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té il y a environ 3 Ma et se poursuit actuellement . Au sud, le MNT révèle un champ de failles dominant orienté N 135 °E, souligné en particulier par des alignements volcaniques tels l'Aubrac, le Velay ou le Dcves. Cette direction majeure a été acquise pendant le soulèvement de la partie sud qui a débuté il y a environ 10 Ma, bien avant le soulève ment plus récent de la partie nord. Ce soulèvement s'est ralenti entre 5,5 Ma et 3-3,5 Ma pour redevenir très actif de puis cette période jusqu'à l'actuel, comme dans la partie nord. L'épisode magmatique pré-rift, extrêmement limité en volume, est attribué à une flexure de la lithosphère européenne au moment des premières compressions alpines pendant le Paléocène. Cette flexure de la lithosphère est encore appa rente à l'échelle de la France grâce aux données de géophysique ou de géomorphologie dans le Massif central el le Morvan. L'épisode magmatique syn-rift, restreint au nord du Massif central. est clairement associé aux zones d'amin cissement crustal maximal résultant principalement de l'extension asymétrique E-W oligocène supérieur à miocène in férieur. Cet amincissement lithosphérique permet d'expliquer, par décompression du manteau, le faible taux de fusion partielle nécessaire pour rendre compte du volcanisme, localisé au nord. de !'Oligocène supérieur au Miocène infé rieur. L'orientation N-S dominante observée sur le MNT est un héritage de cette période d'extension E-W où les failles sub-méridiennes d'âge varisque ont été réactivées. L'épisode magmatique majeur est caractérisé par deux pics d'activi té qui sont synchrones des deux périodes de soulèvement maximal: au sud vers 10-5,5 Ma, puis au nord et au sud à partir de 3-3,5 Ma. Au sud. la radiographie de la croûte et de la limite lithosphère-asthénosphère obtenue par sismique classique et tomographie sismique montre que le manteau lithosphérique a subi un très fort amincissement tandis que l'épaisseur de la croûte est quasi-normale. L"anomalie thermique définie sous la lithosphère dans cette partie sud té moigne alors d'une érosion thermique de la base de la lithosphère, responsable du soulèvement isostatique et du pre mier pic d'activité magmatique. Un second épisode d'érosion thermique à la base de la lithosphère. plus diffus mais réparti du nord au sud, expliquerait la seconde période de soulèvement isostatique ainsi que le second pic d'activité magmatique enregistrés au nord et au sud à partir de 3.5 Ma. r North 1. Pre-rift magmatic event

The evolution of the Massif Central rift : spatio-temporal distribution of the volcanism
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Abstrac1. -The Massif Central area is the larges! magmatic province of the West-European Rift system.The spa tial-temporal distribution of Te rtiary-Quaternary volcanism in the Massif Central, France, shows that three magma tic phases can be defined, each of them characterized by different volumes and different locations. The first event, termed the pre-rifl magmatic event, is very scarce and restricted to the north of the Massif Central. It is suggested that this cou Id result from lithospheric bending of the European lithosphere ahead of the incipient Alpine chain during the Pa leocene. The second event, termed the rifl-re/a1ed 111ag111a1ic event, is located in the north of the Massif Central only and is spatially connected with zones of high crustal thinning (i.e. the Limagne graben). It immediately follows Oligo cene graben formation and associated sedimentation, and is represented by more than 200 scattered monogenic edifi ces. This second event can be attributed to partial melting as a conscquence of lithospheric thinning that aff ected the north of the Massif Central during the rifting event. The Jack of volcanism in the south during the same period oftime is probably related to the very slight lithospheric thinning during the Oligocene. The third event, termed the major magmatic eve111, started fi r st in the south in the upper Miocene at about 15 Ma, well after the end of the sedimentation. lt is unrelated to any extensional event. This major magmatic event reached the north of the Massif Central at about 3.5 Ma, following a pause in volcanism of about 6 Ma after the rift-related magmatic event. These two episodes of the ma jor magmatic event are spatially and temporally associated with the two main periods of uplift, suggesting a eommon origin for volcanism and uplift processes. The major magmatic event can be attributed to late thermal erosion of the base of the lithosphere above a mantle diapir, as suggested by seismic tomography data. This general magma tic evolu tion drawn f r om data at the Massif Central scale may apply to the Eger graben as well, as the three magmatic events described in this study (prc:-rif11nagmatic event, 1ifting event and post-Miocene volcanic event) are also reported in the literature. This suggests that a single cause should ex plain the formation of the entire western European rift surroun ding the Alpine mountain belt.

Evolution du rift du Massif central : distribution spatio-temporelle du volcanisme
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Résumé. -Le rift Ouest-européen correspond à un épisode d'extension lithosphérique qui s'est produit de )'Eocène su périeur jusqu'au Miocène inférieur. La direction d'extension est globalement perpendiculaire au front de la chaîne al pine et s'exprime, d'est en ouest, par la formation du graben de l'Eger, du graben du Rhin et des fossés d'effondrement du Massif central. Le Massif central est la plus importante province magmatique liée à cet épisode de rifting. Le volca nisme de cette province peut être séparé en trois épisodes successifs. 1. Episode de magmatisme pré-rift. Cet épisode correspond à 15 localités répertoriées presque exclusivement dans le nord du Massif central et datées du Paléocène à la fin de !'Eocène. 2. Episode de 111ag111a1is111e syn-rifl. La sédimentation oligocène s'est eITectuée à un niveau proche de celui de la mer et pratiquement sans manifestation volcanique. A l'échelle du rift (i.e. de la Bresse à la Limagne), l'ex tension symétrique de !'Eocène supérieur à !'Oligocène moyen est devenue asymétrique à partir de !'Oligocène supé rieur. L'épisode de magmatisme a débuté à ! 'Oligocène supérieur et s'est principalement développé au Miocène infërieur, pendant une quinzaine de millions d'années. Il est spatialement lié aux zones d'amincissement crustal maxi mal (fossé de la Limagne) et est absent de la partie sud du Massif central où les récentes données géophysiques mon trent que l'amincissement crustal est négligeable. 3. Episode de 111ag111a1isme 111aje111: Cet épisode a démarré au sud du Massif central près de 15 Ma d'années après la fin de la sédimentation oligocène. C'est l'épisode majeur avec le déve loppement des grandes provinces magmatiques du Cantal, du Velay ou de l'Aubrac. Une reprise plus tardive du volca nisme se produit dans la partie nord du Massif central, près de 6 Ma après la fin de l'épisode précédent dit syn-rift. Dans son ensemble, cet épisode majeur est caractérisé par deux pics d'activité: de 9 à 6,5 Ma uniquement au sud du Massif central, puis de 3,5 à 0,5 Ma tant au nord qu'au sud du Massif central. L'analyse du MNT permet de montrer que le nord du Massif central présente un champ de structures dominé par des failles nord-sud. Il s'agit de failles d'âge varisque réactivées en faille normale pendant l'extension et la création des fossés d'effondrement. L' étude des profils d'équilibre des rivières au passage de certaines failles ainsi que l'âge des coulées de lave actuellement en position de reliefs inversés montrent que le soulèvement dans cette partie nord a débu-

INTRODUCTION

The West-European plate was affected by a rifting episode f r om the upper Eocene to the early Miocene (Priabonian to Burdigal ian) [START_REF] Ziegler | -European Cenozoic rift system[END_REF][START_REF] Bois | Initiation and evolution of the Oligo-Mioccne rift basins of southwestcrn Europe : contribution of dccp scismic rencc tion profiling[END_REF]. Extension is roughly perpendicular to the Alpine f r ont and generated a graben system, which includes, from east to west, three main segments : the Eger graben of the Czech Republic, the Rhinegraben oî Gcrmany and the French Massif Central grabens. These three segments are characterised by the oc currence of a typical intraplate alkaline volcanism either within the grabens or along their margins [START_REF] Downes | Tertiary-Quaternary extension-related alkaline magmatism in western and central Europe[END_REF].

The Massif Central area is the largest magmatic pro vince of the West-European Rift system. The origin of the magmatism is still a malter of debate [START_REF] Downes | Tertiary-Quaternary extension-related alkaline magmatism in western and central Europe[END_REF]. The presence of a hot spot below the Massif Central has long been advocated [START_REF] Brousse R | Le volcanisme en France[END_REF]. Different hypo theses such as the upwelling of numerous associated mantle diapirs [START_REF] Lucazeau | Peridotite xenoliths in Massif Central basalts, France. Texturai and geophysical evi dence for asthenosphcric diapirism[END_REF] or a large aborted mantle plume located at depth and common to the entire western part of the European plate [START_REF] Hoernle | -Scismic and chemical evidencc for largc-scalc rnantle upwelling benea1h the castcrn Atlantic and western and central Europe[END_REF][START_REF] Granet | Massif central (France) : new constraints on the gco dynamical evolution from tclescismic tomography[END_REF] have been proposed. Tt bas also been suggested that the magmatism could result from a mantle destabilization induced by the Alpine collision [START_REF] Sobolev S | -Upper mantle 1empera1u res and lithosphere-asthenosphere system beneath the French Massif Central constraincd by scismic, gravity, petrologic and thermal observations[END_REF].

ln these previous studies, the link between extension and magmatism was not clearly established. The aim of this paper is to provide an interpretation of the spatio-temporal distribution of the volcanism by integrating recent geologi r cal, geophysical and geochemical data fom the Massif Central. This makes it possible to unravel the different ki nematic history between the northern and the southern part of the Massif Central during the Tertiary.

DISTRIBUTION OF THE YOLCANISM r

The Massif Central Cenozoic volcanism is spread out f om the Drevin in the north to the Escandorgue area in the south (fig. 1 and2). Volcanism started 65 Ma ago in the Paleocene and the most recent eruptions can be dated f r om the Holocene [START_REF] Bellon | Eocenc volcanic activity in Bourgogne[END_REF][START_REF] Brousse R | Le volcanisme en France[END_REF][START_REF] Vincent | Découverte d'un volcanisme paléocène en Auvergne: les maars de Menat et leurs annexes; é1t1des géologique et géo désique. -81111[END_REF][START_REF] Varet | Le volcanisme tertiaire et quaternaire en France[END_REF]Mergoil et Boivin, 1993;[START_REF] Nehlig | -Histoire géologique sim plifiée du volcan du Cantal[END_REF]. The classification into different magmatic provinces bas been attempted [Goër de Herve and Mergoil, 1971;[START_REF] Brousse R | Le volcanisme en France[END_REF]Maury and Varet, l 980 ;Mergoil and Boivin, 1993]. These studies clearly show that each magmatic province is characterised by some well defined periods of activity and that two main volcanic phases can be distinguished during the Cenozoic : the pre-rift and the post-rift volcanic phases.

This distinction in two periods can be significantly im proved and refined by compiling the different ages of the volcanic provinces, which are geographically listed f r om north to sou th (fig. 1 ). Such a classification allows the dis tinction of three main volcanic phases.

Pre-rift magmatic cvcnt

From the early Paleocene up to the end of the Eocene, a scarce and scattered volcanism, consisting of less than 15 necks and volcanoes, occurred in the northern part of the Massif Central. Only one magmatic manifestation is re ported from the southern part (fig 2a). ln the Charollais area, 7 volcanoes have been recognised dated f r om 64.5 to 36.7 Ma with K/Ar method [START_REF] Bellon | Eocenc volcanic activity in Bourgogne[END_REF]. Near Menat, several outcrops of basait around a maar have been dated from the Paleocene at around 60 Ma with the K/ Ar method [START_REF] Vincent | Découverte d'un volcanisme paléocène en Auvergne: les maars de Menat et leurs annexes; é1t1des géologique et géo désique. -81111[END_REF], a result consistent with paleontological data [START_REF] Kedves | -Quelques types sporomorphcs du bassin lignitifèrc de Menat. -Acla Uni[END_REF][START_REF]Sur Me11athotheri11111 et l'âge paléocène du gise ment de Menat (Puy de Dôme). ln : Problèmes actuels de pa léontologie[END_REF]. ln the Forez, the pre-rift magmatic activity is restricted to a single volcano, which erupted 62 Ma ago [START_REF] Lenoir | Nouvel les données géochronologiqucs. géochimiqucs et isotopiques sur le volcanisme du Forez: relation avec l'évo lution cénozoïque du manteau du Massif central[END_REF]. Here, the lava has a melilitite composition and corresponds to the most under-saturated magma type recorded in the Massif Central [START_REF] Hernandez | Données nouvelles sur la composition minéralo gique de la néphélinitc à mélilite de Marcoux (Forez)[END_REF]. Along the borders of the Limagne graben, near Vichy and Servant, two volcanoes (45.8 and 44 Ma) display inverted reliefs (Mont Péroux and the Champonier dyke) [START_REF] Brousse | Le volcanisme en France el en Europe limitrophe. -Guides géologiques régionaux[END_REF]]. The only pre-rift volcanic manifestation described in the south- [START_REF] Bellon | Eocenc volcanic activity in Bourgogne[END_REF][START_REF] Vincent | Découverte d'un volcanisme paléocène en Auvergne: les maars de Menat et leurs annexes; é1t1des géologique et géo désique. -81111[END_REF][START_REF] Baubron | Existence d'un volcanisme anté-néogène dans les Causses (Massif central français)[END_REF]: Cantagrel and Boivin. 1978;Bellon and Hernandez. 1979;[START_REF] Varet | Le volcanisme tertiaire et quaternaire en France[END_REF]Baubron andDemange, 1982: Cantagrcl andBaubron. 1983;Gas taud et al., 1983[START_REF] Chantepie | Le volcanisme basaltique miocène et pliocène dis persé dans la région de Clermont Ferrand et sur le plateau des Dômes. Etude pétrologique et géochronologiquc[END_REF]Goër et al., 1991 b: Mergoil andBoivin, 1993;Rochette et al .. 1993: Cheguer. 1996: Nchl ig et al .. 1999). B) Synthe tic representation of volcanism in the Massif Central.

Boxes 1 and 2 reprcscnt the l wo peaks of activity during the ma j or magmatie event. et al., 1974: Vince/li et al., 1977; Baubron et al., 1978; Cc111tagrel and Boil'i11. 1978: Bellon ami Hemandez. 1979: Ma111: r and Varet, 1980; Baubron a11d Demange. 1982: Ca11tagrel a11d Ba11bro11. 1983: Gastaud et al.. 1983: Chantepie. 1990: Goër et al .. 1991a: Mergoil a11d Boivi11. 1993: Rochelle et al .. 1993: Cheg11e1: 1996: Nel,lig et al .. 1999). 8) Représe11tatio11 sy11thétiq11e du 1•olcanis111e du Massi f cemral. Les caisso11s I et 2 rep1•ése111ent les deux pics d'aclivité durant la phase majeure de volcanisme.

ern part of the Massif Central is a basanitic neck in the Tassières hamlet near Séverac le Château (57 Ma) [START_REF] Baubron | Existence d'un volcanisme anté-néogène dans les Causses (Massif central français)[END_REF].

The above ages were obtained in the 1970s and the 1980s by the K/Ar method. New datings using the 40 Ari 39 Ar method, carried out in the Massif Central, clearly shows that previously published ages based on the KI Ar method must be interpreted with care. For example, the Marcoux melilitite, which has been previously dated at 49.8 Ma with the KI Ar method [Bellon and Hernandez, 1979), bas given an age of about 62 Ma using the .io Ar/ 39 Ar method [Lenoir el al., 2000). However, these data confi r m the time span of the pre-rift magmatism from Paleocene to Upper Eocene. The lavas of the pre-rift volcanism are highly under-saturated (alkali basait to melilitite), which strongly suggests small degrees of partial melting (< 5%) of a C02-and H20-rich mantle source [START_REF] Edgar | The gcncsis of alkalinc magmas with cmphasis on their source regions: infcrenccs from cxpcrimcntal studies[END_REF]Wil son et al., 1995).

Rifting magmatic event

From the upper Eocene to the end of the lower M iocene, the Massif Central was af f ected by east-west extension, which led to the formation of numerous grabens [Bergerat, 1985;Blès el al, 1989;Lacombe et al., 1993;Merle el al., 1998). ln the northern part of the Massif Central, the three most important grabens are N-S oriented. From east to west, they are the Bresse graben, the Roanne-Montbrison graben and the Limagne graben [fig. 1 in Merle el al., 1998). As shown f r om an experimental study, the geometry of the sys tem can be explained as resulting f r om symmetric exten sion during the upper Eocene and middle Oligocene [Merle el al., 1998;Michon and Merle, 2000). ln the upper Oligocene and to a lesser extent in the lower Miocene, sub sidence remained very active as indicated by the sedimenta tion rate in the western Limagne graben while there was a lull in Roanne-Montbrison and Bresse grabens [Merle et al., 1998;Hugueney et al., 1999). ln the south, the main sedimentary basins are Le Puy, Saint Flour and Aurillac basins but these are much less developed than in the north ern part. The distinction between well defined N-S grabens in the north and small and non-oriented basins in the south is reinforced by recent geophysical data [START_REF] Zeyen | Refraction-seismic investigations of the nothern Mas sif Central (France)[END_REF]. [START_REF] Zeyen | Refraction-seismic investigations of the nothern Mas sif Central (France)[END_REF]. The Moho is at 26 km depth in the west [START_REF] Zeyen | Refraction-seismic investigations of the nothern Mas sif Central (France)[END_REF]] and 29.5 km in the east [START_REF] Bergerat | Extcnsional tectonics and subsidence of the Bresse basin: an in1crprc1a1ion from ECORS data. -Mé111[END_REF], indicating a thinning of the crust to 23.3 km and 28 km below the Limagne and Bresse grabens, respectively. This yields 25 % crustal thinning beneath the Limagne graben and 10 % below the Bresse [Merle et al., 1998]. Ac cording to the sedimentation history, most of the 25% 
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crustal thinning in the Limagne graben can be considered to have occurred in the upper Oligocene and to a lesser extent in the lower Miocene.

In the southern part of the Massif Central, the Moho is flat-lying at a depth of about 28 km. The average topo graphie elevation of the Yariscan basement is about l 000 m. This suggests slight crustal thinning during the rifting event. This is correlated with low thickness of the Eo-Oligocene sediments, which never exceeds a few hundred meters.

These data reveal a strikingly different tectonic evolu tion between a northern part of the Massif Central where significant crustal thinning has occurred and the southern part where the rifting was limited. Despite the oc _ currenc _ e of a few volcanic minerais in some upper Rupelian sed1ments [START_REF] Devineau | Dynamique d'un rift intracontinental: enregistre ment par les variations isotopiques Sr-Nd dans la fraction détritique des sédiments[END_REF], the rifting event is mainly charac terised by the lack of volcanic activity during sedimentation both in the north and the south of the Massif Central.

The "rift-related magmatic event" started in the late Oligocene at a time when sedimentation was on the decline. It lasted about 15 Ma up to the end of the lower Miocene. Peperitic deposits interbedded in the upper Oligocene sedi ments (Hourrière et al., 1998] prove that this scattered mag matic event is coeval with the asymmetric phase of rifting. The volcanism is located in the northern part of the Massif Central only and is totally unknown in the southern part (fig. 1 ). Moreover, it is restricted to the western area of the northern part, which indicates that it is spatially connected with the area of high crustal thinning, that is the Limagne graben.

More than 200 monogenic scattered volcanoes erupted during this period mainly within the Limagne graben (s./.) or the Forez areas (fig. 2b). Two volcanic manifestations only have been reported far away f r om the graben areas near the Variscan Sillon Houiller fouit (fig 2b). The magmatism is mainly characterised by alkaline basaltic to nephelinitic lavas (85 % of the total volume) and the _ only magmas exhibiting a differentiation trend are located in the Comté area, in the heart of the Limagne graben [START_REF] Tricot | Le volcanisme dia Comté d'Auvergne (MCF). -Thèse 3 c cycle[END_REF] (fig. 2b). Recent 40 Ar! 39 Ar dating from this area indi- 

Major magmatic event

The beginning of the major magmatic event is not coeval in the southern and northern parts of the Massif Central. It started in the south, in areas that lack any volcanism before that period, except the Paleocene Tassières neck (fig 1 and 2a). Eruptions took place from the upper Miocene, at least 15 Ma after the end of the sedimentation. In the north, the major magmatic event started after a gap of about 6 Ma in the upper Miocene. The volume of erupted magma dunng this period is much larger than during any previous mag matic events, and is estimated from 1000 to 1500 km 3 .

As revealed by the estimation of volumes erupted dur ing this period, the major magmatic event was characterised by two peaks of activity (fig. 1 b). The fi r st peak can be dated from 9 to 6 Ma and is associated with the building of the largest magmatic provinces of the Massif Central (Cantal, Aubrac, Velay, Causses and Coirons), following a N l 20 °E/N l 40 °E average trend (Cantal (85 % of the trachy andesitic stratovolcano ages between 9-6 Ma), Aubrac (8, 7-6 Ma), South Velay (83 % of the ages between 9-6 Ma), Causses (9.2-5.8 Ma) and Coirons (7.9-6.2 Ma)) [Baubron and Demange, 1982;Mergoil and Boivin, 1993;[START_REF] Féraud | Geochronological and structural study of' Tcrtiairy and Quaternary dykes in southern France and Sardinia : an examplc of the utilization of dykes swanns as pa leostress indicator[END_REF][START_REF] Fréour | Modèle d'évolution volcano-structural du Cantal: Rôle et répartition des déstabilisations de nancs en zone proxi male (Cantal -France)[END_REF]] (fig 2c). This huge volume of volcanic activity is restricted to a N 11 ü°E oriented elliptical area in the south (fig. 2c) where the Oligocene crustal thinning was negligible (<< 5 %). There is a very good correlation between the location and orienta tion of these large magmatic provinces in the field and the mantle thermal anomaly beneath as deduced by seismic studies [Granet el al., 1995;[START_REF] Sobolev S | -Upper mantle 1empera1u res and lithosphere-asthenosphere system beneath the French Massif Central constraincd by scismic, gravity, petrologic and thermal observations[END_REF] (fig. 3).

ln contrast to the first peak, the second peak of volca nism occurred both in the north and the sou th of the Massif Central. From 3.5 Ma to 0.5 Ma, it led both to the building of new provinces such as Escandorgue, Monts Dore and Devès, and the reactivation of old magmatic provinces (Limagne, Causses, Velay and Sioule). The spatial distribu tion of this second peak is more elongated in the north-south direction (f r om the Chaîne des Puys to the Escandorgue) than the fi r st peak but has a quite similar east-west width. The main volcanic provinces formed dur ing this period are the Monts Dore and Sancy stratovolcanoes and the Devès basaltic shield. The other provinces are characterised by limited monogenic activity (Escandorgue, Velay) during which relatively small vo lumes of lava were erupted. Following this second peak, the last eruptions in the Massif Central occurred f r om the upper Pleistocene to the present-day in the Chaîne des Puys, the Cézallier and in the Ardèche area (Bas Vivarais) [Goer et al., 1991a;Rochette el al., 1993].

Erupted magmas are sub-alkaline (basait to rhyolite) or alkaline (basanite to phonolite) intraplate lavas. The geo chemical and Sr-Nd-Pb isotopie of the most primitive mafic magmas from the Cantal stratovolcano can be modelled by mixing partial melts of: (i) an asthenospheric component with isotopie composition be tween depleted mantle and high p (HJMU) endmembers for which there is no need to invoke the existence of a deep mantle plume and (ii) a lithospheric component derived from the old Variscan lithosphere [START_REF] Downes | Tertiary-Quaternary extension-related alkaline magmatism in western and central Europe[END_REF].

TIMING OF UPLIFT

Marine to laguno-lacustrine Eo-Oligocene sediments can be seen at elevations of several hundred metres (up to 1000 m), which clearly indicates post-Oligocene uplift of the whole area. ln the studied zone, this uplift post-dates that of the southern margin of the Massif Central in the Cévennes area [START_REF] Rey R | Biostratigraphic des formations sédimentaires du Cantal[END_REF]. lt occurred from the Upper Miocene (about 10 Ma) with a maximum of regional dom ing f r om the Upper Pliocene (3.5 Ma) [Derruau, 1971;[START_REF] Griel | L'évolution du !Vtassif central français[END_REF].

ln the south, it has been shown that the uplift in the Velay, Margeride and southern Forez started in the Upper Miocene, 10 Ma ago, and led to the formation of the main trend of topography observed nowadays [START_REF] Upton | Les monts du Forez[END_REF][START_REF] Griel | L'évolution du !Vtassif central français[END_REF]Goër de Herve and Etienne, 1991;[START_REF] Cantagrel | Chronologie de l'cncaisscmcnt du réseau hydrographique en domaine volcanisé: l'exemple de la haute vallée de la Loire[END_REF]]. From 5.5 to 3-3 .5 Ma, the superimposi tion of the volcanic formations in the Allagnon valley and in the Velay area suggests that uplift was limited [Goër de Herve and Etienne, 1991;[START_REF] Augendre | Les cnseigne111en1s des marqueurs en paléogéo graphie dans une aire volcanisée : l'exe111ple de la vallée de l'Allagnon en aval de Joursac[END_REF]. Following this period, doming became again very active and led to impor tant inverted relief of volcanic formations (e.g. the Cézallier eastern border, the Allagnon and Allier valley and the Escandorgue).

ln the north, some very clear fault traces and the study of river entrenchment, together with the cross-cutting rela tionships with well-dated Cenozoic volcanic formations, demonstrates that the main upl i ft of the northern part of the Massif Central postdates 3-3.5 Ma. Firstly, departures from equilibrium profiles, as in the Forez area (fig. 4), at the crossing of fault traces along streams running in the same lithology cannot be ascribed to the Oligocene sedimenta tion period but demonstrates very recent differential uplift. Secondly, from the Lower Miocene to the Upper Pliocene, this uplift was slight or even inactive as lava tlows from that period of time are now found superposed, which indi cates that they flowed out within the same paleo-valleys. The occurrence of several Pliocene volcanic formations several hundred metres above the present day watercourses clearly shows a strong excavation of the rivers since 3-3.5 Ma.

PRESENT-DA Y STRUCTURAL TRENDS

Using a Digital Elevation Model (DEM with a 50 m resolu tion step), it can be shown that the northern Massif Central displays a N-S oriented fault pattern whereas the southern part displays a N 135 °E oriented fault pattern (fig. 3a). Both directions result f r om older Variscan tectonics, as shown by structural studies in other areas of the Massif Central that lack any imprint of the rifting episode [Feybesse, 1981].

Although the prominant directions of the major faults in the north are commonly N-S or near N-S, some oblique orientations are reported either in the Limagne graben or within the Hercynian basement area on the edge of the graben. ln the Combrailles area (NW of Clermont-Ferrand), uplift is indicated by a downtbrow of more than one hun dred metres of Variscan basement through reactivation of well defined Variscan faults such as the Sillon Houiller or through the reactivation of some previously undescribed oblique networks such as the Morge faulted zone (N55 °E) (fig 5). The Morge faulted zone is one of the most seismic areas of the Massif Central [Dorel et al.,I 995] possibly re sulting fr om residual or continuing activity of the uplift process.

In the south, the DEM analysis reveals a prominant N J 35 °E oriented fouit pattern underlined by several volca nic alignments (Aubrac, Devès and Velay), the elliptic shape of the Cantal stratovolcano and the trend of the Margeride horst (fig. 3a). A single N045 °E direction can also be defined east of the Velay, a common Variscan direc tion in this area.

DISCUSSION

The pre-ri ft volcanism is present throughout the entire West-European Rift system and is arranged roughly parai lei to the Alpine front (fig. 6). It is scarce and characterised by a few tens of outcrops of primary magmas ranging f r om al kali basait to very undersaturated lavas such as the melilitites of Marcoux, Essey-la-Côte, Grand Valtin and Bohemia [START_REF] Wilson | Melilitites: partial melts of the thermal boundary layer? -Co111rib[END_REF]. This volcanism started dur ing the late Cretaceous and mainly occurred in the Paleocene and Eocene. At the European scale, this period (i.e. a round the Cretaceous-Tertiary transition) corresponds to the early Alpine compression and to the peak of the high-pressure metamorphism in the Sesia zone [see Merle and Michon, 2001].

The buckling of the lithosphere as a response to com pression was recently studied by numerical modelling [START_REF] Cloetingh | Lithosphere folding: Primary response 10 compression'? (from central Asia to Paris basin)[END_REF]. For a 300 Ma lithosphere, that is the inferred age of the European Variscan lithosphere, re sults show that the buckling can be preserved during several tens of million years. They are also in good agreement with geological studies at the scale of the Massif Central. Grav ity data show the existence of crustal ridges which have been attributed to lithospheric buckling at about 60 Ma as a result of early Alpine compression [Lefort and Argawal, 1996]. Southeast of the Paris Basin, the doming is concen tric around the Alpine belt and reveals a curved uplifted zone, which goes from the north of the Massif Central to the south of the Rhine graben [Lefort and Agarwal, 1996, Fig I O]. We believe significant that this concentric ridge around the Alpine belt corresponds to the location of the pre-rift volcanism. As an attempt to interpret this pre-rift volcanism, whose spatial distribution is not related to the main Limagne and Rhine grabens but with a large-scale crustal undulation, we propose that it may result from a low to very low degrees of mantle melting induced by lithospheric doming and adiabatic decompression during the early Alpine compressive event. The activity of the pre-rift volcanism up to the Eocene could be explained by the preservation of the lithospheric buckling. This hypothe-sis is reinforced by geomorphological studies which show a general uplift of the Massif Central and Morvan area at the same period [ [START_REF] Griel | L'évolution du !Vtassif central français[END_REF][START_REF] Wyns R | Contraintes géologiques et géomorphologiques à l'his toire de la mobilité verticale de la lithosphère continentale en Europe de l'ouest depuis le Crétacé; relation avec la genèse des grabens et du volcanisme tertiaires[END_REF].

The rifting volcanic event, which is contemporaneous with the upper Oligocene-lower Miocene rift sedimenta tion, occurred in the west of the northern part of the Massif Central. This magmatic phase is clearly related in space and time to the asymmetric rifting episode, which induced significant crustal thinning in the west, mostly below the Limagne graben (Merle et al., 1998]. Assuming that high crustal thinning results f r om the stretching of the whole lithosphere, the scattered volcanic activity recorded f r om the upper Oligocene to lower Miocene may be induced by low degrees of mantle melting (< 10%) due to mantle de compression during extension. This interpretation is rein forced by the lack of volcanism in the southern part where very slight crustal thinning occurred during the Oligocene. The scattered volcanic event is then interpreted as a conse quence of the rifting episode in the northern part of the Massif Central. In this area, the main structures which formed during this rifting event are N-S oriented, mostly perpendicular to the extension direction [Bergerat, 1985], and the present structure is probably inherited from that pe riod.

A fter a Jack of volcanism both in the northern and southern parts, voluminous magmatic activity started at 14 Ma and 5.5 Ma ago in the southern and northern parts, res pectively. This major volcanic event is characterised by a more or Jess continuous activity up to the present�day and can be divided into two volcanic peaks. These two peaks are spatially and temporally associated with the two main peri ods of uplift, suggesting a common origin for volcanism and upl i ft processes.

ln the south, it is probably significant to consider the parallelism between the trend of major faults, the long axis of the two principal magmatic provinces (Cantal and Devès-Velay) and the thermal anomaly orientation (fig 3). The elongated thermal anomaly just below the Cantal and Devès-Velay volcanic provinces suggests that the major volcanic event was induced by this significant asthenospheric upwelling south of the main rifting area. In contrast with lithospheric mantle thinning deduced f r om the seismic tomography, slight crustal thinning in the same area indicates that upwelling of the litbosphere/ asthenosphere boundary does not result from Eo-Oligocene extension but is probably due to a late process of thermo-mechanical ero-sion a long the I ithosphere Such a thermal erosion at the lithosphere base would have caused (i) the major mag matic event and (ii) the uplift of the volcanic area as a re sult of isostatic adjustment.

The occurrence of two peaks of magrnatism and uplift cou Id be attributed to two episodes of thermal erosion at the base of the lithosphere spaced by about 5 Ma. The first epi sode, f r om 9 Ma to 6 Ma, was restricted to the southern part of the Massif Central whereas the second one, f r om 3.5 to 0.5 Ma, was less pronounced, but more widespread : f r om the Chaîne des Puys in the nortb to the Escandorgue in the sou th.

This general magmatic evolution drawn from data at the Massif Central scale may apply to the Eger graben as well, as the three magmatic events described in this study (pre-rift magmatic event, rifting event and post-Miocene volcanic event) are also reported in the literature [Bellon and Kopecky, 1977;Dudek and Elias, 1984) (fig 7). This suggests that a single cause should explain the formation of the entire western European rift surrounding the Alpine mountain belt.

CONCLUSIONS

This study on the spatio-temporal distribution of volcanism in the Massif Central makes it possible to propose three successive magmatic events during the Tertiary evolution of the Massif Central.

1. Pre-rift magmatic event. -This volcanic phase is ex tremely small, but common to the entire West-European Rift system [Bellon and Kopecky, 1977;[START_REF] Vincent | Découverte d'un volcanisme paléocène en Auvergne: les maars de Menat et leurs annexes; é1t1des géologique et géo désique. -81111[END_REF]Lippolt, 1983;Brousse and Lefèvre, 1990). The pa rallelism between the pre-rift volcanic belt and the Alpine f r ont cou Id be explained by a flexure of the lithosphere dur ing early Alpine late Cretaceous-Paleocene compression.

2. Rifting magmatic event. -From the Priabonian up to the end of the early Miocene, three main N-S grabens were initiated in the northern part of the Massif Central. ln the upper 01 igocene, extension remained active in the west only, leading to a significant crustal thinning below the western Limagne graben (up to 25%). This lithospheric stretching induced a scattered late Oligocene-lower Mio cene volcanic phase located f r om the Roanne-Montbrison graben in the east to the Sillon Houiller in the west. ln the south, a very slight crustal thinning occurred during the Oligocene rifting period. Tt is considered that this thinning was not large enough to trigger volcanism, as it occurred in the north during the lower Miocene.

Major magmatic event.

-This volcanic episode, which started 14 Ma ago in the south and 5.5 Ma ago in the North, is characterised by two peaks of volcanism (9-6 and 3.5-0.5 Ma). Timing and structural features of the major magmatic event indicate that it is unrelated to Eo-Oligocene extensional processes. The fi r st peak of this major mag matic event, which occurred in the sou th of the Massif Cen tral only, is coeval with an episode of uplift and is attributed to a thermal erosion along the base of the litho sphere. The second peak, which is also coeval with an epi sode of uplift, would be induced by a similar process, but below a larger area, from north to south, than for the first peak.
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  FIG.1. -A ) Spatio-temporal distribution of the volcanism in the Massif Central area: the ri fting cvcnt include both the sedi111en1ation/ex1ensional period and the scattered volcanism rccorded in the north. Note the lack of volcanism aftcr the sedimentation pcriod in the south. For cxplanation sec the tcxt Established from radiomctric data[START_REF] Bellon | Eocenc volcanic activity in Bourgogne[END_REF][START_REF] Vincent | Découverte d'un volcanisme paléocène en Auvergne: les maars de Menat et leurs annexes; é1t1des géologique et géo désique. -81111[END_REF][START_REF] Baubron | Existence d'un volcanisme anté-néogène dans les Causses (Massif central français)[END_REF]: Cantagrel and Boivin. 1978; Bellon and Hernandez. 1979;[START_REF] Varet | Le volcanisme tertiaire et quaternaire en France[END_REF] Baubron and Demange, 1982: Cantagrcl and Baubron. 1983; Gas taud et al., 1983[START_REF] Chantepie | Le volcanisme basaltique miocène et pliocène dis persé dans la région de Clermont Ferrand et sur le plateau des Dômes. Etude pétrologique et géochronologiquc[END_REF] Goër et al., 1991 b: Mergoil and Boivin, 1993; Rochette et al .. 1993: Cheguer. 1996: Nchl ig et al .. 1999). B) Synthe tic representation of volcanism in the Massif Central.
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 1 FIG.1. -A) Réparlitio11 spatio-temporelle du volca11isme : ! 'épisode de rifti11g inclut les périodes d •extensio11 et de sédime11tc11io11. et la phase de vole<1-11isme dispersé dans la partie nord. Noter l 'abse11ce de 1•olcc111is111e après la période de sédi111e111atio11 dam la moitié sud. [D "après les 11•m•c111xde 8ello11 et al., 1974: Vince/li et al., 1977; Baubron et al., 1978; Cc111tagrel and Boil'i11. 1978: Bellon ami Hemandez. 1979: Ma111: r [START_REF] Varet | Le volcanisme tertiaire et quaternaire en France[END_REF] Baubron a11d Demange. 1982: Ca11tagrel a11d Ba11bro11. 1983: Gastaud et al.. 1983[START_REF] Chantepie | Le volcanisme basaltique miocène et pliocène dis persé dans la région de Clermont Ferrand et sur le plateau des Dômes. Etude pétrologique et géochronologiquc[END_REF]: Goër et al .. 1991a: Mergoil a11d Boivi11. 1993: Rochelle et al .. 1993: Cheg11e1: 1996: Nel,lig et al .. 1999). 8) Représe11tatio11 sy11thétiq11e du 1•olcanis111e du Massi f cemral. Les caisso11s I et 2 rep1•ése111ent les deux pics d'aclivité durant la phase majeure de volcanisme.
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  FIG. 2. -Schematic maps showing the spatial distribution of the Massif Central volcanism. A , B and C represent the three di fferent volcanic cvents. In C, the N 110 °E elliptical area corresponds 10 the zone affected by the first peak or volcanism. FIG. 2. -Cartes schématiques de la distribution spatiale du volcanisme du Massif cen tral. A, B et C représen ten t les trois épisodes volcaniques. En C, l'ellipse orientée N 11 < f E représente la zone couverte par le premier pic de volcanisme.

  between 20 and 22 Ma with a climax at about 21 Ma[Cheguer, 1996].

  . 3. _ A) Struc1ural setting of the northern and the soulhern parts of the Massif Central. I n black, elevat(on higher than 1000 _ m. _ Prominent orienta tions are Nl35'E in the south and N-S in the north. B) Schematic map present1ng the onentauon of the Eo-Ohgocenc _ crustal th1nnmg Ill the north (1) and the thermal anomaly orientation in the south (2). Lithosphere asthenosphere boundary (LAB) topography g1ven 111 ktlometres [fr om Sobolev et al., �;i 1 t _ A) Cadre structural des parties nord et sud du Massi f Central. En noir som représentées les aftill'.des supérie '. ll"es à 10 � 0 ! "• le � orie11t � 1tio ! 1s don;ilw111es de fa moitié sud sont N l 3S'E et la partie nord est marquée par des directions N-S. 8) Carte s � hema _ t,que p1 : esentan ! I one ! 1tat1on de I 0111111cissement crus ta/ éo-ofigocène dans le nord ( 1) et f 'orientation de / 'anomalie thermique dans le sud(2) l11111te /1t/10sphere-asthenosphere (LA B) en kdo mètres [d'après Sobolev et al., /997).

  FIG. 4. -Topographie profiles of two streams running aeross the Forez fàult. Departures from the cquilibrium profiles of the streams when crossing the fault indicate recent vertical movemcnts, as already suggcsted by the very clear fault trace of' the fault on the DEM. A.G.: Ambert graben. FIG. 4. -Prof ils topographiques de deux ruisseaux recoupant la/aille du Fore=. les ruptures de pentes des prof ils aux passages de la/aille du Fore= indi quent des 111011w:111ents 1•ertica11x récents. Celle rectonique est égale111e111 suggérée pa,• le tracé très net de la faille du Forez sur le MNT. A. G. : Fossé d'Amberr.

  FIG. S. -Digital Elevation Model (DEM) of the Combrailles area. The Sillon houiller and the Morge faults bound a horst on which the Monts Dore and Chaîne des Puys volcanic provinces were built up. FIG. 5. -Modèle 1111111érique de 1erroi11 (MNT) de la régio11 des Combrailles. le Sillo11 houiller el la/aille de la Morge borde111 1111 hors! sur lequel se sot11 co11s1r11iles les provi11ces volcaniques des 1110111s Dores el de la choî11e des P uy s.
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  FIG. 7. -Comparative Tcniary evolution of the Massif Central and of the Eger graben. ln the Massif Central, data from the northcrn and southern pan are gathered in the same diagram and the major magmatic cvcnt is schema1ically represented by the two pcaks ofactivity (1 and 2). Note the strong similari ties between these two segments of the West-European riït, separated by several hundred kilomctres. The similarity indicates an evolution linked tocom mon regional factors. FIG. 7. -Comparaiso11 de I 'évolutio11 tertic,ire du Massi f ce11t/'GI et du graben de l'Ege,: Da11s le Massi f central, les données des parties sud et nord so111 rassemblées e11 1111 ((lbleau unique et la phase majeure de volcanisme est représentée par les deux pics de magma1is111e (I et 2). Noter les.fortes similitu des d'évolution entre ces deux segments du rifi Ouest-européen. séparés par plusieurs centaines de kilomètres.
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