes du Nord)[END_REF]. [START_REF] Lécuyer | Seawater-sediment-basalt interactions: stable isotope (H, O) and elemental fluxes within the Ordovician volcano-sedimentary sequence of Erquy (Brittany, France)[END_REF] have shown that this metamorphism is mainly the result of an early marine hydrothermal alteration dominated by low-temperature (200-250 °C) chemical exchanges in the triple system: mafic lavas/intrusions-soft sediment-seawater.

All the structures and textures described along the following sections are primary (sedimentary or magmatic), that is, they were practically not modified during the Cadomian tectonic events.

Structures, textures and mineralogy

Metasedimentary rocks

Metasedimentary rocks are constituted of psammitic sandstones, siltstones, arkoses, pelites, and graywackes. Layer thicknesses vary from a few centimetres to over 30 metres (Fig. 3). They display numerous sedimentary structures, such as graded bedding, crosslamination, convolute lamination, and load casts [START_REF] Roach | Brioverian volcanism and Cadomian tectonics, Baie de St Brieuc, Brittany: stages in the evolution of a late Precambrian ensialic basin[END_REF]. Asymmetric turbiditic folds (Fig. 5), are observable (i) south of the eastern side of the Heussaye Headland, (ii) near the fault zone making a notch in the southern part of the headland, and (iii) in the metasedimentary layer located between F 10 and F 11 (Fig. 3).

Mineralogy of the metasedimentary layers is fairly homogeneous, although the phase proportions are variable. Metasediments are made up of detrital quartz (40-60 vol.%), plagioclase (5-15 vol.%), biotite and volcanic clasts (both < 10 vol.%) in a matrix (10-20 vol. %) mainly composed of chlorite (new formed metamorphic phase), quartz (partly recrystallized), sericite, and iron hydroxides. Vestiges of organic matter sparsely occur, with especially one damaged microscopic spiny sphere, found by [START_REF] Deunff | Confirmation micro-paléontologique de l'âge radiométrique Ordovicien inférieur du groupe spilitique d'Erquy (Côtes-du-Nord)[END_REF] in a metasedimentary layer between sills and interpreted by [START_REF] Cocherie | Datation U/Pb : âge Briovérien de la série d'Erquy (Massif armoricain, France) [U/Pb dating: Brioverian age of the Erquy series (Armorican massif[END_REF] as a Neoproterozoic acritarch.

The thermally metamorphosed fringes of sills present a mineralogy comparable to that of the other metasediments, but they display non-oriented quartz recrystallization textures [START_REF] Auvray | Le volcanisme spilitique de la pointe de la Heussaye, Erquy (Côtes du Nord)[END_REF]).

Sills and dykes

The basaltic sills outcroup south of the Heussaye Headland, except for three sills intruding the metasediment/lava flow succession (Fig. 3). They have thickness ranging from 5 to 50 metres. Their central part exhibits a medium-grained intergranular texture (crystal size up to 1.5 mm) whereas their rims are generally ophitic. Primary minerals are preserved only in the central part of the thickest sills (> 20 metres) [START_REF] Lécuyer | Seawater-sediment-basalt interactions: stable isotope (H, O) and elemental fluxes within the Ordovician volcano-sedimentary sequence of Erquy (Brittany, France)[END_REF]. There are phenocrysts (0-15 vol. %) of altered plagioclase and clinopyroxene (augite), within a groundmass of the same minerals (pigeonite in addition to augite pyroxene), with also Fe-Ti oxides and apatite. Olivine is completely serpentinized. In the rims of the thick sills and everywhere in the thin ones, clinopyroxene is replaced by chlorite (more rarely by actinolite), 1 with liberation of limonite, plagioclase is albitized (almost pure albite: An4-5, with fine micropegmatitic intergrowths in their extremities) and hemoilmenite is transformed into leucoxene [START_REF] Auvray | Le volcanisme spilitique de la pointe de la Heussaye, Erquy (Côtes du Nord)[END_REF]. The remained groundmasses are composed of secondary quartz, epidote, biotite and calcite. Such a mineral association is typical of the greenschist facies.

Rhyodacitic intrusions consist of thin dykes crosscutting basaltic sills, metasedimentary layers or basaltic andesite lava flows (Fig. 3). Their thickness ranges from 0.7 to 2.5 metres. Matrix represents more than 85 vol. % of the rocks. They are composed of altered plagioclase (oligoclase and albite, the only minerals present as phenocrysts and in the groundmass; > 30 vol. %), quartz (20-30 vol. %) and K-feldspar (> 10 vol. %), with minor Fe-Ti oxides, apatite, biotite, chlorite, titanite, and epidote [START_REF] Auvray | Le volcanisme spilitique de la pointe de la Heussaye, Erquy (Côtes du Nord)[END_REF][START_REF] Lécuyer | Seawater-sediment-basalt interactions: stable isotope (H, O) and elemental fluxes within the Ordovician volcano-sedimentary sequence of Erquy (Brittany, France)[END_REF].

Lava flows and associated breccia

Massive lavas, pillow lavas and lobes

Massive lavas occur only in the lower part of the flows F 3, F 10, F 11, F 12 and in the central part of the flow F 4 (Fig. 3). They consist of metamorphosed non-pillowed/lobate basaltic andesites that show columnar jointing. Textures range from coarsely intergranular to microlithic. Their mineralogy is comparable to that of the clinopyroxene-free metabasaltic sills. Phenocrysts of albitized plagioclases are common.

To a certain extent, all the Erquy lava flows are pillowed or lobate. Pillow flows occur only south of the Heussaye Headland (F 1 and F 2), above the main sequence of basaltic sills (Fig. 3). Pillow lavas present a grossly circular shape in west-facing cliff exposures, with a diametre ranging from less than 1 to 2 metres (megapillows, Fig. 6a). Their matrix is systematically constituted of hyaloclastites (Fig. 6a inset). Flows F 3, F 4, F 8-12, and maybe 1 F 5 and F 7, contain lava lobes rather than pillow lavas. Visible in vertical (Fig. 7a) or horizontal (Fig. 7b,c) cross-sections, they appear as close-packed elongate structures, from 20 to 70 cm in width, aligned in an east-west direction (except in the upper part of F 12, where they occur in horizontal cross-section as grossly circular lava bodies, devoid of matrix). Some of them are cut through by joints perpendicular to their length, interpreted as magmatic features (Fig. 7b,c). They are devoid of any brecciated matrix, but sediment may be exceptionally present in the interstices. No chilled margin has been clearly evidenced in lobes, except when they are in contact with hyaloclastites and/or sediment (upper part of F 10 and F 11). Lobate flows contain generally a massive unit in their lower or central part.

Mineralogy of the pillow lavas and lobes is comparable to that of the massive lavas: commonly porphyritic in (albitized) plagioclase, they are devoid of pyroxene and composed of similar greenschist facies secondary phases. [START_REF] Auvray | Le volcanisme spilitique de la pointe de la Heussaye, Erquy (Côtes du Nord)[END_REF] distinguished three microtextural zones across a pillow lava: (1) an internal zone, where radially oriented plagioclase microliths are immersed in an albiticchloritic groundmass; (2) a sheaf-devoid middle zone, rich in magnetite; and (3) a cortical zone, characterized by the presence of numerous spherical fibroradial varioles with very thin albite needles, sometimes radiating around a plagioclase phenocryst. A pronounced concentric structure is frequently superposed on the radial texture of the varioles, until it became sometimes obscured. Some of them are entirely coated with small granules of titanite [START_REF] Auvray | Le volcanisme spilitique de la pointe de la Heussaye, Erquy (Côtes du Nord)[END_REF]. Average diametre of the Erquy varioles is 0.6-0.7 mm, but it can exceptionally exceed 3 mm. Varioles also occur in breccia clasts located between the pillow lavas (Fig. 6b). Such structures are assumed elsewhere to result from spherulitic crystallization of plagioclase in subaqueous environment, from severely undercooled melts or glasses [START_REF] Fowler | Varioles in archean basalts: products of spherulitic crystallization[END_REF][START_REF] Sandstå | The origin of large varioles in flowbanded pillow lava from Hooggenoeg Complex, Barberton Greenstone Belt, South Africa[END_REF].

1 Numerous amygdales are visible, generally in concentric arrangement in the outer part of the pillow lavas / lobes. They were interpreted as ancient vapour bubbles, filled by secondary quartz, chlorite, albite, calcite and/or pyrite [START_REF] Auvray | Le volcanisme spilitique de la pointe de la Heussaye, Erquy (Côtes du Nord)[END_REF]. When present, pipes vesicles have a radial disposition in the pillow lavas, while they are rather in a lower position in the lobes.

Hyaloclastites

Hyaloclastites occur either (1) in pillow matrix (Fig. 6a), or (2) at the top of a few lobate lava flows (F 4, F 5, F 10, and F 11: Fig. 3), embedding hand-size lobe fragments. Type 2 hyaloclastites form three subgroups: (2a) a carapace with progressive transition from non-brecciated lava lobes to hyaloclastites (F 10); (2b) a carapace with a sharp corrugated contact between lobes and hyaloclastites (F 11: Fig. 8); and (2c) a carapace where entire peperitic fluidal clasts are embedded within hyaloclastites and probably intrusive into them (F 4 and F 5; see the following section and Fig. 9). Thickness of the 2a-hyaloclastite-type units is highly variable along the F 10 lava flow while moving sideways from east to west (see later in the text). Regardless of the type, macroscopically hyaloclastites consist of black or purple angular metaglassy (presently chloritized) volcanic clasts of different sizes (up to ca. 30 cm in the subtype 2a) embedded in a green matrix (Fig. 6c). Rare large lobe fragments are sparsely visible in 2a-hyaloclastites. Clast outlines range from jigsaw-fit angular to amoeboid-shaped fluidal patterns. The latter morphology occurs especially in the internal zones of 2a subtype, where the hyaloclastite carapace is thick, and in 2c subtype. It is important to point out the frequent occurrence of silica-rich pseudo-matrix or veinlets, emphasizing the jigsaw-fit texture (Fig. 6c, arrow 2), with the probable meaning of "apparent sediment-matrix igneous breccia" of [START_REF] Rosa | Distinguishing peperite from other sediment-matrix igneous breccias: Lessons from the Iberian Pyrite Belt[END_REF]. Clasts have typically a radial-concentric variolitic microtexture 1 (Fig. 6b) and a mineralogy comparable to that of the pillow lavas / lava lobes, whatever is the hyaloclastite type. Amygdales are common. Matrix consists of small volcanic clast-bearing metasediment (Fig. 6c, arrow 1) with a microtexture similar to that of the metasedimentary layers situated among lava flows.

Peperites

At the base of the F 11 lava flow, some remarkable features deserve to be described.

Lava clast-bearing sediment veins are observed at the contact between the massive lava and the underlying metasedimentary layer. Under the microscope, the matrix appears to be an inextricable mingling of igneous-and sediment-derived products. Such features present all the characteristics of a peperitic facies (e.g., [START_REF] Skilling | Peperite: a review of magma-sediment mingling[END_REF][START_REF] Rosa | Distinguishing peperite from other sediment-matrix igneous breccias: Lessons from the Iberian Pyrite Belt[END_REF], thus implying that the lava flow emplaced into a water-rich sediment layer. Nearly 50 cm above the basal metasedimentary layer, we can observe a network of thin segregation sheets, rich in vesicles filled with black products; this is probably fluidized sediment. Such structures have already been described in water-rich soft sediments associated with peperites [START_REF] Kokelaar | Fluidization of wet sediments during emplacement and cooling of various igneous rocks[END_REF][START_REF] Galerne | Magma-sediment mingling in an Ordovician rift basin: The Plouézec-Plourivo half-graben, Armorican Massif, France[END_REF][START_REF] Caroff | A late-Ordovician phreatomagmatic complex in marine soft-substrate environment: The Crozon volcanic system, Armorican Massif (France)[END_REF].

Spectacular peperites occur at the top of F 4 and F 5 flows (Fig. 3). They consist of fluidal clasts with chilled margins intruded into the 2c-subtype upper hyaloclastite carapaces (Fig. 9). The poor exposure prevents studying F 5 in detail. Regarding F 4, in the eastern part of the headland, finger-like clasts appear to be rooted in a lava mass (Fig. 9b andinset), which probably corresponds to the central massive part of the flow, clearly visible in cross-section in the western side of the headland, where the flow is thicker (Fig. 3). There are some differences between true lava lobe fragments embebbed in 2a-hyaloclastites and these peperitic fluidal clasts: the first ones are generally fragmented whereas fluidal clasts are 1 always coherent; peperitic clasts are smaller, often connected to thinner digitations and they may be amoeboid shaped (Fig. 9); contrary to F 4 peperites, true lava lobe fragments commonly exhibit pipe vesicles at their boundary and, sometimes, round bubbles elsewhere.

A third peperitic facies has been observed in the metasedimentary layer between F 1 and F 2 (Fig. 3). Vesicular quartz-porphyritic felsic veins and blobs are embedded in a siltstone. This facies probably corresponds to a small rhyodacitic sill shattered into waterlogged soft sediment.

Focus on the F 8 -F 11 lava flows

F 8, F 9, F 10, and F 11 are undoubtedly the most exciting lava flows in the Erquy volcanic pile. Firstly, the four lava flows can be traced over a length of more than 200 metres (Fig. 3). Secondly, F 8, F 9, and F 11 display, in horizontal cross-sections, unambiguous morphologies of lava lobes elongated in an east-west direction (less obvious in F 10). Finally, the upper part of F 10 and F 11 consists of variably thick hyaloclastite masses, continuous along all the outcropping length of the flows (Figs. 3 and10).

F 8 and F 9 are comparably thin (5-7 metres), entirely lobate and hyaloclastite-free lava flows. In the western half of the studied area, the lobes of both flows are systematically elongate and parallel in horizontal cross-sections (Fig. 3).

The total thickness of F 10 varies from 18.6 to 26.1 metres (Fig. 10). The lower part of the flow is systematically made up of massive lobe-free lava and its upper part is highly brecciated (hyaloclastites). At the transition between these two zones, a few lobate forms can be locally observed, but they are hard to distinguish. The hyaloclastite unit, of subtype 2a, is highly variable in thickness: from 0 metres to the east to 16.7 metres near the NNE-SSW sinistral strike-slip fault A (Figs. 3 and10). Along the flow, the most important masses of 1 hyaloclastites are located on the foreshore between the Heussaye Headland and fault A (Figs.

3 and 10). In Fig. 11, three photographs and corresponding drawings of hyaloclastite details are shown along a foreshore cross-section through the F 10 hyaloclastite carapace, where it is especially thick (near the cross-section 5 of Fig. 10), at depths of 0.6, 6.6 and 13.3 metres, respectively. Near the overlying metasedimentary layer, many clasts are rounded (Fig. 11a,b).

Just close to the contact with the layer, they are smaller and aligned. At 6.6 metres below the metasedimentary layer, large clasts are more frequent (Fig. 11c,d). The two largest ones correspond probably to lava lobe edges, as suggested by the presence of alignments of pipe vesicles orthogonal to the ancient chilled margins. All the clasts are angular or globular. At 13.3 metres below the top, near the massive part of the flow, large lava fragments are especially numerous, and they are typically amoeboid-shaped (Fig. 11e,f). Some of them are enveloped within a fine clast-bearing sediment sheath. It is particularly noticeable that, at this level near the bottom of the thick hyaloclastite carapace, microstructure of the metasediment matrix is like that of the metasedimentary layers underlying and overlying F 10 (detritus materiel and rare lava microfragments).

F 10 hyaloclastites are thicker than 12 metres over a length of ca. 56 metres along the flow (Fig. 10). Transitions from this thick carapace to thinner zones are very abrupt eastwards and westwards. The eastern boundary of the thick hyaloclastite carapace corresponds to the western cliff of the Heussaye Headland (Figs. 3 and10). The passage from a carapace > 12 m-thick (foreshore) to a ≈ 1 m-thick one (headland) occurs sharply, over a sideway length of ca. 3 metres (Fig. 12). Clearly, erosion has preferentially affected the most brecciated segment of F 10, leaving the non-fragmented one in relief (Fig. 12). On the other side, the transition is even sharper. Fault A forms exactly the limit between the horizontal section transverse to F 10 where the hyaloclastite carapace is the thickest (16.7 metres of hyaloclastites for a total flow thickness of 26.1 metres just east of fault A) and a zone where both flow and carapace are 1 thinner (3.5 metres of hyaloclastites for a total flow thickness of 18.6 metres just west of fault A) (Fig. 10).

F 11 is thinner than F 10: between 12.0 and 13.3 metres (Fig. 10). As for the F 10 lava flow, its lower part is massive (peperitic at the base, see section 3.3.3.) and its upper part is composed of a hyaloclastite carapace (subtype 2b) uninterrupted from east to west. Sandwiched between both, there are elongate and parallel lava lobes in the western foreshore and north of the relief (Figs. 3 and7) (not discernable on the eastern sector). They present transversal fractures, interpreted as magmatic cooling joints (Fig. 7b andc). Contrary to the F 10 one, the overlying hyaloclastite carapace display a nearly constant thickness, not exceeding 2.5 metres (Figs. 3 and10). Its basal boundary is clear-cut and highly corrugated (Fig. 8). It contains small variole-bearing clasts, < 10 cm in length and mostly angular.

Discussion

Lobe formation and endogenous flowing

Endogenous flowing and growth (still named inflation) by injection of lava under the surface crust of a pahoehoe lobe is a well-known process since the works of [START_REF] Walker | Structure, and origin by injection of lava under surface crust, of tumuli, "lava rises", "lava-rise pits", and "lava-inflation clefts[END_REF], [START_REF] Hon | Emplacement and inflation of pahoehoe sheet flows: Observations and measurements of active lava flows on Kilauea Volcano, Hawaii[END_REF][START_REF] Self | A new model for the emplacement of Columbia River basalts as large, inflated pahoehoe lava flow fields[END_REF]. A prolonged period of lava supply produces a thick sheet lobe, which can either develop in the interior of the lava flow, resulting in uniform uplift of the entire body [START_REF] Hon | Emplacement and inflation of pahoehoe sheet flows: Observations and measurements of active lava flows on Kilauea Volcano, Hawaii[END_REF], or engulf piles of small lobes previously emplaced [START_REF] Jay | Emplacement of inflated Pāhoehoe flows in the Naude's Nek Pass, Lesotho remnant, Karoo continental flood basalt province: use of flow-lobe tumuli in understanding flood basalt emplacement[END_REF]. Such a process has mainly been described in subaerial pahoehoe lobate flows, but studies have shown that it occurs similarly in equivalent submarine fluid basalt flows (e.g., [START_REF] Appelgate | Submarine tumuli and inflated tube-fed lava flows on Axial Volcano, Juan de Fuca Ridge[END_REF][START_REF] Deschamps | Morphology and dynamics of inflated subaqueous basaltic lava flows[END_REF]. In the model of magma injection inside a subaqueous lava flow moving down a sediment-free gentle slope depicted in Fig. 1 13a-c, lava lobes can form at the top of the main body of flowing lava in favour of breaking of the upper brittle crust (from [START_REF] Ballard | Photographic Atlas of the Mid-Atlantic Ridge Rift Valley[END_REF][START_REF] Ballard | Photographic Atlas of the Mid-Atlantic Ridge Rift Valley[END_REF][START_REF] Hékinian | Le feu des Abysses[END_REF][START_REF] Hékinian | Le feu des Abysses[END_REF]. Such a model might partly explain the F 3, F 10, F 11, and F 12 successions, where lava lobes overlie massive lavas (Fig. 3). A model of lava lobes derived from the top of a massive lava body is even better supported by the observations made in the upper part of F 4, where it is obvious that the massive central part of the flow, supposed to correspond to an inflated internal unit, projected finger-like blobs (peperitic fluidal clasts) into the upper hyaloclastite/sediment carapace (Fig. 9). It should be noted that, for extrusive magmas, peperites are generally found only at the base of the flows [START_REF] Van Otterloo | The fracture behavior of volcanic glass and relevance to quench fragmentation during formation of hyaloclastite and phreatomagmatism[END_REF][START_REF] Rosa | Distinguishing peperite from other sediment-matrix igneous breccias: Lessons from the Iberian Pyrite Belt[END_REF], as here for F 11. That is why the peperitic features observed in the upper part of F 4 are quite unusual.

However, it is likely that most lava lobes formed directly through flowing on the basin floor, as suggested by the presence of numerous lobate flows devoid of massive unit (F 7, F 8, and F 9; Fig. 3). Thus, genesis of lobes by breaking of the upper brittle crust of the main internal body, if existed, was probably a marginal phenomenon.

Evidence for a gentle paleoslope dipping eastwards

High subaqueous lava supply rates result typically in sheet flows and lobate sheet flows [START_REF] Umino | Subaqueous lava flow lobes, observed on ROV KAIKO dives off Hawaii[END_REF]. If the supply of the lava drops, making a sheet flow unsustainable, the lava may continue flowing to form pillows. So, as an example, a sheet flow can transform at its front into megapillows, then pillows, at low flow rates, by decrease of its internal magma pressure [START_REF] Carracedo Sánchez | Structure and Organization of submarine basaltic flows: sheet flow transformation into pillow lavas in shallow submarine environments[END_REF]. When the flow rate is high (on a slope, typically), the lava flow breaks into separate tubular pillows. Following Walker (1992), highly elongate pillows generally emplaced onto steep slopes, up to 20° (based on a study of 1 pillow lavas from Muriwai and Oamaru, New Zealand). Based on their submarine study of Oahu Island and on the rift zone of Loihi (Hawaii), [START_REF] Umino | Subaqueous lava flow lobes, observed on ROV KAIKO dives off Hawaii[END_REF] argue that aligned elongate pillows cover steep to moderate slopes (> 10°), whereas gentle and flat terraces (< 7°) are rather underlain by lobate sheet flows.

Pipe vesicles are observable at the periphery of pillow lavas, where they have a radial distribution [START_REF] Philpotts | Pipe vesicles-An alternate model for their origin[END_REF], in dike/sill borders or in the lower part of small pahoehoe units [START_REF] Walker | Pipe vesicles in Hawaiian basaltic lavas: Their origin and potential as paleoslope indicators[END_REF]. In the latter case, [START_REF] Walker | Pipe vesicles in Hawaiian basaltic lavas: Their origin and potential as paleoslope indicators[END_REF] proposed that pipe vesicles result from bubble buoyancy through a magma having a yield strength. He claimed that such pipe vesicles form only on a ground slope of less than ca. 4° [START_REF] Walker | Pipe vesicles in Hawaiian basaltic lavas: Their origin and potential as paleoslope indicators[END_REF][START_REF] Godinot | Comment on "Pipe vesicles in Hawaiian basaltic lavas: Their origin and potential as paleoslope indicators[END_REF], as a result of the high deformation expected to occur in a lava flow on a steep slope (Fig. 13d,e). Indeed, gas bubbles can survive as pipes only if the lava flow rate is comparable with or less than the bubble velocity [START_REF] Walker | Pipe vesicles in Hawaiian basaltic lavas: Their origin and potential as paleoslope indicators[END_REF].

In Erquy area under study, pipe vesicles are common at the periphery of pillow lavas, near the base of lava lobes and at the boundary of a few lobe fragments in upper hyaloclastites (Fig. 11c,d). Their presence suggests a lava emplacement on a flat or slightly sloping floor (< 4° following [START_REF] Walker | Pipe vesicles in Hawaiian basaltic lavas: Their origin and potential as paleoslope indicators[END_REF]. Furthermore, the presence of trains of asymmetric folds in several turbiditic metasedimentary layers (Figs 3 and5) is rather consistent with a regional gentle slope dipping eastwards. Indeed, such structures can be formed by shear transmitted from a turbidity current moving towards the east (see Butler et al., 2015, for details). The presence of megapillow and pillow lavas with a breccia matrix in F 1 and F 2 may mean, at this place and at this moment in the volcanic sequence, a decrease in magma supply, at least if the flow rate remained unchanged.

Formation of the Erquy hyaloclastites 1

Hyaloclastites are the products of non-explosive quench fragmentation occurring when magma is super-cooled to glass upon contact with ambient water, ice melt water or wet sediment [START_REF] Van Otterloo | The fracture behavior of volcanic glass and relevance to quench fragmentation during formation of hyaloclastite and phreatomagmatism[END_REF]. In this latter case, they can sometimes be confused with blocky peperites [START_REF] Corsaro | Textural evidence of peperites inside pillow lavas at Acicastello Castle Rock (Mt. Etna, Sicily)[END_REF]. Fragmentation in wet sediment will result in peperite as it will instantly mingle with the magma/lava. Hyaloclastites result from three different stresses: a thermal stress caused by water-melt contact, a chemical stress (adsorption attacking the cracks at the glass surface and enhancing fracture propagation), and a mechanical stress due to collapse of the peripheral vapour film, generating superheating, contraction of the sample exterior and expanding of the sample interior [START_REF] Van Otterloo | The fracture behavior of volcanic glass and relevance to quench fragmentation during formation of hyaloclastite and phreatomagmatism[END_REF]. Hyaloclastites are found either in subaqueous, subglacial or subaerial environments.

The latter case corresponds to a lava flow entering a sea (or a lake) down a steep slope.

Generally, clast morphology can be used to distinguish in situ hyaloclastites from mobilized ones: the first ones have jigsaw-fit textures whereas the other ones have rotated and moved from their original position. Wave reworking especially favours rounding and sorting of the clasts [START_REF] Van Otterloo | The fracture behavior of volcanic glass and relevance to quench fragmentation during formation of hyaloclastite and phreatomagmatism[END_REF]. On the contrary, the presence of unconsolidated sediment on a slope, however slight, can prevent rounding and smoothing of the fragments, even if they moved over a long distance (Watton et al., 2013). In contrast with peperites, hyaloclastites occur generally in the form of an upper carapace above a flow [START_REF] Porreca | Hyaloclastite fragmentation below the glass transition: An example from El Barronal submarine volcanix complex (Spain)[END_REF][START_REF] Van Otterloo | The fracture behavior of volcanic glass and relevance to quench fragmentation during formation of hyaloclastite and phreatomagmatism[END_REF][START_REF] Rosa | Distinguishing peperite from other sediment-matrix igneous breccias: Lessons from the Iberian Pyrite Belt[END_REF].

Many documented hyaloclastite accumulations correspond to "deltas" formed where subaerial lava flows enter the sea. In such cases, the zone where lava starts to fragment corresponds generally to the submersion point (Watton et al., 2013). In the lower parts of lava deltas, entire flows are fragmented (Watton et al., 2013;[START_REF] Van Otterloo | The fracture behavior of volcanic glass and relevance to quench fragmentation during formation of hyaloclastite and phreatomagmatism[END_REF]. Such models are clearly inconsistent with the observations made in Erquy. Indeed, beside the pipe vesicle point (see section 5.2.), there are two other strong arguments against the existence of a 2 steep subaqueous paleoslope: (1) the relative constant thicknesses of most flows over the total studied area (Figs. 3 and 10); and (2) the lack of sediment and/or hyaloclastite accumulation, such as that expected at the bottom of steep slopes (Watton et al., 2013). Specifically regarding metasediment, important changes in the floor dipping attitude should lead to variations in thickness, grain-size distribution or sedimentary structure, which have not been observed here. [START_REF] Moore | In situ hydroclastic fragmentation of subaqueous ponded lavas; New Senator caldera, Abitibi greenstone belt[END_REF] and [START_REF] Porreca | Hyaloclastite fragmentation below the glass transition: An example from El Barronal submarine volcanix complex (Spain)[END_REF] have proposed models of in situ hyaloclastite formation for subaqueous lava flows first insulated by a vapour film. When magma cools below the transition glass temperature, the vapour film collapses, cooling fractures develop and hyaloclastite fragmentation progresses downward up to reach the interior of the flow. Such models could be broadly applied to Erquy, with possible differences in the intensity of fragmentation and the shape of flows. At the bottom of the F 10 hyaloclastite carapace, near the massive part of the flow, the presence of large amoeboidshaped lava fragments is inconsistent with a significant clast reworking (Fig. 11e,f).

Sediment present in the pores between the clasts can originate from deposition from dilute water currents during the fragmentation and/or settling after the breccia formation [START_REF] Rosa | Distinguishing peperite from other sediment-matrix igneous breccias: Lessons from the Iberian Pyrite Belt[END_REF]. Some other hyaloclastites from Erquy are clearly more mobilized than what was proposed by [START_REF] Moore | In situ hydroclastic fragmentation of subaqueous ponded lavas; New Senator caldera, Abitibi greenstone belt[END_REF] and [START_REF] Porreca | Hyaloclastite fragmentation below the glass transition: An example from El Barronal submarine volcanix complex (Spain)[END_REF]. Close to the top of F 10, clasts are disposed subparallel to the metasedimentary layer and the ribboned broken clasts are uncoupled from their companion fragments (Fig. 11a,b). These observations suggest a moderate downslope movement of a part of the highest F 10 hyaloclastites before their induration. Furthermore, the 2b-hyaloclastite carapace of F 11, with its highly corrugated lower limit and its very sharp contact with the underlying lava lobes (Fig. 8), corresponds probably to a breccia sheet mobilized in its entirety through gravity-controlled movement in an eastward direction, which sealed the lobe irregularities. Inclusion of sediment (and water) should have protected the F 11 clasts during their transport, thus preventing their abrasion and rounding, and allowing the conservation of angular shapes.

A model for the emplacement of the F 8 -F 11 lava succession

An emplacement scenario for the four lava flows numbered from 8 to 11 is shown chronologically through the sketches of Fig. 14. It is assumed that the flows emplaced on an easterly-facing gentle slope, as suggested by the morphology of the turbiditic folds present between F 10 and F 11 and elsewhere (Figs. 3 and5). The major axis of the parallel lava lobes (Fig. 7) is an indication of the flow direction. Close to the western cliff of the Heussaye Headland, the thickness of the F 10 hyaloclastite carapace suddenly varies westwards from 1.5 to beyond 12 metres (Figs. 10 and 12). This feature is confidently regarded as the surficial expression of a blind fault, probably extensional and dipping westwards during the formation of the hyaloclastites. The presence of a synchronous antithetic normal fault 60 metres further west is argued by the existence of the strike-slip fault A (Figs. 3 and 10). It may account for the abrupt thickness changes in the F 10 hyaloclastite carapace that thins westwards from 16.7 to 3.5 metres (Fig. 10).

After the emplacement of the first seven flows shown in Fig. 3, F 8 and F 9 flowed onto the slope just before the activation of the extensional faults (Fig. 14a). Both lava flows consisted of parallel elongate, downslope-trending lobes. The F 10 flow started to emplace during the activation of the two conjugate normal faults, dipping eastwards (paleofault A) and westwards (Fig. 14b). At that stage, F 10 was simply constituted of non-fragmented lava lobes. As the lava flow began to cool, water entered it via the thermal contraction joints developed at its roof and along the synvolcanic faults (Fig. 14b1). As water was reaching the interior of the lava flow, it encountered semi-molten lenses, resulting, by quench 2 fragmentation, in an interstitial network of hyaloclastites in the upper part of the hanging wall block (Fig. 14b2, from [START_REF] Moore | In situ hydroclastic fragmentation of subaqueous ponded lavas; New Senator caldera, Abitibi greenstone belt[END_REF]. Growth of F 10 continued through endogenous flowing (or inflation), which mechanically increased fragmentation of the overlying lava lobes (Fig. 14c). Internal magma overcame the fault obstacles and continued to flow beyond them. The main specificities of F 11 with respect to F 10 are the lack of significant thickness variations in the hyaloclastite carapace (Figs. 3 and 10) and its sharp corrugated contact with the underlying lava lobes (Fig. 8). F 11 probably post-dated the activity of the faults (Fig. 14d). Such a correlation between tectonic and volcanic periods of activity has already been described in various contexts and scales [START_REF] Vearncombe | Fault and stratigraphic controls on volcanogenic massive sulfide deposits in the Strelley Belt, Pilbara Craton, Western Australia[END_REF][START_REF] Galerne | Magma-sediment mingling in an Ordovician rift basin: The Plouézec-Plourivo half-graben, Armorican Massif, France[END_REF][START_REF] Moore | In situ hydroclastic fragmentation of subaqueous ponded lavas; New Senator caldera, Abitibi greenstone belt[END_REF][START_REF] Mcdermott | Characterization of Seaward-Dipping Reflectors along the South American Atlantic Margin and implications for continental breakup[END_REF]. In such a scenario, the corresponding hyaloclastites slid down a gentle and smooth slope before and during endogenous flowing (Fig. 14d,e).

Conclusions

(1) The various well-preserved facies of hyaloclastites, peperites, lava lobes and pillow lavas observable in the northern part of the Heussaye Headland at Erquy make this site a remarkable spot to test with a Proterozoic example the concepts recently proposed for in situ brecciation and lava emplacement in subaqueous soft-substrate environment.

(2) Among the in situ volcanic breccias, peperites and hyaloclastites are sometimes difficult to distinguish when the breccia matrix is mainly composed of sediment. That is the case in Erquy. Although fluidal peperites are here clearly subordinate with respect to quenchfragmented hyaloclastites, both types can be found in close proximity to each other and the frontier between them is indistinct. Peperites generally occur in the bottom of the lava flows whereas hyaloclastites form rather in their upper part.

(3) Various synsedimentary structures are observable in the metasedimentary layers, such as grading, cross-laminations, convolute laminations, and load casts. The turbiditic folds visible in many places of the Heussaye headland are rather consistent with a regional gentle slope dipping eastward.

(4) Variations in lava morphologies in Erquy are consistently correlated with sharp changes in the hyaloclastite carapace of a lava flow cropping out on a great length. In addition, tectonic structures, although rejuvenated, are unambiguously connected with the eruptive story, and paleobathymetric features can be deduced from the metasedimentary structures. The paleogeographic environment deduced from this study, with lavas emplaced during normal faulting onto a gently sloping sea floor covered with unconsolidated sandstones / siltstones, is consistent with the back-arc marginal basin context generally proposed for the Lanvollon/Erquy area during Neoproterozoic times. (1977). Data from [START_REF] Lécuyer | Seawater-sediment-basalt interactions: stable isotope (H, O) and elemental fluxes within the Ordovician volcano-sedimentary sequence of Erquy (Brittany, France)[END_REF]. Inset: same data in the total alkalis vs. silica (TAS) discrimination diagram of Le [START_REF] Bas | The IUGS systematics of igneous rocks[END_REF], with the alkaline/subalkaline separation line of [START_REF] Irvine | A guide to the chemical classification of the common volcanic rocks[END_REF]. 3). Such structures are clearly synsedimentary, because they are intrabedded and unrelated to tectonics. They are rather consistent with a regional gentle slope dipping eastwards, as suggested by the inset sketch (modified after [START_REF] Butler | Interpreting syndepositional sediment remobilization and deformation beneath submarine gravity flows; a kinematic boundary layer approach[END_REF]. 
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 1 Fig. 1. The Cadomian chain in the Armorican Massif. (a) Simplified geological map of the Armorican Massif. NASZ: North Armorican Shear Zone; SASZ: South Armorican Shear Zone; BILF: Belle-Isle-La Fresnaye Fault. Inset: contour map of France. (b) A summary map of the Cadomian belt, modified from Ballèvre et al. (2001) and Chantraine et al. (2001).

Fig. 2 .

 2 Fig. 2. (a) Sketches illustrating the tectonic evolution of the Cadomian domain in the Armorican Massif, modified from Chantraine et al. (2001). Colors of the Units as in Fig. 1b. BILF: Belle-Isle-La Fresnaye Fault. The continental arc stage (Paimpol volcanites, ca. 610-608 Ma) is not depicted. The main faults are extensional before 580 Ma, then they show compressive shortening of the crust. Sediments (in yellow) correspond to several lithologic formations of different ages. (b) Cross-section of the Cadomian belt in the North Armorican Domain, modified from Chantraine et al. (2001).

Fig. 3 .

 3 Fig. 3. Geological map of the studied area.

Fig. 4 .

 4 Fig. 4. Geochemical data from Erquy in the discrimination diagram of Winchester and Floyd

Fig. 5 .

 5 Fig. 5. Turbiditic folds observable in horizontal surfaces (a) near the fault zone making a notch in the southern part of the headland (coin for scale) and (b) south of the eastern side of the Heussaye Headland (see Fig. 3). Such structures are clearly synsedimentary, because they

Fig. 6 .

 6 Fig. 6. Bulbous pillow lavas and hyaloclastites. Location in Fig. 3. The fingers point upwards.

  (a) Megapillows (1-2 m in diametre) in brecciated matrix (type 1 hyaloclastites), F 2 lava flow, vertical cross-section. (b) Photomicrograph of a detail of a clast from the F 2 breccia showing varioles. Mineralogy: chlorite, albite, magnetite, titanite. (c) Contact between hyaloclastites and metasedimentary layer at the top of the F 10 flow. Arrow 1: volcanic clastbearing metasediment matrix; arrow 2: silica-rich veinlets, with the probable meaning of "apparent sediment-matrix igneous breccia" of Rosa et al. (2016).

Fig. 7 . 3 Fig. 8 .

 738 Fig. 7. Parallel elongate lobes (without matrix) viewed in cross-section. Location in Fig. 3. The fingers point upwards. (a) F 3 lava flow, upper part, vertical cross-section. (b, c) F 11 lava flow, upper part, horizontal cross-sections; one fractured lobe is clearly identifiable at the centre of the photograph (c).

Fig. 9 .

 9 Fig. 9. 2c-hyaloclastites at the top of the F 4 lava flow (location in Fig. 3), in a horizontal surface, embedding peperitic igneous finger-like clasts with chilled margins, intrusive into them. The fingers point upward. Photographs by Christophe Noblet. (a) Hyaloclastites and finger-like clasts at ca. 1.0 m below the overlying metasedimentary layer. (b) Hyaloclastites and finger-like clasts at ca. 1.5 m below the top of the flow, in contact with the massive part of the flow. Inset: general view of the outcrop, showing the position of both photographs.

Fig. 10 .

 10 Fig. 10. Lateral thickness variations of the F 10 and F 11 lava flows and of their respective hyaloclastite carapaces (horizontal surface). The Heussaye Headland relief is in green.

Fig. 11 .

 11 Fig. 11. Photographs and corresponding drawings of hyaloclastites (2a subtype) along a horizontal cross-section through the upper part of the F 10 lava flow, where its thickness is ca. 22.0 m (hyaloclastite thickness: 13.4 m). Location in Figs. 3 and 10 (near the cross-section n°5). The finger points upwards (and northwards). (a, b) Hyaloclastites near the topping metasedimentary layer. Many clasts are rounded and broken. Just close to the top, they are smaller and aligned. (c, d) Hyaloclastites at 6.6 m below the top. The two largest lava fragments correspond to lobe edges, with pipe vesicles orthogonal to the ancient chilled margins. All the lava fragments are angular or globular. (e, f) Hyaloclastites at 13.3 m below the top, near the massive part of the flow. All the large lava fragments are amoeboid-shaped.

Fig. 12 .

 12 Fig. 12. Photographic mosaic showing the narrow zone of the F 10 lava flow where the hyaloclastite carapace (2a subtype) shrinks sharply from west (thickness > 14 m) to east (thickness < 1.5 m). Location in Fig. 3. The fingers point upwards (and northwards). This zone corresponds exactly to a cliff bordering the western part of the extremity of the Heussaye Headland relief.

Fig. 13 .

 13 Fig. 13. Model of lobe emplacement. (a-c) Endogenous flowing inside a subaqueous lobe moving down a hard-ground, sediment-free gentle slope (cross-sectional views; time progression from a to c; arrows for magma flow direction). Lava lobes can form at the top in favour of breaking of the upper brittle crust. Modified after[START_REF] Ballard | Photographic Atlas of the Mid-Atlantic Ridge Rift Valley[END_REF] and[START_REF] Hékinian | Le feu des Abysses[END_REF]; the lava-flow front is not represented here. (d, e) Schematic cross-sectional view of bubble-bearing lobate lavas flowing down two contrasted slopes (steep vs. gentle incline). VL: vector of lava flow rate; VB: vector of bubble ascent rate; T: resultant trajectories of rising bubbles. (d) For a slope > 4°, trajectory of bubbles is too low for pipes to survive. (e) If the slope < 4°, pipe vesicles survive. Modified after[START_REF] Walker | Pipe vesicles in Hawaiian basaltic lavas: Their origin and potential as paleoslope indicators[END_REF].

Fig. 14 .

 14 Fig. 14. Schematic pictures illustrating an emplacement model of the Erquy lava flows from F 8 to F 11 along a subaqueous gentle slope. Inspired from Maicher et al. (2000), Skilling (2002), Schiffman et al. (2006), Watton et al. (2013), and van Otterloo et al. (2015). (a) Emplacement of F 8 and F 9 lobate lava flows. (b) Beginning of F 10 emplacement during the activation of two conjugate normal faults, dipping eastwards (paleofault A) and westwards, respectively. At that stage, F 10 was probably simply constituted of non-fragmented lobes. (b1) As the lava flow began to cool, thermal contraction joints developed at the roof. Water entered the hanging wall block along the synvolcanic faults. (b2) As water was reaching the interior of the lava flow, it encountered semi-molten lenses, resulting in an interstitial network
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