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2.2.2 L’orogenèse varisque dans les Alpes . . . . . . . . . . . . . . . . . . . 59

2.2.3 Des enregistrements Paléozöıques contrastés, marqueurs de la zonéo-
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TABLE DES MATIÈRES TABLE DES MATIÈRES
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Introduction générale

La formation des ceintures orogéniques au niveau des zones de convergence est décrite

schématiquement comme le résultat d’une subduction suivie de la collision entre deux masses

continentales, de l’accrétion de blocs crustaux le long d’une marge active ou encore de l’in-

version de petits bassins de type rift ou bassin marginal. Cependant, au-delà des modèles

conceptuels, les systèmes orogéniques présentent fréquemment des géométries très complexes

et peuvent être marqués par une évolution géodynamique polyphasée, impliquant plusieurs

phases de subduction et de collision de vergences différentes, pouvant être entrecoupées

par des phases d’extension et d’ouverture de bassins. La convergence Afrique-Eurasie et

la formation des châınes alpines péri-méditerranéennes (Jolivet et Faccenna, 2000; Jolivet

et Brun, 2010) est un parfait exemple actuel illustrant la complexité des processus tecto-

niques pouvant se développer en contexte de convergence (Figure 1). La reconstitution des

différentes phases tectoniques dans ces contextes est donc une tâche particulièrement dif-

ficile. Ceci est encore plus vrai dans les systèmes orogéniques anciens, où l’enregistrement

géologique est en partie oblitéré : (i) par l’érosion des niveaux structuraux supérieurs, qui

contiennent la plupart des unités ophiolitiques marquant les zones de suture ; (ii) par les

remaniements tectoniques parfois important survenus après les phases de collision, soit par

des décrochements tardi-orogéniques ou encore par une reprise éventuelle dans de nouveaux

cycles orogéniques ultérieurs ; (iii) par la fusion partielle des domaines crustaux inférieurs

lors des phases syn à post-collisionnelles, qui favorise le fluage de la croûte et la mise en

place de batholites ou de dôme migmatitiques recoupant les structures plus anciennes ; (iv)

par le dépôt de séries sédimentaires plus récentes, recouvrant en partie les anciens domaines
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orogéniques.

Oligocene (~30 Ma)

Present

Continental domain (Eurasia)

Thinned continental domain (Eurasia)

Continental domain (Africa-Adria)

Thinned continental domain (Africa-Adria)

Old oceanic domains (Mesozoic)

Alpine belts

Other orogenic belts

Thinned continental crust /
ocean-continent transition
Young oceanic crust (Cenozoic)

Outer front of belts
Extensional faults
Compressional faults
Transcurrent faults

5mm/yr

Figure 1 – Exemple de contexte géodynamique complexe développé en contexte de convergence : le
domaine méditerranéen et les châınes alpines. De manière schématique, ce domaine marque la convergence
entre la plaque africaine et la plaque eurasienne, et la fermeture de l’ancien domaine océanique téthysien.
Dans le détail, on observe une évolution géodynamique extrêmement complexe, impliquant plusieurs slabs
en subduction (alpin, dinarique, apennin, égéen), présentant des vergences différentes, plusieurs phases
orogéniques, et l’ouverture de bassins océaniques en contexte de convergence. Figure extraite de Mantovani
et al. (2020).
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INTRODUCTION

La châıne varisque européenne représente un cas d’école. Cette châıne résulte de la ferme-

ture progressive de l’océan Rhéique et de plusieurs petits bassins océaniques ou de transition

océan-continent au cours du Silurien et du Dévonien, entrâınant la collision entre les conti-

nents Gondwana, Laurussia et plusieurs petits blocs intermédiaires à partir du Dévonien

(Matte, 1986, 2001). L’orogenèse varisque affecte une grande partie des terrains paléozöıques

du sud et de l’ouest de l’Europe, de la péninsule ibérique au sud de la Pologne, et a été étu-

diée depuis plus d’un siècle par de multiples générations de géologues (e.g. Suess, 1909;

Kossmat, 1927; Matte, 1986; Franke, 2000; Mart́ınez Catalán et al., 2021). Malgré les mil-

liers de travaux produits, il n’existe toujours pas à l’heure actuelle de réel consensus sur

le nombre de blocs continentaux impliqués, le nombre et la taille des domaines océaniques

refermés, ainsi que sur la position et la vergence des sutures. Néanmoins, de larges portions

de socle varisque affleurent de manière continue dans plusieurs massifs, en particulier dans

le massif de Bohême, le massif Central, le massif Armoricain, et sur la péninsule ibérique,

ce qui a permis d’établir plusieurs coupes de référence (Ballèvre et al., 2014; Faure et al.,

2009; Franke, 2000; Lardeaux et al., 2014; Schulmann et al., 2005; Simancas et al., 2003) et

d’établir des corrélations de grande échelle entre les principaux domaines lithotectoniques.

La situation est en revanche plus complexe dans les domaines alpins et du sud-est de l’Eu-

rope. De nombreuses portions de socle varisque affleurent dans ces zones, qui forment une

multitude de petits domaines plus ou moins affectés par la tectonique et le métamorphisme

alpin, ce qui complique les corrélations avec le reste de la châıne varisque. Une caractérisa-

tion précise des différentes phases tectono-métamorphiques et magmatiques varisques dans

ces domaines peut néanmoins apporter des points de comparaison avec le reste de la châıne,

afin d’intégrer ces domaines dans les reconstitutions géodynamiques de l’orogenèse varisque.

Cette thèse se focalise sur les Massifs Cristallins Externes (MCE) des Alpes occidentales.

Ces massifs représentent des portions exhumées du socle varisque impliqué dans la collision

alpine. Ils sont localisés sur la marge européenne externe (dauphinoise-helvétique) de la
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châıne alpine, et ont été relativement peu affectés par le métamorphisme et la déformation

alpine. Cependant, leur intégration au sein de la châıne varisque reste difficile à établir en

raison des importants mouvements décrochants tardi-varisques (Guillot et al., 2009a) et la

rotation de l’arc alpin. Par ailleurs, si des reliques de roches de haute pression (HP) varisques

affleurent dans ces massifs, leur signification géodynamique et leur lien avec une possible

zone de suture fait débat (Guillot et Ménot, 2009).

Le but de ce travail de thèse est de mieux contraindre l’évolution tectono-métamorphique

et magmatique dans les MCE, en vue de proposer un modèle géodynamique cohérent per-

mettant de les intégrer dans la châıne varisque. Ce travail a été mené sur les massifs de

Belledonne et de l’Oisans–Pelvoux, en parallèle d’une seconde thèse (Jonas Vanardois, univ.

Franche-Comté) réalisée sur le socle des massifs du Mont Blanc et des Aiguilles-Rouges, dans

le cadre du chantier RGF Alpes piloté par le BRGM. De nouvelles données structurales,

thermobarométriques et géochronologiques ont été acquises sur les unités métamorphiques

profondes préservant des reliques de HP. Un travail a aussi été réalisé sur le magmatisme

(ultra)-potassique des MCE et sur des enclaves de péridotites découvertes dans le massif de

l’Oisans–Pelvoux lors de ce travail de thèse, qui donnent des indications sur l’évolution du

manteau varisque.

Le manuscrit se structure en quatre grandes parties.

• La Partie I présente le contexte géodynamique général associé au cycle orogénique va-

risque en Europe, et présente un travail de synthèse réalisé sur l’évolution paléozöıque

des différents domaines de socle dans les Alpes et qui fait l’objet d’un chapitre sous

presse (Jacob et al., 2022) dans le livre Geodynamics of the Alps.

• La Partie II traite de la datation et de l’estimation des conditions P-T du métamor-

phisme varisque dans les MCE, avec un focus sur les reliques d’éclogites et de granulites

de HP. Les résultats obtenus pour les éclogites de Belledonne sont publiés dans Journal
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of Metamorphic Geology (Jacob et al., 2021a), et ceux des granulites de HP de l’Oisans

sont présentés dans une seconde publication en révision dans Lithos. En parallèle, une

étude structurale des unités métamorphiques contenant ces reliques de HP a été réali-

sée, afin de contraindre le contexte structural et préciser les mécanismes d’exhumation

de ces roches.

• La Partie III se focalise sur le magmatisme mantellique et l’évolution du manteau

varisque dans les MCE, en couplant l’étude des séries magmatiques (ultra)-potassiques,

à forte composante mantellique, et l’étude pétrographique et géochimique des enclaves

de péridotites échantillonnées dans les domaines structuraux inférieurs. Ces travaux

sont présentés sous la forme de deux publications en préparation.

• Enfin, la Partie IV est une partie de discussion générale, qui fait une synthèse des

résultats obtenus, les intègre dans un modèle d’évolution géodynamique varisque des

MCE, et replace ces massifs à l’échelle de la châıne varisque européenne.
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Première partie

Contexte Général





Une grande partie du socle paléozöıque européen a été structuré au cours de l’orogenèse

varisque, entre le Dévonien et le Carbonifère (ca. 380–300 Ma). Cette orogenèse résulte de la

convergence entre deux grandes masses continentales, le Gondwana au sud et la Laurussia

au nord, ainsi que plusieurs microcontinents intermédiaires, et aboutit à la formation du

supercontinent Pangée à la fin du Carbonifère (Matte, 2001). Les domaines varisques exposés

en Europe ne représentent qu’une petite partie de ce grand système orogénique, qui s’étend

sur plus de 8000 km du Caucase aux Appalaches (Matte, 1986), et est donc comparable

en étendue à la châıne alpino-himalayenne actuelle. La majeure partie du socle varisque

européen est aujourd’hui recouverte par une couverture sédimentaire plus ou moins épaisse,

déposée au cours du Mésozöıque et du Cénozöıque. L’étude du système orogénique varisque

s’est donc concentrée principalement dans les massifs où le socle Paléozöıque affleure en

surface, les principaux étant le Massif de Bohême, le Massif Central, le Massif Armoricain

et le Massif Ibérique. La plupart des massifs varisques d’Europe de l’Ouest et d’Europe

Centrale ont été relativement peu affectés par les événements tectoniques post-Permien,

ce qui permet de corréler les principaux domaines tectoniques et les grandes structures

varisques à l’échelle du continent (e.g. Ballèvre et al., 2014; Edel et al., 2018; Matte, 1986;

Mart́ınez Catalán et al., 2020). La situation est en revanche plus compliquée dans un large

quart sud-est de l’Europe, où de nombreux domaines de socle paléozöıque affleurent dans un

contexte géodynamique extrêmement complexe, associé à la fermeture de la Téthys et à la

formation des châınes alpines (Jolivet et Faccenna, 2000). Ainsi, la reconstitution du puzzle

varisque dans ces domaines affectés par la tectonique alpine demeure un problème ouvert,

qui nécessite de comprendre l’organisation générale de la châıne alpine et son évolution

géodynamique depuis le Trias.

Cette première partie consacrée au contexte géologique général est donc découpée en deux

chapitres. Le premier chapitre est consacré à l’organisation générale du système orogénique

varisque en Europe, et présente une synthèse des connaissances actuelles sur la structure de
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la châıne et sur l’évolution géodynamique varisque et anté-varisque en Europe, du Néopro-

térozöıque à la fin du Permien. Le second chapitre se focalise sur l’évolution varisque des

domaines alpins. Ce chapitre présente une revue des différents domaines de socle Paléozöıque

exposés dans les Alpes, et discute de leur évolution géodynamique varisque et anté-varisque.

Un focus particulier est accordé aux domaines externes de la marge européenne (domaine

Helvétique), dans lesquels se trouvent les Massifs Cristallins Externes étudiés au cours de

cette thèse. Ce second chapitre reprend, avec quelques ajouts et modifications, un chapitre

écrit pour un ouvrage de synthèse sur la châıne alpine (Geodynamics of the Alps, in press).
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CHAPITRE 1

L’orogenèse varisque en Europe de l’ouest
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L’OROGENÈSE VARISQUE EN EUROPE DE L’OUEST

1.1 Les terrains anté-varisques en Europe : un

ensemble de blocs continentaux issus de la marge

nord du Gondwana

1.1.1 Situation au Paléozöıque inférieur

Au Paléozöıque inférieur (Cambrien–Ordovicien), la plupart des futurs domaines va-

risques d’Europe étaient situés sur la marge nord du Gondwana (Matte, 2001; Stampfli

et al., 2011; Von Raumer et al., 2002), faisant face à un domaine océanique Proto-Rhéique

ou Iapetus (Figure 1.1). Cette marge continentale a été active durant une grande partie du

Néoprotérozöıque, formant une zone d’accrétion associée à la subduction de l’océan Iapetus

(Garfunkel, 2015). En Europe, cette période d’accrétion a culminé à la fin de l’Édiacarien

(ca. 600–580 Ma) avec l’orogenèse Cadomienne, principalement préservée en Nord Bretagne

et en Normandie (Ballèvre et al., 2001; Chantraine et al., 2001).

Au cours du Cambrien, ce contexte de marge active en convergence évolue progressive-

ment vers un contexte extensif, associé à une subsidence généralisée de la marge nord du

Gondwana (von Raumer and Stampfli, 2008). Cette extension entrâıne la formation de pe-

tits bassins marginaux (e.g. l’océan de Chamrousse, Guillot et al., 1992; Ménot et al., 1988;

Pin et Carme, 1987), et aboutit à l’Ordovicien inférieur à l’ouverture de l’océan Rhéique et

à la séparation du microcontinent Avalonia (Linnemann et al., 2007; Nance et al., 2010),

Figure 1.4. Plusieurs microcontinents au sud d’Avalonia (bloc Armoricain, Saxo-thuringien,

zone d’Ossa-Morena) se retrouvent aussi séparés du Gondwana par de petits bras d’océans.

Cette phase de rifting s’accompagne d’une activité magmatique importante, que l’on re-

trouve dans une grande partie des terrains anté-varisques en Europe (Figure 1.2). Il s’agit

principalement de magmatisme bimodal caractérisé par des associations de basaltes alca-
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lins à tholéiitiques et de rhyolites alcalines à peralcalines (e.g. Crowley et al., 2000; Pin et

Marini, 1993). Ces associations sont communément associées à des corps ultramafiques, et

pourraient correspondre à des anciens bassins océaniques ou à des zones de lithosphère hy-

peramincie de la transition océan-continent. De nombreux granitöıdes peralumineux (type

S de Chappell et White, 2001) se forment aussi durant cette période (e.g. Couzinié et al.,

2017; Villaseca et al., 2016; Zurbriggen, 2017), et marquent une fusion importante de croûte

continentale riche en (méta)sédiments (Chelle-Michou et al., 2017; Couzinié et al., 2017).

Ainsi, le contexte géodynamique associé à l’ouverture de l’océan Rhéique reste débatu. Se-

lon certains auteurs, la présence de nombreux granitöıdes d’âge Cambrien à Ordovicien, ainsi

que les signatures d’arc de certains protolites mafiques (Figure 1.3) marquent un contexte

d’arc et indiquent donc la présence d’une subduction active jusqu’à l’Ordovicien (e.g. Stamp-

fli et al., 2013; Zurbriggen, 2015, 2017). L’ouverture de l’océan Rhéique serait alors liée à

de l’extension arrière-arc, provoquée par un retrait de la subduction (slab rollback), comme

proposé par Stampfli et al. (2013) (Figure 1.4). Selon d’autres auteurs, la présence de séries

magmatiques alcalines et tholéitiques marquent un contexte de rifting, et les signatures d’arc
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observées dans certaines roches mafiques Figure 1.3 résulteraient de la fusion d’un manteau

hétérogène enrichi par les fluides de subduction au cours du Néoprotérozöıque (e.g. Ballèvre

et al., 2012). Ceci implique une transition d’un contexte de marge active à une marge passive

au cours du Cambrien, potentiellement liée à une rupture de slab suivant la collision avec

une paléo-ride océanique (Linnemann et al., 2007), (Figure 1.4).

1.1.2 Combien d’océans ouverts au Paléozöıque ?

Il existe un débat concernant le nombre et l’étendue des domaines océaniques ouverts au

Paléozöıque inférieur le long de la marge nord du Gondwana. Si la présence d’un large océan

Rhéique (ca. 4000 km) séparant Avalonia du reste des domaines gondwaniens est attestée

par de nombreuses données paléomagnétiques et paléobiogéographiques (Cocks et Torsvik,

2002; Nance et al., 2010), la présence de domaines océaniques plus au sud est débattue.
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En effet, les registres paléoclimatiques et paléobiogéographiques ainsi que les enregistre-

ment paléomagnétiques suggèrent plutôt l’absence de grands domaines océaniques au sud de

l’océan Rhéique (Cocks et Torsvik, 2002; Fortey et Cocks, 2003; ?; Žák et Sláma, 2018). Ce-

pendant, les nombreuses reliques de roches de haute pression ainsi que la présence d’unités

ophiolitiques au sud de la suture Rhéique, dans les domaines varisques d’Europe occidentale

et centrale, suggèrent la présence d’anciens bassins fermés par subduction (Ballèvre et al.,

2009; Faure et al., 2008; Guillot et Ménot, 2009; Lardeaux et al., 2014). Par ailleurs, une
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suture est clairement identifiable sur les profils géophysiques dans le massif de Bohême,

entre les domaines Saxo-Thuringien et Teplà-Barrandien (Schulmann et al., 2014), et des

zones de suture sont bien identifiées au sud du massif Armoricain et en Espagne (Ballèvre

et al., 2009, 2014; Mart́ınez Catalán et al., 2020). Ainsi, certaines reconstitutions paléogéo-

graphiques suggèrent la présence d’un ou plusieurs microcontinents, séparés de Gondwana

par des petits bassins océaniques analogues aux océans alpins (Franke et al., 2017; Matte,

2001). A l’inverse, d’autre modèles suggèrent la présence d’une péninsule armoricaine au

nord du Gondwana, composée de noyaux continentaux épais séparés par des zones de litho-

sphère amincie (e.g. Kroner et Romer, 2013; Stephan et al., 2019b). Enfin, le modèle proposé

par Stampfli et al. (2013) suggère une séparation plus tardive des blocs péri-gondwaniens,

associée à l’ouverture de la Paléotéthys à partir du Silurien (Figure 1.5).

27
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Figure 1.5 – Différentes configurations possibles de la marge nord du Gondwana et des blocs péri-
gondwaniens après l’ouverture de l’océan Rhéique (Silurien). Figure tirée de Stephan et al. (2019a), d’après
les reconstitutions paléogéographiques de Matte (2001); Kroner et Romer (2013); Franke et al. (2017);
Stampfli et al. (2013).

1.2 La châıne varisque en Europe

1.2.1 Zonation générale de la châıne

Au premier ordre, la châıne varisque d’Europe peut être vue comme un assemblage de

plusieurs blocs péri-gondwaniens pincés entre les deux continents Gondwana et Laurussia. La

forme générale de le châıne n’est pas linéaire, mais apparâıt au contraire fortement arquée,

en particulier dans sa partie ouest au niveau de la syntaxe Ibéro-Armoricaine (Figure 1.6).
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La châıne est découpée en cinq grand domaines tectoniques, d’orientation générale NE–SW

(Ballèvre et al., 2014; Franke et al., 2017; Kossmat, 1927; Mart́ınez Catalán et al., 2020;

Matte, 1991, 2001) : le domaine Rhéno-Hercynien, le domaine Saxo-Thuringien, le domaine

Armoricain, les nappes métamorphiques allochtones de la marge gondwanienne (domaine

Moldanubien), et les domaines autochtones et para-autochtones de la marge gondwanienne.

La châıne varisque apparâıt donc aux premiers abords comme grossièrement cylindrique.

Cependant, des différences notables existent entre différents segments de la châıne, qui est

divisée en trois domaines séparés par de grandes zones de cisaillement décrochantes d’échelle

lithosphérique, comme la zone de cisaillement du Pays de Bray (Edel et Weber, 1995; Matte,

1986) ou la zone de cisaillement sud-armoricaine (Ballèvre et al., 2009) : le domaine nord-

varisque, regroupant les massif de Bohême, des Vosges – Forêt-Noire et le massif Rhénan ;

le domaine central-varisque, regroupant le Massif Central, le massif Armoricain et le Sud de

l’Angleterre ; le domaine sud-varisque, regroupant la péninsule Ibérique, le bloc Corso-Sarde

et le massif des Maures-Tanneron dans le Sud de la France (Edel et al., 2018).

La domaine Rhéno-Hercynien forme la partie externes de la châıne dérivés de la marge

laurussienne. Elle se développe sur l’ancien microcontinent Avalonia, accrété à la Baltica

et la Laurentia au Silurien lors de l’orogenèse Calédonienne. Elle est délimitée au nord par

le front nord-varisque, qui passe par le sud de l’Irlande et de l’Angleterre et le nord de

la Rhénanie, et marque la limite avec l’avant-pays non-déformé. Cette zone est corrélée

avec la zone sud-portugaise dans le domaine sud-varisque (Ballèvre et al., 2014). Elle est

principalement formée de séries de flyschs d’âge Dévono-Carbonifère reposant sur un socle

Néoprotérozöıque (Franke, 2000; Matte, 1991), et formant un système de plis de vergence

nord (vergence SW dans la zone sud-portugaise).

Les domaines Armoricains et Saxo-Thuringien correspondent à un ensemble de blocs péri-

gondwaniens. Ces blocs sont marqués par un fort héritage Néoprotérozöıque, en particulier
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dans le domaine Saxo-Thuringien du massif de Bohême et au nord du massif Armoricain, où

des portions d’arcs magmatiques Cadomiens sont préservés (Ballèvre et al., 2001; Chantraine

et al., 2001). Ces domaines de socle Néoprotérozöıque sont partiellement recouverts de séries

sédimentaires Paléozöıques.

Le cœur de la châıne est formé d’un ensemble d’unités métamorphiques allochtones déri-

vées de la marge gondwanienne, et présentant des degrés de métamorphisme variables allant

jusqu’à un métamorphisme de haut grade dans le faciès des granulites (O’Brien, 2000).

Les unités les plus métamorphiques représentent des portions exhumées de croûte profonde

formant l’ancienne racine crustale de la châıne (Schulmann et al., 2009). Elles sont com-

posées principalement de gneiss et de migmatites, et contiennent fréquemment des reliques

d’éclogites et de granulites de haute pression, avec parfois des fragments de péridotites et

de serpentinites (Gardien et al., 1990; Medaris et al., 2005). Ces unités métamorphiques

allochtones sont fréquemment recoupées par des granitöıdes d’âge Carbonifère, mis en place

lors des stades syn à post-collisionels.

Enfin, les domaines situés plus au sud représentent les domaines externes plus superficiels

de la marge gondwanienne, formés principalement de séries sédimentaires plissées. Ils laissent

place au sud à des bassins d’avant-pays remplis de dépôts molassiques Carbonifères (Ballèvre

et al., 2014; Faure et al., 2009; Mart́ınez Catalán et al., 2020).

1.2.2 Les sutures varisques

Plusieurs zones de suture sont indentifiées dans la châıne varisque européenne. Cepen-

dant, la corrélation de ces sutures entre les différents segments de la châıne n’est pas toujours

bien établie, en raison des importants remaniements tectoniques de la châıne ayant eu lieu

au cours du Carbonifère.
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Une première suture marque la limite entre les domaines Rhéno-Hercyniens et l’assemblage

de blocs péri-gondwaniens des domaines Armoricain et Saxo-Thuringien. Elle est définie

par la présence d’ophiolites Dévoniennes dans le Sud de l’Angleterre (Cap Lizard, Shail

et Leveridge, 2009) et par la présence de séries magmatiques d’arc dans le sud du massif

Rhénan (Franke et al., 2017). Elle est corrélée dans le domaine sud-varisque avec la suture

sud-ibérique, marquant la limite entre la zone sud-portugaise et la zone d’Ossa-Morena

(Matte, 1991). Cette suture marque vraisemblablement la fermeture de l’océan Rhéique.

Cependant, selon Franke et al. (2017), la fermeture de l’océan Rhéique serait plus ancienne

(420–400 Ma), et la suture observée aujourd’hui marquerait en fait la fermeture d’un bassin

marginal Rhéno-Hercynien, ouvert le long de la marge laurussienne au cours du Dévonien

supérieur (ca. 390-360 Ma). Cette suture Rhéno-Hercynienne serait alors superposée à une

suture plus ancienne, marquant la fermeture de l’océan Rhéique au cours du Silurien /

Dévonien inférieur (ca. 420-400 Ma).

Une seconde suture, la suture de Teplà, est bien identifiée dans le domaine nord-varisque

(Bohême), sur la base de profils géophysiques (Schulmann et al., 2014). Cette suture marque

la subduction vers le sud d’un océan ou d’une portion de lithosphère hyperamincie au cours

du Dévonien moyen à supérieur (ca. 390-370 Ma Schulmann et al., 2009). Elle semble se

prolonger au nord des Vosges. Au nord du Massif Central, la présence d’un magmatisme

d’arc d’âge Dévonien moyen à supérieur (arc du Morvan) associé à l’ouverture contemporaine

d’un bassin d’arrière arc (basin de la Brévenne) pourrait marquer la subduction vers le sud

de cet océan (Faure et al., 2008, 2009; Lardeaux et al., 2014). Elle pourrait aussi être corrélée

à la suture du Conquet au nord de la Bretagne, qui marque la limite entre le microcontinent

Armoricain et le bloc du Léon sur la pointe nord-ouest de la Bretagne (Ballèvre et al., 2009;

Faure et al., 2005).
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Enfin, une dernière suture éo-varisque est identifiée au sud du massif Armoricain (Ballèvre

et al., 2009; Burg et Matte, 1978; Girardeau et al., 1986; Santallier et al., 1988), qui marque

la subduction vers le nord du domaine océanique Médio-européen entre le Silurien et le

Dévonien inférieur (Faure et al., 2005, 2008). Cette suture, est corrélée avec la suture de

Galice dans la zone sud-varisque (Ballèvre et al., 2014), mais sa prolongation vers l’Est est

incertaine. Selon certains auteurs, les nombreuses reliques éclogitiques affleurant au coeur des

unités métamorphiques allochtones du Massif Central et du massif de Bohême marqueraient

une « suture cryptique », fortement remaniée par les événements tectono-métamorphiques

postérieurs. (Lardeaux et al., 2014; Schulmann et al., 2014).

1.2.3 Une évolution polyphasée

La formation de la châıne varisque est un processus long, qui s’étale sur près de 100 Ma

entre le Dévonien et le Permien, et implique une succession de plusieurs phases tectoniques,

associées à la fermeture diachrone de plusieurs bassins océaniques ou de lithosphère amincie.

Une évolution en six étapes est proposée ici, qui se base sur une synthèse récente de Edel et al.

(2018) compilant un large jeu de donnée paléomagnétiques, tectoniques, géochronologiques,

magmatiques et métamorphiques. Une synthèse de l’évolution géodynamique de la châıne

varisque du Dévonien au Permien est présentée sur la Figure 1.7 et la Figure 1.8.

Étape 0 (> 380 Ma) : Une première phase de collision dite éo-varisque a lieu entre

le Silurien et le Dévonien inférieur, associée à la fermeture du domaine océanique Médio-

européen. L’âge Siluro-Dévonien de cette première phase repose sur des datations d’éclogites

des unités métamorphiques allochtones du Massif Central et du Massif Armoricain, qui

donnent des âges entre 420 et 400 Ma, interprétés comme l’âge du métamorphisme de haute

pression (Berger et al., 2010; Ducrot et al., 1983; Paquette et al., 1995). Cependant, la

plupart de ces âges reposent sur des méthodes de datations anciennes, et des estimations
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plus récentes semblent plutôt indiquer un âge dévonien (ca. 390-370 Ma) pour le stade de

haute pression éo-varisque (Lotout et al., 2018, 2020; Paquette et al., 2017). À la suite de

cette subduction, une phase d’extension arrière-arc liée à la subduction de l’océan rhéique

provoque l’ouverture de petits bassins marginaux au cours du Dévonien moyen à supérieur,

comme le bassin de la Brévenne au nord du Massif Central (Faure et al., 2005), ou le domaine

Rhéno-Hercynien le long de la marge avalonienne (Franke et al., 2017). Les domaines au sud-

est de la châıne varisque sont par ailleurs affectés par l’ouverture de la Paléotéthys à partir

du Silurien (Stampfli et al., 2013). Cependant, l’extension de la Paléotéthys à la partie

ouest de l’Europe, telle que proposée par (Stampfli et al., 2011), est débattue, en raison de

l’absence de traces de cet océan autour du bassin méditerranéen occidental. La Paléotéthys

se terminerait plutôt en biseau quelque part au niveau de la Grèce et des Balkans (Pešić

et al., 1988; Zulauf et al., 2015).

Étape 1 (360–335 Ma) : Entre le Dévonien supérieur et le Carbonifère inférieur (Tour-

naisien), un mouvement de convergence E–W entrâıne la fermeture progressive du domaine

Rhéique et la collision entre les différents blocs péri-gondwaniens. Dans la géométrie ac-

tuelle, cette phase de compression apparâıt plutôt de direction NW–SE, et est à l’origine

d’une tectonique de nappes bien enregistrée dans l’ensemble des massifs varisques (Ballèvre

et al., 2009, 2014; Faure et al., 2009; Schulmann et al., 2009; Shail et Leveridge, 2009).

Étape 2 (335–325 Ma) : Au cours du Viséen, la convergence change de direction et

s’opère selon un axe général N–S à NE–SW. Ce changement de direction serait lié à la

fermeture du domaine Rhéno-Hercynien, entrâınant une relocalisation de la subduction sur

la marge nord de la Paléotéthys (Edel et al., 2018). Cette seconde phase de compression,

presque orthogonale à l’ancienne, est à l’origine d’une tectonique décrochante dextre de

direction NW-SE (Edel et Weber, 1995; Žák et al., 2014), associée à une rotation anti-

horaire de l’assemblage de blocs varisques.
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Étape 3 (325–310 Ma) : Un épisode extensif majeur a lieu au Serpukhovien-Baskirien.

Cette extension est accommodée par des décrochements dextres de direction NW–SE et

par la formation de décrochements sénestres secondaires de direction NE–SW, découpant

la châıne en blocs grossièrement losangiques. Cette phase est associée à un métamorphisme

de haute température dans le coeur de la châıne, associée à une migmatisation intense des

domaines de croûte inférieure et à un magmatisme post-collisionel. (Faure, 1995; Moyen

et al., 2017; Talbot et al., 2005; Žák et al., 2014).

Étape 4 (310–300 Ma) : Une phase tardive de raccourcissement N–S à NE–SW a lieu au

Carbonifère supérieur, provoquée par la collision du Gondwana avec l’assemblage de blocs

péri-gondwaniens. Cette phase de raccourcissement est à l’origine de la formation de la

syntaxe Ibéro-Armoricaine, donnant la forme arquée actuelle de la châıne. Elle se développe

principalement dans les domaines externes de la châıne (Edel et al., 2018).

Étape 5 (300–260 Ma) : Enfin, une phase d’extension tardive NNE-SSW a lieu entre le

Carbonifère supérieur et le Permien, provoquant la formation de petits bassins continentaux

sur l’ensemble de la châıne (Faure, 1995). Dans la partie sud-est de la châıne varisque (bloc

Corso–Sarde, Italie), cette phase d’extension est particulièrement marquée, et est associée

à un métamorphisme HT et à un magmatisme à dominance mantellique, marqué par la

mise en place de séries d’andésites–dacites (Briançonnais), de gabbros (zone d’Ivrée), et de

granitöıdes peralcalins (Corse) (Ballèvre et al., 2018; Kunz et al., 2018; Manzotti et al.,

2018; Rossi et Cocherie, 1991; Spalla et al., 2014).

1.3 Des caractéristiques typiques d’un orogène chaud

L’orogenèse varisque se caractérise par un abondant magmatisme syn à post-collisionel

(Faure, 1995; Ledru et al., 2001; Moyen et al., 2017; Vanderhaeghe et al., 2020), accompagné
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d’un métamorphisme de haute à ultra-haute température (HT/UHT) dans les unités internes

allochtones (O’Brien, 2000; Usuki et al., 2017; Schantl et al., 2019). Ce magmatisme est à

l’origine d’une grande diversité de granitöıdes, allant de termes très peralumineux (types

MPG et CPG de Barbarin, 1999), associés à la fusion de sources crustales riches en métasé-

diments, à des granitöıdes calco-alcalins à subalcalins potassiques, associés à de la fusion de

roches crustales intermédiaires à mafiques et / ou à l’hybridation entre des sources crustales

et mantelliques (Moyen et al., 2017), (Figure 1.9). Dans les domaines internes (Massif Cen-

tral, Vosges–Forêt-Noire, Alpes Externes, et zone Moldanubienne du massif de Bohême),

les granites peralumineux sont associés à des séries métalumineuses potassiques à ultra-

potassique. Ces roches forment la série des Durbachites-Vaugnérites (Janoušek et Holub,

2007; Janoušek et al., 2019; Von Raumer et al., 2014), et sont interprétées comme des pro-

duits de fusion d’un manteau métasomatisé. Le magmatisme syn à post-collisionel varisque

témoigne donc d’une fusion généralisée des domaines crustaux profonds de la zone interne,

et d’une partie du manteau supérieur métasomatisé, probablement associée à des épisodes

de remontées asthénosphériques, provoquée par la délamination de portions de manteau li-

thosphérique ou par des épisodes de rupture ou retrait de slab (Laurent et al., 2017; Žák

et al., 2014).

La châıne varisque présente en outre des caractéristiques rhéologiques atypiques en com-

paraison avec les orogènes « froids » modernes, comme les Alpes ou l’Himalaya, et présente

certaines caractéristiques d’orogènes chauds (Figure 1.10). Elle se caractérise par une défor-

mation très ductile dans les niveaux crustaux inférieurs, succédant à la phase d’épaississe-

ment par empilement de nappes (Chardon et al., 2009). Ce type de tectonique est associé à

un fluage généralisé de la croûte inférieure partiellement fondue (e.g. Cochelin et al., 2017;

Schulmann et al., 2008). La présence de larges domaines partiellement fondus peu denses

dans la croûte inférieure est susceptible de générer des instabilités de Rayleigh-Taylor, et

ainsi de provoquer des remontées de matériel migmatitiques à des niveaux supérieurs de la

38
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Figure 1.9 – Typologie des granitöıdes varisques, d’après Jacob et al. (2021a)

croûte, au sein de dômes migmatitiques ou de diapirs (Schulmann et al., 2014; Vanderhaeghe

et al., 2020), (Figure 1.10).
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L’OROGENÈSE VARISQUE EN EUROPE DE L’OUEST

2

b) Bohemian Massif (Schulmann et al. 2014)
 

a) Orogenic styles (Chardon et al. 2009)

vertical transfer by
gravity overturns

("Diapirs")

Collision (ca. 355 Ma)

Post-collisional collapse
(ca. 340 Ma)

Figure 1.10 – Comparaison entre différents types orogéniques proposés par Chardon et al. (2009) (a)
et interprétation des structures crustales dans le massif de Bohême d’après Schulmann et al. (2014) (b).
Les structures observées en Bohême sont interprétées comme le résultat d’un fluage généralisé dans la
croûte inférieure à intermédiaire. Des instabilités gravitaires apparaissent lors des stades post-collisionels,
provoquant des remontées de croûte inférieure migmatitique au seins de dômes ou de diapirs crustaux

1.4 Comparaison avec le système orogénique

Himalaya–Tibet

De par son étendue géographique et sa durée de mise en place, la châıne varisque eu-

ropéenne est comparable au système orogénique Himalaya–Tibet. Les similitudes vont ce-

pendant plus loin qu’une simple équivalence de taille, et de nombreux autres points de

comparaison existent entre ces deux ensembles (Maierová et al., 2016; Matte, 1986).

Premièrement, la géométrie des deux systèmes est similaire : dans les deux cas, l’orogenèse

résulte de la collision entre plusieurs petits blocs continentaux et une marge continentale

active (blocs péri-gondwaniens le long de la Laurussia / terranes Cimmériens le long de
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VARISCAN BELTHIMALAYA–TIBET
N S N S

Gondwana

Gondwana

Figure 1.11 – Comparaison des schénarios géodynamiques de formation de la châıne varisque (d.) et
du système Himalaya–Tibet (g.), résultant de l’accrétion de plusieurs blocs continentaux. D’après Maierová
et al. (2016)
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dence l’importance de la tectonique décrochante dans l’accommodement du raccourcissement, par extrusion
latérale de matière selon le modèle de Tapponnier et al. (1982). Figures modifiées d’après Cook et Royden
(2008); Edel et al. (2018)
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Maierová et al. (2016).

42



1.4 Comparaison avec le système orogénique Himalaya–Tibet

l’Eurasie), suivie d’une collision terminale avec un bloc continental rigide (Gondwana /

Inde) (Figure 1.11). La collision entre un bloc continental rigide formé de vieille croûte

cratonique et un assemblage de terranes peu consolidés et séparés par des sutures entrâıne

une extrusion latérale de matière, selon le modèle de l’indenteur rigide proposé par Tap-

ponnier et al. (1982, 1986). Cette extrusion latérale est favorisée par la présence d’un bord

libre à l’est (Paléotéthys / Océan Pacifique), et est accommodée par des décrochements

d’échelle lithosphérique (Figure 1.12) : La faille de Bray, les zones de cisaillement Nord et

Sud-Armoricaine pour la châıne varisque (Edel et al., 2018; Matte, 1986) ; la faille du Kara-

korum, de l’Altyn-Tagh, ou de l’Ailao Shan – fleuve rouge pour la châıne himalayo-tibétaine

(Leloup et al., 1995; Valli et al., 2007).

Ces deux ensembles présentent en outre des évolutions métamorphiques similaires, avec

en particulier deux phases successives de métamorphisme de haute pression (HP) : (i) une

phase HP–BT précoce, formant des schistes bleus et des éclogites BT, que l’on retrouve le

long des anciens complexes de subduction marquant la fermeture de domaines océaniques ;

(ii) une phase de HP – HT/UHT plus tardive, formant des éclogites HT et des granulites

HP qui affleurent sporadiquement dans les zones internes, liée à la formation et au maintien

sur une longue période d’une croûte orogénique sur-épaissie (jusqu’à 60–70 km), dont la

portion inférieure est équilibrée dans le facies éclogitique / granulitique HP (Guillot et al.,

2008; Maierová et al., 2016; O’Brien, 2000, 2019), (Figure 1.13).

Enfin, les deux systèmes sont marqués par la présence de séries magmatiques ultrapotas-

siques, mises en places lors des stades post-collisionels, et caractérisées par des signatures

géochimiques hybrides. Ces roches présentent en effet à la fois des caractéristiques mar-

quant une source mantellique (Mg# élevé, fortes teneurs en Cr et Ni indiquant la fusion

d’une source riche en olivine) et des caractéristiques de sources crustales (teneur élevée en

K2O, LREE et LILE, anomalies négatives en Ti, Nb et Ta, signatures isotopiques Sr-Nd
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crustales) (Figure 1.14). Ce caractère dual est interprété comme le produit de la fusion

d’un manteau lithosphérique métasomatisé par des fluides dérivé de croûte continentale ma-

ture, subduite dans le manteau lors de la collision (Janoušek et Holub, 2007). En revanche,

les granitöıdes syn à post-collisionels sont plutôt rares dans la châıne himalayo-tibétaine,

à l’exception des leucogranites himalayens. Cette différence marque le fait que les stades
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post-collisionels durant lesquels la majeure partie des granitöıdes varisques ont été produits

n’ont pas encore eu lieu dans la cas de la collision Inde–Asie.

1.5 Quelques points essentiels à retenir sur la châıne

varisque européenne

• La châıne varisque d’Europe résulte de la collision de plusieurs microcontinents péri-

gondwaniens avec la Laurussia au cours du Dévonien, suivie de la collision terminale

avec le Gondwana au Carbonifère.

• La géométrie du système orogénique varisque n’est pas parfaitement cylindrique, et

différents segments de la châıne ont pu connâıtre des évolutions assez différentes et

diachrones (Lardeaux et al., 2014). Par ailleurs, la continuité des sutures n’est pas

toujours bien établie entre les différents segments de la châıne, en particulier en ce qui

concerne la suture éo-varisque.

• La tectonique décrochante a joué un rôle important dans la structuration de la châıne

à partir du Carbonifère supérieur. Ainsi, différents segments de la châıne se retrouvent

aujourd’hui séparés par de grandes failles décrochantes d’échelle lithosphérique.

• Les stades post-collisionels sont caractérisés par un échauffement important et la fusion

importante des domaines de croûte inférieure. Ceci entrâıne un fluage important des

domaines partiellement fondus, qui se retrouvent parfois exhumés au sein de dômes

migmatitiques ou de diapirs. Outre l’accumulation de chaleur radiogénique au sein

de la croûte épaissie, cet échauffement est aussi probablement lié à un flux de cha-

leur mantellique élevé, provoqué par des phénomènes de remontées d’asthénosphère

lors d’épisodes épisodes de délamination lithosphérique. Ainsi, la châıne varisque euro-

péenne présente des caractéristiques rhéologiques d’un orogène chaud (Chardon et al.,

2009).
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• De par son étendue, sa géométrie et son histoire géodynamique, la châıne varisque

d’Europe est un bon analogue ancien de l’actuel système orogénique himalayo-tibétain,

ce qui fait de ces deux ensembles des objets complémentaires dans l’étude des processus

orogéniques associés à la collision.
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2.1 Organisation générale de la châıne alpine

2.1 Organisation générale de la châıne alpine

2.1.1 La géodynamique alpine

La châıne alpine résulte de la fermeture de plusieurs petits bassins téthysiens (océan

Liguro-Piémontais, bassin Valaisan, océan de Meliata–Maliac–Vardar) à partir du Crétacé,

entrâınant la collision entre le continent européen et la microplaque adriatique (ou apulienne)

au cours du Cénozöıque (Handy et al., 2010; Schmid et al., 2004; van Hinsbergen et al., 2019).

Ces bassins correspondent à de petit domaines océaniques ou de lithosphère hyperamincie

(transition océan-continent), ouverts à partir du Trias et faisant la jonction entre la Téthys

à l’est et l’Océan Atlantique à l’ouest (Figure 2.1).

Figure 2.1 – Reconstitution paléogéographique des domaines alpins au Trias supérieur (a), au Jurassique
supérieur (b) et au Crétacé supérieur (c). D’après Schmid et al. (2004).

L’orogenèse alpine comporte deux phases orogéniques bien distinctes (Figure 2.2) : (i) une

première phase éo-alpine a lieu au Crétacé supérieur, et correspond à un épisode précoce de
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subduction intra-continentale et d’empilement de nappes au sein des unités austro-alpines

(Alpes orientales), selon une direction N–S. Cette phase est responsable de la formation

des unités éclogitiques de Koralpe-Wölz, dont le stade de haute pression est daté à 90–95

Ma (Thöni et al., 2008). (ii) La phase alpine sensu stricto débute à la fin de Crétacé (ca.

60 Ma), et correspond à la subduction des unités océaniques liguro-piémontaises, suivie de

la collision entre la plaque européenne et la plaque adriatique à partir de l’Éocène (ca. 40

Ma). Un changement de direction de raccourcissement est observé au cours de l’Oligocène :

d’abord N–S durant le Crétacé et le Paléocène, le raccourcissement prend une direction E–W

dans les Alpes occidentales (Handy et al., 2010; Malusà et al., 2021; Schmid et al., 2004;

van Hinsbergen et al., 2019).

2.1.2 Structure générale de la châıne alpine

La châıne alpine est séparée en plusieurs domaines lithotectoniques, représentés sur la

Figure 2.3. Ces domaines correspondent aux unités autochtones et allochtones dérivées des

plaques européenne et adriatique, ainsi qu’aux unités associées aux anciens bassins océanique

(Bousquet et al., 2008; Handy et al., 2010; Schmid et al., 2004). D’ouest en est (ou du nord

au sud dans les Alpes centrales et orientales), on retrouve :

• les unités autochtones de la marge Européenne, qui forment le domaine Helvétique ;

• les unités distales allochtones de cette même marge, que l’on retrouve dans les Alpes

centrales (domaine Lépontin, nappe d’Adula, massif du Gotthard) et qui apparaissent

en fenêtre dans les Alpes orientales (Tauern) ;

• les unités de flysch associées au bassin Valaisan ;

• le domaine Briançonnais, qui dérive d’un microbloc détaché du continent européen

lors de l’ouverture du bassin Valaisan, et affilié au bloc corso-sarde ;

50



2.1 Organisation générale de la châıne alpine

Figure 2.2 – Distribution des âges des principales phases tectono-métamorphiques dans les Alpes, d’après
Bousquet et al. (2008). La phase Eo-alpine est marquée par un métamorphisme d’âge Crétacé dans les nappes
Austro-alpine (Alpes orientales), alors que la phase alpine s.s est marquée par un métamorphisme Paléogène
(ca. 60–20 Ma).

• les unités ophiolitiques de l’océan Liguro–Piémontais et de l’ancien prisme d’accrétion

formé lors de la subduction ;

• les nappes allochtones dérivées de la plaque adriatique, qui incluent les nappes du

domaine Austro-alpins dans les Alpes orientales et la nappe de la Dent Blanche et la

zone de Sesia dans les Alpes occidentales ;

• Les unités autochtones de la plaque adriatique, séparées des unités allochtones par la

ligne insubrienne, qui forment le domaine Sud-alpin.

Les unités allochtones de la marge européenne, le domaine Briançonnais et les domaines
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Valaisans et Liguro–Piémontais sont parfois regroupés ensemble sous le terme de nappes pen-

niques, qui forment le coeur de la châıne alpine. Cette dénomination est héritée de concepts

tectoniques anciens (e.g. Argand et al., 1911), selon lesquels la structure de la châıne alpine

est essentiellement cylindrique. L’ordre d’empilement actuel des unités refléterait ainsi la zo-

nation paléogéographique Mésozöıque. Cependant, cette typonomie est trompeuse, car elle

ne tient pas compte de la complexité des mouvements tectoniques associés au rifting (e.g.

Masini et al., 2013) et à la fermeture des domaines océaniques. Ainsi, le domaine pennique

ne forme pas un ensemble cohérent mais regroupe différents domaines paléogéographiques

très différents les uns des autres (Briançonnais et marge européenne distale en particulier).

2.1.3 Le métamorphisme alpin

Les différents domaines de la châıne ont subi différents degrés de métamorphisme et de

déformation lors des stades de subduction et de collision (Figure 2.4 et Figure 2.5). Les

domaines externes autochtones Helvétique et Sud-alpin ont largement échappé au métamor-

phisme alpin. S’il y a bien eu enfouissement puis exhumation de la marge européenne à

l’Eocène et à l’Oligocène, le métamorphisme associé est faible et n’excède pas le faciès des

schistes verts (Bousquet et al., 2008). En revanche, le métamorphisme et la déformation sont

beaucoup plus marqués dans les domaines internes de la châıne. On observe en fait deux

stades successifs de métamorphisme : (i) un métamorphisme éclogitique HP-BT associé à

la subduction océanique puis continentale, d’âge Crétacé supérieur à Paléocène (ca. 75–35

Ma, Brouwer et al., 2005; Handy et al., 2010; Rubatto et al., 1999, 2008), qui atteint par

endroit des conditions de ultra haute pression dans le champ de stabilité de la coésite (>

3.0 GPa, 650–720 ◦C, Chopin, 1984; Nowlan et al., 2000) ; (ii) un métamorphisme barrovien

MP-MT d’âge Eocène–Oligocène (ca. 35–20 Ma, Rubatto et al., 2009), associé à la collision

dans les Alpes centrales et orientales (Rubatto et al., 2009; Todd et Engi, 1997), qui atteint

les conditions du faciès amphibolite (ca. 0.5–0.7 GPa, 600–650 ◦C, Bousquet et al., 2008;

Todd et Engi, 1997).
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2.1 Organisation générale de la châıne alpine

Figure 2.5 – Coupes métamorphiques de la châıne alpine, interprétées à partir des différents profils
sismiques TRANSALP, ECORS-CROP et NFP. La position des coupes est figurée sur la Figure 2.4. D’après
Bousquet et al. (2008).

2.1.4 Structure profonde de la châıne alpine

La structure crustale et mantellique profonde de la châıne alpine a récemment fait l’objet

de nombreuses études, suite au programme d’imagerie AlpArray mené sur l’ensemble de la

châıne, et aux deux profils sismiques CIFALPS réalisés dans les Alpes occidentales (Lyu

et al., 2017; Malusà et al., 2021; Solarino et al., 2018; Zhao et al., 2015, 2016). Entre autres

résultats majeurs, ces études ont permis d’imager en profondeur la géométrie des plaques

plongeantes (slabs), subduites avant les phases de collision alpine (Figure 2.6). Ainsi, l’évo-

lution tectonique de la châıne alpine et des massifs voisins (Appenins, Dinarides) implique

trois slabs différents, étroitement enchevêtrés : le slab alpin, qui plonge vers le sud-est sous

la plaque adriatique, le slab appenin, qui plonge vers l’Ouest sous la mer Tyrrhénienne,

et le slab dinarique, qui plonge vers le nord-est sous les Dinarides. Aucune rupture de ces
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slabs n’a été mise en évidence, comme cela avait pu être suggéré pour expliquer le magma-

tisme Oligocène–Miocène des Alpes centrales (Davies et von Blanckenburg, 1995), et leur

continuité est observée jusqu’à environ 600 km de profondeur, dans la zone de transition du

manteau (Zhao et al., 2016).

Figure 2.6 – Schéma tectonique interprétatif des relations entre les slabs dans la région alpine (a),
et interprétation de la structure profonde des slabs obtenue à partir des études tomographiques récentes.
D’après Malusà et al. (2021).

2.2 Les domaines de socle anté-Mésozöıque dans les

Alpes

Le socle anté-triasique forme environ la moité de la surface exposée au sein de la châıne

alpine (Von Raumer et al., 2013), ce qui fait des Alpes l’un des principaux affleurements de

socle Paléozöıque en Europe. Cependant, ce socle ne forme pas un unique bloc cohérent, mais

est en fait un ensemble composite, formé de différentes unités agglomérées par la tectonique
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alpine (Figure 2.7). Le socle alpin peut ainsi être découpé en quatre grands domaines :

la marge européenne autochtone (Helvétique) et distale ; le microbloc Briançonnais ; les

domaines allochtones issus de la plaque adriatique (Austro-alpin) ; les domaines autochtones

au sud de la ligne insubrienne (Sud-alpin). Ces unités occupaient des positions anté-triasiques

différentes, et échantillonnent donc différents domaines de la châıne varisque. L’évolution

anté-triasique des domaines de socle alpin et leur place dans la châıne varisque européenne est

discutée de manière plus exhaustive dans Jacob et al. (2022) (sous presse), et les principales

conclusions sont résumées ci-dessous.

2.2.1 Des domaines issus de la marge nord du Gondwana

A l’instar d’une grand partie du sud et de l’ouest de l’Europe, le socle alpin présente

des caractéristiques typiques des domaines issus de la marge nord du Gondwana, à savoir :

(i) La prédominance de protolithes magmatiques et sédimentaires d’âge cambro-ordovicien,

marquant la distension de la marge nord du Gondwana (Figure 2.8 et Figure 2.9). On re-

trouve de nombreuse traces de magmatisme alcalin et tholéiitique cambrien, avec plusieurs

reliques ophiolitiques cambriennes (Ménot, 1986; Neubauer et al., 1989). (ii) La prédomi-

nance de zircons néoprotérozöıques (550–650 Ma) dans les séries détritiques du Paléozöıque

inférieur, marquant la proximité avec les anciens arcs magmatiques cadomiens (Chu et al.,

2016; Haas et al., 2020; Manzotti et al., 2016). On retrouve aussi une fraction subordonnée

de zircons paléoprotérozöıques et archéens, marquant un apport sédimentaire depuis les cra-

tons situés à l’intérieur du Gondwana (bouclier Arabo–Nubien, cratons Trans-Saharien et

Ouest-Africain). Par ailleurs quelques portions de socle Néoprotérozöıque affleurent dans les

nappes austro-alpines (Neubauer, 1989; Schaltegger et al., 1997), et des orthogneiss néopro-

térozoöiques ont récemment été identifiés dans des écailles de socle du domaine Briançonnais

(données non publiées, D. Thiéblemont).
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2.2 Les domaines de socle anté-Mésozöıque dans les Alpes

2.2.2 L’orogenèse varisque dans les Alpes

Dans les domaines internes des Alpes, les phases tectono-métamorphiques varisques sont

difficiles à caractériser à cause de la reprise du socle par la tectonique et le métamorphisme

alpin. Les événements collisionels varisques sont donc principalement caractérisés à partir

des données thermobarométriques et géochronologiques obtenues sur les roches métamor-

phiques du socle, ainsi que par la distribution des âges détritiques (zircon, micas) dans les

formations sédimentaires paléozöıques et mésozöıques (Chu et al., 2016; Fréville et al., 2018;

Haas et al., 2020; Manzotti et al., 2016). L’intensité des épisodes tectono-métamorphiques

varisques est variable selon les domaines, allant de très faible ou nul (< schistes verts) à

un métamorphisme de faciès amphibolitique supérieur ou granulitique. Les domaines alpins

présentent peu de traces d’une phase éo-varisque au Dévonien inférieur. Les principaux épi-

sodes tectono-métamorphiques associés à la collision varisque ont lieu au Carbonifère entre

350 et 320 Ma, avec de petits décalages entre les différents domaines Figure 2.9. On re-

trouve de nombreuses reliques d’un métamorphisme HP–MT Carbonifère (350–330 Ma), en

particulier dans les domaines issus de la marge européenne et dans certaines nappes austro-

alpines (Figure 2.8, Ladenhauf et al., 2001; Liati et al., 2009; Miller et Thöni, 1995; Rubatto

et al., 2010; Sandmann et al., 2014; Tumiati et al., 2003), auquel succède un métamorphisme

barrovien à MP–MT/HT (Guillot et Menot, 1999; Von Raumer et Bussy, 2004). Enfin, une

phase post-collisionelle a lieu entre Carbonifère supérieur et le Permien inférieur (310-295

Ma), associée au désépaississement de la châıne (Ballèvre et al., 2018; Fernandez et al., 2002;

Guillot et al., 2009a).
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2.2 Les domaines de socle anté-Mésozöıque dans les Alpes
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Figure 2.9 – Synthèse chronologique de l’évolution géodynamique des domaines varisques au cours
du Paléozöıque. (a) Evolution générale des domaines varisques en Europe ; (b) Evolution des différents
domaines de socle dans les Alpes (marge Européenne, Briançonnais, Sud-alpin, Austro-alpin. D’après Jacob
et al. (2021), accepté.
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LES DOMAINES VARISQUES DANS LES ALPES

2.2.3 Des enregistrements Paléozöıques contrastés, marqueurs

de la zonéographie varisque

Il existe des différences de premier ordre entre le socle varisque des domaines issus de

la marge européenne et les domaines Briançonnais, Sud-alpin et Austro-alpin. Sur la marge

européenne, le métamorphisme varisque est très marqué, et atteint ou dépasse fréquemment

les conditions du faciès amphibolitique supérieur, alors qu’il est de manière générale beau-

coup moins marqué dans les autres domaines, en particulier dans les domaines austro-alpin

et sud-alpin, où les séries sédimentaires du Paléozöıque inférieur sont bien préservées (Haas

et al., 2020; Neubauer et al., 2007).

Les domaines de la marge européenne sont marqués par une forte activité magmatique au

Carbonifère, caractérisée par la mise en place de nombreux granitöıdes entre le Viséen et le

Ghzélien (ca. 340–300 Ma), mais présentent peu ou pas d’activité magmatique permienne

(Figure 2.9). A l’inverse, les autres domaines alpins sont caractérisés par un magmatisme

Permien plus marqué, en particulier dans la zone d’Ivrée (Sud-alpin) et dans le Briançon-

nais, et sont peu marqués par le magmatisme Carbonifère. Par ailleurs, les domaines de la

marge européenne sont marqués par la présence de roches métalumineuses (ultra)potassiques

appartenant à la série des Durbachites–Vaugnérites (Janoušek et Holub, 2007), que l’on re-

trouve typiquement dans les domaines internes de la zone Moldanubienne (Jacob et al.,

2021b; Von Raumer et al., 2014), alors que ces séries sont totalement absentes des autres

domaines.

L’enregistrement sédimentaire paléozöıque est très contrasté entre les différents domaines

(Figure 2.9). Les unités de la marge européenne ne présentent pas de grand bassins sé-

dimentaires post-Ordovicien. On y retrouve en revanche des séries volcano-sédimentaires

d’âge Dévonien (Fréville et al., 2018; Ménot, 1987a) ainsi que de petits bassins houillers
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continentaux pennsylvaniens (310–300 Ma), ouverts en transtention le long de zones de

failles décrochantes tardi-varisques (Fernandez et al., 2002). L’enregistrement sédimentaire

dans le domaine Briançonnais contraste largement avec ces séries. On y retrouve en effet la

zone houillère briançonnaise (Figure 2.8), mise en place entre le Sherpukhovien et le Gh-

zélien (325–300 Ma), qui malgré le raccourcissement alpin forme l’un des bassins houillers

Carbonifère les plus étendus d’Europe (Ballèvre et al., 2018). Par ailleurs, les dépôts d’âge

Permien sont plus développés que sur la marge européenne. Ils sont composés de brèches rou-

geâtres riches en clastes rhyolitiques issus des formations volcaniques permiennes (287–295

Ma, Ballèvre et al., 2020). Ce faciès « Verrucano » très caractéristique et aussi présent en

abondance dans le domaine Sud-alpin. Enfin, les domaines Sud-Alpin et Austro-alpin sont

marqués par la présence de séries de marge passive d’âge ordovicien à dévonien (460–350

Ma), auxquelles se succèdent des séries de flysch viséens (345–325 Ma) et des dépôts molas-

siques pennsylvaniens (310–300 Ma) (Haas et al., 2020; Neubauer et al., 2007).

Ainsi, les domaines de socle de la marge européenne, marqués par métamorphisme MT à

HT et un magmatisme syn à post-collisionel important, sont plutôt caractéristiques des zones

internes de la châıne, et présentent certaines similitudes avec les unités métamorphiques al-

lochtones du Massif Central ou des Vosges (Lardeaux et al., 2014). A l’inverse, le domaine

Briançonnais et les domaines issus de la plaque adriatique (Sud-alpin et Austro-alpin) pré-

sentent des caractéristiques des domaines externes de la châıne, et sont vraisemblablement

corrélés au bassin d’avant pays et aux unités autochtones et para-autochtones de la marge

gondwaniennne.
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2.3 Focus sur les domaines externes de la marge

européenne : les massifs cristallins externes

(MCE)

Les massifs cristallins externes (MCE) forment le socle des domaines les plus externes de

la marge européenne impliquée dans la collision alpine. Ils regroupent, du nord-est au sud-

ouest, les massifs de l’Aar-Gothard, du Mont-Blanc, des Aiguilles Rouges, de Belledonne,

des Grandes-Rousses, de l’Oisans-Pelvoux et de l’Argentera-Mercantour (Figure 2.7).

2.3.1 Les événements alpins dans les MCE

En comparaison avec les zones internes des Alpes, les MCE ont été relativement peu

affectés par les épisodes tectono-métamorphiques associés au cycle orogénique alpin. Les

déformations alpines sont en général peu pénétratives dans le socle et le métamorphisme

alpin n’excède pas le faciès des schistes verts, ce qui a permis la préservation des structures

et assemblages métamorphiques varisques.

Au cours du Jurassique inférieur (200–165 Ma), une période de rifting associée l’ouverture

de l’océan Liguro–Piémontais a entrâıné la formation de grandes failles normales d’orien-

tation N–N30◦, qui ont découpé le socle et la mince couverture triasique en plusieurs blocs

basculés, délimitant des bassins en demi-grabben (Lemoine et al., 1986; Lemoine et Trümpy,

1987). Les premiers stades de la collision alpine ont lieu à partir de l’Eocène précoce à moyen

(ca. 40 Ma), et correspondent à l’enfouissement au sous-charriage des domaines externes

(Helvétique) sous les domaines internes (Briançonnais). L’exhumation des MCE débute à

partir de l’Oligocène (ca. 27 Ma), et montre une accélération rapide vers 5–6 Ma (van der

Beek et al., 2010). Le taux de raccourcissement alpin dans les domaines externes a été estimé
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Figure 2.10 – Coupes structurales équilibrées à travers les Massifs Cristallins Externes (MCE), d’après
Bellahsen et al. (2014). (a) Reconstitution de la structure de la marge passive au niveau de Bourg d’Oisans
avant la collision alpine. (b) Coupes structurales montrant l’évolution de la déformation alpine dans les MCE
du sud (Oisans–Pelvoux) vers le nord (Mont-Blanc). On observe un découplage mécanique entre le socle et
la couverture sédimentaire Méso-Cénozöıque : alors que le socle se comporte comme un bloc rigide, dans
lequel le raccourcissement est accomodé par des zones de cisaillement déca à hectométriques, la courveture
se décolle du socle et se déforme de manière très ductile.
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à environ 20–27%, ce qui correspond à un raccourcissement E–W total de 28 à 66 km du sud

vers le nord (Bellahsen et al., 2014). Cette déformation affecte de manière différente le socle

et la couverture sédimentaire Mésozöıque (Figure 2.10). Cette dernière se décolle du socle, et

accommode le raccourcissement par la formation d’un système de plis et de chevauchements

d’axe NE–SW. Le socle présente quant à lui une déformation beaucoup moins pénétrative,

caractérisée par le développement de zones de cisaillement ductiles-fragiles décamétriques à

hectométriques, avec peu ou pas de réactivation en compression des structures extensives

Jurassiques à fort pendage (Bellahsen et al., 2012; Bellanger et al., 2014; Bellahsen et al.,

2014; Marquer et al., 2006). Le métamorphisme alpin est généralement limité à ces zones de

cisaillement alpine, et atteint les conditions du faciès schistes verts inférieur (0.3–0.4 GPa,

300–350 ◦C, Bellanger et al., 2015; Simon-Labric et al., 2009).

Cependant, les déformations alpines dans les MCE sont plus complexes qu’un simple rac-

courcissement perpendiculaire à la châıne. Dumont et al. (2011) identifie trois phases de dé-

formations successives depuis l’Eocène : une phase D1 de compression N–S anté-priabonienne

(> 40 Ma), cöıncidant avec l’orogenèse Pyrénéo-Provençale ; une phase D2 entre l’Eocène

et l’Oligocène (40–32 Ma), marquée par la formation d’un système de nappes de vergence

nord-ouest, qui correspond à la propagation du prisme de collision vers le nord-ouest ; une

phase D3 à partir de l’Oligocène (<32 Ma), marquée par la propagation vers l’ouest du

système de nappes. Dans le massif de l’Oisans–Pelvoux, l’interférence entre les phases de

raccourcissement D2 et D3 a entrâıné la formation d’une structure en dôme, mise en évi-

dence par les variations d’élévation de la paléosurface de la pénéplaine triasique. Malgré cette

superposition de déformations alpines, le socle varisque préserve encore bien les tructures

paléozöıques, et des corrélations sont possibles à l’échelle des différents châınons formant les

MCE (Guillot et Ménot, 2009; Ménot et al., 1987; Vivier et al., 1987).
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2.3.2 Le socle varisque dans les MCE

Le socle des MCE est composé : (i) de diverses unités sédimentaires et magmatiques d’âge

Paléozöıque inférieur, qui ont été métamorphisées et recoupées par des granitöıdes lors de

l’orogenèse varisque au Carbonifère ; (ii) de sédiments non métamorphiques d’âge Carbo-

nifère à Permien (310–300 Ma), déposés sur les séquences métamorphiques plus anciennes

dans de petits bassins intracontinentaux (Figure 2.11). Le tout est recouvert en discordance

par la couverture sédimentaire Mésozöıque–Cénozöıque. Le travail réalisé au cours de cette

thèse se focalise sur les massifs de Belledonne et de l’Oisans–Pelvoux, qui forment avec les

Grandes–Rousses la partie centrale des MCE. Cet ensemble présente une zonation générale

d’ouest en est se subdivise en trois grand domaines structuraux, le domaine occidental, le

domaine central et le domaine oriental, séparés par un ensemble de failles décrochantes

tardi-varisques (Ménot, 1987a; Guillot et al., 2009a; Vivier et al., 1987).

Le domaine occidental est composé d’une série de micaschistes avec des intercalations

de métaquartzites, formant la Série Satinée (Bordet et Bordet, 1963). Cette série dérive

probablement d’anciens flyschs, formés par accumulation de séquences turbiditiques dans un

bassin profond. La datation U-Pb des zircons détritiques de cette série (Fréville et al., 2018)

a donné des âges principalement édiacarien–cryogénien (550–700 Ma), avec des populations

subordonnées de zircons mésoarchéens (2.8–3.1 Ga) et paléoprotérozöıques (2.0–2.2 Ga). La

population la plus jeune donne des âges cambro–ordoviciens (540–463 Ma), ce qui contraint

l’âge maximal de dépôt de cette série à l’Ordovicien moyen. La prédominance de zircons

néoprotérozöıques suggère que cette série est principalement composée de matériel érodé

provenant des ceintures Néoprotérozöıques péri-gondwaniennes (arcs cadomiens), avec une

contribution mineure de matériel cratonique gondwanien ventant de l’intérieur du continent.
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Le domaine central est constitué d’un ensemble de nappes métamorphiques d’orientation

est-ouest, mises en place lors de la collision varisque entre 350 et 325 Ma (Fréville et al.,

2018; Guillot et Ménot, 2009; Ménot et al., 1987). De la plus supérieure à la plus inférieure,

on retrouve : (i) une séquence de métaconglomérats du Dévonien moyen à supérieur (série du

Taillefer) ; (ii) Le complexe ophiolitique cambrien de Chamrousse (ca. 500 Ma, Ménot et al.,

1988; Pin et Carme, 1987), considéré comme une relique d’un bassin marginal ouvert le long

de la marge nord gondwanienne (Guillot et al., 1992) ; (iii) le complexe volcano-sédimentaire

dévonien–tournaisien de Rioupéroux–Livet (Ménot, 1986, 1987a), composé de séries mag-

matiques bimodales mises en place vers 360–350 Ma, intercalées avec des micaschistes. Ce

complexe est interprété comme un ancien bassin ouvert en arrière-arc le long de la marge

gondwanienne (Fréville et al., 2018; Guillot et Ménot, 2009). (iv) Les gneiss migmatitiques

de la série d’Allemont, qui forment la partie inférieure de l’empilement.

Enfin, le domaine oriental est principalement constitué de séquences métamorphiques

de haut grade, composées de métasédiments, d’orthogneiss et d’amphibolites fréquemment

migmatitiques. Des reliques d’éclogites et de granulites de haute pression (HP) affleurent au

sein des unités migmatitiques (Paquette et al., 1989). Ces séquences sont recoupées par des

granitöıdes carbonifères. Deux générations principales de granitöıdes sont identifiées (De-

bon et al., 1998; Debon et Lemmet, 1999) : une première série mise en place au Viséen

(ca. 340–330 Ma), riche en enclaves mafiques lamprophyriques (Vaugnérites) et localisée

plutôt dans la partie ouest (nord-est du massif de Belledonne, zone corticale du massif

de l’Oisans-Pelvoux), et une série mise en place au Carbonifère supérieur – Permien infé-

rieur (310–295 Ma), plus ferrifère et localisée dans la partie est (zone interne du massif de

l’Oisans–Pelvoux). Les séquences métamorphiques anciennes dérivent vraisemblablement de

protolithes sédimentaires et magmatiques d’âge Paléozöıque inférieur.
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2.3.3 Les différentes phases tectono-métamorphiques varisques

dans les MCE

L’orogenèse varisque dans les massifs de Belledonne et de l’Oisans–Pelvoux s’étale ente

350 et 295 Ma. Plusieurs phases tectono-métamorphiques successives se succèdent durant

cette période (Fréville et al., 2018; Guillot et al., 2009a; Guillot et Ménot, 2009), que l’on

peut regrouper en trois phases principales :

• Une phase d’épaississement crustal D1, associée à la formation d’un empilement de

nappe d’orientation est-ouest et d’une foliation métamorphique S1 (Figure 2.12). Cette

tectonique de nappe est principalement visible dans le domaine sud-ouest, et corres-

pond à l’enfouissement des séries dévono-tournaisiennes. Elle s’accompagne d’un mé-

tamorphisme dans le faciès amphibolique à 600–700 ◦C et 0.6–0.9 GPa (Fréville et al.,

2018; Guillot et Menot, 1999). L’âge de cette phase est contraint à 345–325 Ma par la

datation U-Pb sur monazite et Ar-Ar sur biotite (Fréville et al., 2018; Fréville, 2016).

• Une phase de transpression D2, associée au développement d’une foliation subverticale

S2 orientée N à N30◦. Cette transpression correspond au développement d’une grande

zone de cisaillement dextre, la zone de cisaillement est-varisque qui a été active entre

325 et 310 Ma (Guillot et al., 2009a; Simonetti et al., 2018, 2020).

• Une phase d’extension D3, associée à l’effondrement post-collisionel. Cette phase a

lieu en régime transtensif, est est associée à la formation de petits bassins d’échelle

hectométrique à kilométrique, ouverts en pull-apart le long de décrochements dextres

ou bien en demi-grabben le long de petites failles normales. Des études sédimentolo-

giques et paléontologiques ont fourni des preuves de la sédimentation syntectonique

entre le Moscovien et le Gzhélien (310–300 Ma, Ballèvre et al., 2018).
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Figure 2.12 – Coupes tectoniques interprétatives à travers le massif de Belledonne (a) et le massif
de l’Oisans–Pelvoux (b), montrant la succession des différents épisodes tectoniques varisques. Les épisodes
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2.4 Questions en suspens

Si la composition du socle et la chronologie des différentes phases tectono-métamorphiques

varisques commencent à être relativement bien contraintes dans les MCE, la place de ces

massifs dans le système orogénique varisque est à l’heure actuelle mal connue. En particulier,

la position des MCE par rapport aux grandes sutures varisques reste à préciser.

La présence d’unités ophiolitiques d’âge cambrien dans le sud du massif de Belledonne,

ainsi que la présence de reliques éclogitiques jalonnant les différents massifs suggère la pré-

sence d’une ancienne suture le long des MCE. Cependant, ces massifs sont dans une position

très méridionale dans l’édifice varisque, et semblent éloignés des grandes sutures (Rhéique
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/ Teplà) situées plus au nord. Une hypothèse proposée par Guillot et Ménot (2009) fait des

MCE la prolongation vers l’est de la suture éo-varisque, qui aurait été décalée vers le sud

à la faveur de grands cisaillements au cours du Carbonifère supérieur. Cette proposition re-

pose essentiellement sur un âge Dévonien (395±2 Ma) obtenu par datation U–Pb de zircons

extraits des éclogites du massif de Belledonne (Paquette et al., 1989). Cependant, cette âge

obtenu par datation d’une fraction multi-grain de zircon par dilution isotopique (ID-TIMS)

est sujet à caution, en raison d’un mélange possible entre différentes populations de zircons

métamorphiques et/ou magmatiques. Il n’est ainsi pas exclu que l’âge Dévonien obtenu par

Paquette et al. (1989) soit en réalité un âge de mélange sans signification géodynamique

particulière, comme cela s’est révélé être le cas sur certaines éclogites du massif Armoricain

(Paquette et al., 2017). Il est donc important de dater de manière fiable le stade HP dans

les MCE.

En outre, les conditions P-T du stade métamorphique HP ne sont pas contraintes, ce qui

pose la question de la signification géodynamique du métamorphisme de haute pression.

En effet, seules les éclogites de basse températures et les schistes bleus, équilibrés sur un

gradient géothermique froid (< 10 ◦C.km-1) sont des indicateurs fiables d’un contexte de

subduction. En contexte de collision, un épaississement de la croûte continentale supérieur

à 50–60 km implique que de larges portions de croûte inférieure se trouvent équilibrées

dans le faciès éclogitique ou dans le faciès granulitique HP (O’Brien et Rötzler, 2003).

Des portions de cette croûte inférieure éclogitique peuvent se retrouver exhumées lors des

stades post-collisionels, rendant ainsi ambigüe l’interprétation des reliques de HP affleurant

en surface : s’agit-il de reliques de subduction, ou bien des marqueurs de l’épaississement

crustal ? Des données thermobarométriques robustes sont nécessaires pour pouvoir trancher

entre ces deux scénarios.
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Un troisième point concerne la découverte au cours de ce travail de thèse de péridotites

préservées au sein des unités internes du massif de l’Oisans–Pelvoux. Ces péridotites forment

des enclaves décimétriques à métriques dans des domaines fortement mobilisés de la croûte

inférieure migmatitique, et présentent des traces d’un métasomatisme mantellique. Plusieurs

questions se posent concernant : 1) l’origine et la nature des agents métasomatiques impli-

qués ; 2) l’âge du métasomatisme ; et 3) les mécanismes d’exhumation et d’incorporation des

enclaves de péridotites dans la croûte inférieure.

Enfin, un dernier point important concerne le magmatisme varisque dans les MCE. Le

dernier travail de synthèse sur ce sujet date d’il y a plus de vingt ans (Debon et Lem-

met, 1999). De nombreuses données géochronologiques, géochimiques et isotopiques ont été

acquises depuis (Fréville, 2016), et les idées et concepts associés au magmatisme varisque

(source des magmas, mécanismes pétrogénétiques, lien avec la géodynamique varisque) ont

évolué, notamment grâce aux nombreux travaux réalisés dans les autres massifs varisques

(Couzinié et al., 2021; Janoušek et al., 2019; Laurent et al., 2017; Moyen et al., 2017; Van-

derhaeghe et al., 2020). En particulier, il existe dans les MCE de nombreuses traces d’un

magmatisme ultra-potassique (De Boisset, 1986; Laurent, 1992; Le Fort, 1971), bien connu

dans les zones internes varisques du massif de Bohême, des Vosges et du Massif Central

(Guillot et al., 2020; Janoušek et Holub, 2007; Moyen et al., 2017; Von Raumer et al., 2014),

mais qui n’a fait l’objet d’aucune étude récente dans les MCE. L’âge de ce magmatisme et

sa signature géochimique et isotopique restent donc mal contraints dans les MCE, alors qu’il

s’agit d’un marqueur géodynamique clé de la collision varisque (Janoušek et Holub, 2007).

Le travail réalisé au cours de cette thèse a pour but de répondre aux questions soulevées

ci-dessus. Les chapitre 3 et chapitre 4 présentent les résultats acquis sur les reliques de HP va-

risques dans les MCE. Deux localités ont été examinées en détail : les reliques éclogitiques des

lacs de la Tempête, au nord du massif de Belledonne, et les formations granulitiques de HP
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de la Lavey en Oisans, découvertes durant la campagne de terrain de l’été 2019 (Figure 2.11).

Un travail de caractérisation structurale et pétrographique, associé à des datations U-Pb sur

zircon et rutile ont été réalisés sur ces formations, afin de contraindre l’évolution P-T-t des

reliques HP varisques dans les MCE et de relier les différents stades métamorphiques aux

grandes phases de déformations identifiées l’échelle régionale. Bien que l’essentiel des travaux

réalisés sur ces roches porte sur le métamorphisme varisque, les données acquises apportent

des informations sur l’origine et la nature des protolithes de ces roches. Ces données sont

présentées dans un court chapitre annexe (chapitre 5). Le chapitre 6 présente les résultats

d’un premier travail exploratoire de caractérisation pétrographique et géochimique réalisé

sur les enclaves de péridotites du massif de l’Oisans–Pelvoux. Le chapitre 7 présente une

étude menée sur le magmatisme ultrapotassique (série des ”Durbachites”) en Oisans. Cette

étude se focalise principalement sur les formations de l’Olan, décrites par (Le Fort, 1971),

et apporte des nouvelles données structurales, pétrographiques, géochronologiques et géo-

chimiques sur ces formations. Enfin, un dernier chapitre de discussion (chapitre 8) intègre

toutes ces donnnées dans un cadre géodynamique plus général, et propose un modèle pour

l’évolution varisque des MCE et leur place dans le système orogénique varisque.
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Les reliques d’éclogites et de granulites HP représentent des marqueurs clés de l’évolution

géodynamique des châınes de collision. Elles enregistrent les stades métamorphiques pré-

coces, qui peuvent correspondre à la subduction d’unités océaniques, d’unités continentales,

ou encore à des phases d’écaillage crustal conduisant à l’épaississement et à la croissance

du prisme orogénique. Dans les MCE, des reliques de ces roches métamorphiques affleurent

de manière sporadique dans les unités internes (domaine oriental), sous forme de lentilles

métriques à hectométriques, fréquemment rétromorphosées. Ces reliques ont été longtemps

considérées comme des témoins d’une paléo-suture éo-varisque (Fréville et al., 2018; Guillot

et al., 2009a; Paquette et al., 1989). Toutefois, une quantification rigoureuse des conditions

P-T enregistrées ainsi que l’âge du métamorphisme doit permettre de préciser le contexte

de formation de ces roches.

Deux de ces formations ont été étudiées en détail : les éclogites rétromorphosées des lacs

de la Tempête, dans le NE du massif de Belledonne, et les granulites HP de La Lavey,

dans le massif de l’Oisans–Pelvoux (Figure 2.11), qui sont présentées dans les chapitres 3

et 4. Alors que les éclogites des lacs de la Tempête sont connues depuis longtemps (Gros,

1974), les granulites HP La Lavey ont été découvertes dans le cadre de ce travail de thèse,

lors des campagnes de terrain de 2019 et 2020. Une étude pétrochronologique a été me-

née sur des échantillons de ces deux formations, dans le but de caractériser l’évolution

pression-température-temps (P-T-t) de ces roches, et en particulier contraindre (1) le stade

métamorphique HP, et (2) les chemins d’exhumation suivant le stade HP. En parallèle, une

étude structurale de détail a été menée, afin de préciser le contexte structural dans lequel

affleurent ces reliques HP et relier les différents stades métamorphiques identifiés dans ces

roches aux principales phases de déformation décrites à l’échelle des MCE (Fréville et al.,

2018; Guillot et Ménot, 2009). L’étude pétrochronologique des formations des lacs de la

Tempête et de La Lavey a fait l’objet de deux articles, un premier publié dans Journal of

Metamorphic Geology et un second accepté à Lithos. Ces deux publications étant focalisées

77



sur la datation et l’estimation des conditions P-T du métamorphisme, l’étude structurale et

l’étude géochimique des protolithes y sont présentées de manière relativement succincte. Une

discussion plus détaillée des structures dans les deux domaines étudiés est donc présentée

sous forme de données additionnelles à la suite de chaque article. Enfin, un court chapitre

additionnel (chapitre 5) est dédié à la caractérisation géochimique des protolithes et discute

de leur âge et de leur contexte de mise en place.
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CHAPITRE 3

Les éclogites rétromorphosées des lacs de la Tempête

(Belledonne NE)

Les lacs de la Tempête vus depuis la face sud du Grand Mont.



LES ÉCLOGITES RÉTROMORPHOSÉES DE BELLEDONNE
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Abstract
The age and P– T conditions of Variscan high- P(HP) metamorphism in the Palaeozoic 
basement of the western Alps remain poorly constrained, but is nevertheless crucial 
to build a consistent tectonic scenario for the southeastern domain of the Variscan 
Belt. We report here the results of a structural, petrological, thermobarometric, and 
geochronological investigation of an eclogite- bearing unit exposed in the northeast-
ern part of the Belledonne Massif (France). This unit is mostly composed of meta-
sediments that are locally migmatized and contain decametre-  to hectometre- scale 
lenses of orthogneiss and amphibolites. SIMS U– Pb dating of magmatic zircon cores 
in two retrogressed ecogites yields ages at 456 ± 4 Ma and 448 ± 6 Ma, which are 
interpreted to date the emplacement of the magmatic protoliths. The peak pressure 
stage in the retrogressed eclogites is estimated to be >1.4 GPa at 690– 740°C, and 
was followed by decompression from 1.4 to ca. 1.0 GPa at 700– 800°C. By con-
trast, the investigated migmatitic metasediment does not present any trace of HP 
metamorphism, but instead preserves prograde evolution from sub- solidus condi-
tions (ca. 0.8– 1.1 GPa and 600– 700°C) to supra- solidus conditions (1.1– 1.4 GPa and 
700– 780°C). A later stage of retrogression below ca. 0.5– 0.8 GPa and 570– 610°C is 
recorded in both lithologies, and is taken to indicate cooling and exhumation to upper 
crustal levels. Metamorphism was roughly coeval in the retrogressed eclogites and in 
the migmatitic metasediment. Metamorphic zircon rims yield U– Pb dates scattering 
between 340 and 310 Ma in both lithologies. In the migmatitic metasediment, a dis-
tinct younger age at 306 ± 3 Ma is interpreted to represent late stages of melt crystal-
lization. In the retrogressed eclogites, zircon zoning and chemical composition (Th/U 
and REE) indicate initial crystallization of the rims during the HP stage followed 
by protracted growth during decompression to granulitic/amphibolitic conditions. 
Rutile U– Pb dating in one eclogite sample yields an age of 340 ± 11 Ma similar 
to the oldest zircon ages and is interpreted to approximate the age of the peak pres-
sure metamorphism. Retrogression in the amphibolite facies is correlated with the 
development of a penetrative, N30° subvertical mylonitic S2 foliation. Regionally, 
this deformation occurs in a dextral transpressive corridor interpreted to represent 
a crustal- scale shear zone active during the mid- late Carboniferous. We therefore 
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1 |  INTRODUCTION

High- P (HP) metamorphic rocks, namely eclogites and HP 
granulites, are widespread in the Variscan Belt of Europe 
(Faure et al., 2009; Catalán et al., 2009; Paquette et al., 2017; 
Schulmann et  al.,  2009). They are exposed in the Saxo- 
Thuringian zone and in the high- grade metamorphic do-
mains of the allochtonous Galicia- Moldanubian zone, which 
forms the core of the belt and exposes deep portions of the 
orogenic crust. These rocks only form minor portions of the 
exposed high- grade units, but they are nevertheless import-
ant geodynamical markers, which provide crucial informa-
tion to reconstruct the dynamics of the Variscan Belt. They 
are commonly associated with small ultramafic bodies, and 
may represent dismembered meta- ophiolites, which could 
possibly mark suture zones formed by the closure of an oce-
anic basin or a domain of hyperextended continental crust, 
as it has been inferred for the ‘Leptyno- amphibolic com-
plexes’ in the French Massif Central and in the Armorican 
Massif (Ballèvre et  al.,  2009; Faure et  al.,  2009; Lardeaux 
et al., 2014). Alternatively, some eclogite- bearing units may 
also represent deep portions of the orogenic lower crust ex-
truded during the collision, as it has been inferred for the ultra 
high temperature (UHT)– HP granulites in the Bohemian 
Massif (Schulmann et al., 2008) or in the eclogites from the 
Montagne Noire Axial Zone (Roger et  al.,  2020; Whitney 
et al., 2020).

Independently of their origin, thermobarometric and 
geochronological information recorded in these HP rocks 
is crucial to constrain relevant parameters such as exhuma-
tion rates, age of peak pressure, and maximal pressure and 
temperature reached during the collision. The ability to test 
different geodynamical scenarios with thermomechanical 
models strongly depends on the quality of the pressure– 
temperature (P– T) and geochronological data (time) obtained 
from these HP rocks. However, constraining the P– T– time 
(P– T– t) evolution in complex metamorphic rocks such as 
eclogites is far from being trivial. Analytical developments 
made over the past few decades have significantly improved 
the ability to extract geologically meaningful information 
from the metamorphic rocks. In particular, the development 
of high spatial resolution techniques (particularly secondary 
ion mass spectrometry (SIMS), laser ablation inductively 
coupled plasma mass spectrometry (LA- ICP- MS), and to a 

lesser extent electron microprobe) has allowed microscale 
dating and trace elements analyses on mineral domains to be 
performed, which can then be used to obtain multiple ages 
from one single sample and to correlate them with particular 
magmatic or metamorphic stages. Prior petrological and geo-
chronological studies of eclogites, which did not benefit from 
these analytical improvements, are less likely to provide geo-
logically accurate age information. In particular, many ages 
on high- grade metamorphic samples obtained by ID- TIMS 
bulk zircon dating are likely a mix between metamorphic and 
inherited components. This has been for example shown in 
the recent study of Paquette et  al.,  (2017) for the eclogites 
and blueschists from the Armorican massif. In the Massif 
Central, Silurian– Devonian ages (ca. 400– 420 Ma) inferred 
for the HP stage in eclogites have recently been re- estimated 
at ca. 360– 385 Ma by Lu– Hf dating and in situ U– Pb dat-
ing of zircon (Benmammar et al., 2020; Lotout et al., 2018, 
2020). Many eclogites in the Variscan Belt still lack recent 
petrological investigation in order to solidly anchor geody-
namic models that are based on possibly outdated constraints 
(e.g. Regorda et al., 2019).

In the Alpine domain, numerous bodies of Variscan 
eclogites and HP granulites are exposed in the Palaeozoic 
basement, especially in the external crystalline massifs 
(ECMs), which form the exposed parts of the basement in 
the external Western Alps (Von Raumer et al., 2013). Most 
of the geochronological data available for the HP rocks of the 
ECM were obtained by multigrain ID- TIMS dating of zircon 
(e.g. Paquette et  al.,  1989; Schaltegger,  1993; Schaltegger 
et al., 2003), which constrained the age of emplacement of 
the magmatic protoliths to the early- mid Ordovician (ca. 
480– 450 Ma) and the age of HP metamorphism to the early 
Devonian (ca. 395– 425  Ma). These age constraints have 
been used in several tectonic studies (Fréville et  al.,  2018; 
Guillot & Ménot, 2009; Von Raumer et al., 2009) to argue 
for the existence of a Devonian oceanic suture across the 
ECMs, possibly marking the southern prolongation of the 
Saxo- Thuringian suture (Guillot & Ménot, 2009). However, 
in the southernmost ECM of Argentera, more recent studies 
have re- estimated the age of the HP stage to the early- mid 
Carboniferous (ca. 340  Ma, Jouffray et  al.,  2020; Rubatto 
et al., 2010), questioning the previous geodynamic interpre-
tation. Similar studies are lacking for the northern part of the 
ECM and remain crucial for informing tectonic models. This 

suggest that this structure has driven the exhumation of eclogites from the lower crust 
and their mixing with mid- crustal felsic lithologies devoid of HP assemblages.

K E Y W O R D S

external crystalline massifs, high- p metamorphism, phase equilibria modelling, U– Pb 
geochronology, variscan orogeny
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study aims to provide new thermobarometric and geochro-
nological data on HP rocks and contiguous metasediments 
exposed in the northeastern Belledonne massif. A detailed 
structural investigation of the eclogite- bearing unit has also 
been undertaken in order to better constrain the tectonic set-
ting associated with exhumation of these rocks.

2 |  GEOLOGICAL SETTING

2.1 | The external crystalline massifs

The ECMs represent exposed portions of the European 
Palaeozoic basement involved in the Alpine Orogeny. They 
form a discontinuous arcuate alignment of massifs along 
the central and western external Alps, and consist, from the 
northeast to the south, in the massifs of Aar- Gothard, Mont- 
Blanc, Aiguilles Rouges, Belledonne, Grandes- Rousses, 
Oisans- Pelvoux, and Argentera- Mercantour (Figure  1). 
They are composed of (i) various early to mid- Palaeozoic 
units, which were metamorphosed and intruded by grani-
toids during the Carboniferous and the early Permian, and 
(ii) non- metamorphic late Carboniferous to Permian sedi-
ments deposited over the older metamorphic sequences in 
small intracontinental basins. The basement is unconformably 

covered by a thick sedimentary sequence deposited between 
the Triassic and the Palaeogene along the European margin of 
the Piemonte– Liguria Ocean (Lemoine et al., 1986). The ECM 
and their post- Permian cover were deformed and metamor-
phosed during the Alpine collision. Post- Permian deformation 
in the basement is generally localized. Stretching and thinning 
of the crust during the lower Jurassic rifting sliced the ECM 
basement into tens of kilometres wide tilted blocks, separated 
by kilometre- scale SW– NE- trending normal faults (Lemoine 
et al., 1986; Lemoine & Trümpy, 1987). The Alpine collision 
in the external domain was accompanied by ca. 20% to 27% 
shortening from South to North (Bellahsen et al., 2014). This 
shortening was accommodated by buckle folding and thrust-
ing in the sedimentary cover and by the development of an 
anastomosing network of decametre-  to hectometre- scale 
shear zones in the basement, with only little tectonic reactiva-
tion of older structures (Bellahsen et al., 2012, 2014; Bellanger 
et al., 2014; Marquer et al., 2006). These shear zones delimit 
low- strain domains in which Palaeozoic structures remained 
largely preserved. The Alpine metamorphic overprint is mild: 
metamorphic conditions recorded in Alpine shear zones range 
from the lower greenschist facies (0.3– 0.4 GPa, 300– 350°C, 
Simon- Labric et  al.,  2009) in Oisans- Pelvoux to the upper 
greenschist facies in the Aar- Gothard Massif (0.6 GPa, 400– 
450°C, Challandes et al., 2008).

F I G U R E  1  (a) Tectonic map of the Variscan belt of Europe, with marked the main position of the External Crystalline Massifs (ECM) and 
the main exposures of HP rocks (dots). (b) Geological map of the Palaeozoic basement in the External Crystalline massifs, with marked the main 
locations where HP rocks are exposed (red stars). Modified from Guillot and Ménot (2009)
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2.2 | The Belledonne massif

The Belledonne massif forms a 15– 20  km wide strip 
of crustal basement, which extends over more than 
100 km from the southwest to the northeast (Figure 1b). 
Petrographic and structural investigation carried out since 
the 1950s (e.g. Bordet,  1961; Bordet & Bordet,  1963; 
Gros,  1974; Ménot,  1987; Ménot et  al.,  1987; 
Verjat,  1981; Vivier et  al.,  1987) has led to subdivide 
this massif into three distinct tectono- stratigraphic do-
mains, namely the western, the southwestern, and the 
northeastern domains, separated by late Palaeozoic 
strike- slip faults (Guillot et al., 2009). The western do-
main is composed of a series of medium to low- grade 
micaschists with minor intercalations of metasandstones 
(‘Série Satinée’, Bordet & Bordet,  1963), interpreted 
as deriving from a thick sequence of deep- sea turbid-
itic sediments. U– Pb dating of detrital zircons from this 
series (Fréville et  al.,  2018) yielded mostly Ediacaran– 
Cryogenian ages (ca. 550– 700  Ma), with subordi-
nate populations of Mesoarchean (ca. 2.8– 3.1  Ga) and 
Palaeoproterozoic (ca. 2.0– 2.2 Ga) zircons and a young-
est population of late Cambrian– Ordovician age (540– 
463  Ma), which places the maximal deposition age for 
this series to middle– lower Ordovician. The prevalence 
of Neoproterozoic zircons suggests this series is mostly 
composed of material eroded from the peri- Gondwanan 
Neoproterozoic ‘Cadomian’ belts, with minor contribu-
tion of cratonic Gondwanan material.

The southwestern domain consists of different nappes 
stacked during the Variscan collisional stages (ca. 350– 
330 Ma, Fréville et al., 2018; Guillot & Ménot, 2009; Ménot 
et al., 1987) and capped by a sequence of mid- late Devonian 
metaconglomerates (Taillefer series, Fréville et  al.,  2018). 
The uppermost unit is composed of the Chamrousse ophi-
olitic complex, a well- preserved witness of Cambrian oce-
anic lithosphere (ca. 500  Ma, Ménot, Peucat, Scarenzi, 
et al., 1988; Pin & Carme, 1987), and regarded as the relic 
of a short- lived marginal basin that opened in a back- arc 
setting (Guillot et  al.,  1992). It is thrusted over the late 
Devonian– Tournaisian magmatic complex of Rioupéroux– 
Livet (Ménot, 1986, 1987) composed of a mafic– felsic bi-
modal suite of volcanic and plutonic rocks emplaced at ca. 
360– 350  Ma and attributed to continental extension in a 
back- arc setting (Fréville et al., 2018; Guillot et al., 2009). 
This magmatic complex overlies the migmatitic gneisses of 
the Allemont series. The lower series (Rioupéroux– Livet– 
Allemont) have been metamorphosed to amphibolite fa-
cies during the Variscan nappe stacking events, with peak 
temperature conditions increasing from ca. 0.6 GPa and 
600°C in the upper series to ca. 0.8 GPa and 680°C in the 
lower migmatitic series (Fernandez et  al.,  2002; Fréville 
et al., 2018; Guillot & Ménot, 2009).

Finally, the northeastern domain mostly consists of 
high- grade metamorphic sequences composed of metased-
iments, orthogneisses, and amphibolites, with sporadic oc-
currence of retrogressed eclogites that are the main focus of 
this study. These sequences are intruded by Carboniferous 
granitoids and overlain by low- grade volcano- sedimentary 
sequences that post- date the granitoids (Vivier et al., 1987). 
Two main generations of granitoids are identified (Debon 
et al., 1998; Debon & Lemmet, 1999): a Mg– K- rich suite 
emplaced during Visean (ca. 340– 330 Ma) and a ferriferous 
low- Mg suite emplaced during upper Carboniferous– early 
Permian (ca. 310– 295  Ma). The Mg– K series predomi-
nates in Belledonne (Figure 1b), and forms the largest Sept 
Laux, Saint- Colomban, and Lauzière plutons emplaced 
syn- tectonically in strike- slip shear zones (Guillot & 
Ménot, 2009). Little is known about the old metamorphic 
sequences. The metasediments presumably derive from a 
lower Palaeozoic series in which mafic and felsic intrusives 
were emplaced during the Ordovician. The metamorphic 
evolution is also poorly constrained. The eclogite relics 
formed at HP were overprinted by high- T metamorphism, 
which culminated with partial melting of the most fertile 
metasedimentary and metaigneous protoliths. However, 
no quantitative thermobarometry has been carried so 
far to constrain more precisely this P– T evolution in NE 
Belledonne.

2.3 | Structural evolution in the 
Belledonne massif

The Variscan collision in Belledonne occurred at ca. 350– 
295  Ma and is characterized by a succession of different 
tectono- metamorphic stages, which have been summarized 
in Guillot and Ménot (2009) and more recently in Fréville 
et  al.,  (2018). These authors use different labelling for the 
successive tectono- metamorphic stages, which partly over-
lap, and also partly disagree between each other. The choice 
has been made here to group them into four different stages 
D0 to D3.

-  D0 (Dx in Fréville et al., 2018) is poorly constrained 
and corresponds to the early thrusting of the Chamrousse 
ophiolitic unit, which presumably occurred during the 
Devonian (ca. 360– 380  Ma). D1 is an early collisional 
stage which formed E– W directed nappes, mainly visi-
ble in the southwestern domain, and was associated with 
the development of amphibolite facies assemblages (gar-
net  ±  kyanite  ±  staurolite) at ca. 600– 700°C and 0.6– 
0.9 GPa (Fréville et  al.,  2018; Guillot et  al.,  2009). The 
age of D1 is constrained between ca. 350 and 330 Ma by 
U– Pb dating on monazite and K/Ar– Ar dating on mica 
and amphibole (Fréville,  2016; Fréville et  al.,  2018; 
Ménot et al., 1987). Following D1, D2 is a transpressive 



   | 5JACOB et Al.

phase associated with the development of N- N30 oriented 
strike- slip shear zones, which formed a penetrative steeply 
dipping foliation S2, mostly visible in the northeastern do-
main. It has been correlated in the ECMs as well as in the 
Maures- Tanneron massif and corresponds to a regional- 
scale dextral shear zone system known as the East Variscan 
Shear Zone (EVSZ; Corsini & Rolland,  2009; Guillot 
et  al.,  2009; Rossi et  al.,  2009; Simonetti et  al., ,,,2018, 
2020). Deformation in the EVSZ started from ca. 320 Ma 
under amphibolite facies conditions, and lasted at least for 
10– 15 Ma (Simonetti et al., 2018, 2020). Finally, a stage 
of D3 extension occurred at ca. 310– 295 Ma, associated 
with the development of SW– NE oriented ductile– brittle 
normal faults and shear zones (Fernandez et  al.,  2002). 
It resulted in the opening of kilometer-  to ten– kilometre- 
scale coal- bearing half- grabben and pull- apart basins, 
which preserved sedimentological and paleontological 
evidence for syntectonic sedimentation during the late 
Westphalian– Stephanian (Ballèvre et al., 2018, and refer-
ences therein).

3 |  FIELD DESCRIPTION AND 
STRUCTURAL ANALYSIS

3.1 | Field description

The area investigated in this study is located North of the Isère 
Valley, in the high- grade metamorphic formations of the north-
east Belledonne massif (Figure 1b). It mostly consists of a ca. 
2– 3 km thick series composed of biotite- poor metagreywackes 
with intercalated orthogneisses and amphibolites, which form 
decametre-  to hectometre- scale lenses elongated along the main 
foliation (Figure 2a) (Gros, 1974). Migmatization occurs mostly 
in the central part of the domain, and is confined to the most fertile 
lithologies. This metamorphic formation is cut by a kilometer- 
scale intrusive complex composed of microgranites and rhyolites 
(Grand Mont intrusive complex). It forms steeply dipping sheets 
oriented parallel to the main foliation and crossed by N30° ori-
ented shear bands, which argues for a strong tectonic control of 
the emplacement. The retrogressed eclogites are only found in a 
hectometre- scale amphibolic body exposed near the Lacs de la 

F I G U R E  2  (a) Geological map of the studied area (modified from Gros (1974), showing the direction of planar structures and relationship 
between the early metamorphic foliation Sx and the steep S2 fabric. Position of the interpretative profile is also indicated. (b) Structural cross- 
section showing the deformation in the metamorphic basement and its relationship with the Mesozoic cover



6 |   JACOB et Al.

Tempête (Figure 2a,b). They form unfoliated metre- size boudins 
preserved in the main metamorphic foliation. The geochemical 
and geochronological study (ID- TIMS bulk zircon dating) of the 
eclogites from the ECM done by Paquette et al., (1989) included 
samples from the Lacs de la Tempête body (reported as samples 
B7751 to B7755 in the original paper). According to this study, 
this amphibolite body derives from N/E- MORB like tholeiites 
emplaced at 473 ± 28 Ma in a thinned continental crust, and 
metamorphosed to HP (>1.4 GPa) at 395 ± 2 Ma. Regarding 
the mode of exposure of eclogites (isolated lenses within fel-
sic lithologies devoid of HP assemblages) and the geochemical 
signature and age of the mafic magmatic protoliths, the investi-
gated metamorphic unit presents striking similarities with other 
Variscan eclogite- bearing units in the Massif Central and the 

Armorican Massif, commonly referred as ‘Leptyno- Amphibolic 
Complexes’ (Ballèvre et al., 2009; Faure et al., 2009; Lardeaux 
et al., 2014; Ménot, Peucat, & Paquette, 1988; Ménot, Peucat, 
Scarenzi, et al., 1988; Santallier et al., 1988). New U– Pb data 
presented in this paper will precise both the age of the protolith 
and the peak of metamorphism.

3.2 | Structural analysis

Careful investigation of structures in the field allows the 
identification of two generations of metamorphic foliation 
and two main episodes of deformation. The foliation trajec-
tories were mapped and are reported in Figure 2. Field photos 

F I G U R E  3  Field photographs illustrating typical structural features of the early metamorphic foliation Sx. (a) low angle open folds in Sx; (b) 
East- verging P1 folds deforming Sx; (c) Deformation of the early foliation Sx by D2 dextral shearing, resulting in the formation of a second S2 
planar fabric; (d) P1 upright fold
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F I G U R E  4  Field photographs illustrating typical structural features of the metamorphic foliation S2. (a) Sx relics between S2 planes; (b) 
contact between a leucocratic orthogneiss layer and migmatitic metasediments. The metasediments contain sheared leucosomes indicating a 
dextral strike- slip kinematics; (c)- (d) S/C fabrics and P2 drag folds associated with D2 dextral shearing; (e) preserved eclogitic boudin surrounded 
by foliated amphibolites; (f) S2 fabrics in a deformed retrogressed eclogite. Hornblende growth is syn- D2, while garnet is ante- kinematic; (g) L2 
stretching lineation in a mylonitic orthogneiss
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of the main structural features are shown in Figures 3 and 4. 
Labelling reflects our interpretations about how the different 
structures and deformation stages correlate with the general 
tectonic framework presented in Section 2.3.

The earliest foliation Sx is a low- angle (< 30°) North- 
dipping foliation (Figure 3a), which is interpreted to be pre- D1. 
It is only preserved in decametre to hectometre wide low- strain 
domains, which are mostly exposed in the northeastern part of 
the investigated zone (Figure 2a). Due to the poor preservation 
of the structures, the deformation that generated Sx could not 
be precisely characterized. Gros (1974) reported evidence of 
cross laminated sedimentary structures, which suggests Sx de-
veloped at low- grade metamorphic conditions. Sx is impacted 
by decimetre-  to metre- scale P1 folding (Figure 3b,d), which 
did not generate any new foliation, but formed tight upright to 
slightly overturned folds oriented N- N15°, with axes slightly 
plunging to the North (<20°). The general E– W orientation 
of folding, and the presence of overturned E- vergent folds are 
consistent with the D1 nappe stacking phase However, it can-
not be excluded that these folds may be the result of shortening 
during the transpressive phase D2.

The second foliation S2 is a pervasive, steeply dipping, 
N15- 30° trending foliation that affects the largest part of 
the metamorphic sequence (Figure 2) and largely overprints 
the former Sx, that we associate with D2 dextral strike- slip 
shearing. In the northeastern part of the field area, D2 is 
not pervasive and mostly formed localized brittle faults 
cutting through the low- strain domains. Towards the west, 
it becomes increasingly intense and pervasive. In the felsic 
gneisses, it formed the blastomylonitic S2 foliation that to-
tally obliterated the former structures, which only persist 
as small lenses and microfold relics (Figures 3c and 4ab). 
In the mafic lenses, S2 is associated with the amphiboliti-
zation of the eclogite assemblages, which only persist in 
undeformed metre- scale boudins (Figure 4e). Near subho-
rizontal stretching lineations L2 on S2 planes (Figure 4g), 
shear bands, and deformed clasts (Figure  4a- c) clearly 
indicate a dominant dextral strike- slip kinematics. The 
presence of syn- folial P2 folds (Figure 4d) with a steeply 
plunging axis, that developed parallel to S2, is also consis-
tent with this kinematics. Deformation probably initiated 
at high temperature in the amphibolite facies, as indicated 
by: (i) the pervasive ductile deformation that affected a 
several kilometres wide unit; (ii) the development of horn-
blende oriented parallel to S2 planes in the amphibolites 
(Figure 4f); (iii) the presence of sheared leucosomes in the 
migmatites (Figure 4b), which suggest migmatization oc-
curred just prior to or during shearing. D2 strike- slip shear-
ing then localized in decametre to hectometre wide brittle 
fault zones during the latest stages of deformation. These 
fault zones are well visible in the western part of the meta-
morphic unit and near the Grand Mont summit (Figure 2).

4 |  METHODS

4.1 | Mineral and whole- rock analyses

Backscattered electron images were acquired at ISTerre 
Grenoble with a Tescan Vega 3 scanning electron micro-
scope operated with an accelerating voltage of 16 kV and a 
beam current of 10 nA.

Mineral compositions were measured by electron probe 
microanalysis (EPMA) using a JEOL JXA- 8230 electron 
microprobe at ISTerre Grenoble. Different protocols were 
used for garnet and the other silicates. Garnet analyses 
were performed with a 15 kV accelerating voltage, a 20 nA 
beam current and a counting times of 60s for the peak and 
30s for the background. The other silicates were analysed 
with a 15 kV accelerating voltage, a 10 nA beam current 
and counting times of 30s for the peak and 15s for the back-
ground. The spot size was set to 1– 3 µm depending on the 
size of minerals and the presence of volatile elements. X- 
ray element maps were acquired with a 15 kV accelerating 
voltage, a 100 nA beam current, and a 100  ms counting 
time per pixel. Natural minerals and synthetic glass were 
used for standardization, and the ZAF matrix procedure 
was applied for data reduction. X- ray maps were processed 
using the XmapTools software (Lanari et al., 2018, 2014). 
Details of abbreviations used for the mineral end- members 
are given in Table S1 in the online supplements. The con-
centration of Zr and other trace elements (Nb, Fe, Cr) in 
the rutile were measured in situ with an electron micro-
probe at ISTerre Grenoble. The instrument was operated 
with an acceleration voltage of 20 kV, a beam current of 
600 nA, and a total counting time of 600s, with spot size 
set to 1– 3 µm. Standardization was done using a synthetic 
TiO2 glass. Accuracy check was done on standard rutile 
R632 (Axelsson et al., 2018), which returned accurate Zr 
concentrations within  ±3% interval. This uncertainty is 
consistent with counting error statistics returned by the 
JEOL microprobe software for the rutile analyses (R632 
and unknowns), which varies between 2% and 8% and con-
verts into an absolute uncertainty below 40 ppm in most of 
the cases. A conservative estimate of ± 50 ppm is there-
fore retained for electron microprobe analyses (EMPAs) of 
rutile. This propagates to a ca. ± 10°C uncertainty for Zr 
in rutile temperatures, which is lower than the calibration 
uncertainty of the thermometer equation (± 30°C, Tomkins 
et al., 2007). In addition, trace element analyses were per-
formed by LA- ICP- MS on separated rutile grains, some of 
which were subsequently dated (see below). Whole- rock 
compositions were obtained on representative rock pow-
ders at the SARM laboratory (CNRS- CRPG) in Nancy, 
using a Thermo Fisher iCap6500 ICP- OES and an iCapQ 
ICP- MS.
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4.2 | U– Pb dating and LA- ICP- MS trace 
element analyses

Zircon and rutile were separated using conventional rock 
crushing and heavy liquids. Crystals were mounted in epoxy 
resin and polished to expose the grain centre for analysis. 
Charge contrast (CC) images of zircon grains were obtained 
with a ZEISS EV050 scanning electron microscope at the 
Institute of Geological Sciences, University of Bern, at low 
vacuum conditions (18 Pa), 12 kV, a beam current of 100 mA 
and a working distance of 9.5  mm. It has been previously 
demonstrated that CC images correlate exactly with cathodo-
luminescence (Watt et al., 2000), as also confirmed by checks 
in the Bern laboratory. Backscattered electron images of sep-
arated rutile grains were obtained at Isterre Grenoble using 
the same instrument and analytical conditions as described 
above (section 4- 1).

Trace element spot analysis of separated zircon and ru-
tile was performed with a RESOlution Laser System coupled 
to an Agilent 7,900 quadrupole ICP- MS at the Institute of 
Geological Sciences (University of Bern). A He– H2 gas mix-
ture was used as the aerosol transport gas. Zircon trace ele-
ment analyses were performed with laser beam diameters of 
24 and 20 μm, rutile with a diameter of 38 µm. The laser was 
set to 5 Hz repetition rate and an energy density on the sample 
of 4 J/cm2. Oxide interferences were reduced by maintaining 
ThO/Th < 0.2. Sample analyses were calibrated using NIST 
SRM 612 (Jochum et al., 2011). Accuracy was monitored 
using the reference material GSD- 1G (Jochum et al., 2005) 
and zircon 91,500 (Wiedenbeck et  al.,  2004), and was as-
sessed to be better than 10% for all elements. Data reduction 
was performed using the software Iolite (Paton et al., 2011).

U– Pb dating of rutile was performed with the same LA- 
ICP- MS system at the University of Bern with the laser op-
erating at a repetition rate of 5 Hz and an energy density on 
the sample of 3.5 J/cm2. The count rate ratio for Th/U was 
98– 97 and the ThO/Th < 0.2. Measurements consisted of 30s 
background and 30s signal acquisition sweeping through the 
masses 206Pb, 207Pb, 208Pb, 232Th, and 238  U. Spot size was 
50µm with a pre- cleaning with a 60µm beam. U– Pb ratios 
were standardized to rutile R10 (1,091.6 ± 3.5 Ma, Luvizotto 
et al., 2009), whereas secondary reference material was rutile 
R632 (496  ±  2  Ma, Axelsson et  al.,  2018) which returned 
an average 206Pb/238 U of 496 ± 11 Ma. Data reduction was 
performed using the software Iolite (Paton et al., 2011) run-
ning the DRS VizualAge_UcomPbine (Chew et  al.,  2014), 
although no common Pb correction was applied to the data 
of either standards or unknown. The single spot 2σ standard 
error external on the primary standard was 7.5% and propa-
gated in full to the unknowns.

U– Th– Pb geochronology of zircon was carried out with the 
SwissSIMS Cameca IMS 1280- HR at Université de Lausanne, 
which is equipped with an high- brightness Hyperion H201 

RF plasma oxygen ion source. Basic instrument set up pa-
rameters were 6– 8 nA, 20 µm O2-  primary beam, mass res-
olution M/ΔM ~ 5,000, energy window = 40 eV. Data were 
acquired in mono- collection, peak- hopping mode. U– Pb– Th 
data were standardized to TEM2 zircon (417  Ma, Black 
et al., 2003) and accuracy was checked with zircon standard 
Plešovice (337.17 ± 0.37 Ma, Sláma et al., 2008) which were 
cast in the same epoxy mount as the unknowns. Data were 
collected over four analytical sessions in which the Plešovice 
standard returned average ages between 335.7  ±  2.6 and 
338.5 ± 3.6 Ma. Uncertainties on standard 206Pb/238 U– UO2/U 
calibration were between 1.0% and 1.8% for each session and 
were propagated to the data. Common Pb correction was 
based on the measured 204Pb signal (when significant relative 
to background) assuming the present- day model terrestrial Pb 
composition of Stacey and Kramers (1975). Radiogenic ra-
tios and single ages were calculated using the CIPS program 
compiled by Martin Whitehouse. Age calculations use the 
decay constant recommendations of Steiger and Jäger (1977). 
The IsoplotR package (Vermeesch, 2018) was employed to 
plot the diagrams and calculate concordia and weighted aver-
age ages. Individual uncertainties are quoted at 1σ level and 
the confidence level for weighted average is 95%.

4.3 | Thermobarometry

The P– T evolution of the retrogressed eclogites and the mig-
matitic metasediments has been assessed using a combina-
tion of Zr- in- rutile thermometry and forward thermodynamic 
modelling with PerpleX 6.8.4 (Connolly, 2005, 2009). Zr- in- 
rutile temperatures were calculated using the calibration of 
Tomkins et al., (2007). Isochemical P– T phase diagrams were 
computed using the thermodynamic database of Holland and 
Powell (2011). The solution models used are from Fuhrman 
and Lindsley (1988); Green et al., (2007), Green et al., (2016); 
Holland and Powell (1998, 2011); Newton et  al.,  (1980); 
White et al.,  (2000), White et al.,  (2014). A detailed list of 
the solution models used to compute each phase diagram and 
the associated references is given in Table S3 in the online 
supplements. Input compositions used in PerpleX were deter-
mined either by ICP- OES analysis of the bulk rock, or on a 
local domain using the mineral compositions measured with 
the electron microprobe and mineral volume proportions es-
timated by point counting on the thin section. The method 
and composition used for each calculation are summarized in 
Table S3. Because Perplex inputs are specific to each sample, 
details about chemical systems, input composition, and ad-
justments of fluid content and Fe3+/Fetot ratios are specified 
for each calculation in the Thermobarometry section.

Phase assemblage stability fields and mineral compo-
sition have been used to assess the equilibrium P– T condi-
tions of the different mineral assemblages. Predicted mineral 
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compositions on the whole P– T grid have been extracted 
using the werami script (PerpleX) and compared with EPMA 
measurements. The match between observed and modeled 
mineral composition has been quantitatively assessed by 
introducing a misfit function δ(P,T), which measures the 
distance between observed and predicted composition over 
the entire P– T grid. Considering p composition parameters 
(1, . . . p, ), the misfit �(P, T) for a given mineral is defined as:

where xi
measured

 and xi
P,T

 correspond respectively to the mea-
sured (EPMA) and predicted (PerpleX) values at given pressure 
and temperature for the composition parameter i. For instance, 
the composition parameters considered for garnet are the pro-
portions of almandine, pyrope grossular, and spessartine (when 
MnO is included in the calculation) end- members. Detail of 
all composition variables used for each mineral is given in 
Table S3 in the online supplements. A panel of δ(P,T) maps is 
given on Figure 10.

5 |  PETROGRAPHY AND 
MINERAL COMPOSITION OF THE 
METAMORPHIC SAMPLES

Seven samples of retrogressed eclogite and one sample of 
migmatitic metasediment were collected for petrological 
investigation and U– Pb dating, after careful field investiga-
tion to select only the least retrogressed domains. The seven 
retrogressed eclogites (JB- 18- 03(A- F), JB- 18- 06, JB- 18- 49, 
JB- 18- 50, JB- 19- 01 and JB- 19- 02) come from the large 
amphibolic body near the Lacs de la Tempête. (Figure  2). 
The garnet- bearing migmatitic metasediment JB- 18- 46 
was collected in the immediate vicinity of this mafic body. 
Location and main petrological features are summarized in 
Table 1. Electron probe mineral analyses data are available 
in Table S2 in the online supplements.

5.1 | Retrogressed eclogites

The retrogressed eclogites are composed of garnet, clinopy-
roxene, amphibole, plagioclase, and quartz, with accessory 
epidote– clinozoisite, actinolite, chlorite, rutile, titanite, il-
menite, and rare zircon. The collected samples display various 
degrees of retrogression, and only sample JB- 18- 50 preserved 
a complete eclogitic assemblage, in a small centimetre- size 
fine- grained domain (Figure 5a- f). Petrographic descriptions 
are therefore focused on this sample. Mineral compositions 
given below are only valid for this sample, except when 

stated otherwise. The complete set of mineral analyses for all 
the investigated samples is represented in various diagrams 
in Figure 7 and is also available in Table S2 in the online 
supplementary data.

Garnet forms millimetre-  to centimetre- size grains, which 
have been partly resorbed. Two generations of garnet, Grt- 1 
and Grt- 2, are identified based on composition and texture 
(Figures  5d,e and 7b). Grt- 1 forms the core of the grains, 
and has a composition of Alm52- 56Prp15- 18Grs25- 31Sps01- 02. 
It contains various inclusions of quartz, rutile and omphac-
ite, titanite, ilmenite, hornblende, and rare zircon. Titanite, 
ilmenite, and hornblende inclusions are commonly connected 
with cracks and may therefore not be primary inclusions, but 
would have rather developed during the subsequent metamor-
phic stages. In contrast, quartz, rutile, omphacite, and zircon 
inclusions are generally isolated within garnet and are there-
fore unambiguously primary inclusions that grew together 
with garnet. Grt- 2 forms Ca- rich inclusion- poor rims around 
Grt- 1. It has a composition of Alm49- 51Prp15- 16Grs32- 34Sps01 
and presents multiple concentric growth zones. The irregular 
boundary between Grt- 1 and Grt- 2 (Figure 5e) suggests that 
resorption of Gt- 1 occurred before the development of Grt- 2 
rims.

Several generations of clinopyroxene are identified 
(Figures 5d,f and 7a). Primary clinopyroxene (Cpx- 1) is an 
omphacite ( Jd22- 26), with a Mg/(Mg  +  Fe2+) ratio (Mg#) 
between 0.71 and 0.75. It was generally destabilized fol-
lowing the reaction Omph  +  Qtz →Di  +  Pl, and formed 
plagioclase + diopside (+ amphibole) symplectites. It is nev-
ertheless preserved as relics in the fine- grained domain and 
as inclusions in garnet cores (Grt- 1). Clinoproxene formed by 
destabilization of the primary omphacite occurs in the sym-
plectites, and has been subdivided into two groups, Cpx- 2 
and Cpx- 3, based on its jadeite content (Cpx- 2: Jd10- 20, 
Mg#  =  0.70– 0.78, Cpx- 3: Jd03- 08, Mg#  =  0.70– 0.78). This 
subdivision is somewhat artificial, as there is a continuous 
trend from omphacite to diopside measured in the symplec-
tites (Figure  6a), but it allows identification of successive 
stages of re- equilibration during the retrogression.

Amphibole occurs in different textural positions in the 
retrogressed eclogites (Figure  5a,b,d,h). It mainly forms 
large millimetre-  to centimetre- size grains associated with 
plagioclase, which grow in replacement of the symplectites. 
Amphibole– plagioclase assemblages also develop in coronas 
around resorbed garnet grains, and amphibole occurs as in-
clusions in garnet. There is no significant variation in Si– Al, 
Fe2+– Mg, and Na– K composition within the same sample, 
but variation is more significant between different samples 
(Figure 7e). Amphibole is a magnesian hastingsite in samples 
JB- 18- 50 and JB- 18- 06, whereas it mostly plots in the magne-
sian hornblende field in samples JB- 18- 03(A- F). Ti concen-
tration varies over quite a large range. High Ti concentration 
(Ti > 0.15 atom per formula) is generally correlated with the 
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presence of Ti- rich minerals (titanite, rutile) bounding the 
amphibole grains, whereas Ti- poor grains are mostly in the 
symplectites. Actinolite is present in the most retrogressed 
samples and generally occurs in cracks together other with 
greenschist facies minerals (chlorite, epidote, and albite).

Plagioclase occurs mostly in the symplectites and as mil-
limetre-  to centimetre- size grains associated with amphibole 

(Figure  5a,b,d,h). It also forms thin rims around garnet. It 
displays a trend of composition in the range An10- 25 in sample 
JB- 18- 50, and over a wider range (from An25 to pure albite) 
in the other samples (Figure 7f).

Rutile is the main Ti- bearing phase in the retrogressed 
eclogites. It forms grains of various sizes ranging from a few 
tens of micrometres to 200 µm (Figure 5c,d,g,h,i). It forms 

F I G U R E  5  Petrological features of the retrogressed eclogite samples JB- 18- 50 (a- g) and JB- 18- 03B (h- i). (a) Scan image of a thin section of 
sample JB- 18- 50, which displays two textural domains; (i) a retrogressed coarse- grained domain and (ii) a fine- grained domain which preserved 
the relics of an eclogitic assemblage; (b) Microscope photograph in the fine- grained domain; (c) Garnet grain containing numerous inclusions 
of quartz, omphacite and rutile. Rutile is partially resorbed and replaced by titanite; (d) Backscattered electron image taken in the thin- grained 
eclogitic domain. Coarse grain omphacite is partially replaced by clinopyroxene– plagioclase– (hornblende) symplectites. Garnet contains numerous 
inclusions (see text for description); (e) X- ray map of grossular content in garnet, which shows the distinction between the Ca- poor inclusion- rich 
garnet core and the Ca- rich garnet rim. Additional X- ray maps for other elements are available in the online supplements (Figures S1– 3); (f) X- 
ray map of Na in clinopyroxene, which shows the distinction between coarse- grained Na- rich omphacite and Na- poor augite in the symplectites; 
(g) Backscattered electron image showing rutile grains in different textural positions, enclosed in garnet and in the matrix. Ilmenite and titanite 
developed at the expense of rutile during retrogression; (h) Microscope photograph of the matrix in retrogressed eclogite sample JB- 18- 03B. 
Primary omphacite has almost been completely resorbed and replaced by the symplectites. Rutile is being replaced by titanite; –  (i) Backscattered 
electron image of a garnet grain with large rutile inclusions
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inclusions in garnet, and it is also found as inclusion in om-
phacite and amphibole, and within the symplectites. Rutile 
was partly replaced by titanite and ilmenite during retrogres-
sion. In samples JB- 18- 03A- F, ilmenite is the dominant retro-
gressive Ti- bearing phase (Figure 5h,i), and partially replaces 
rutile, especially in the matrix. In sample JB- 18- 50 ilmen-
ite is rare and titanite is the main retrogressive phase, which 
grows forming coronas around rutile (Figure 5c). In the latter 
sample, some rutile grains are partly replaced by ilmenite, 
and the whole is surrounded by a corona of titanite, which 
gives the following sequence for the stability of Ti- bearing 
phases during retrogression: Rt → Ilm →Ttn.

Zircon is rare in the eclogites, and not all samples pro-
vided enough zircon grains for U– Pb dating. It forms grains 
of various sizes ranging from <10 µm to >200 µm, which are 

found as inclusions in different minerals (garnet, omphacite, 
and hornblende) and within the symplectites. Detailed de-
scription of zircon internal textures is provided in Section 7 
(U– Pb geochronology).

In summary, minerals observed in the retrogressed eclog-
ites define three successive parageneses: (i) a relict eclogitic 
assemblage, (ii) a secondary amphibolite/granulitic assem-
blage that forms the majority of the rocks, and (iii) a later 
retrograde assemblage composed of greenschist facies miner-
als. The eclogitic assemblage consists of garnet cores (Grt- 1), 
omphacite (Cpx- 1), quartz, and rutile. Amphibole was pos-
sibly stable during this stage, but extensive recrystallization 
which occurred during retrogression makes the identification 
of possible relicts of HP amphibole difficult. The amphib-
olitic/granulitic assemblage consists of garnet rims (Grt- 2), 

F I G U R E  6  Petrological features of the migmatitic metasediment JB- 18- 46. (a) Thin section scan of the migmatitic metasediment. The 
quartz- feldspar rich domain in the centre is interpreted as a leucosome, and biotite- rich surrounding domains form the mesosome; (b) Backscattered 
electron image of a garnet grains. Contrast has been increased to reveal internal zoning; (c) Backscattered electron image of garnet containing 
inclusions of quartz and rutile; (d) Backscattered electron image of a rutile grain in the matrix, which grows over ilmenite
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amphibole (hornblende/hastingsite), plagioclase, and diop-
side (Cpx- 2– 3) + plagioclase symplectites. It is associated 
with resorption of rutile (although it was still probably stable 

at the onset of decompression) and development of ilmen-
ite and then titanite. Finally, the late retrograde paragenesis 
was formed at greenschist facies conditions and consists of 

F I G U R E  7  Mineral composition in the retrogressed eclogites and in the migmatitic metasediment
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actinolite, epidote, chlorite, albite, and titanite. In the least 
retrogressed sample (JB- 18- 50), this assemblage is restricted 
to small cracks in garnet, and to the development of pure al-
bite at the expense of plagioclase in symplectites, while it 
pervasively replaces all the previous assemblages in the most 
retrogressed samples.

5.2 | Migmatitic metasediment

Sample JB- 18- 46 is a migmatitic metasediment mostly 
composed of quartz, feldspar, and biotite, with millimetre- 
size garnet and accessory rutile and ilmenite (Figure  6). 
Centimetre- size domains interpreted as leucosomes are 
mainly composed of quartz and feldspar.

Garnet presents a complex zoning, revealed by compo-
sition profiles and backscattered electron images (Figure 6b 
and Figure 7d). Three domains are identified, that are from 
core to rim: (i) a ca. 300 µm wide core domain with nearly flat 
Ca– Fe profiles; (ii) a ca. 200 µm wide mantle domain with 
Fe– Mg zoning and flat Ca profile; and (iii) a 200 µm wide 
rim with a flat Fe profile and Ca– Mg zoning. This zoning 
is interpreted as the successive growth of two garnet gener-
ations: Grt- 1 forms the core (Alm60- 65Prp19- 24Grs14- 15Sps0- 1) 
and the mantle of the grains, and Grt- 2 (Alm57- 60Prp21- 

24Grs17- 19Sps1- 2) forms the rim (Figure 7d).
Biotite does not present major compositional variation. 

Most of the analysed grains display Mg# of 0.54– 0.56 and 
Ti concentration of 0.15– 0.17 atom per formula (Figure 8c). 
Feldspar is an andesine (An30- 37). No K- feldspar was identi-
fied in this sample.

Rutile is observed both as inclusions in garnet, associated 
with quartz inclusions (Figure 6a), and in the matrix, where it 
grows in replacement of ilmenite (Figure 6c,d).

6 |  THERMOBAROMETRY

6.1 | Thermodynamic modelling

6.1.1 | Retrogressed eclogite (JB- 18- 50)

Isochemical phase diagrams for the retrogressed eclogites 
have been calculated in the chemical system NCFMASHTO. 
K2O has not been included because it represents a very minor 
proportion of the bulk rock (ca. 0.3 wt% K2O in the bulk rock) 
and is concentrated in alteration phases. Clinopyroxene stoi-
chiometry indicates the presence of small amounts of Fe3+ (up 
to 5% aegirine end- member, Figure 7a), which could possibly 
affect the pressure estimation given by the proportion of the 
jadeite end- member in omphacite. A small amount of excess 
O2 (0.15 mol%) has therefore been added, which has been 
adjusted so that Fe3+ in modelled clinopyroxene fits with the 

amount estimated by stoichiometric balance of EMPAs. This 
converts into a Fe3+/Fetot ratio of 0.047. The reactive bulk 
composition has been estimated on a small (5x20 mm) textur-
ally homogeneous eclogitic domain which preserves relicts 
of omphacite (Figure 5a). For most of the major elements, 
the composition estimated for this local domain is not sig-
nificantly different from the bulk rock composition measured 
by ICP- OES (Table 2). It only appears to be slightly richer 
in Al and Ca and poorer in Si and Ti, which suggests it con-
tains slightly more garnet than the bulk rock. The absence of 
strong chemical variation between the different grains cores 
(garnet and omphacite) suggests that thermodynamic equilib-
rium was reached at the scale of the local domain during the 
eclogitic stage. During the retrogression stages, many dise-
quilibrium textures such as symplectites, coronas around gar-
net, and mineral core- rim zoning appeared by destabilization 
of the eclogitic assemblage, so the assumption of thermody-
namic equilibrium for the bulk domain cannot be assumed. 
Two different phase diagrams have therefore been computed, 
respectively for the prograde and the retrograde evolution.

The prograde P– T diagram has been computed using the 
composition of the local domain as the reactive bulk com-
position, and assuming fluid- saturated conditions to model 
progressive dehydration of the protolith during prograde 
metamorphism. Concerning the retrograde evolution, the 
modification of the reactive volume due to garnet fraction-
ation has been partly taken into account by removing the 
garnet cores (Grt- 1) from the reactive composition, but other 
disequilibrium may persist, especially regarding the destabi-
lization of omphacite in plagioclase + diopside symplectites. 
H2O has been constrained to a fixed amount to prevent com-
plete resorption of garnet and clinopyroxene during regres-
sion. This amount has been adjusted on a P- MH2O diagram 
(Figure S2 in the supplements online) to fit with the observed 
modal proportions of amphibole, which is the main OH- 
bearing phase in the system.

The prograde evolution is characterized by progressive 
dehydration of the protolith and replacement of hydrous min-
erals (chlorite, epidote– clinozoisite) by garnet and omphac-
ite. The observed plagioclase- free eclogitic assemblage with 
co- existing garnet, omphacite, quartz, and rutile is only stable 
above ca. 1.4 GPa and 600°C (black contour on Figure 8a). 
Small amounts of amphibole and epidote/zoisite are pre-
dicted in the lower P– T part of this domain. Considering un-
certainties due to the calibration of solution models and to 
unconstrained assumptions concerning the fluid (assumption 
of fluid saturation during the prograde evolution is only a 
working hypothesis and not a constrained observation), the 
possible range of P– T conditions for the HP assemblage has 
been extended to the hornblende– epidote- bearing fields. 
Moreover, the presence of these minerals in the eclogitic 
assemblage cannot be completely ruled out based on petro-
graphic observations (see section 5). At eclogitic conditions 
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F I G U R E  8  Isochemical P– T phase diagrams computed with PerpleX for the prograde stage in the eclogites (a), the retrograde stage in 
the eclogites (b) and the metasediment (c); Grey tones represent the variance within each field. The P– T domain corresponding to the observed 
assemblage is highlighted with a bold line contour. Temperature range obtained from Zr- in- Rutile thermometry is highlighted in purple

(a) (b)

(c)
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and with T > 600°C, garnet and omphacite are predicted to 
form respectively ca. 35– 50 vol% and ca. 45– 50 vol% of the 
assemblage, the rest being composed of quartz, rutile, and 
possibly hornblende and epidote/clinozoisite (Figure 9a). The 
volume fraction of omphacite is in agreement with the obser-
vations (Table S4), assuming that the symplectites represent 
destabilized grains of omphacite (35% symplectites + 15% 
omphacite on the thin section = ca. 50% omphacite at HP). 
Predicted garnet fraction is higher than the fraction actually 
measured (35%), but this discrepancy probably results from 
resorption of garnet during retrogression.

At eclogite facies conditions, garnet composition varies 
very smoothly with pressure and temperature, and it is there-
fore not a sensitive thermobarometer. There are two local 

minima for the misfit, one outside of the eclogitic domain 
which can be excluded, and the other one at ca. 600°C and 
1.7 GPa (Figure  10). However, the compositional isolines 
relatively widely spaced in the HP domain and do not allow 
precise P– T estimation. The composition of omphacite de-
pends on its textural position, and inclusions in garnet tend 
to be more jadeitic than the grains in the matrix. The most 
jadeite- rich grain, which corresponds to a small inclusion in 
garnet has a composition consistent with equilibration in the 
eclogitic domain at T > 550– 600°C (Figure 10). Taking the 
average of omphacite analyses, which includes relic grains in 
the matrix, the misfit becomes higher in the eclogitic facies 
and is minimal just below the Pl- out line. However, ompha-
cite grains in the matrix show internal Na– Al/Ca– Fe– Mg 

Sample JB- 18- 50 JB- 18- 50 JB- 18- 50 JB- 18- 46

Domain
Bulk 
rock

Microdomain
(Figure 5a)

Microdomain
(Figure 5a)
Without Grt1

Bulk 
rock

Method
ICP- 
OES EPMA EPMA

ICP- 
OES

Measured compositions (wt %)

SiO2 48.85 46.79 49.91 62.34

TiO2 1.95 1.15 1.58 0.96

Al2O3 13.47 14.84 12.52 15.10

FeO 13.61 14.65 10.61 7.09

MnO 0.26 0.30 0.21 0.13

MgO 6.60 6.50 7.15 3.78

CaO 11.00 13.49 14.99 2.67

Na2O 2.13 2.18 2.95 2.55

K2O 0.28 0.08 0.08 2.67

P2O5 0.14 not analysed not analysed 0.18

L.O.I. 0.32 not analysed not analysed 1.50

Total 98.61 99.99 100.00 98.97

Perplex input (mol%)

SiO2 - 49.14 51.22 65.11

TiO2 - 0.91 1.22 0.75

Al2O3 - 9.18 7.57 9.29

FeO - 12.87 9.11 6.19

MnO - excluded excluded 0.11

MgO - 10.18 10.94 5.89

CaO - 15.18 16.48 2.99

Na2O - 2.22 2.94 2.58

K2O - excluded excluded 1.78

P2O5 - excluded excluded excluded

H2O - excess 0.80 3.50

O2 - 0.15 0.15 excluded

Compositions used as input in PerpleX are given below in oxide mole %.

T A B L E  2  Bulk compositions 
measured by ICP- OES on the bulk rock and 
determined by re- integration of electron 
microprobe analyses on a local domain, in 
oxyde weight %
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F I G U R E  9  Phase proportions computed with PerpleX for the P- – T diagrams on Figure 8. Contour labels indicate the volume proportion (%) 
of the phase present in the system. Colour scales also give a qualitative indication on the amount of the phase stable (the darker the tone, the greater 
amount of the phase). On each panel, the P– T domain corresponding to the observed assemblage is highlighted with a bold line contour

F I G U R E  1 0  Misfit δ(P,T) between observed and predicted mineral composition for the P– T phase diagrams on Figure 8. Yellow corresponds 
to good fit with the measured composition, blue to poor fit. On each panel, the P– T domain corresponding to the observed assemblage is 
highlighted with a bold line contour. EP: Eclogite Prograde (Figure 8a); ER: Eclogite Retrograde (Figure 8b); MS: Metasediment (Figure 8c). End- 
members considered in the calculation are given in Table S3 in the online supplements
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zoning which may be due to post peak pressure diffusion, 
and the most Al- rich cores are commonly replaced by very 
thin Pl  +  Cpx symplectites (Figure  5e,f). The composition 
of omphacite at peak pressure is therefore rarely preserved in 
the matrix grains. The Jd- rich inclusions are taken to provide 
a more reliable estimation of the peak pressure composition 
of omphacite.

The retrograde evolution is characterized by progressive 
resorption of garnet, clinopyroxene and quartz, and the devel-
opment of hornblende and plagioclase. Rutile is also destabi-
lized at lower pressure and is replaced by titanite and ilmenite 
at high temperature. However, the degree of retrogression and 
the stability field of Ti phases are strongly controlled by the 
amount of fluid in the system: more fluid results in larger re-
sorption of garnet and clinopyroxene and larger development 
of hornblende and plagioclase. The stability field of rutile at 
low pressure and ilmenite at low temperature is also reduced 
at the expense of titanite for fluid- rich compositions.

The retrograde assemblage composed of garnet 2, clino-
pyroxene 2, hornblende, plagioclase, titanite, rutile, rare il-
menite, and without quartz appears only below 1.3– 1.0 GPa 
and 800°C (black contour on Figure 8b). The match between 
the observed and the modelled mineral proportions must be 
assessed considering that garnet cores (garnet 1) were ex-
cluded from the reactive composition. The recalculated min-
eral proportions are given in Table S4. The correspondence 
is not totally perfect, except for hornblende, which has been 
used to adjust the amount of H2O. The amount of garnet pre-
dicted is too low (ca. 15% instead of 25%) and the amounts of 
clinopyroxene and plagioclase are slightly too high in com-
parison with the measured proportions (respectively 45% and 
20%– 25% predicted instead of 40% and 20% for the observed 
proportions, Figure  9b and Table  S4). These discrepancies 
may result from uncertainties in the estimation of the propor-
tion of plagioclase versus clinopyroxene in the symplectites, 
and the proportion of core versus rim in garnet. Moreover, the 
retrogressed eclogites present disequilibrium textures (sym-
plectites) and were probably not in a perfect state of thermo-
dynamic equilibrium during retrogression.

The optimal fit for garnet composition (Grt- 2) is obtained 
at ca. 1.3 GPa and 730°C, but the modelled garnet composi-
tion remains compatible with the measured values for a large 
range of P– T conditions between ca. 650– 800°C and 0.9– 1.4 
GPa (Figure 10). Clinopyroxene Cpx- 2 and Cpx- 3 correspond 
to different stages of retrogression. Composition of Cpx- 2 is 
compatible with a formation at relatively HP (ca. 1.3– 1.4 
GPa assuming T ~ 730°C), and has probably developed to-
gether with Grt- 2 during the early stages of retrogression. 
Composition of Cpx- 3 (late symplectites) is only compatible 
with much lower pressure and temperature (ca. 0.5– 0.8 GPa 
and 550– 650°C). Ti in hornblende is strongly temperature 
dependent and can therefore be used as a thermometer. X(Ti) 
in coarse grain hornblende ranges between 0.11 and 0.14 

(Figure 7d), excluding abnormally Ti- rich grains in contact 
with rutile or titanite. This converts into a temperature range 
between ca. 740 and 810°C assuming p = 1.3 GPa, consistent 
with the temperature estimated for Grt- 2. Some hornblende 
in the symplectites contains much less Ti (X(Ti)~0.06– 0.07), 
which corresponds to T ~ 570– 610°C, consistent with the P– 
T conditions estimated for Cpx- 3.

6.1.2 | Migmatitic metasediment (JB- 18- 46)

The P– T phase diagram for sample JB- 18- 46 has been 
computed in the chemical system MnNCKFMASHT. The 
addition of O2, even in small amount, results in unrealistic sta-
bilization of ilmenite towards high pressure (>1.0 GPa) at the 
expense of rutile, which is not supported by the petrographic 
observations (in particular, garnet contains numerous inclu-
sions of rutile but no inclusions of ilmenite). This component 
has therefore been excluded. The reactive composition cor-
responds to the bulk rock composition measured in sample 
JB- 18- 46. This sample is taken from a portion of the migma-
tite that is predominantly composed of mesosome and only 
contains minor portions of leucosome (<5%). Fractionation 
due to possible melt extraction has therefore been neglected. 
H2O has been adjusted on a T- MH2O section (Figure S4 in 
the supplements) to fit with the observed amount of biotite 
(15– 20 vol%), which is the main hydrous phase in the sys-
tem. In contrast with the eclogites, the metasediment does 
not present significant disequilibrium textures. Garnet cores 
represent an insignificant proportion of the whole rock (3% 
of the rock volume for total garnet, probably < 1% for the 
garnet cores), so fractionation due to garnet growth has been 
neglected.

The presence of a small amount of granitic liquid formed 
by muscovite- breakdown reactions and the absence of K- 
feldspar constrains temperature between 700 and 800°C 
(Figure 8c). The composition of the garnet cores is consistent 
with sub- solidus growth ca. 1.0– 1.15 GPa and 650– 700°C, 
while the composition of the garnet rims is more consistent 
with supra- solidus formation at ca. 1.1– 1.4 GPa and 720– 
780°C (Figure 10). The Ti concentration in biotite indicates 
temperatures between 720 and 740°C consistent with those 
estimated for the garnet rims. However, the Mg/Fe ratio in 
biotite (Mg#  =  0.54– 0.56) is inconsistent with these P– T 
conditions, which may be due to diffusional resetting during 
retrogression. The modelled stable assemblage at peak tem-
perature conditions is composed of garnet, plagioclase, 
quartz, biotite, white mica, and rutile, in equilibrium with ca. 
5% of granitic liquid (Figure 8c). The small amount liquid 
predicted is consistent with the presence of centimetre- size 
leucosomes observed on the thin section. White mica has not 
been observed, but is predicted to be present only in small 
amounts (<5 vol%) at peak temperature conditions, and 
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disappears from the stable assemblage below 0.6– 1.0 GPa. 
It may therefore have been completely resorbed during retro-
gression. The amount of garnet predicted to be stable at peak 
temperature conditions (~8– 12 vol%, Figure  9c) is greater 
than the amount actually observed in the sample (~3– 4 vol%). 
This may result from strong resorption of garnet during ret-
rogression. Alternatively, it may also be due to different pro-
portions of garnet in the thin section and in the whole rock. 
Finally, the presence of ilmenite in the matrix indicates that 
the rock experienced decompression down to ca. 0.6– 0.7 GPa 
following the HP stage (Figure 8c).

6.2 | Zr- in- rutile (ZiR) thermometry

The retrogressed eclogites contain rutile in two different tex-
tural settings, either as inclusions in the eclogitic garnet 1 or 
in the matrix. In situ analyses of rutile grains performed with 
the electron microprobe show a distinction in Zr concentra-
tion between these two populations (Figure 11a). The rutile 
inclusions contain between 370 and 500 ppm Zr (Table S5), 
while matrix rutile contains more Zr (550– 670 ppm). In sam-
ple JB- 18- 50, a few analyses of rutile inclusions in one garnet 
grain yield higher Zr concentrations, closer to those of matrix 
rutile. The composition of rutile grains recovered as mineral 

separates and analysed by LA- ICP- MS is significantly dif-
ferent from matrix rutile and present Zr concentrations closer 
to the rutile included in garnet. The calibration of Tomkins 
et al., (2007) of the Zr- in- rutile thermometer was used to cal-
culate temperatures, with an assumed pressure of 1.6 GPa 
constrained by the stability of the eclogitic assemblage. 
Calculated temperatures are in the range 690– 730°C for the 
rutile inclusions and the separated grains, and in the range 
720– 740°C for the matrix rutile (Figure 11b). Instrumental 
uncertainty for Zr concentration is below 10  ppm for LA- 
ICP- MS analyses and below 50 ppm for EMPAs. This propa-
gates to an insignificant temperature uncertainty of ±1– 2°C 
for LA- ICP- MS data and  ±10°C for electron microprobe 
data, which is in any case lower than the  ±30°C uncer-
tainty derived from the calibration of Tomkins et al., (2007). 
Considering a realistic uncertainty of ±30°C, the temperature 
estimates for rutile inclusions and rutile in the matrix are thus 
indistinguishable and plot between 690 and 740°C.

In the metasediment, the two rutile populations (ru-
tile inclusions in garnet and matrix rutile associated with 
ilmenite) present much larger compositional differences 
than in the retrogressed eclogites. Rutile inclusions contain 
ca. 450– 550  ppm Zr, while matrix rutile is much poorer 
in Zr (ca. 50– 70 ppm Zr). This yields temperatures in the 
range 695– 715°C for the rutile inclusions and in the range 

F I G U R E  1 1  Distribution of Zr 
concentration measured in rutile (a) and 
Ti- in- zircon and Zr- in- rutile temperatures 
(b), estimated with the calibration of Ferry 
and Watson (2007) for zircon and Tomkins 
et al., (2007) for rutile. Eclogites are figured 
with green tones, and the metasediment 
in orange. Considering the calibration 
uncertainty of the Zr- in- rutile thermometer 
(±30°C), the calculated temperature 
is indistinguishable for the different 
populations in the eclogites, which have 
therefore been merged together

(a)

(b)
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515– 545°C for the matrix rutile, assuming p = 1.3 GPa for 
the rutile inclusions and p =  .8 GPa for the matrix rutile. 
For the Zr- poor rutile in the matrix, The ±50 ppm on the 
Zr measurement translates into a temperature uncertainty 
larger than ±30°C (up to ±70°C), especially for the lower 
bound due to the logarithmic relation between Zr and T.

7 |  U– Pb GEOCHRONOLOGY

7.1 | Zircon and rutile description

The zircon grains from the retrogressed eclogites are 
typically 100– 150 µm in size and have a slightly rounded 

shape (Figure  12a). Most of the grains present a CC- 
dark core surrounded by a CC- brighter, 10– 30  µm wide 
rim. Grain cores can present oscillatory zoning, but most 
crystals are characterized by broad sector or fir- tree zon-
ing. Metasediment JB- 18- 46 contains zircon crystals that 
vary in size (<100 to 400 µm) and shapes from rounded 
to euhedral (Figure  12b). CC imaging reveals a variety 
of zoning patterns, with mainly rounded cores with sec-
tor or oscillatory zoning that are surrounded by multiple 
CC- bright overgrowths. Rutile separated for U– Pb dating 
forms 100– 250  µm wide homogeneous grains devoid of 
ilmenite exsolutions and containing rare inclusions of om-
phacite (Figure 12c). Grains are often bordered by titanite 
and plagioclase.

F I G U R E  1 2  CC images of representative zircon grains separated from the retrogressed eclogites (a) and from the metasediment (b). (c) 
Backscattered electron images of representative rutile grains separated from the retrogressed eclogites and analysed for trace elements and U– Pb 
isotopes

(a)

(b)

(c)
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7.2 | Zircon composition

Thorium and Uranium content were measured during SIMS 
analysis and values are generally consistent with LA- ICP- MS 
data measured on the same domain, considering the different 
volume sampled. In the retrogressed eclogites, grain cores 
generally have high U concentrations of 50– 900  ppm and 
Th/U ratios >0.1, while rims generally contain 1– 50 ppm U 
and show various Th/U ratios, from <0.01 to 0.5 (Figure 13a, 
Table S6 in the online supplements). Some grain cores with 
low U and Th/U ratios yield U– Pb dates similar to the rims, 

and can be considered as belonging to the same population. 
In metasediment JB- 18- 46, zircons are richer in U than in 
the metabasic rocks. Zircon rims were targeted as a priority 
in order to date the metamorphic events. They contain 100– 
2000 ppm U with low Th/U ratios in the range 0.001– 0.03. 
Only a few inherited cores yielded higher Th/U ratios.

Some of the zircons analysed for trace elements by LA- 
ICP- MS present an unusually high concentration of Ti 
(Table S6), probably due to the sampling of micro- inclusions 
of rutile or other Ti- bearing phases, and these analyses were 
therefore discarded. The remaining data were then sorted 

F I G U R E  1 3  Th– U and REE composition of zircon cores and rims in both rock types. (a) plots of Th versus U and (Lu/Gd)N versus Eu 
anomaly in analysed zircon cores and rims. (b) Chondrite normalized patterns for REE in zircon. The colour scale indicates the common Pb 
corrected 206Pb/238 U date obtained by SIMS dating of the same domain

(a)

(b)
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by 206Pb/238U dates and sampling domain (core or rim). 
Chondrite normalized (Palme and O’Neill 2004) REE patterns 
are presented on Figure  13b. Eu anomaly (Eu/Eu*  =  EuN/
(SmN*GdN)1/2) and (Lu/Gd)N are used as proxies to discrimi-
nate between different zircon populations (Figure 13a). A sum-
mary of trace element data in zircon is available in Table S6 in 
the online supplements.

In the four samples of retrogressed eclogites, a clear distinc-
tion based on REE concentration exists between the old zircon 
domains (>400 Ma, mostly zircon cores) and the younger ones 
(300– 350 Ma, mostly zircon rims): the younger zircon domains 
are generally poorer in REE than the older domains and have 
a flatter REE patterns (Figure 13b). Zircon cores across sam-
ples are similar in REE composition. They have a negative Eu 
anomaly (Eu/Eu* = 0.5– 0.8) and are enriched in HREE, with 
Lu– Yb concentrations close to 1,000 times chondrite and a 
steep positive slope of the HREE pattern ((Lu/Gd)N = 40– 120). 
By contrast, zircon rims present more significant variation be-
tween samples. Zircon rims from sample JB- 19- 01 display flat 
or nearly flat HREE profiles at around 10– 100 times chondrite 
composition, with moderated enrichment in HREE relative to 
MREE ((Lu/Gd)N = 4– 12 for the majority of analyses). Eu/Eu* 
could not be calculated because Sm is below detection, but the 
smooth slope between Eu and Tb suggests the Eu anomaly is 
weak or absent. Zircon rims from the other retrogressed eclog-
ites (JB- 19- 02, JB- 18- 49, JB- 18- 50) display steeper HREE pro-
files ((Lu/Gd)N > 20, and up to 270 in sample JB- 18- 50) and 
have a higher content in HREE (Lu– Yb concentrations >100 
times chondrite). When it could be calculated, Eu/Eu* is close 
to 1 (>0.8).

In metasediment JB- 18- 46, inherited zircon cores also have 
a distinctly different REE composition with respect to the rims 
(Figure  13b). They zircon cores are  ~1 order of magnitude 
richer in REE than the rims, present a pronounced Eu anomaly 
(Eu/Eu* = 0.03– 0.55) and are strongly enriched in HREE (Lu– 
Yb concentration up to 5,000 times chondrite). Zircon rims dis-
play important variations, with REE profiles ranging from flat 
HREE with a low Eu anomaly ((Lu/Gd)N < 10, Lu– Yb ~ 10 
times chondrite concentration and Eu/Eu* > 0.5) to enriched 
HREE with a more pronounced Eu anomaly ((Lu/Gd)N = 10– 
60, Lu- Yb concentration = 50– 100 times chondrite, Eu/Eu* < 
0.6). There is no clear relation between the U– Pb age and the 
shape of REE profiles for the rims.

The Ti content in zircon ranges between 1.8– 4.2 ppm for 
the cores and 1.3– 5.0 ppm for the rims, with no significant 
difference between samples (Table  S6). Using the calibra-
tion of Ferry and Watson (2007), this yields a temperature 
range of 600– 680°C for the cores and 560– 680°C for the rims 
(Figure 11b). These temperatures are significantly lower than 
those given by Zr- in- rutile thermometry and those estimated 
for the crystallization of the main metamorphic assemblages. 
Possible explanations for these discrepancies are reviewed in 
the discussion.

7.3 | Zircon U– Pb dating

7.3.1 | Retrogressed eclogites

Most of the U– Pb analyses of zircon cores are more than 
95% concordant and yielded 206Pb/238U dates in the range 
440– 465 Ma (Figure 14a,b and Table S7). A few analyses 
yielded younger dates around 400– 430 Ma, which have been 
excluded from further calculation since they are significantly 
discordant (up to 20% discordance) and may have been par-
tially reset during metamorphism. Fourteen zircon cores 
analyses from samples JB- 19- 01 and 10 core analyses from 
sample JB- 19- 02 allowed to define two 206Pb/238U weighted 
mean ages at respectively 456 ± 4 Ma and 448 ± 6 Ma, which 
are within uncertainty the same as the concordia ages.

Zircon rims were more challenging to analyse, because the 
U content is generally low (down to 1– 2 ppm, Table S7) and 
rims are thin and difficult to target without overlapping with 
the core. The position of the SIMS spot has been checked 
after analysis and mixed analyses between core and rim have 
been discarded. Some of the remaining data show significant 
common Pb content, especially in sample JB- 18- 50. For this 
sample, uncorrected ratios are presented in a Tera- Wasserburg 
diagram, where the age is defined by a regression line an-
chored to the common Pb composition predicted by the model 
of Stacey and Kramers (1975) at 0 Ma (207Pb/206Pb = 0.8356). 
Given the relatively low per cent of initial Pb (f206 < 10%), 
the choice of initial Pb composition has little bearing on the 
age. Five analyses define an intercept age at 332  ±  19  Ma 
(Figure  14c). Zircon rims from samples JB- 18- 49 and JB- 
19- 01 contain a lower percent of common Pb, so corrected ra-
tios are presented in Wetherill concordia diagrams. The zircon 
rim analyses from sample JB- 18- 49 define a weighted mean 
206Pb/238U age of 311 ± 7 Ma (Figure 14f). Analyses from sam-
ple JB- 19- 01 are over- dispersed between 314 Ma and 335 Ma 
(MSWD = 3.6) and therefore a meaningful average age cannot 
be calculated. (Figure 14d,e). Finally, only two rims from sam-
ple JB- 19- 02 could be analysed. They are slightly discordant 
(~5% discordance) and yield 206Pb/238U dates of 350 ± 7 Ma 
and 351  ±  7  Ma (Table  S7). However, two concordant data 
points are not enough to define a statistically robust population, 
and more analyses would be needed to confirm this date.

7.3.2 | Migmatitic metasediment

Zircon rims in sample JB- 18- 46 yield 206Pb/238U 
dates scattered between ca. 305 and 345  Ma 
(Figure  14g,h  +  Table  S8). A few inherited cores have 
older concordant dates at ca. 466 Ma and one younger rim 
analysis is discordant. The 206Pb/238U dates of the zircon 
rims that are more than 95% concordant do not define a 
statistically consistent population but rather form three 
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groups centred at ca. 305, 325, and 335 Ma (Figure 14h). 
The six youngest dates are from rims with distinct CC that 
grew over older rims (Figure 12b). We therefore consider 
them as a distinct population with an age at 306 ± 3 Ma. On 
the other hand, the dates between 317 ± 3 and 343 ± 3 Ma 
are from domains that are similar in CC zoning and in 
REE composition (Figure  13b). In the lack of any crite-
ria to define any sub- group, we consider these analyses as 
a dispersed population, that does not form a statistically 

homogeneous group and for which a geologically mean-
ingful average age cannot be calculated.

7.4 | Rutile U– Pb dating

The retrogressed eclogites derive from Fe– Ti rich tholei-
ites which are rather poor in U, and consequently the U 
content in rutile is generally low (<1 ppm). Only the rutile 

F I G U R E  1 4  Summary of U– Pb analyses in zircon and rutile plotted on Wetherill and Tera- Wasserburg (ratios uncorrected for common Pb) 
diagrams using the IsoplotR R package (Vermeesch, 2018); (a)- (b) eclogite zircon cores; (c),(d),(f) eclogite zircon rims; (g) metasediment; (e),(h) 
probability distribution and histogram of 206Pb/238 U dates in zircon rims from eclogite JB- 19– 01 (e) and metasediment JB- 18- 46 (h); (i) rutile 
from the retrogressed eclogite JB- 18- 03B. In the Tera- Wasserburg diagram of (c), the regression is forced to the 207Pb/206Pb value of present- day 
common Pb according to Stacey and Kramers (1975). Analyses excluded from age calculation are shown with dotted contours

(a)

(d)

(g) (h) (i)

(e) (f)

(b) (c)
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from sample JB- 18- 03B contained enough U (up to 3 ppm) 
to be dated (Table S9). The U– Pb analyses contain signifi-
cant common Pb, so the U– Pb age has been assessed using 
a linear regression of the uncorrected U– Pb ratios plotted on 
a Tera- Wasserburg diagram (Figure  14i). Two data points 
were excluded as they plot far from the regression line. The 
unconstrained regression and the regression anchored to the 
common Pb composition predicted by the model of Stacey 
and Kramers (1975) at 0 Ma yield identical ages within the 
uncertainty at 340 ± 11 Ma (MSWD = 1.8).

8 |  DISCUSSION

8.1 | Conditions of metamorphism and P– T 
evolution

8.1.1 | Zircon in rutile temperatures

The Zr- in- rutile (ZiR) thermometer has demonstrated to be 
resistant to diffusion resetting, and has proven its ability to 
retain UHT conditions above 900°C in granulitic terranes 
(e.g. Kooijman et  al.,  2012; Luvizotto & Zack,  2009). 
Therefore, the measured Zr concentration is interpreted to 
reflect accurately the actual amount of Zr incorporated in 
rutile at formation. In the retrogressed eclogites, rutile is 
stable only at HP (>1.4 GPa under water- saturated condi-
tions, Figure 8a). The ZiR thermometer is therefore taken 
to indicate temperature during the eclogitic stage. The ru-
tile inclusions in garnet contain about 150 ppm less Zr than 
the matrix rutile. This difference may be due to the early 
entrapment of the rutile inclusions in garnet during the pro-
grade to peak evolution. Such inclusions would have then 
been protected from further re- equilibration, whereas ma-
trix rutile continued to equilibrate after peak pressure dur-
ing decompression. The higher Zr concentration in matrix 

rutile may thus result either from equilibration at higher 
temperature, lower pressure or lower aSiO2, all of these 
changes resulting in more Zr being incorporated in the ru-
tile. The difference induced by these effects on the calcu-
lated ZiR temperature is small (+30°C at constant pressure 
or −0.5 GPa at constant temperature), and is close to the un-
certainty of the calibration (±30°C, Tomkins et al., 2007). 
The temperature range between 690 and 740°C obtained 
by grouping all the rutiles together is taken to indicate con-
ditions close to the peak pressure, from the late prograde 
evolution to the onset of decompression.

In the metasediments, the ZiR T for the rutile inclusions 
in garnet is estimated between 695 and 715°C, and is within 
uncertainty the same as temperature obtained with Ti- in bio-
tite and garnet thermobarometry for the supra- solidus stage. 
The ZiR T is interpreted as the peak temperature during the 
P– T evolution of the metasediment. In contrast, matrix rutile, 
which grows by replacement of ilmenite (Figure 5i), records 
T < 550°C. At low temperature, the stability field of rutile 
extends down to 0.6 GPa in the metasediment (Figure 11). 
The partial resorption of ilmenite and its replacement by 
low- T rutile in the matrix has therefore occurred during the 
late cooling stage, and is a retrograde feature.

8.1.2 | Possible P– T paths

The thermobarometric estimates obtained by ZiR thermom-
etry and forward thermodynamic modelling indicate that the 
retrogressed eclogites and the metasediments underwent dif-
ferent P– T evolutions (Figure  15). The retrogressed eclog-
ites experienced HP metamorphism during the lower- mid 
Carboniferous (see below), with minimal peak pressure con-
ditions p > 1.4 GPa and 690– 740°C. This stage was followed 
by decompression from 1.4 to 1.0 GPa at 700– 800°C, associ-
ated with the resorption of the eclogitic assemblage and the 

F I G U R E  1 5  Possible P– T evolution for the eclogitic lenses and the surrounding gneisses corresponding to the three presented scenarios. See 
discussion in text
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development of the secondary amphibolite/granulite facies 
assemblage. In contrast, the investigated metasediment does 
not show any trace of a HP stage at eclogite facies. It records 
instead prograde evolution from sub- solidus conditions (0.8– 
1.1 GPa and 600– 700°C) to supra- solidus conditions (1.1– 
1.4 GPa and 700– 780°C) in upper amphibolite/HP granulite 
facies, roughly coeval with the HP stage in the eclogites (see 
below). A later stage of retrogression in the amphibolite fa-
cies is recorded in both lithologies, associated with the devel-
opment of Na- poor clinopyroxene and Ti- poor hornblende in 
the eclogites at ca. 0.5– 0.8 GPa and 570– 610°C, and with 
retrograde replacement of ilmenite by rutile in the matrix of 
the metasediment below 550°C and 0.6– 0.7 GPa.

In gneiss units that host eclogite relics, it is quite common 
for the host rock to record lower pressure than that of the en-
closed eclogite lenses (Godard, 2001). Possible explanations 
for this discrepancy include: (i) the obliteration of the former 
HP assemblage in the host gneiss during retrogression, (ii) 
mixing of different crustal components with their own P– T 
history in a tectonic mélange zone, or (iii) tectonic overpres-
sure caused by a difference in strain rates between the weak 
host gneiss and the stronger mafic bodies (Figure 15).

(i) The obliteration of the HP assemblage in the host gneiss 
is quite plausible, especially considering the important strain 
rate associated with D2 dextral shearing, which affected the 
weak metasediments more intensely than the stronger mafic 
lenses (Figure  4). Moreover, the HP stage would not have 
been characterized by a readily identifiable mineral assem-
blage in the metasediments (Figure 8), which makes the iden-
tification of possible HP relics even more difficult. However, 
the metasediments record a prograde evolution from P– T 
conditions in the mid amphibolite facies that is roughly co-
eval (see below) with the development of HP assemblages 
in the retrogressed eclogite, which is not explained by this 
scenario.

(ii) The model of tectonic mélange provides a more 
consistent explanation to the absence of HP relics and the 
preservation of prograde evolution at lower pressure in the 
metasediments. The mafic protoliths would represent deep 
portions of the lower crust metamorphosed at eclogite facies 
conditions, while the felsic protoliths would represent por-
tions of the middle crust metamorphosed at lower pressure. 
These two different crustal fragments would have come to-
gether in the middle crust during the HP amphibolic stage, 
before being exhumed to the upper crust.

(iii) Finally, it is possible that the recorded pressure differ-
ence between the retrogressed eclogites and the surrounding 
metasediments results from local tectonic overpressure in the 
mafic lenses. In terms of rheology, the Lacs de la Tempête 
unit is composed of a weak metasedimentary matrix contain-
ing strong elliptical bodies of amphibolite, which underwent 
pervasive strike- slip shearing during the D2 tectonic phase. 
A simple mechanical model which applies to this situation 

has been proposed by Moulas et  al.,  (2014), which shows 
that significant deviation from the lithostatic pressure (up to 
1 GPa) can occur, both in the strong bodies and in the sur-
rounding matrix. The pressure excess in the eclogites rela-
tive to the metasediments is lower than 0.5– 0.6 GPa and is 
therefore achievable with this process. However, this model 
implies that HP metamorphism in the strong mafic boudins 
is coeval with D2 dextral shearing, which is not supported by 
petrographic observations. Indeed, garnet in the retrogressed 
eclogites is clearly ante- kinematic, while hornblende is syn- 
D2 (Figure 4f). D2 is therefore not associated with the de-
velopment of the garnet- bearing HP assemblage, and more 
likely took place at amphibolite facies conditions.

We therefore consider that mixing of HP lower crustal 
metabasic rocks with mid- crustal felsic gneisses in a tectonic 
mélange zone is the most likely scenario to explain the ab-
sence of an HP assemblage in the investigated metasediment.

8.2 | Timing of the geological evolution

8.2.1 | Ordovician mafic intrusions

The Ordovician zircon cores in the eclogites present typical 
features of magmatic zircon. They generally display oscilla-
tory, broad sector or fir- tree zoning on CC images and contain 
more U than the rims, and present high Th/U typical of mag-
matic zircon (Corfu et al., 2003; Hoskin & Schaltegger, 2003). 
The steep REE patterns are consistent with crystallization from 
a gabbroic melt (Hoskin & Schaltegger, 2003). The magmatic 
cores present only a weak Eu anomaly typically observed in 
zircon from metagabbros (e.g. Kaczmarek et  al.,  2008). The 
calculated TiZ for the magmatic zircon cores are around 
650°C, which are significantly lower than what is expected for 
the crystallization of a tholeiitic melt. This apparent tempera-
ture underestimation may be partly due to crystallization in a 
TiO2 undersaturated melt. However, assuming aTiO2 = 0.5 if 
ilmenite is the main stable Ti- bearing phase, results in an in-
crease of only ca. 50°C in the calculated temperature with the 
equation of Ferry and Watson (2007). Low TiZ temperatures 
been documented in other gabbroic rocks (e.g. Kaczmarek 
et al., 2008), and are attributed to the fact that in such systems, 
zircon is a late crystallizing phase, and its Ti content reflects 
the composition of the residual melt rather than that of the orig-
inal magma. Decrease in Ti concentration in zircon correlated 
with melt fractionation has for instance been documented in 
MORB series from the Atlantic Ocean (Grimes et al., 2009), 
where Ti concentration in zircon decreases from 80– 100 ppm 
in the least evolved rocks down to 5– 10 ppm in the most dif-
ferentiated ones, which results in TiZ temperatures as low as 
700°C in magmatic zircons.

The Ordovician ages of 456  ±  4  Ma and 448  ±  6  Ma 
are interpreted as the age of crystallization of the gabbroic 
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magmatic protolith. These ages are consistent with the 
previous estimates at 473  ±  28  Ma obtained by Paquette 
et  al.,  (1989) using bulk ID- TIMS analysis for the same 
mafic body, and remain in the typical range of ages measured 
for Ordovician magmatism in the External western Alps 
(ca. 450– 480 Ma, Bussy et  al.,  2011; Rubatto et  al.,  2001; 
Schaltegger & Gebauer, 1999). Similar Ordovician tholeiitic 
magmatism is commonly observed in all parts of the Variscan 
basement (Pin & Marini, 1993), and is generally attributed to 
a widespread extensional event which affected the northern 
part of Gondwana and resulted in the rifting of the Rheic and 
Saxo- Thuringian Oceans during the early- mid Ordovician 
(Linnemann et al., 2007).

8.2.2 | Carboniferous metamorphism

Geochronological data on zircon rims indicate that crystal-
lization took place over an extended period of time. Mid- 
Carboniferous ages between 340 and 300 Ma are recorded 
both in the metasediments and in the retrogressed eclogites, 
which shows that metamorphism is roughly coeval in the two 
lithologies. In the metasediments, geochronological data in 
zircon rims can be, however, deconvoluted in three stages of 
crystallization with an early crystallization at around 340 Ma, 
a main growth stage at 320  Ma and a late stage at around 
305  Ma. Geochronological data were interpreted based on 
trace element compositions. Three of the retrogressed eclog-
ites (JB- 18- 49, JB- 18- 50, and JB- 19- 01) contain zircon rims 
that are weakly zoned, have low Th/U below 0.1, low U and 
Th concentrations and contain 10– 100 times less REE than 
the cores. The zircon rims from metasediment JB- 18- 46 dis-
play similar features (Th/U  <  1, low REE concentration) 
but with higher Th and U concentrations. These are typical 
features of metamorphic zircons in mafic rocks and meta-
sediments (Hoskin & Schaltegger,  2003; Rubatto,  2017). 
However, zircon rims display a large range of REE patterns. 
The flat HREE patterns with weak or absent Eu anomaly 
(JB- 19- 01, plus one profile in JB- 18- 49) are characteristic of 
growth in presence of garnet and in a plagioclase- poor re-
active bulk (Rubatto, 2002), which suggests that the zircon 
rims developed in a HP assemblage. Other REE patterns (JB- 
18- 50, JB- 18- 49) display an enrichment in HREE and a more 
pronounced negative Eu anomaly, which is more consistent 
with a growth during garnet- breakdown reactions in presence 
of plagioclase. In the metasediment JB- 18- 46, REE patterns 
also display similar variations (flat to steep HREE, weak to 
strong negative Eu anomaly), although complete resorption 
of plagioclase is not expected in the metasediment even at 
HP (Figure 8c), and garnet is stable within a larger P- T range 
than the eclogite. The coronitic and poorly equilibrated tex-
tures of the investigated samples may have prevented trace 
element re- equilibration at the sample scale, thus producing 

variable REE patterns in zircon rims that have grown (even 
at the same time) in different textural positions. Dispersion in 
REE composition of metamorphic zircon has been described 
in other coronitic metabasic HP rocks (Lotout, 2017; Phillips 
et al., 2015). The zircons which display HP signature would 
have crystallized in textural domains which contain a pre-
served eclogitic assemblage, while the other zircons would 
have crystallized in more retrogressed plagioclase- rich do-
mains. Following this interpretation, zircon rims are con-
sidered to start growing near peak pressure in the eclogite 
(U– Pb dates at 342 ± 3 Ma) and then continue during decom-
pression under granulitic/amphibolitic conditions. The lower 
temperature obtained by TiZ thermometer compared to those 
obtained with other thermobarometers, may be due to the 
pressure dependence of the TiZ thermometer (estimated to 
be around ± 50°C/GPa, Ferry & Watson, 2007), but more im-
portantly to reduced TiO2 and SiO2 activities in the reactive 
bulk that can underestimate temperature of up to 50°C. This 
effect is especially relevant for the eclogites, in which quartz 
is unstable below 1.2– 1.3 GPa and rutile unstable below 1.0– 
1.4 GPa, depending on H2O activity. In the metasediment, 
the three distinct age populations suggest rather for episodic 
zircon growth than continuous protracted growth. The dis-
tinct younger event at 306 ± 3 Ma was constrained by analy-
ses of distinct metamorphic rims that grew over older rims 
(Figure  12). The boundary between the two rims is sharp 
and shown embayments, suggesting that the older rims were 
partly resorbed, likely in a melt dominated environment, 
before the external rim grew. Therefore the younger age of 
306 ± 3 Ma from the external zircon rim is attributed to the 
final crystallization of melt during cooling.

Rutile U– Pb dating yielded an age at 340 ± 11 Ma, which 
overlaps within uncertainty with the age of the oldest met-
amorphic zircon (<329  Ma), but is surprisingly older than 
most of zircon analyses. The phase diagrams computed 
for the eclogites (Figure  8a) indicate that rutile grows at 
P > 1.4 GPa and is resorbed with decreasing pressure. The 
peak temperature obtained for the HP stage and the follow-
ing decompression is  >700°C and lasted over an extended 
period of time possibly exceeding 20  Ma, based on zircon 
ages. At these conditions, significant Pb diffusion in rutile 
is expected (Cherniak, 2000; Kooijman et al., 2010; Zack & 
Kooijman, 2017). Rutile U– Pb ages should therefore record 
cooling and thus be younger than in zircon, which instead 
constrains HP metamorphism. Given the small amount of U 
in the dated rutile, it is possible that the ±11 Ma uncertainty 
has been underestimated, and that the rutile age is within 
uncertainty of that of most metamorphic zircon. However, 
the similarity between rutile and zircon ages indicate that Pb 
diffusion in rutile was significantly inhibited. There is a pos-
sibility that rutile has retained the age of crystallization be-
cause it is shielded in garnet. Diffusion calculations assume 
that the matrix around the crystal acts as a homogeneous 
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infinite reservoir for the diffusing species. This assumption 
becomes unrealistic if the crystal is enclosed in another min-
eral, in which Pb diffusion is slow. In this case, Pb loss in 
the inclusion would be limited by the slow diffusion of Pb 
in the shielding mineral. In the retrogressed eclogites, many 
grains of rutile are enclosed in garnet (Figure 5c). EMPA of 
rutile grains in their textural position has shown that inclu-
sions in garnet and matrix grains have distinct Zr contents 
(Figure 10a). Almost all the separated rutile analysed by LA- 
ICP- MS have a Zr content of rutile inclusion indicating that 
they were enclosed in garnet. This preferential separation of 
rutile inclusions was probably favoured by partial replace-
ment of rutile by ilmenite and titanite in the strongly retro-
gressed matrix (Figure  5). Pb diffusion in garnet has been 
recognized to be slow to insignificant below 800°C (Burton 
et al., 1995; Mezger et al., 1989, 1991). It is therefore possi-
ble that shielding by garnet has prevented Pb loss from the ru-
tile inclusions, which would thus date the HP crystallization, 
even if other case studies have shown that this principle is 
not systematic (Zhou et al., 2020). Similar effects were found 
for preservation of REE primary compositions (magmatic 
and granulitic) for apatite shielded as inclusions in ilmenite– 
hematite and garnet from the Bergen eclogite in Norway 
(Janots et al., 2018).

8.3 | P– T– t evolution and tectonic 
interpretation

The eclogite boudins and the host felsic gneisses record 
distinct P– T evolutions, which are roughly coeval between 
340 and 310 Ma. In the eclogites, rutile sealed in HP garnet 
and the oldest metamorphic zircon rims have yielded ages at 
340 ± 11 Ma, interpreted to date the HP stage at eclogite fa-
cies (>1.4 GPa, 690– 740°C) and the onset of decompression 
under granulitic conditions. At the same time, the migma-
titic metasediments underwent prograde metamorphism at 
lower pressure in the amphibolite facies. The two lithologies 
were amalgamated together between ca. 335 and 310 Ma at 
amphibolite/granulite facies conditions (ca. 1.0– 1.4 GPa, 
700– 780°C) in the middle crust, and were subsequently 
exhumed to upper crustal levels. During this time interval, 
partial melting occurred in the most fertile metasediments 
and produced small amounts of leucogranite, some of which 
may have been extracted from the source to form the small 
granite plutons emplaced syn- tectonically in the upper crust 
(Figure  2a). The younger age at 306  ±  3  Ma recorded in 
the migmatitic metasediment likely corresponds to the final 
crystallization of melt during cooling, and is contemporane-
ous with emplacement of the ferriferous low- Mg granitoids 
in the ECMs (Debon & Lemmet,  1999). The penetrative 
metamorphic foliation S2, which formed by dextral strike- 
slip shearing, is correlated with amphibolitization of the 

eclogitic assemblage in the mafic boudins and partial melt-
ing in the metasediment. Exhumation therefore occurred in 
transpression during the D2 tectonic phase. Because of poor 
preservation of the older structures, it is difficult to correlate 
them with the P– T– t evolution. E– W folding during D1 may 
be a relic of the main collision and nappe stacking phase, 
which took place during the early Carboniferous (D1 phase 
between ca. 350– 330 Ma). The late Carboniferous D2 phase 
of transpressive dextral shearing has been recognized in the 
entire ECM, from Argentera- Mercantour to the Mont- Blanc 
and Aiguilles Rouges massifs (Corsini & Rolland,  2009; 
Guillot et al., 2009), and is associated with the orogen- wide 
East- Variscan shear zone, which was active during the late 
Carboniferous (ca. 330– 310  Ma, Simonetti et  al.,  2018, 
2020). This shear zone was probably rooted in the lith-
ospheric mantle and controlled the emplacement of several 
granitoid plutons (Bussy et al., 2000; Guillot et al., 2009) in 
the ECM, including the Mg– K rich granitoid series in the 
Belledonne massif, which partially derives from a subconti-
nental mantle source (Debon & Lemmet, 1999). This shear 
zone may therefore have driven exhumation and mixing 
of various lithologies from different crustal levels, includ-
ing the lower crustal eclogite boudins and the mid crustal 
gneisses exposed in the Lacs de la Tempête unit.

8.4 | Geodynamic significance of the 
Carboniferous HP metamorphism in the ECM

The Variscan eclogites and HP granulites exposed in the other 
ECM of Argentera- Mercantour and Aiguilles- Rouges display 
remarkably similar features as those of the Belledonne eclog-
ites presented here. They all derive from normal to enriched 
MORB- type tholeiites emplaced during the Ordovician 
between ca. 480 and 450  Ma (Jouffray et  al.,  2020; J. L. 
Paquette et al., 1989; Rubatto et al., 2010; Von Raumer & 
Bussy, 2004), presumably in a thinned continental crust dur-
ing the opening of the Rheic and Saxo- Thuringian oceans. 
Peak pressure is constrained between 1.3– 1.8 GPa and 650– 
750°C (Ferrando et al., 2008; Liégeois & Duchesne, 1981; 
Vanardois et al., 2020; this work), and is followed by near- 
isothermal decompression to ca. 1.0– 0.8 GPa and later cool-
ing in the amphibolite facies below 600°C and 0.6– 0.7 GPa. 
The age of the HP stage is consistently recorded around 
340  Ma by U– Pb chronometers (Rubatto et  al.,  2010; this 
work). Exhumation is constrained between 340 and 310 Ma, 
coeval with migmatization in the felsic hosts (Fréville 
et al., 2018; Jouffray et al., 2020; Rubatto et al., 2010; Von 
Raumer & Bussy, 2004).

The Carboniferous age recorded for the HP is con-
sistent with that of other Variscan HP rocks in the base-
ment of the Central and Eastern Alps, where the HP stage 
is constrained between ca. 350 and 330 Ma by Lu– Hf and 
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U– Pb geochronology (Ladenhauf et  al.,  2001; Miller & 
Thöni, 1995; Sandmann et  al., 2014; Thöni, 2006; Tumiati 
et  al.,  2003). In the more eastern Bohemian Massif, early- 
mid Carboniferous ages are also reported for the HP rocks 
of the Moldanubian domain and MORB- derived eclog-
ites in the Erzgebirge (Bröcker et  al.,  2009; Schmädicke 
et  al.,  1995; Schulmann et  al.,  2005). The Carboniferous 
HP rocks are widespread in the Variscan Belt, especially in 
the high- grade metamorphic allochthonous domains of the 
Galicia- Moldanubian zone, and are typically equilibrated at 
HP– HT/UHT conditions of ca. 700– 1000°C and 1.4– 2.2 GPa 
(Maierová et  al.,  2016; O’Brien,  2000). The Carboniferous 
eclogites contrast with the scarce mid- late Devonian (400– 
360 Ma) eclogites that are exposed in the Saxo- Thuringian 
zone of the Bohemian Massif (Collett et al., 2018; Konopásek 
et al., 2019; Kryza & Fanning, 2007; Scherer et al., 2002), in 
the southern Armorican Massif (Bosse et al., 2000; Paquette 
et al., 2017), or in the Cabo Ortegal and upper allochthon in 
Iberia (Martínez Catalán et al., 2020). The latter are typically 
LT– MT eclogites associated with blueschists (Figure  1a) 
and are interpreted as the relics of subduction complexes 
along the Saxo- Thuringian suture (e.g. Ballèvre et al., 2009; 
Franke, 2000).

Due to their equilibration at HP– HT/UHT conditions, 
the Carboniferous HP rocks of the European Variscan Belt 
rarely preserve prograde metamorphic evolution and only re-
cord exhumation from deep crustal levels (O’Brien, 2000). A 
possible interpretation is that these HP rocks represent deep 
portions of orogenic lower crust equilibrated at eclogitic/
HP granulitic conditions during the main crustal thickening 
phases, which were then exhumed during the later stages of 
the collision and the post- orogenic collapse. In the Bohemian 
massif, a combination of active buckling and gravity- driven 
extrusion in diapir- like structures is proposed as a mecha-
nism for exhumation, which may favour the mixing of eclog-
ites and migmatites (Schulmann et al., ,,,2005, 2009, 2014; 
Štípská et al., 2004). The setting in the Western Alps is some-
what different, as no UHT nor dome- like structures have been 
recognized. We speculate that the lower crust was probably 
too cold to produce gravity- driven diapirs, and exhumation 
was more probably driven by active deformation in a trans-
pressive setting, presumably within the lithospheric scale 
East- Variscan shear zone. In this regard, eclogites exposed 
in the Montagne Noire Axial Zone (French Massif Central) 
may be a good analogue. Indeed, they present particularly 
young zircon U– Pb ages (ca. 310– 315 Ma) and record HP 
conditions at moderate temperature (ca. 1.5 GPa and 700°C, 
Whitney et al., 2015, 2020), which is consistent with equil-
ibration in the orogenic lower crust, and similar to the P– T 
conditions recorded in the ECM eclogites. The mechanism 
that drove exhumation of lower and mid crustal lithologies 
in the Montagne Noire Axial Zone is still debated, and could 
correspond either to bulk extension or compression, but it has 

been recognized that non- coaxial deformation in a large dex-
tral shear zone played an important role (Rabin et al., 2015).

The evolution of the ECM eclogites prior to exhumation 
is not constrained, as no prograde assemblage has ever been 
identified. These eclogites, equilibrated in the lower crust, 
may initially derive from dismembered portions of a subduct-
ing slab. Deciphering the early prograde history will require 
additional geochronological constraints, possibly by Sm– Nd 
and Lu– Hf garnet dating of the eclogites.

9 |  CONCLUSION

The eclogite- bearing amphibolite lenses exposed at the 
Lacs de la Tempête, in northeast Belledonne, derive from 
Ordovician mafic protoliths emplaced at ca. 450 Ma. They 
preserve evidence of Carboniferous HP metamorphism under 
eclogitic conditions (>1.4 GPa and 690– 740°C), followed by 
decompression from 1.4 to 1.0 GPa at 700– 800°C. In con-
trast, the associated migmatitic metasediments are devoid 
of HP mineral assemblages, but records instead prograde 
evolution from sub- solidus conditions (0.8– 1.1 GPa and 
600– 700°C) to supra- solidus conditions (1.1– 1.4 GPa and 
700– 780°C). Metamorphism was roughly coeval in the two 
lithologies, and occurred between 340 and 310 Ma. Zircon 
zoning and chemical composition (Th/U and REE) indicate 
initial crystallization during the HP stage followed by pro-
tracted growth during decompression under granulitic/am-
phibolitic conditions. Rutile in one eclogite sample yields a 
U– Pb age of 340 ± 11 Ma, interpreted as the age of the HP 
stage, assuming that diffusion was inhibited by its textural 
position as garnet inclusion. Retrogression is correlated with 
the development of a penetrative, N30° subvertical mylonitic 
S2 foliation, which is associated with the development of the 
orogen- wide East- Variscan shear zone during the mid- late 
Carboniferous. We therefore speculate that this shear zone 
has driven exhumation of the eclogites from the lower crust 
and their incorporation into felsic gneisses in the middle crust. 
Due to the absence of preserved prograde assemblages, it was 
only possible to constrain the exhumation path of the eclog-
ites. The early pre- 340 Ma history of these rocks therefore 
remains unclear. Additional petrochronological investigation 
is needed in order to better constrain this early evolution.
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3.2 Données complémentaires sur le contexte

structural

L’ensemble des mesures structurales réalisées dans les formations métamorphiques du

nord-est du massif de Belledonne a permis d’établir plusieurs coupes, représentées sur la Fi-

gure 3.2, qui montrent les caractéristiques principales des déformations varisques et alpines.

3.2.1 Contexte tectonique alpin

Les anciens blocs basculés formés lors du rifting jurassique apparaissent nettement dans

la topographie, en particulier sur les sommets du Grand Mont et du Grand Rognoux, dont

les flancs orientaux présentent une morphologie en plateau basculé de 10 à 25◦ vers le sud-

est. Ces plateaux sont jalonnés d’affleurements de grès et de dolomies triasiques, marquant

la position de la paléosurface triasique, qui a par endroit été décalée par des failles normales

décamétriques à hectométriques (Figure 3.1). Ainsi, en dehors des zones de faille marquant

la limite entre différents blocs basculés et des zones de cisaillement déca à hectométriques

développées lors de la compression alpine, la structure générale du socle varisque semble avoir

été relativement peu affectée par la tectonique alpine, et se trouve simplement basculée vers

le sud-est de 10 à 25◦.

3.2.2 Étude structurale des formations métamorphiques des lacs

de la Tempête

Les mesures structurales mettent bien en évidence l’existence de deux populations de

foliations : une ancienne foliation Sx peu pentée, préservée essentiellement dans la partie

nord-est de la zone étudiée, et une foliation S2 fortement pentée, d’orientation N10◦ à
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Figure 3.1 – a) Vue du massif du Grand Mont prise depuis le nord-est (Montagne d’Outray). Le flanc est,
peu penté, représente l’ancienne surface triasique basulée lors du rifting Jurassique. Le flanc ouest, beaucoup
plus raide, marque vraisemblablement une ancienne faille normale. b) Affleurement de grès triasiques au
sommet du Grand Mont, déposés en discordance sur les gneiss paléozöıques.

N40◦ (Figure 3.2), qui recoupe nettement Sx. Sx porte quelques linéations d’étirement qui

semblent indiquer un mouvement de direction N-S. Les plans S2 portents des linéations L2

(étirement et minérales) peu pentées (<30◦), qui marquent une composante décrochante

dominante. Les différents critères de cisaillement, incluant les relations S2-C2’ et les clastes

asymétriques mettent en évidence une cinématique dextre, similaire à celle observée dans les

Aiguilles Rouges (Simonetti et al., 2020). Les plis P1 orientés N10◦ à N30◦, qui affectent Sx,

pourraient correspondre soit à des reliques de la tectonique de nappe (D1) observée dans le

sud-ouest du massif de Belledonne (Fréville et al., 2018), soit à un raccourcissement NW-SE

syn-D2, lié à une composante en cisaillement pur (tectonique transpressive). Une étude de

vorticité réalisée par Simonetti et al. (2020) dans des formations similaires du massif des

Aiguilles Rouges indique en effet une forte composante en cisaillement pur (raccourcissement

NW-SE) lors de la phase D2. La présence de petits bassins sédimentaires d’âge Carbonifère

supérieur (310–300 Ma, Ballèvre et al., 2018), ouverts en pull-apart le long des zones de

faille, marque la transition vers un contexte transtensif dextre à la fin du Carbonifère (D3).
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3.2.3 Une exhumation localisée des reliques de haute pression

au sein de la zone de cisaillement est-varisque

Une vue d’ensemble de la partie nord du massif de Belledonne, incluant la série sati-

née (domaine occidental) ainsi que des domaines exposés au sud-est des lacs de la Tem-

pête, fait clairement apparâıtre une zonation métamorphique d’axe NW–SE, orthogonale à

l’orientation générale de S2 et des intrusions granitiques (Figure 3.3-a) : les roches métamor-

phiques de plus haut grade (migmatites et reliques éclogitiques) et les granitöıdes varisques

affleurent uniquement dans une bande centrale large de 2 à 4 km, fortement déformée, en-

tourée de roches métamorphiques de plus bas grade : à l’ouest, les micaschistes de la série

satinée (Bordet et Bordet, 1963), et des chloritoschistes représentant d’anciennes formations

volcano-sédimentaires peu métamorphiques (Vivier et al., 1987) ; à l’est, les formations de

la « série satinée interne », composée de séricito-schistes feldspatiques et de métaconglo-

mérats (Vivier et al., 1987). On observe par ailleurs un gradient E–W de déformation D2,

plus intense dans les formations de haut grade que dans les micaschistes de la série satinée.

Cette disposition est typique des grands systèmes décrochants (e.g. Cao et Neubauer, 2016;

Leloup et al., 1995; Valli et al., 2008). Les unités de haut grade contentant les reliques HP

correspondraient donc au coeur de la zone de cisaillement est-varisque (EVSZ, chapitre 2),

dans laquelle affleure du matériel crustal équilibré dans la croûte intermédiaire à inférieure.

Cette disposition peut s’expliquer par une extrusion localisée de matériel crustal profond

associée à la tectonique transpressive. En effet, plusieurs études suggèrent que les zones de

cisaillement transpressives sont des lieux favorables à l’exhumation active de croûte infé-

rieure par extrusion, qui est d’autant plus efficace que la composante en cisaillement pur de

la déformation est grande (Schulmann et al., 2008; Št́ıpská et al., 2004; Thompson et al.,

1997; Tikoff et Teyssier, 1994). Des portions de manteau lithospérique peuvent même être

exhumées au sein de ces zones, comme par exemple au niveau de la faille de San Andreas en
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Californie, qui est jalonnée de massifs kilométriques de serpentinites, exhumées au sein de

la zone de cisaillement (Kirby et al., 2014; Guillot et al., 2015). Ce mécanisme d’exhuma-

tion étant plus rapide qu’une combinaison érosion – réajustement isostatique, la relaxation

thermique n’a pas le temps d’opérer. Ceci se traduit par des chemins d’exhumation iso-

thermes ou avec un faible réchauffement durant la décompression (Thompson et al., 1997),

ce qui est cohérent avec les estimations thermobarométriques réalisées sur les éclogites des

lacs de la Tempête. Ainsi, il est possible que la zone centrale de l’EVSZ contrôle l’exhuma-

tion localisée de matériel crustal profond par un mécanisme d’extrusion lié à la tectonique

transpressive (Figure 3.3-b). Cette zone centrale formerait ainsi une zone de mélange, dans

laquelle seraient extrudées des roches provenant de différents niveaux structuraux, équili-

brées à des pressions et températures différentes, incluant des lentilles éclogitiques et les

gneiss migmatitiques équilibrés à plus basse pression.
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CHAPITRE 4

Les granulites de haute pression de l’Oisans

L’Olan (d.) et la cime du Vallon (g.), vus depuis le lac des Rouies, dans le Vallon de la Lavey.
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for the dynamics of the Variscan collision in the external Western Alps

4.1 Article #2 : HT overprint of HP granulites in the

Oisans–Pelvoux massif : implications for the

dynamics of the Variscan collision in the external

Western Alps

Jean-Baptiste Jacob, Émilie Janots, Stéphane Guillot, Daniela Rubatto,

Jérémie Melleton, Michel Faure

Abstract

The Oisans–Pelvoux massif, belonging to the Paleozoic basement of the External western

Alps has undergone high temperature (HT) metamorphism associated with intense migma-

tization during the syn to post-collisional stages of the Variscan orogeny. Most of prior

metamorphic assemblages have been obliterated and the early collision stages remained so

far unconstrained. Field investigation has led to identify new bodies of high pressure (HP)

mafic granulites, which preserved relics of the prograde evolution up to HP conditions. Re-

lics of Mn-rich garnet cores containing inclusions of epidote, titanite, chlorite and rare white

micas constrain an early prograde stage at 460–550◦C and 0.4–1.0 GPa. The HP assemblage

consists in garnet + clinopyroxene+ quartz + rutile ± plagioclase± amphibole± biotite and

yield peak-P conditions at 650–730◦C and 1.5–1.7 GPa. Decompressional evolution was asso-

ciated with heating to HT granulite-facies conditions at 800–870◦C and 0.6–0.9 GPa, which

led to the development of granoblastic polycrystalline mosaics over the resorbing HP assem-

blage. The U–Pb dating of magmatic zircon cores constrains the emplacement age of the

mafic protoliths at 479±5 Ma. Timing of the prograde to HP evolution is estimated around

345–330 Ma based on rutile U-Pb dating, which is contemporaneous with HP recorded in
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the other crystalline massifs of the western Alps. The U-Pb dating of zircon metamorphic

rims yields U–Pb dates scattering between 337 and 294 Ma, which are interpreted to have

crystallized during broad decompression and heating to the HT granulite-facies. Metamor-

phic conditions during the early prograde stage precludes scenarios involving subduction of

a cold passive margin and are better reconciled with thickening of an orogenic wedge during

collision. In contrast with other Variscan HP relics of the external Alps, the HP rocks of the

Oisans–Pelvoux massif record heating to HT granulitic conditions during decompression,

which may result from longer residence time in the lower crust before the exhumation.

4.1.1 Introduction

High pressure (HP) metamorphic rocks are important geodynamical markers of lithos-

pheric processes, which provide information about pressure-temperature (P-T) conditions

and timing of the metamorphic evolution of crustal units, which can be in turn interpreted

in terms of geodynamic environment (Thompson et England, 1984). In collapsed and eroded

orogens such as the Variscan belt of Europe, these HP relics form relatively minor portions

of the exposed metamorphic units. Furthermore, thermobarometric and geochronological in-

formation about the prograde and HP stages has often been blurred, in particular for those

exposed in HT migmatitic domains, in which metamorphic reaction rates are dramatically

increased by temperature and the presence of melts (White et al., 2001). Hence, the geody-

namic significance of these HP relics remains ambiguous, and they may be interpreted either

as relics of a former subduction (e.g. Pitra et al., 2021) or represent exhumed portions of

thickened lower crust equilibrated at eclogitic or HP granulitic conditions (e.g. O’Brien et

Rötzler, 2003; Whitney et al., 2020). Rare samples preserving relics of the prograde evolution

are therefore invaluable and provide key geodynamical constraints.
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We present here a case-study from the Variscan basement of the external western Alps,

in the Oisans–Pelvoux massif. This massif has been recognized as a portion of orogenic

middle-to-lower crust, which has undergone HT metamorphism and intense migmatization

during the syn to post-collisional stages of the Variscan orogeny (Grandjean et al., 1996).

This HT migmatitic stage has obliterated most of the pre-HT metamorphic history, and

no indisputable evidence of an earlier HP metamorphic stage had been recognized so far in

this massif. This metamorphic record strongly contrasts with that of the other basement

massifs in the external western Alps, which present several relics of Variscan eclogites and

HP granulites (Jacob et al., 2021a; Jouffray et al., 2020; Paquette et al., 1989; Rubatto

et al., 2010), but are comparatively less affected by the HT migmatitic event. Thus, the

early stages of the Variscan collision remained unconstrained in the Oisans–Pelvoux massif.

Our recent field investigation of high-grade metamorphic domains has identified mafic HP

granulite bodies that contain a relict garnet-clinopyroxene HP assemblage overprinted by

a HT granulitic assemblage. These granulites are the first documented Variscan HP rocks

in the Oisans–Pelvoux massif, and they represent a unique opportunity to constrain the

complete metamorphic evolution from collisional to post-collisional stages. The HP granulite

bodies were investigated using a multi-method approach, which combined petrologic and

microstructural observations, phase equilibrium modeling and Zr-in-rutile thermometry to

constrain the P-T evolution, and U-Pb dating of zircon and rutile to constrain the timing of

metamorphism. This contribution aims to present the results of these detailed investigations,

and discuss the implications for the Variscan geodynamic evolution of the Oisans–Pelvoux

massif. In particular, preservation of early prograde stages of the metamorphic evolution

provides important constraints regarding the thermal state of the middle and the lower

crust during the early stages of the collision.
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4.1.2 Geological setting and field description

4.1.2.1 General setting and Variscan evolution

The Oisans-Pelvoux massif is a roughly rounded massif about 35 km wide located in

the French western Alps, which exposes high grade metamorphic domains of the Variscan

orogenic root (Figure 4.1). It belongs to the External Crystalline Massifs (ECM), which form

exposed portions of the Variscan basement in the external western and central Alps (Guillot

et Ménot, 2009; Von Raumer et al., 2009). This basement is mainly composed of various

early to mid-Paleozoic units, which were metamorphosed and intruded by granitoids during

the Variscan orogeny. The whole is caped by non-metamorphic sediments deposited in small

pull-apart basins between the late Carboniferous and the early Permian (Fernandez et al.,

2002; Guillot et Ménot, 2009). The Paleozoic basement was only mildly affected by post-

Permian deformation and metamorphism. The Alpine collision has occurred from the early-

mid Eocene (ca. 40 Ma), during which the basement was buried and developed greenschist-

facies metamorphic assemblages (Bellanger et al., 2015), which are mostly concentrated in

Alpine compressional and strike-slip shear zones (Bellahsen et al., 2014; Marquer et al.,

2006). The pre-Variscan protoliths derive from a variety of sedimentary and igneous rocks

mostly emplaced during the Cambrian–Ordovician period (Fréville et al., 2018; Paquette

et al., 1989; Von Raumer et al., 2013). Volcano-sedimentary and bimodal plutonic series

of Devonian–Tournaisian age (ca. 370–350 Ma, Fréville et al., 2018; Guillot et Ménot,

2009; Ménot, 1987a), presumably emplaced in an arc or back-arc setting, are exposed in

the western part of the massif (Figure 4.1). They are strongly affected by Variscan tectono-

metamorphic events, and their formation therefore predates the main Variscan collision

stages.
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Zonation of the Variscan Belt modified from (Ballèvre et al., 2014)

The Variscan Orogeny in the ECMs occurred from ca. 350 to 295 Ma (Fréville et al., 2018;

Guillot et Ménot, 2009). The general tectono-metamorphic evolution during this period is

summarized here in three main phases :

1. An early Carboniferous (Visean) collisional phase associated with nappe stacking and crus-
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tal thickening, which formed E–W vergent nappes. These nappes are mainly visible in the

south of the Belledonne massif and are associated with burying of the Devonian–Tournaisian

series and the development of amphibolite-facies assemblages (garnet ± kyanite ± stauro-

lite) at ca. 600–700◦C and 0.6–0.9 GPa (Fréville et al., 2018; Guillot et Menot, 1999). The

age of this phase is constrained at ca. 345–330 Ma by U-Pb dating on monazite and Ar–Ar

dating on micas (Fréville et al., 2018, 2022). U-Pb dating of zircon and rutile from eclogite

relics exposed in northeast Belledonne and in the other ECMs yields the same age (Jacob

et al., 2021a; Rubatto et al., 2010), and the development of HP assemblages is therefore

correlated with this nappe stacking phase.

2. A phase of transpression, associated with the formation of penetrative, steeply dipping fa-

brics. In the massifs of Belledonne and Grandes–Rousses, these fabrics form a ten-kilometer-

wide high-strain corridor marked by dextral shearing, which extends in the other ECM and

is thought to represent a crustal-scale dextral shear zone, which was active from ca. 325 Ma

(Guillot et al., 2009a; Rossi et al., 2009; Simonetti et al., 2018, 2020). In the Oisans–Pelvoux

massif, steep metamorphic fabrics rather display sinistral shearing (Fréville et al., 2022) and

may represent antithetic shear zones developed during transpression.

3. Transpression progressively evolved toward transtension during the late Carboniferous

(ca. 310–300 Ma), which resulted in the formation of SW–NE oriented ductile-brittle nor-

mal faults and dextral shear zones controlling the opening of kilometer to ten-kilometer scale

half-graben and pull-apart basins (Fernandez et al., 2002). Sedimentological and paleonto-

logical studies have provided evidence for syntectonic sedimentation during the Moscovian

to Gzhelian (ca. 310–300 Ma, Ballèvre et al., 2018, and references therein).

The older (pre-Carboniferous) metamorphic sequences are intruded by numerous Variscan

granitoids, which form about 25% of the exposed area in the Oisans–Pelvoux massif. These

granitoids were emplaced from the Visean to the late Carboniferous – early Permian (ca.

345–295 Ma), with two dominant production peaks around 345–330 Ma and 310–295 Ma
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(Debon et Lemmet, 1999; Fréville, 2016).

4.1.2.2 Field description

The investigated area is located in the inner part of the Oisans–Pelvoux massif and

mainly exposes high-grade gneiss and amphibolites (Figure 4.22) identified locally as the

Lavey series (Le Fort, 1971), which are intruded by Carboniferous granitoids (Figure 4.1).

Early foliation S1 associated with the nappe stacking phase (1) was only observed as relics

and is better preserved further west in upper structural levels. Two groups of metamorphic

foliations have been observed in the investigated area : (i) flat-lying fabrics (S2h), which

display shear criteria and mineral lineations consistent with roughly N–S directed flow (Fi-

gure 4.2-a,g) ; steeply-dipping fabrics striking N140◦ to N160◦ (S2v), which display sinistral

shear criteria (Figure 4.2-b,g). Development of both fabrics initiated at supra-solidus or

HT sub-solidus conditions, as evidenced by the presence of sheared leucosomes and sheared

amphibolite boudins (Figure 4.2-a,b).

Both felsic and mafic lithologies underwent significant partial melting and display various

migmatitic textures ranging from metatexites to diatexites (Figure 4.22 in the supplements).

None of the collected felsic samples preserved any pre-HT assemblage. Cordierite develops

sporadically in aluminous metasediments, which testifies to the high temperature of melting,

probably associated with biotite-breakdown reactions above 800◦C (Vielzeuf et Holloway,

1988). By contrast, some of the mafic bodies display little evidence of partial melting, and

may exceptionally preserve HP granulitic assemblages. HP granulites are extremely rare in

the Oisans–Pelvoux massif, since most of them have been partly or completely retrogressed

by reaction with anatectic melts or fluids released during crystallization of these melts. A first

occurrence of mafic granulite was found by Pecher (1970) in the eastern part of the massif

and reported as the Peyre-Arguet granulites (Figure 4.1), but early HP stages remained

controversial and were disregarded (Grandjean et al., 1996; Pecher, 1970). In this study, a
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newly discovered body of HP mafic granulites was found in La Lavey valley in the central

part of the massif (Figure 4.1). It forms a hectometer-wide body embedded in flat-lying

migmatitic S2h (Figure 4.2-c). The Peyre-Arguet body lies in a N150◦ oriented mylonitic

shear zone (S2v), and shows more intense overprinting by amphibolite-facies assemblages

than the Lavey granulites. The mafic granulite in the Lavey body shows variable degrees

of retrogression and deformation (Figure 4.2-d-e). Some portions are composed of massive,

weakly to non-foliated HP mafic granulites (Figure 4.2-d), whereas others portions present

a layered texture parallel to S2h, with alternating centimetric to metric layers of granulites

and garnet-free amphibolites (Figure 4.2-e). The plagioclase-amphibole rich layers generally

display a highly strained texture, while the garnet-bearing layers are much less deformed.

4.1.3 Methods

4.1.3.1 Analytical methods

Backscattered electron images were acquired at ISTerre Grenoble with a Tescan Vega 3

scanning electron microscope operated with an accelerating voltage of 16 kV and a beam

current of 10 nA. Mineral compositions were measured using a JEOL JXA-8230 electron

microprobe at ISTerre Grenoble. Garnet analyses were performed with a 15 kV accelerating

voltage, a 20 nA beam current and a counting times of 60s for the peak and 30s for the

background. The other silicates were analyzed with a 15 kV accelerating voltage, a 10 nA

beam current and counting times of 30s for the peak and 15s for the background. The

spot size was set to 1–3 µm depending on the size of minerals and the presence of volatile

elements. X-Ray element maps were acquired with a 15 kV accelerating voltage, a 100 nA

beam current and a 100 ms counting time per pixel. Natural minerals and synthetic glass

were used for standardization, and the ZAF matrix procedure was applied for data reduction.

X-Ray maps were processed using the XMapTools software (Lanari et al., 2014, 2018).
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Zr and other trace elements (Nb, Fe, Cr) in rutile were measured in thin section on the

JEOL JXA-8230 electron microprobe at ISTerre Grenoble. The instrument was operated

with an accelerating voltage of 20 kV, a beam current of 600 nA, and a total counting time

of 600s, with spot size set to 1–3 µm. Standardization was done on synthetic and natural

standards of TiO2 ZrO2, Cr2O3, Fe2O3 and Nb. Accuracy check was done on standard rutile

R632 (Axelsson et al., 2018), which returned Zr concentrations between 2 and 5% of the

reference value. This uncertainty is consistent with counting error statistics returned by the

JEOL microprobe software for rutile analysis and corresponds to an absolute uncertainty

below 40 ppm in most of the cases. A conservative estimate of ±50 ppm is therefore assigned

for electron microprobe analyses of rutile. In addition, trace element analyses were performed

by LA-ICPMS on separated rutile grains from sample JB-19-56, which were subsequently

dated (see below).

Zircon and rutile were separated using conventional rock crushing and heavy liquids.

Crystals were mounted in epoxy resin and polished to expose the grain center for analysis.

Charge contrast (CC) images of zircon grains were obtained with a ZEISS EV050 scanning

electron microscope at the Institute of Geological Sciences, University of Bern, at low vacuum

conditions (18 Pa), 12 kV, a beam current of 100 mA and a working distance of 9.5 mm. It

has been previously demonstrated that CC images correlate exactly to cathodoluminescence

(Watt et al., 2000). Backscatterred electron images of separated rutile grains were obtained

at ISTerre Grenoble using the same instrument and analytical conditions as described above.

Trace element spot analysis of separated zircon and rutile was performed with a RESOlution

Laser System coupled to an Agilent 7900 quadrupole ICP-MS at the Institute of Geological

Sciences (University of Bern). A He-H2 gas mixture was used as the aerosol transport gas.

The laser spot diameter was 24 and 20 µm for zircon, and 38 µm for rutile. The laser was set

to 5 Hz repetition rate and an energy density on the sample of 4 J.cm−2. Oxide interferences

were reduced by maintaining ThO/Th < 0.2. Sample analyses were calibrated using NIST
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SRM 612 (Jochum et al., 2011). Accuracy was monitored using the reference material GSD-

1G (Jochum et al., 2005) and zircon 91500 (Wiedenbeck et al., 2004), and was assessed to

be better than 10% for all elements. Data reduction was performed using the software Iolite

(Paton et al., 2011).

U-Pb dating of rutile was performed with the same LA-ICP-MS system at the University

of Bern with conditions of 5 Hz and 3.5 J/cm2. The count rate ratio for Th/U was 98–97 and

the ThO/Th < 0.2. Measurements consisted of 30s background and 30s signal acquisition

sweeping through the masses 206Pb, 207Pb, 208Pb, 232Th and 238U. Spot size was 50µm with

a pre-cleaning with a 60µm beam. U–Pb ratios were standardized to rutile R10 (1091.6±3.5

Ma, Luvizotto et al., 2009), whereas secondary reference material was rutile R632 (496±2

Ma, Axelsson et al., 2018), which returned an average 206Pb/238U age of 496±11 Ma. Data

reduction was performed using the software Iolite (Paton et al., 2011) running the DRS

VizualAge UcomPbine (Chew et al., 2014), although no common Pb correction was applied

to the data of either standards or unknown. The single spot 2σ standard error external on the

primary standard was 7.5% and propagated in full to the unknowns. U-Pb geochronology of

zircon was carried out with the SwissSIMS Cameca IMS 1280-HR at Université de Lausanne,

which is equipped with an high-brightness Hyperion H201 RF plasma oxygen ion source.

Basic instrument set up parameters were 6-8 nA, 20 µm O2− primary beam, mass resolution

M/M 5000, energy window = 40 eV. Data were acquired in mono-collection, peak-hopping

mode. U-Pb-Th data were standardized to TEM2 zircon (417 Ma, Black et al., 2003)

and accuracy was checked with zircon standard Plešovice (337.17±0.37 Ma, Sláma et al.,

2008), which were cast in the same epoxy mount as the unknowns and returned an age at

337.7±3.5 Ma. The uncertainty on standard 206Pb/238U – UO2/U calibration was 1.0 and was

propagated to the data. Common Pb correction was based on the measured 204Pb signal

(when significant relative to background) assuming the present-day model terrestrial Pb

composition ofStacey et Kramers (1975). Radiogenic ratios and single ages were calculated
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using the CIPS program compiled by Martin Whitehouse. Age calculations use the decay

constant recommendations of Steiger et Jäger (1977). The IsoplotR package (Vermeesch,

2018) was employed to plot the diagrams and calculate concordia and weighted average

ages. Individual uncertainties are quoted at 1 level and the confidence level for weighted

average is 95%.

Whole rock geochemical analyses were performed at the SARM in Nancy, using a Thermo

Fischer iCap6500 ICP-OES for major oxides and an iCapQ ICP-MS for minor and trace

elements. Details about the analytical procedures for whole rock geochemical analyses are

described in Carignan et al. (2001). In addition, FeO was measured by wet titration in

sample JB-19-43 in order to constrain the Fe3+/Fe2+ balance in the mafic granulites.

4.1.3.2 Thermobaromatry

Zr-in-rutile temperatures were calculated using the calibration of Kohn (2020), constrai-

ned with combined experimental and natural datasets. In addition, two samples of garnet-

bearing mafic granulites (JB-19-43 and JB-19-56) were selected for more comprehensive P-T

estimations using a combination of forward phase equilibrium modeling with PerpleX 6.9.0

(Connolly, 2005, 2009) and inverse thermobarometry on plagioclase-amphibole pairs using

the edenite-richterite exchange thermometer of Holland et Blundy (1994). Inverse thermo-

barometry was performed directly on quantitative X-Ray map using the P-T spot add-ons

implemented in XMapTools. Phase equilibrium models were computed in the compositional

space MnNCKFMASHTO, using the TC-DS622 thermodynamic database of Thermocalc

(Holland et Powell, 2011), with a set of solution models from Fuhrman et Lindsley (1988);

Green et al. (2007, 2016); Holland et Powell (1998, 2011); White et al. (2000, 2014). Reac-

tive bulk compositions used as input in PerpleX were obtained by re-integration of X-Ray

maps using XMapTools 3.4.0 and by ICP-OES whole rock analyses. Fe3+ inferred by diffe-

rence between ICP-OES and wet titration measurements in sample JB-19-43 was taken as a
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maximum value, and was then adjusted iteratively using the meemum function of PerpleX,

by modifying incrementally the amount of O2 until a good fit is obtained for Fe3+/Fetot in

garnet and clinopyroxene. No evidence of C-S-bearing volatile species have been observed,

so fluid was considered as pure H2O (aH2O(Fluid) = 1). P-T conditions of equilibration for

the different mineral assemblages were assessed by comparing predicted stable assemblages

with petrographic observations, and by plotting selected mineral isopleths. In addition, we

used the approach described in Duesterhoeft et Lanari (2020), which allows a more rigorous

assessment of the match between predicted and measured mineral composition than the

standard isopleth approach. It relies on a set of quality factors, which are computed over

the whole P-T grid and take values between 0 and 1, 0 meaning very poor fit and 1 meaning

that predicted and measured composition are indistinguishable within uncertainty.

4.1.4 Petrographic descritpion

Two swell-preserved samples of HP granulite (JB-19-43 and JB-19-56) have been collec-

ted in a massive, weakly to non-foliated domain of the Lavey granulite. Another sample (JB-

19-55) was collected in a ca. 50 cm thick, highly strained layer retrogressed to amphibolite-

facies conditions (Figure 4.2-c). In addition, two mafic granulite samples (JB-19-16 and

JB-19-18) were collected in the Peyre-Arguet granulite body but are generally more re-

trogressed and do not preserve the early prograde and HP stages. The well-preserved HP

granulite samples from La Lavey have been used to constrain the P-T evolution, and mineral

assemblage and compositional zoning have been investigated in detail. The granulites from

Peyre-Arguet are generally described more briefly. Summary of sample locations and main

petrographic features is provided in Table 4.1.
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Sample JB-19-16 JB-19-18 JB-19-43 JB-19-55 JB-19-56

Locality Peyre-Arguet Peyre-Arguet La Lavey La Lavey La Lavey
Long◦ 6.35414 6.35463 6.2199 6.22303 6.21990
Lat◦ 44.84356 44.84292 44.86604 44.86517 44.86604
Alt (m) 2708 2674 2488 2731 2488

Rock type
Grt-bearing
mafic granulite

Grt-free
mafic granulite

Grt-bearing
mafic granulite

Cpx-bearing
amphibolite

Grt-bearing
mafic granulite

Main
minerals

Amp, Pl, Grt,
Qtz, Cpx (relics) Amp, Cpx, Pl

Grt, Pl, Cpx, Opx,
Amp, Bt, Qtz

Amp, Cpx, Pl
(sericitized), Kfs

Grt, Pl, Cpx, Opx,
Amp, Bt, Qtz

Accessory
mineral

Ilm, Zrc, Rt
(grt incl. only) Ilm, Zrc, rare Rt

Ilm, Rt (grt incl.
+ matrix), Zrc Ilm, Ttn, rare Rt

Ilm, Rt (grt
incl. only), Zrc

Table 4.1 – Localization and mineral composition of the investigated samples

4.1.4.1 La Lavey mafic HP granulites (JB-19-43, JB-19-56)

The two HP granulites contain an assemblage of garnet, clinopyroxene, plagioclase, calcic

amphibole, quartz and biotite, with accessory rutile, apatite, ilmenite and zircon (Figure 4.3-

a,b). Garnet in both samples contain inclusions of quartz and rutile. In addition, garnet of

sample JB-19-43 contains inclusions of epidote, chlorite, titanite, amphibole and plagioclase

(Figure 4.15). Rare white mica inclusions, which do not present evidence of phengite sub-

stitution, have also been observed in garnet. Epidote, chlorite and titanite are absent in the

matrix.

Garnet forms 0.5–3 mm wide grains, which are variably resorbed. The most common

resorption texture consists in replacement by granoblastic polycrystalline coronas rich in

plagioclase (Figure 4.4-b and Figure 4.5-b). Kelyphite with plagioclase + amphibole also

occur in sample JB-19-43. Selected grains were imaged by X-Ray mapping in both samples,

and compositional variations were quantitatively assessed on 1D profiles (Figure 4.4). In both

samples, garnet displays complex internal zoning. The large garnet grain in sample JB-19-43

is considered to preserve prograde zoning, possibly affected by later diffusion (Figure 4.4-a).

Two domains are distinguished : a Ca-Mn-rich core (Grt-1 : Alm48−49Prp14−16Grs29−32Sps04−08)

and a Mg-rich rim (Grt-2 : Alm49Prp25Grs25Sps01), separated by a broad transitional zone

with smoothed compositional gradient attributed to diffusion. Within Grt-1, there is a gra-

dual concentric increase in Ca and Mg correlated with a decrease in Fe and Mn. Concentric
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oscillations in Ca observed within Grt-1 are interpreted to result from growth-related pro-

cesses. Garnet grains in sample JB-19-56 are smaller and more resorbed than in sample

JB-19-43 (Figure 4.4-b). They display a broad Ca-rich core domain (Grt-1 : Alm45−47Prp24

Grs28−30Sps01) surrounded by a Mg-richer and Ca-poorer domain (Grt-2 : Alm49Prp26Grs24

Sps01). Grt-1 displays patchy Ca-zoning, which may be relics of an initial concentric zoning

as observed in sample JB-19-43. Grt-1 and Grt-2 are surrounded by a thin Fe-Mn-richer

domain (Grt-3 : Alm52Prp25Grs21Sps02), which has no equivalent in sample JB-19-43.

Clinopyroxene is a Na-poor augite (Na < 0.03, Ca = 0.85–0.90 per formula unit (p.f.u),

Mg# = 0.66–0.76, Figure 4.5). It crystallizes in symplectites of plagioclase + clinopyroxene,

which replaced an earlier generation of coarse-grained Na-richer clinopyroxene, that is ho-

wever not preserved. An estimate of the composition of primary coarse-grains clinopyroxene

has been obtained by re-integrating the composition over a ca. 400 µm-wide symplectite

domain in sample JB-19-56 (Figure 4.5-a). The obtained mineral formula normalized to 6

oxygens is consistent with clinopyroxene (Si = 1.97 p.fu, sum of cations = 3.93 p.f.u) contai-

ning 20 ± 3% jadeite (Figure 4.5-c). Orthopyroxene is an enstatite (Mg# = 0.50–0.60) with

an Al content between 0.02–0.05 p.f.u. It forms anhedral to sub-euhedral 100–500 µm large

grains, and also occurs in small proportions in the symplectites.

Plagioclase mainly crystallizes as fine-grained, granoblastic polycrystalline coronas around

resorbed garne (Figure 4.3-a,b and Figure 4.5-b). Smaller amount of plagioclase is also

found in symplectites with clinopyroxene, which have grown by replacement of primary

coarse-grained clinopyroxene. Plagioclase composition present a large scattering from Na-

rich (An18Ab79Or03 for the Na-richest grains) to Ca-rich (An48Ab51Or01 for the Ca-richest

grains) composition. Na-rich plagioclase is found in the core of the grains in the granoblastic

domains as well as in the symplectites, while Ca-rich plagioclase is restricted to thin coronas

around garnet and at grain boundaries (Figure 4.3-b,c).

Calcic amphibole is a magnesian and slighlty titanian hastingsite (Aliv = 1.5–1.9 p.f.u,
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Mg# = 0.55–0.67, Ti = 0.16–0.27 p.f.u, Fe3+/(Fe3++Alvi) > 0.5). It forms sub-millimetric

euhedral to sub-euhedral prismatic grains, which crystallize in the matrix around garnet or

associated with plagioclase in thin kelyphites in sample JB-19-43. Compositional variations

are related to textural position : amphibole in contact with Na-rich plagioclase is poorer in

Al (Aliv = 1.5–1.7) than amphibole in contact with Ca-rich plagioclase (Aliv = 1.8–1.9).

Biotite has Mg# between 0.48 and 0.57 contain about 0.17–0.27 p.f.u Ti. It forms thin

100–200 µm long rods and coarser flakes (up to 1 millimeter-long), which are frequently

grouped in patches associated with amphibole and plagioclase around garnet (Figure 4.3-b).

Quartz occurs as small (10–20 µm) inclusions in garnet and also forms larger grains (100–500

µm) in the matrix (Figure 4.4).

Rutile and ilmenite occur in both samples. Ilmenite is the main Ti-bearing phase and

forms 100–500 µm long grains, mainly located outside of garnet (Figure 4.3-a,b and Fi-

gure 4.4). Rutile is mainly preserved as inclusions in garnet, where it forms grains up to

100 µm long, which occasionally display partial replacement by ilmenite and/or contain

ilmenite exsolutions (Figure 4.5-c and Figure 4.6-a). In sample JB-19-43 small (generally

< 50 µm) grains of rutile also occur outside of garnet, either in inclusion in amphibole or

within the symplectites (Figure 4.6-b). No rutile was observed outside of garnet in sample

JB-19-56. Zircon is ubiquitous in the mafic granulites, and occurs either as inclusions in

garnet porphyroclasts or in the matrix.

4.1.4.2 La Lavey garnet-free amphibolite (JB-19-55)

In contrast with the HP granulites, garnet-free sample JB-19-55 is strongly deformed,

with alternating millimeter-wide layers of calcic amphibole and sericitized feldspar. It contains

1–5 mm wide patches composed of a mosaic of equant, fine-grained (<100 µm) euhe-

dral to sub-euhedral clinopyroxene and plagioclase, which are mainly concentrated in the

amphibole-rich layers (Figure 4.3-d). Clinopyroxene is a diopside (Ca = 0.9–0.95 p.f.u, Mg#
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= 0.75–0.80). Plagioclase composition ranges between An39−52, with no significant difference

between the larger sericitized grains in leucocratic layers and the plagioclase + clinopy-

roxene mosaics (Figure 4.5-c). Amphibole is mainly a Ti-poor pargasititic hornblende (Aliv

= 1.41–1.66, Mg# = 0.63–0.68, Ti = 0.12–0.17p.f.u). A few grains of actinolite are also

found (Aliv= 0.30–0.75, Mg# = 0.71–0.75, Ti = 0.02–0.06 p.f.u). Ilmenite is the dominant

Ti phase and forms 100–500 µm grains, which are partly resorbed and commonly surroun-

ded by titanite coronas. Rutile is rare and forms small grains (<50 µm), that are commonly
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rimmed by titanite (Figure 6-c). Tiny grains (5–20 µm) of late rutile (Rt-II) also crystallized

in association with titanite over ilmenite (Figure 6-f).

4.1.4.3 Peyre-Arguet mafic retrogressed granulites (JB-19-16 ; JB-19-18)

Sample JB-19-16 is mainly composed of calcic amphibole, garnet, plagioclase, quartz,

with relics of clinopyroxene in symplectites, accessory rutile and ilmenite, and zircon (Fi-

gure 4.3-e). No orthopyroxene has been observed. Garnet occurs as partly resorbed, 0.5–2

mm-wide grains surrounded by a corona of sericitized plagioclase (Figure 4.3-e). Clinopy-

roxene occurs in coarse-grained symplectites, which locally display recrystallization textures

in mosaics. In this sample, rutile has only been preserved in garnet where it forms up to 200

µm-large inclusions (Figure 4.6-e).

Sample JB-19-18 contains the same mineral assemblage as sample JB-19-16, except that

it completely lacks of garnet, which has been entirely resorbed. It is mainly composed of a

granoblastic amphibole and sericitized plagioclase (Figure 4.3-f), with relics of coarse-grained

symplectites of clinopyroxene + plagioclase. Ilmenite is the dominant Ti-bearing phase, but

rare, small grains of rutile (<50 µm) are found in inclusion in feldspar and amphibole, or in

the plagioclase + clinopyroxene symplectites (Figure 4.6-f).

4.1.5 Bulk rock Geochemistry

Whole rock major and trace element compositions (Table S3 and Figure 6) were ob-

tained on the three samples from La Lavey (JB-19-43,55,56) and on one sample from the

Peyre-Arguet body (JB-19-16). All samples except sample JB-19-55 display major element

composition of Fe-Ti-rich tholeiitic basalts (Na2O+K2O = 3–4 wt%, SiO2 = 48–50 wt%,

TiO2= 1.9–2.3 wt%, molar Mg/(Mg+Fe2+) = 0.39–0.44). Trace element patterns norma-

lized to N-MORB (composition from Gale et al., 2013) indicate significant enrichment in
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Figure 4.6 – Representative BSE images of rutile analyzed in different textural settings. (a) – (b) Rutile
inclusions in garnet and matrix rutile in sample JB-19-43. Some rutile inclusions on image (a) display partial
replacement by ilmenite ; (c) – (d) primary rutile surrounded by titanite and secondary rutile growing over
ilmenite in sample JB-19-55. (e) – Rutile inclusions in garnet of sample JB-19-16. (f) – Matrix rutile in
sample JB-19-18.
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N-MORB normalized patterns (Gale et al., 2013)
JB-19-16
JB-19-56
JB-19-43
JB-19-55
E-MORB
(Gale et al., 2013)

Figure 4.7 – Trace element composition of the (retrogressed) mafic granulites, normalized to the com-
position of N-MORB from Gale et al. (2013). E-MORB composition is shown for comparison.

LREE and other incompatible elements (La/Yb)N = 3.34–4.26, (Th/Yb)N = 2.58-7.09) (Fi-

gure 4.7). Enrichment relative to N-MORB can reach high values for elements highly mobile

in fluids (Cs, Rb, U, Pb), especially in sample JB-19-16, which presents strong spikes in Pb,

U and Cs. There are no significant Eu anomalies (Eu/Eu*)N = 0.98–1.04, whith (Eu/Eu*)N

= EuN/(SmN .GdN)1/2) and Nb–Ta anomalies are weak ((Th/Nb)N = 1.15-1.92).

Sample JB-19-55 has a distinct composition both in major and trace elements. It is much

richer in K2O, Al2O3 and MgO (Mg# = 0.56) than other samples. It roughly follows the

same LREE/HREE fractionation as observed in the other samples ((La/Yb)N = 2.56), but

REE concentrations are one order of magnitude lower than that of other mafic granulites.

It presents extreme enrichment in fluid-mobile elements, in particular Cs, Rb, Ba and Pb,

positive anomalies in Eu (Eu/Eu*)N = 1.74, Sr, Ti and negative anomalies in Nb and

Ta ((Th/Nb)N = 3.58). The overall low REE, the strong positive Eu anomalies in Eu, Sr

and Pb suggest plagioclase-rich cumulates as protolith. The high K2O content and the large

enrichment in fluid-mobile elements in this sample suggest pervasive interaction with crustal

fluids during metamorphism.
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4.1.6 Thermobarometry

4.1.6.1 Inverse thermobarometry and forward thermodynamic modeling

The P-T evolution of the Lavey granulitic body has been inferred using the three samples

JB-19-43, JB-19-56 and JB-19-55. These samples preserve different stages of the P-T evo-

lution and were therefore used to constrain different portions of the P-T path. Sample

JB-19-43 contains garnet with the most complete zoning, and preserved evidence of an early

prograde phase characterized by the formation of Mn-rich garnet cores containing inclusions

of epidote, chlorite, titanite and white mica. It has therefore been used to constrain the early

prograde evolution. Sample JB-19-56 has then been used to constrain peak-P / post peak-P

decompression at HT based on quantitative X-Ray mapping. Finally, sample JB-19-55 is

heavily retrogressed in the amphibolite-facies and has been used to constrain retrogression

to lower T using inverse thermobarometry.

Inclusions of OH-bearing minerals such as epidote or chlorite in garnet of sample JB-19-43

suggest that garnet growth initiated under H2O-rich conditions. This is further supported

by the Mn-rich composition of the garnet cores, which could only be reproduced in PerpleX

by adding a high amount of H2O close to fluid-saturation in the reactive bulk. The P-T

phase diagram for sample JB-19-43 was therefore computed using the bulk rock composition

measured by ICP-OES and assuming saturation in H2O (Figure 4.8-a). Garnet becomes

stable over ca. 0.4–0.6 GPa, and combined presence of chlorite, epidote, titanite and white

mica indicates equilibration at T between 460 and 550◦C and P between 0.4 and 1.0 GPa.

Then, presence of rutile and amphibole inclusions mark progressive increase in P and T

over 550◦C and 0.8 GPa. This relatively mild T is in line with the preservation of Ca-Mn-

rich garnet core (Grt-1). Ca–Mn isopleths indicate P–T conditions around 550–600◦C and

0.8–1.1 GPa for Grt-1. Smoothed zoning on X-Ray maps indicate post-growth diffusion, in
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particular in Mg. Therefore, it is likelly that garnet composition has been partially reset

by diffusion exchange and P–T conditions for Mn-rich core are thus maximal estimates.

Increase in Mg-content between Grt-1 and Grt-2 is consistent with increasing T and P

during prograde to peak-P evolution, but precise quantitative estimations are hampered by

post-growth diffusion and fractionation of components in garnet cores.

The HP stage in sample JB-19-56 has been modeled using a local composition extracted

from the X-Ray map. H2O was treated as a standard thermodynamic component with

a fixed amount, which was adjusted to fit with the observed proportion of OH-bearing

phases (biotite and amphibole) in the local domain. The mineral mode match criterion

(Qvol) of Duesterhoeft et Lanari (2020) indicates reasonably good fit between observed an

predicted modal composition (Qvol > 80%) over a wide domain between 0.5 and 1.5 GPa

(Figure 4.17). The local composition used in input is therefore considered to be appropriate

within this range. The HP stage assemblage is inferred as Grt-2–Cpx–Qtz–Rt, possibly with

plagioclase, amphibole and/or biotite. Although Na-rich clinopyroxene is no longer present,

its composition was inferred from compositional mapping through the Cpx-Pl symplectite,

indicating a reintegrated composition of ca. 20% Jd. Phase diagrams computed for samples

JB-19-56 and JB-19-43 (Figure 4.8) both predict presence of OH-bearing minerals, either

amphibole + biotite or phengite, up to HT conditions. Some inclusions of amphibole are

present in garnet of sample JB-19-43. Therefore, it is likely that amphibole, and possibly

biotite were part of the peak-P assemblage, but no phengite has been observed. The stability

field of the HP assemblage corresponds to a broad domain between 600–800◦C and 1.0–1.8

GPa (Figure 4.8-b). Composition quality factors (Qcmp) computed for Grt-2 yields the best

match at 650–730◦C and 1.5–1.7 GPa. This P–T range is consistent with the jadeite content

in Cpx estimated by re-integration, which constrains P around 1.55–1.65 GPa for the same

range of T.
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Two HT decompression stages (stages 3 and 4) are distinguished from mineral zoning and

assemblages in JB-19-56. Decompression is associated with resorption of garnet and clino-

pyroxene, which are replaced by plagioclase, Na-poor clinopyroxene, amphibole, and then

orthopyroxene below ca. 1.0 GPa. Biotite and quartz are also part of this assemblage. Most

of the plagioclase in the symplectites and the granoblastic coronas around resorbed garnet is

Na-rich (An18−30), which according to our thermodynamic calculations indicates that most

of the resorption occurred at relatively high-P between 1.0 and 1.3 GPa (Figure 4.8-c). Tem-

perature during this first stage of decompression (stage 3) is though to have been relatively

high, as evidenced by relatively K-rich plagioclase cores (Or03), which indicates T around

750–800◦C, and high Ti-content in biotite (> 0.2 p.f.u), which implies equilibration between

780 and 820◦C. These temperatures are consistent with those estimated with Na-rich pla-

gioclase – Al-poor amphibole pairs, which yield an average T = 764±27◦C (assuming P =

1.2 GPa), both in the granoblastic coronas and in the symplectites.

The formation of the thin Ca-rich plagioclase rims around garnet and at grain boundaries

(An40−48) indicates a second stage of decompression to 0.6–0.9 GPa (stage 4). This stage

is associated with the formation of the thin garnet rims (Grt-3) in sample JB-19-56, which

presents an increase in Mn relative to Grt-2 that can only be reconciled with growth at

low-P close to the Grt-out boundary. Qcmp computed for Grt-3 yields a good fit between 0.7

and 1.0 GPa and over a wide range of T (650–900◦C). The edenite-richterite thermometer

applied to Al-rich amphibole in contact with Ca-rich plagioclase yields high T at 833±34◦C

(assuming P = 0.8 GPa). Thus, sample JB-19-56 records decompression from HP conditions

at 650–730◦C and 1.5–1.7 GPa to 0.7–1.0 GPa and 800–870◦C, which corresponds to an

increase in T of ca. 100–200◦C during decompression.

Retrogression to lower T is mostly visible in sample JB-19-55, which has been heavily

retrogressed to the amphibolite-facies. We used plagioclase-amphibole pairs located at the

interface between amphibole and plagioclase-rich layers to constrain T. These minerals pre-
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Sample Domain n pairs P(GPa) T(◦C) ±1σ(◦C)

JB-19-56
granoblastic coronas
(Na-rich Pl) 52600 1.2 763 25

JB-19-56
Symplectites
(Na-rich Pl) 23400 1.2 764 27

JB-19-56
Garnet rim
(Ca-rich Pl) 12340 0.8 833 35

JB-19-55
Amp-Pl layers
(Hornblende) 13 0.4 656 34

JB-19-55
Amp-Pl layers
(Actinolite) 3 0.4 573 44

Table 4.2 – Summary of results of plagioclase-amphibole inverse thermometry (Holland et
Blundy, 1994). For each sample, reported T is an average of results obtained on multiple
plagioclase-amphibole pairs. Number of pairs (n) is given for each sample, and 1-sigma
standard deviation is reported as a measure of dispersion. Results of sample JB-19-56 were
obtained directly on the X-Ray map using the P-T spot add-on of XMapTools.

sumably crystallized during retrogression at lower P than the HT stage 4, and therefore

temperature estimates are reported for an assumed pressure of 0.4 GPa. Pargasitic horn-

blende – plagioclase pairs yield an average T at 656±34◦C (13 pairs), while actinolite –

plagioclase pairs yield an average T at 573±44◦C (3 pairs).

In contrast with the La Lavey HP granulites, The Peyre-Arguet granulite is more retro-

gressed, and samples JB-19-16 and JB-19-18 are therefore less suitable to determine P-T

path, particularly on the prograde or HP stages. Given petrographic retrogression simila-

rities with the La Lavey samples (e.g. plagioclase corona around garnet in JB-19-16, and

conspicuous clinopyroxene–plagioclase symplectite relics), they are nevertheless assumed to

have also undergone a HP stage followed by HT decompression. This HT metamorphism

was here independently confirmed by the Zr-in rutile thermometry.
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Figure 4.8 – Phase diagrams computed with PerpleX and P–T constraints for the early prograde stage
(a), the HP stage (b) and HT decompression (c). See description in text.

4.1.6.2 Zr-in-rutile (ZiR) thermometry

Rutile was analyzed in different textural settings in the five samples from La Lavey and

Peyre-Arguet to spot possible relation with composition in Zr and other trace elements.

Several grains were analyzed in multiple spots to check possible core-rim zoning. Variation

in Zr-content within a single grain are generally small to insignificant, which rules out

significant loss of Zr by diffusion in the rims.

Several populations of rutile are distinguished based on Nb-Zr systematics (Figure 4.9-

a). Rutile inclusions in garnet generally display low Nb content (<1000 ppm, except a

few grain in sample JB-19-43 with higher Nb) and large scattering in Zr (304–1119 ppm

in sample JB-19-43 and 355–1298 ppm in sample JB-19-16). In sample JB-19-43, highest

Zr-content are observed in rutile inclusions which display partial replacement by ilmenite,

but such a relation is not observed in sample JB-19-16. Several grains are located close to

or in contact with zircon but do not display significant difference in Zr with other grains.

In contrast, matrix grains display important scattering in Nb (470–2350 ppm in sample

JB-19-43, 180–2310 ppm in sample JB-19-55 and 800–3750 ppm in sample JB-19-18), and

high Zr content (851–1291 ppm in sample JB-19-43, 803–1223 ppm in sample JB-19-55 and

1147–1593 ppm in sample JB-19-18). Rutile grains separated from sample JB-19-56 and

analyzed by LA-ICPMS form a cluster of Nb–Zr poor analyses (Nb = 500–890 ppm, Zr =

220–342 ppm) similar to that of rutile inclusions in garnet. No matrix rutile was observed

in the petrographic thin section of sample JB-19-56, and therefore it is very likely that the

separated grains were initially included in garnet. Finally, late rutile found around ilmenite

in sample JB-19-55 displays very low Zr and Nb content (Nb = 28–124 ppm and Zr = 41–78

ppm).

152



4.1 HT overprint of HP granulites in the Oisans–Pelvoux massif

Temperatures were obtained using the calibration of Kohn (2020), which has a dependence

in P of ca. +50◦C.Gpa−1. According to phase diagrams computed for samples JB-19-43

and JB-19-56, rutile may have equilibrated anywhere between 0.8 and 1.6 GPa during the

prograde or the retrograde evolution. A central value of 1.2 GPa was used for all the grains,

except for the late rutile in sample JB-19-55, which is assumed to have formed during late

retrogression and for which P was set to 0.4 GPa. Applying a nominal P of 1.2 GPa yields to

slightly underestimate or overestimate T if rutile formed respectively at higher or lower P.

Considering the possible range of P for rutile growth, this uncertainty is at most of ±20◦C.

There are no P estimates for rutile of the Peyre-Arguet samples, but considering the strong

similarities in composition and mineral assemblages with the samples from La Lavey, these

rocks may have evolved approximately within the same range of P. Therefore, uncertainties

related to unknown P during rutile growth are within the same range of ±20◦C. Quartz

is stable over the whole stability field of rutile (Figure 4.8) and zircon seems to have been

reactive over a large part of the P–T evolution, as suggested by the large scattering of U–Pb

dates in metamorphic zircon rims (see below). We therefore assume that rutile has grown

under SiO2 and ZrO2 saturated conditions.

Zr-poor separated grains (JB-19-56), consistently yield low T between 611◦C and 650◦C

(Figure 4.9-b). The large spread of Zr content in rutile inclusions (samples JB-19-43 and

JB-19-16) translates into a spread in temperature from 637 to 775◦C in sample JB-19-43

and from 654 to 793◦C in sample JB-19-16. In contrast, matrix rutile yields T clustered

between 743 ◦C and 792◦C in sample JB-19-43, between 737 and 785◦C in sample JB-19-55

and between 778 and 818◦C in sample JB-19-18. Finally, low-Zr rutile in sample JB-19-55

yields low T between 457 and 499◦C, although with large uncertainty (ca. 40–60◦C), due to

poor precision on the Zr measurements.
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Figure 4.9 – a) – Zr–Nb content in rutile measured in-situ by electron microprobe and on separated
grains by LA-ICPMS. (b) – ZiR temperatures computed using the calibration of Kohn (2020), assuming P
= 1.2 GPa (0.4 GPa for secondary rutile in sample JB-19-55). A typical uncertainty of ±20 ◦C is inferred
combining analytical and calibration uncertainties.

4.1.7 U-Pb Geochronology

4.1.7.1 Composition and internal textures of zircon and rutile

The garnet-bearing mafic HP granulite JB-19-56 was selected for U-Pb dating of zircon

and rutile. The zircon grains are typically 100–200 µm in size and are rounded to sub-

euhedral (Figure 4.10-a). They present CC-dark cores with frequent oscillatory or broad

sector zoning. Most of the zircon cores present homogeneous CC-bright rims of variable

width (10–50 µm), which display embayments. Rutile grains separated for U-Pb dating are
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100-250 µm in diameter and are devoid of ilmenite exsolutions and/or replacement.

Thorium and U contents in zircon were measured during SIMS analysis and values are

generally consistent with LA-ICPMS data measured on the same domain, considering the

different volumes sampled. LA-ICPMS trace element analyses of zircon grains were filtered

by monitoring P, Y, Sr, Ti and Nb, and analyses presenting an unusually high concentration

of these elements were discarded, as they are likely sampling micro-inclusions. REE pat-

terns normalized to chondrite composition (Palme et O’Neill, 2004), Eu anomaly Eu/Eu*

and Th/U ratios are used as proxies to discriminate between different zircon populations

(Figure 4.10-b). The zircon cores are older (>400 Ma) with respect to the rims (<350 Ma)

and have a distinct Th–U and REE systematic. Grain cores generally contain 50–900 ppm

U and display Th/U ratios in the range 0.28–0.99, while rims contain 2–40 ppm U and

display Th/U ratios generally lower than 0.2. The zircon cores are around one or two orders

of magnitude richer in REE than the younger zircon rims, they present slight to strong

negative Eu anomalies (Eu/Eu* = 0.17–0.47) and are enriched in HREE with respect to the

L–MREE (Lu–Yb concentrations 1000 times chondrite and (Lu/Gd)N = 17–40). The zircon

rims are poorer in REE with a variety of patterns ranging from flat to strongly enriched in

HREE ((Lu/Gd)N ranging from 1.4 to 614). Eu anomaly ranges from weakly negative to

positive (Eu/Eu* = 0.88–1.53). There is no clear relationship between the U-Pb dates and

the shape of REE profiles for the rims.

The Ti content of zircon ranges from 4.6 to 9.9 ppm in the cores, and from 1.1 to 10

ppm in the rims, excluding one outlier. Using the Ti-in-zircon (TiZ) thermometer of Ferry

et Watson (2007) assuming TiO2 and SiO2 saturation, this converts to T ranging from 677

to 745◦C for the cores and from 575 to 746◦C for the rims. Assuming TiO2 activity reduced

to 0.5 if ilmenite was the stable Ti phase during zircon crystallization increases T estimates

by ca. 70◦C (737–814◦C for the cores and 622–815◦C for the rims).
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Figure 4.10 – (a) – Charge Contrast (CC) images of dated zircon grains and BSE images of representative
rutile in sample JB-19-56, with reported positions of SIMS and LA-ICPMS spot analyses. (b) – REE
profiles and trace element proxies used to identify the different zircon populations. Ti-in-zircon temperatures
calculated using the calibration of Ferry et Watson (2007) are reported in the bottom right panel.
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4.1.7.2 Zircon and rutile U-Pb dating

Most of U-Pb analyses of zircon cores are concordant (more than 95%) and yield 206Pb/238U

dates in the range 470–492 Ma (Figure 4.11-a), with the exclusion of three younger outliers.

The 206Pb/238U weighted mean age of 479±5 Ma is calculated from eight zircon cores ana-

lyses, which is within uncertainty the same as the concordia age. Zircon rims analyses contain

more common Pb (f206 up to 6%) and are best displayed in the Tera-Wasserburg diagram

(Figure 4.10-c)). Analyses corrected for common Pb assuming present day 207Pb/206Pb va-

lue according to Stacey et Kramers (1975) display 206Pb/238U dates scattering between 294

and 337 Ma (Figure 4.10-b). Zircon U–Pb dates present a bimodal distribution, with two

clusters around 318–326 Ma and 303–310 Ma. There is no discernible correlation between

U–Pb dates and composition or internal texture of the zircon rims.

The rutile extracted from sample JB-19-56 contains significant common Pb, 43 analyses

from 34 different grains define a linear regression in the Tera-Wasserburg diagram (Figure 11-

c). The intercept age is 337±7 Ma (MSWD=1.3) with a free upper intercept for 207Pb/206Pb

of 0.80±0.04. This value is within uncertainty that of the present-day value predicted by

the Stacey et Kramers (1975) model.
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Figure 4.11 – U-Pb zircon and rutile dating of sample JB-19-56. (a) – Zircon core analyses defining
the age of the protolith ; data uncorrected for common Pb. (b) – Tera-Wasserburg diagram of rutile U-Pb
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Kramers (1975).
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4.1.8 Discussion

4.1.8.1 Emplacement of the mafic protoliths

The zircon cores in the dated mafic granulite sample (JB-19-56) present typical features

of magmatic zircon. They generally display oscillatory or broad sector zoning, are richer in U

than the rims and present high Th/U typical of magmatic zircon (Corfu et al., 2003; Hoskin

et Schaltegger, 2003). The steep REE patterns and the negative Eu anomalies are consistent

with crystallization from a basaltic melt fractionating plagioclase (Hoskin et Schaltegger,

2003). The Ordovician age of 479±5 Ma of the zircon cores is therefore interpreted as the

crystallization age of the magmatic protolith. This age is within uncertainty the same as

that obtained for zircon in a sample from the Peyre-Arguet granulite at 471±5 Ma (Fréville

et al., 2022), which suggests that these two bodies were emplaced during the same magmatic

event. This Ordovician age is consistent with the regional record in the ECM, where most of

igneous mafic protoliths yield ages between 450 and 480 Ma (Jacob et al., 2021a; Paquette

et al., 1989; Rubatto et al., 2010). Cambrian–Ordovician magmatism is widespread in the

Variscan basement of Europe (Pin et Marini, 1993), and is generally attributed to a regional

extensional event that affected all the northern part of Gondwana and resulted in the rifting

of the Rheic and Saxo-Thuringian Oceans during the Early-mid-Ordovician.

4.1.8.2 Metamorphic evolution of the HP mafic granulites

P–T evolution of La Lavey granulitic body

Inverse thermobarometry and forward modeling in the samples from La Lavey provide re-

liable constraints for five different metamorphic stages, which allow to reconstruct a compre-

hensive P-T path from the early prograde (stage 1) to the late retrograde phases (stage 5).

The early prograde phase (stage1) is constrained by Mn-rich garnet cores (Grt-1) in sample

JB-19-43, which contain inclusions of epidote, chlorite, titanite and white mica. Thermo-
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dynamic modeling indicates conditions of the amphibolite-facies during stage 1 (460–550◦C

and 0.4–1.0 GPa), which rules out possible evolution along a low-T geotherm at blueschist-

facies conditions typical of subduction environments. Then, progressive increase in T and

P is marked by increasing modal proportion of garnet, entrapment of rutile inclusion and

progressive increase in Mg associated with decrease in Ca from Grt-1 to Grt-2. The pres-

sure peak (stage 2) is constrained at 650–730◦C and 1.5–1.7 GPa based on composition of

Mg-rich garnet (Grt-2) and estimation of the highest jadeite content in clinopyroxene by

reintegration of the symplectites.

Decompression following the pressure peak is associated with resorption of garnet and

coarse-grained clinopyroxene, which are replaced respectively by a polycrystalline, plagioclase-

rich granoblastic corona and by plagioclase + clinopyroxene symplectites. Recrystallization

of the symplectites into a mosaic assemblage of plagioclase and clinopyroxene is observed,

in particular in relict granulitic domains in sample JB-19-55. These annealing texturess are

indicative of HT conditions during decompression. They contrast with fine-grained (vermicu-

lar) symplectites commonly observed in retrogressed eclogites or HP granulites, in particular

in those from the other ECM of Belledonne, Aiguilles–Rouges and Argentera (Jacob et al.,

2021a; Jouffray et al., 2020; Vanardois et al., 2021). Two stages of decompression are iden-

tified (stages 3 and 4), which correspond to different compositions of plagioclase (Na-rich

or Ca-rich) and amphibole (Al-poor or Al-rich). They occurred at HP to MP conditions

(stage 3 : 1.0–1.3 GPa and 730–800◦C ; stage 4 : 0.6–0.9 GPa and 800–870◦C). According

to the amount of Na vs Ca-rich plagioclase, most of the retrogression has occurred during

stage 3, while stage 4 is more discrete and produced only a stealth overprint around garnet

and between the plagioclase grain boundaries (Figure 4.4-a). Stage 4 is associated with the

formation of a thin garnet rim enriched in Mn (Grt-3) in contact with Ca-rich plagioclase.

Garnet overgrowth during decompression may result from local enrichment in Mn around

the resorbing garnet grains.
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Finally, stage 5 corresponds to late retrogression and cooling at amphibolite-facies condi-

tions. It is associated with pervasive rehydration (metasomatism) and intense deformation,

which resulted in development of a layered plagioclase-amphibole assemblage, which almost

completely overprint the former HT granulitic assemblage. The latter is only preserved as

relics in the plagioclase + clinopyroxene mosaic domains. This retrogression occurred over

a large range of T from the HT amphibolite-facies (656±33◦C) to the LT amphibolite-facies

(573±44◦C) based on plagioclase–amphibole thermometry.

Interpretation of Zr-in-rutile temperatures

Rutile temperatures in samples from La Lavey are consistent with this P–T evolution. Rutile

inclusions in garnet yield T scattering between 611 and 775◦C (assuming that separated

rutile from sample JB-19-56 comes from former inclusions). The lower end of this range is

consistent with prograde entrapment of rutile in garnet between stage 1 and stage 2, while

the higher end yields approximately the same T as matrix rutile and indicates equilibration

during heating under decompression. Most of HT rutile inclusions display textures indicative

of partial replacement by ilmenite and/or exsolution, which suggests rutile re-equilibrated

at HT conditions in the stability field of rutile + ilmenite (ca. 1.0 GPa). However, it is

not excluded that high Zr content result from the lack of Zr incorporation into ilmenite

replacing rutile, as observed by Whitney et al. (2015). The large dispersion of Zr-content

in rutile inclusions may reflect either protracted growth and entrapment in garnet from the

early prograde to the HT decompression stages (stages 1 to 3), or it may be a mixing trend

between a prograde population formed around 600–650◦C and a Zr-rich population formed

during decompression at HT (730–775◦C).

Matrix rutile in samples JB-19-43 and JB-19-55 yields HT conditions (737–792◦C) consis-

tent with equilibration during HT decompression. Highest ZiR T is ca. 40◦C lower than

peak-T estimated by amphibole-plagioclase thermometry (833±35◦C). We do not interpret

this discrepancy as the result of post peak-T diffusion, first because there is no evidence of
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diffusion zoning in the rutile grains, and second because several studies have demonstrated

that the Zr-in-rutile thermometer is robust to diffusive re-equilibration up to ultra-high T

conditions (e.g. Ewing et al., 2013; Kooijman et al., 2012; Pape et al., 2016). We suggest

instead that peak-T occurred in the stability field of ilmenite, and is therefore not recorded

by rutile, which rather constrains T during the last step of equilibration above the Rt-out

line between stages 3 and 4 (Figure 4.8-b). Finally, late rutile in sample JB-19-55, which

grows together with titanite in replacement of ilmenite, yields low T between 457 and 499◦C,

which is ca. 50–70◦C lower than T estimated for plagioclase–actinolite pairs (stage 5) and

marks late retrogression to the lower amphibolite-facies.

P–T evolution of the mafic retrogressed granulites from Peyre-Arguet

Despite generally more pervasive retrogression, the samples from Peyre-Arguet share simi-

larities with the mafic HP granulites from La Lavey. In particular, widespread occurrence of

granoblastic mosaic assemblages rather than vermicular symplectites marks decompression

at HT conditions following the HP stage. Textures in sample JB-19-16 correspond to an

intermediate state of retrogression between well-preserved HP granulites (JB-19-43 ;56) and

highly retrogressed sample JB-19-55. Rutile in samples from Peyre-Arguet displays similar

features as rutile in samples from La Lavey, with high ZiR T in matrix grains (778–818

◦C) and large scattering of T in rutile inclusions in garnet (654–793◦C). Consequently, the

Peyre-Arguet retrogressed granulites have probably undergone a similar P–T evolution as

the Lavey HP granulites, with a prograde to HP evolution at relatively moderate T (ca.

650–750◦C), followed by heating to >800◦C during decompression. However, Zr-content in

rutile is generally higher in samples from Peyre-Arguet than in samples from La Lavey. For

the same textural position (matrix or inclusions), the distribution of ZiR data is shifted

by ca. 50–300 ppm toward higher values in Peyre-Arguet, which may reflect slightly higher

peak-P (+0.4 GPa) and/or peak-T (+20◦C) conditions.
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4.1.8.3 Timing of the metamorphic evolution

Rutile dated in sample JB-19-56 yielded an age at 337±7 Ma, which is older than most

of U–Pb dates obtained in zircon rims of this study and predates by 30 to 40 Ma the

widespread HT migmatitic event recorded in the inner zone of the Oisans–Pelvoux massif

(Fréville et al. (2022), see compilation of U-Pb data on Figure 4.12). We therefore interpret

the age at 337±7 Ma as an early stage of the metamorphic evolution which predates HT

decompression, rather than a cooling age after the thermal peak, which would be inconsistent

with the regional geochronological record.

Preservation of an old rutile age is unexpected, given that Pb diffusion in rutile is consi-

dered to be fast over 600–650◦C (Cherniak, 2000; Zack et Kooijman, 2017). This is not an

isolated observation. Rutile preserving old crystallization ages despite subsequent evolution

at relatively HT conditions (700-750◦C during >10 Ma) has also been reported in retrogres-

sed Variscan eclogites from the neighboring massifs of Belledonne (Jacob et al., 2021a) and

Aiguilles–Rouges (Vanardois et al., 2021). Low Zr-content and lack of ilmenite exsolution or

replacement in dated grains (Figure 4.9-a and Figure 4.10-a) indicate lack of re-equilibration

during HT decompression, probably due to shielding in garnet. Therefore, we tentatively at-

tribute the unusual preservation of old rutile ages to the shielding effect of garnet, which

may prevent both fluid access to the rutile inclusions and diffusional Pb-loss (Dahl, 1997).

Zircon rims generally display low U and low Th/U ratios, they are depleted in REE

with respect to the zircon cores and they form homogeneous CC bright domains, which

are typical features of metamorphic zircon formed under sub-solidus conditions (Hoskin et

Schaltegger, 2003; Rubatto, 2017). U–Pb dates present a large scattering between 294 and

337 Ma, with two main clusters at 326–318 Ma and 310–303 Ma, which does not fit with one

single age population. This suggests that zircon rims have crystallized during a protracted

period, either continuously or during multiple episodic pulses. Large variety of zircon REE
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patterns, which do not correlate with U-Pb dates, suggests chemical disequilibrium for REE

at the microscopic scale during zircon growth. Flat HREE patterns are indicative of growth

in a garnet-rich bulk, which fractionates HREE (Rubatto, 2002), while enrichment in HREE

rather indicates zircon growth associated with garnet-breakdown. The HREE-enriched rims

would therefore have grown in portions of the rock where the garnet-bearing HP assemblage

was resorbing and releasing HREE, while the HREE-flat rims would have grown in non-

resorbing portions of the rock. Correspondingly, the lack of a significant negative Eu anomaly

in the zircon rims is not taken to signify lack of plagioclase in the assemblage, but rather

disequilibrium growth (e.g. Lotout et al., 2018).

Ti-in-zircon thermometry yields scattering T, that are uncorrelated with U-Pb date

and are broadly 50◦C lower than Zr-in-rutile T in the same sample. This shift suggests

rutile and zircon growth are decorrelated and that zircon rims have formed under reduced

aT iO2 conditions, either at lower P in the stability field of ilmenite, or due to local TiO2

undersaturation resulting from chemical disequilibrium at the microscopic scale. Overall,

our small geochronological dataset combined with non-systematic trace elements patterns is

limited to assign precise conditions but indicate a metamorphic zircon growth between ca.

337 and 294 Ma, broadly under decompression as attested by some HREE-enriched rims.

4.1.8.4 Evolution at the regional scale

Comparison of the zircon rims U-Pb dates from this study with data from the surrounding

metamorphic rocks provide an interesting insight into the metamorphic evolution of the

Oisans–Pelvoux massif. A summary of geochronological data from the study of Fréville et al.

(2022) is presented on Figure 4.12. The data were split by domains between the widely

migmatized inner Oisans-Pelvoux zone and the lower grade cortical zone in the western

part of the massif (Figure 4.1). The distribution of zircon and monazite U–Pb dates in the

high grade inner zone marks three distinct peaks corresponding to the Visean (ca. 340–325
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Ma), the Late Carboniferous – Early Permian (ca. 310–295 Ma) and the mid-Permian (ca.

285–270 Ma). Only the Visean peak is recorded in the lower grade cortical zone, which does

not display any trace of younger events.

Excluding the late mid-Permian stage, the regional timing of metamorphism is consistent

with that recorded in the HP granulites : the rutile age at 337±7 Ma plots in the older end

of the Visean peak and zircon rims U–Pb dates spread from the Visean to the late Carbo-

niferous – early Permian peak. Dated rutile yields low ZiR T consistent with the prograde

evolution and zircon rims are interpreted to have formed during broad decompression and

heating to HT conditions (stages 3 and 4 of the metamorphic evolution). Therefore, we cor-

relate the Visean peak with the period of nappe stacking and crustal thickening (D1 regional

phase), during which upper and mid-crustal units of both the inner and the cortical zone

were buried to depth. The upper Carboniferous – early Permian peak is in turn interpreted

to date heating to HT conditions during exhumation, which is only recorded in the inner

zone of the Oisans–Pelvoux massif and match with the emplacement age of most of granite

intrusions in this domain (Fréville, 2016).

Interestingly, nearly all zircon of the younger populations (late Carboniferous and Per-

mian) display high Th/U > 0.1 (Figure 4.12-b), while older zircons display more scattered

Th/U between 0.001 and 1. High Th/U are generally indicative of crystallization in equili-

brium with a melt (Hoskin et Schaltegger, 2003), and therefore the lack of low Th/U zircon

in the late Carboniferous population, comparatively with older zircon, is another indication

of a HT migmatitic environment during this period. This strongly suggests that HT decom-

pression observed in the HP granulites, emplacement of granitoids and migmatization of the

inner Oisans–Pelvoux zone occurred during the same late Carboniferous – early Permian

(ca. 310–295 Ma) HT event.
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Figure 4.12 – Compilation of metamorphic zircon and monazite data from the Oisans–Pelvoux massif,
taken from Fréville et al. (2022) and this work. (a) Distribution of Variscan zircon and monazite 206Pb/238U
dates, obtained after filtering for the most discordant analyses (-5% < disc < 10%), where discordance is
expressed as the relative difference between the 206Pb/238 and the 207Pb/235 dates). Distinction between
the intensely migmatized inner domain (East) and the Cortical domain (West) devoid of HT overprint is
shown on Figure 4.1. (b) Plot of Th/U vs 206Pb/238 dates in zircon. Not all U-Pb zircon analyses plotted
in (a) are shown here because they lack corresponding value for Th.
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4.1.8.5 Thermal state of the Variscan crust and possible geodynamic scenario

Metamorphic P–T conditions estimated for the mafic HP granulites from La Lavey allow

to constrain the local geotherm during the different stages of the metamorphic evolution

(Figure 4.13). Assuming a crustal density of 2800 kg.m−3, we estimate that early burial

of the mid-crustal metamorphic nappes (stage 1) occurred along a relatively mild local

geothermal gradient (ca. 12-19◦C.km−1). Peak-P conditions (stage 2) were reached at ca.

55–60 km depth along a mean gradient of 12–13◦C.km−1. Then, exhumation and heating

(stages 3 and 4) mark progressive re-equilibration along a much warmer geotherm (ca.

25–38◦C.km−1).

Thus, it clearly appears that prograde metamorphism did not occur along a low-T me-

tamorphic gradient. Early prograde stage 1 occurred in a middle crust that was already at

upper greenschist-facies conditions, which then reached conditions of the HP granulite-facies

during stage 2. Timing of the prograde to HP evolution and peak-P conditions are similar

to those estimated for eclogites in the other ECM of Aiguilles–Rouges, Argentera and Bel-

ledonne (Jacob et al., 2021a; Jouffray et al., 2020; Rubatto et al., 2010; Vanardois et al.,

2021). This timing also match with that of the barrovian metamorphic sequence observed in

the southern Belledonne massif and the cortical zone of the Oisans–Pelvoux massif, which

corresponds to burying of the Devonian–Tournaisian arc/back-arc series to ca. 0.6-0.9 GPa

and 650–700◦C (Fréville et al., 2018; Guillot et Menot, 1999). Therefore, the HP stage marks

a regional MT/HP event at the scale of the ECM, that we correlate to the regional D1 nappe

stacking.

Relatively high T in the middle crust during the onset of collision is inconsistent with sub-

duction of a cold passive margin, which would generate much cooler gradient (< 10◦C/km,

Maruyama, 1996). This result is in line with early emplacement of granitoids during the

Visean (345–335 Ma), which implies that the crust was already hot and prone to melting

167



LES GRANULITES DE HAUTE PRESSION DE L’OISANS

500 600 700 800

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

P
(G

Pa
)

T(°C)
450 550 650 750 850

2.0

0.2

Inner Oisans–Pelvoux (this study)

Rt+

NE Belledonne eclogites (Jacob et al., 2021)

900

Garnet

Plagioclase-Amphibole
(Holland and Blundy, 1994)

Ti-in-Bt

Zr-in-Rutile (Kohn, 2020)

Rt-II

Zr
-in

-R
t –

 G
rt 

in
cl

.
(w

ith
ou

t I
lm

)

Zr
-in

-R
t –

M
at

rix

337±7 Ma

(U-Pb Rt)

Grt-1

(Ep-Ttn -Chl

incl.)

S1

S2

S3

S4

S5

Jd30

Jd20

An18

An30

An40

An45

An48

Grt-1
(Ca-Mn

contours)

Grt-2

Grt-3

P-T paths Thermobarometric constrains

3
2
6
–3

0
3 M

a (U
-Pb zrc)

10°C
.km

-1

Su
bd

uc
tio

n geotherms

20°C.km
-1

Figure 4.13 – Synthetic P-T-t evolution inferred for the mafic HP granulites from La Lavey (red path).
Dotted lines indicate the two possible scenarios for decompression from stage 2 to stage 4 (see discussion in
text). P–T path of retrogressed eclogites in northeast Belledonne (Jacob et al., 2021a) is shown in blue for
comparison.

during the early collisional stages. This initial thermal anomaly may be inherited from De-

vonian arc/back-arc magmatism, which was active from ca. 370 to 350 Ma in the ECM

(Fréville et al., 2018; Guillot et Ménot, 2009; Ménot, 1987a). We therefore suggest that the

regional phase D1 corresponds to the inversion of a Devonian continental back-arc during

collision, which resulted in HP metamorphism at MT/HT conditions.

Post peak-P heating to HT granulite-facies conditions (>800◦C) during the late Car-
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boniferous is only recorded in the inner zone of the Oisans–Pelvoux massif. In contrast,

peak-T conditions in metamorphic series exposed in the cortical Oisans–Pelvoux zone and

in the southern Belledonne massif (Figure 4.1) do not exceed 650–700◦C at 0.6–0.9 GPa

(Fréville et al., 2018, 2022; Guillot et Menot, 1999). All the other eclogites relics in the

ECM (Belledonne, Argentera, Aiguilles–Rouges) reached peak-T 700–750◦C. Furthermore,

the geochronological record in the cortical zone of Oisans–Pelvoux does not reveal any sign

of a late Carboniferous HT overprint (Figure 4.12-a). We interpret the lack of HT overprint

in these domains as the result of relatively rapid exhumation to upper structural levels after

peak-P. In contrast, the inner zone of the Oisans–Pelvoux massif has remained in the lower

crust until the late Carboniferous (310–300 Ma), where it has been heated to HT conditions.

Our thermobarometric estimations indicate that peak-T was reached in the lower crust (ca.

20–30 km ; 0.6–0.9 GPa), but HT conditions above 800◦C have probably persisted during ex-

humation to P < 0.6 GPa, since cordierite is observed in Al-rich metasedimentary protoliths

(Figure 4.22).

Heating could have occured progressively during decompression from stage 2 to stage 4,

due to thermal maturation of the lower crust. However, given the relatively stealth overprint

of the HP granulites during stage 4 and the episodic growth of zircon and monazite in the

metamorphic basement, we suggest that the HT overprint was relatively short-lived and

occurred after a first step of decompression from high to middle-P conditions. These two

possible exhumation paths are shown with dotted lines on Figure 4.13.

The sharp increase of T (ca. 100–200◦C) between stage 2 (peak-P) and stage 4 (peak)

requires important heat input, especially when considering that a significant part of the

additional thermal energy has been pumped out in melting reactions to form the large vo-

lumes of granite (Moyen, 2019). Part of this thermal energy comes from internal radiogenic

heat production in the thickened orogenic crust. However, the metamorphic pile in the Oi-

sans–Pelvoux massif contains large amounts of amphibolite and amphibolitic gneiss poor in
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radioactive elements, and the ca. 30 Ma interval between peak-P and peak-T may have the-

refore been too short to produce this thermal overprint accounting only for internal crustal

heat sources (Bea, 2012; Clark et al., 2011; England et Thompson, 1984). Mantle-derived

(ultra)-potassic magmatic rocks akin to the durbachites and vaugnerites series (Von Raumer

et al., 2014) are ubiquitous in the basement (Figure 4.1) and may have contributed to hea-

ting, either by underplating below the lower crust or by intruding directly in the lower crust.

Finally, upwelling of hot asthenospheric mantle in response of slab rollback or lithospheric

delamination during the post-collisional stages may be a possible source for additional hea-

ting, as suggested in the French Massif Central or the Bohemian Massif (e.g. Vanderhaeghe

et al., 2020; Žák et Sláma, 2018).

Conclusion

High-pressure mafic granulite that were newly identified in the Oisans–Pelvoux massif

represents an invaluable material to infer the P-T-t evolution of this widely migmatized mas-

sif that records the highest metamorphic conditions in the external crystalline massifs of the

French Alps. The mafic HP granulites derive from ordovician tholeiitic protoliths emplaced

at 479±5 Ma. They preserve the relicts of multiple Variscan metamorphic stages, from an

early prograde phase at 460–550◦C and 0.4–1.0 GPa to peak P conditions at 650–730◦C and

1.5–1.7 GPa. The HP assemblage was then destabilized at HT conditions during decom-

pression and peak T of 800–870◦C was reached at 0.6–0.9 GPa. In the best-preserved mafic

HP granulites, lack of strong fluid-input during cooling allowed preservation of the HP and

HT assemblages, and no subsequent retrogression stage is recorded. In contrast, the most

retrogressed samples have undergone pervasive deformation and metasomatism that were

associated with crystallization of an amphibolitic assemblage from ca. 690◦C to 450◦C.

The timing of the Variscan metamorphic evolution is constrained by a U-Pb age on

rutile at 337±7 Ma and by U–Pb dates of metamorphic zircon rims scattered between 337
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and 294 Ma. Most of zircon rims have crystallized during decompression, and therefore

the older rutile age is interpreted to date prograde or HP stages. The timing and P–T

conditions of prograde to HP evolution are comparable with those of other HP rocks in

the ECM, and correspond to burying of continental units along a medium-T geothermal

gradient (ca. 12–13◦C.km−1). Upper greenschist-facies conditions during the early prograde

stage are inconsistent with subduction of a cold passive margin. We therefore ascribe the

prograde to HP evolution to thickening of a relatively hot continental crust, presumably

caused by inversion of a Devonian back-arc during the collision.

The HP rocks of the Oisans–Pelvoux massif are the only ones in the ECM to record

heating to HT granulitic conditions during decompression. Therefore, we suppose that un-

like most other HP relics in the ECM, these mafic HP granulites remained stored in the

lower crust for a longer period, and recorded a late heating stage possibly triggered by a

combination od underplating and /or intrusion of hot mantle magmas and increased basal

conductive heat flux caused by asthenospheric upwelling.
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program (RGF). J-B Jacob was funded by a doctoral grant from the ENS de Lyon. We

wish to thank all the technical staff at ISTerre in Grenoble, UNIL in Lausanne and at the

University of Bern, who greatly helped for the preparation of samples and during the multiple

analytical sessions. This manuscript also benefited from interesting and constructive reviews

by Julien Berger and an anonymous reviewer, and from editorial handling and advices from

Nadia Malaspina. Most of the field investigations were carried out in the central zone of

the Ecrins National park, in which collecting rock samples is usually strictly forbidden. We

therefore wish to thank the administration staff of the Ecrins National park, who gave us

authorization to collect the samples and followed with great interest the advancement of

171



LES GRANULITES DE HAUTE PRESSION DE L’OISANS

this work.

Supplementary material

This section groups figures that are not included in the main text of the article but are

provided as supplements.

172



4.1 HT overprint of HP granulites in the Oisans–Pelvoux massif

Figure 4.14 – Field pictures of migmatitic textures in the felsic (a–b) and intermediate / mafic (c–d)
protoliths in the inner Oisans–Pelvoux zone.
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Figure 4.15 – Backscattered electron images and EDS spectra of mineral inclusions in garnet of sample
JB-19-43.
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Figure 4.16 – P-H2O phase diagram computed with the composition of garnet-bearing mafic granulite
(JB-19-43) and associated garnet isopleths. Ca-Mn-rich garnet can only grow at low P (<0.8 GPa) and for
composition close to the fluid saturation.
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Figure 4.17 – Modal proportion of minerals (vol%) modeled with PerpleX for the local X-Ray map
domain in sample JB-19-56. Comparison between observed and modeled mineral proportions is assessed
using the Qvol criterion of Duesterhoeft et Lanari (2020).
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4.2 Données complémentaires sur le contexte

structural

4.2.1 Déformation alpine dans le massif de l’Oisans–Pelvoux

Le socle paléozöıque du massif de l’Oisans–Pelvoux est découpé en une série de blocs

tectoniques, séparés par les anciennes failles normales issues du rifting jurassique et par

un ensemble de zones de cisaillement formées lors de la compression alpine. Les formations

étudiées se situent dans le bloc de la Meije, délimité à l’ouest et au sud par la faille de

l’Olan (Figure 4.18), et qui se prolonge au nord vers le chevauchement de la Meije (Bel-

langer et al., 2014). Au sud, cette zone de faille forme une bande phylliteuse de 10 à 30 m

de large, d’orientation N110–120◦ et présentant un fort pendage (>70◦) vers le nord. Les

sigmöıdes C/S indiquent une cinématique sénestre (Figure 4.19). A l’ouest du sommet de

l’Olan, la zone de faille s’oriente vers le nord, diminue en pendage (40-50◦ E) et évolue vers

un système chevauchant top vers l’ouest (Figure 4.18 et Figure 4.19). Quelques failles secon-

daires traversent le bloc de la Meije. Elles sont en général fortement pentées, d’orientation

N150–N180◦.
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Figure 4.18 – Carte des formations de la Lavey (zone interne du massif de l’Oisans–Pelvoux). Les
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Figure 4.19 – Caractéristiques structurales de la faille de l’Olan. Dans sa partie ouest, la faille fonctionne
en chevauchement top vers l’ouest et fait chevaucher les formations de la Lavey sur le granite de Turbat
(a–b). Vers le sud, elle se verticalise et fonctionne en faille décrochante sénestre (c–d).

4.2.2 Étude des structures varisques

4.2.2.1 Modélisation géologique 3D

La géométrie des structures métamorphiques varisques a fait l’objet d’une étude de dé-

tail, centrée sur un rectangle d’environ 8x10 km2 dans la zone interne du massif, fortement

migmatisée, correspondant à l’emprise de la carte sur la Figure 4.18. Les plans de foliations,
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Figure 4.20 – Bloc diagramme du modèle 3D réalisé sur la zone centrale du massif de l’oisans–Pelvoux
à l’aide de Geomodeller.

ainsi que les linéations d’étirement et minérales ont été mesurées sur plus d’une centaine de

stations réparties sur l’ensemble de la zone, afin d’identifier les différentes générations de

fabriques planaires et leur relations chronologiques. En parallèle, un travail de modélisation

3D des structures a été mené à l’aide du logiciel de modélisation géologique 3D Geomo-

deller développé au BRGM. Une visualisation en bloc diagramme du modèle 3D réalisé

ainsi que plusieurs coupes structurales obtenues à partir du modèle sont représentées sur la

Figure 4.20. En raison des relations géométriques complexes entre les différentes fabriques

métamorphiques, ce travail n’a pas abouti à un résultat final propre. En particulier, l’enra-

cinement des formations intrusives en profondeur reste mal contraint. Néanmoins, le modèle

3D réalisé reste même utile pour visualiser les trajectoires de foliations métamorphiques à

léchelle du bloc crustal étudié, et a servi de base pour la réalisation des coupes synthétiques

représentées sur a Figure 4.18. En particulier, le modèle 3D permet de mettre en évidence

un bombement des structures d’échelle kilométrique à pluri-kilométrique.
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4.2.2.2 Identification des structures

En faisant abstraction des structures alpines, plusieurs fabriques métamorphiques sont

visibles au sein du massif. La première n’est préservée que de manière relictuelle, et n’est pas

cartographiée à l’échelle du massif. Elle semble correspondre à l’équivalent de la S1 observée

par Fréville et al. (2018) dans le sud du massif de Belledonne, qui est mieux préservée plus

à l’ouest dans le bloc du Rochail. Au niveau du camping du Plan du Lac (St Christophe en

Oisans), cette S1 présente un pendage vers l’ouest et comporte des boudins amphiboliques

cisaillés qui indiquent une cinématique inverse top vers l’est avec un axe d’allongement

maximal N80-N90◦ (Figure 4.22). Cette cinématique semble cohérente avec la phase D1

identifiée dans le sud du massif de Belledonne (Fréville et al., 2018).

Figure 4.21 – Carte structurale du massif de l’Oisans–Pelvoux issue de Fréville et al. (2022), faisant
apparâıtre différentes fabriques métamorphiques à l’échelle du massif. Les S1 et S2 de Fréville et al. (2022)
corespondent respectivement à S2h et S2v dans ce travail de thèse. La foliation S3 identifiée par Fréville
et al. (2022) dans le bloc du Rochail n’est pas présente dans la zone interne du massif.
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L’ancienne S1 est oblitérée par deux populations de plans, qui apparaissent nettement

sur la cartographie structurale faite à l’échelle du massif (Figure 4.21), ainsi que sur une

cartographie plus localisée centrée sur le vallon de la Lavey (Figure 4.18). La première forme

une foliation métamorphique peu pentée S2h, de pendage généralement <45◦, qui forme des

ondulations d’échelle (pluri)-kilométrique à l’échelle du massif (Figure 4.20). La seconde

Figure 4.22 – (a) Caractéristiques de la déformation D1 dans le sud du massif de Belledonne, d’après
Fréville et al. (2018). (b) Boudins amphibolitiques cisaillés marquant une cinématique inverse top vers
l’est, qui pourraient correspondre à l’équivalent de la D1 dans le massif de l’Oisans. (WGS84 : N44.96140◦,
E6.16589◦).
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forme une foliation subverticale S2v, d’orientation N140◦ à N170◦, qui apparâıt au sein de

bandes de cisaillements recoupant S2h. Les fabriques S2v sont dominantes à l’échelle du

massif, mais S2h reste relativement bien préservée dans plusieurs domaines, en particulier

dans le vallon de la Lavey, sur lequel est centrée l’étude stucturale.

Les plans de foliation S2h affectent des formations migmatitiques, et présentent de nom-

breux indices de déformation ductile, comme la présence de leucosomes cisaillés ou de plis

anisopaques, ce qui implique une déformation à haute température en condition supra-

solidus ou proche du solidus. Les sigmöıdes C/S et les plis asymétriques subhorizontaux (plis

d’entrainement) témoignent d’un fluage horizontal le long de ces plans (Figure 4.23). Les

linéations d’étirement mesurées sur les plans S2h et les axes des plis asymétriques indiquent

une direction préférentielle de fluage N150 à N180◦. Quelques bandes de cisaillement conju-

guées semblent marquer localement une composante en aplatissement vertical (Figure 4.23-c)

Ces structures extensives pourraient être liées au plissement (pluri)-kilmétrique de S2h, qui

induit un amincissement vertical au niveau des extrados des plis. Ainsi, la formation de

S2h semble être associée à une déformation à forte composante constrictionnelle, avec un

allongement horizontal selon un axe N150–180◦.

S2v forme des corridors subverticaux orientés N140◦ à N170◦ (Figure 4.18). Cette folia-

tion présente elle aussi des caractéristiques d’une déformation ductile à haute température

(Figure 4.24), qui évolue vers une déformation plus froide localisée le long de bandes de

cisaillement ductiles/fragiles lors des phases les plus tardives. Quelques boudins cisaillés et

sigmöıdes C/S indiquent une cinématique apparente sénestre, cohérente avec celle identi-

fiée par Fréville et al. (2022). Les linéations sont difficilement observables. Fréville et al.

(2022) reportent néanmoins plusieurs mesures de linéations d’étirement, toutes de faible

pendage, qui indiquent donc une forte composante décrochante. La déformation comporte

par ailleurs une composante compressive, marquée par le pincement de S2h, qui forme des

plis décimétriques à métriques d’axe parallèle à S2v (Figure 4.24). De plus, le bombement
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Figure 4.23 – Caractéristiques de la foliation S2h dans les formations de la Lavey.(a,b) Plans de foliation
S2h dans des gneiss migmatitiques. Les leucosomes cisaillés marquent une direction de fluage vers le sud.
(c) Bandes de cisaillement conjuguées, marquant une composante en aplatissement vertical. (d) Leucosomes
cisaillés dans un gneiss migmatitique. (e,f) Plis asymétriques déversés, marquant un cisaillement horizontal
de S2h.
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Figure 4.24 – Caractéristiques de la foliation S2v dans les formations de la Lavey. (a) Dans le paysage, les
bandes de cisaillement subverticales formées par S2v apparâıssent clairement, recoupant S2h. (b,c) Reliques
de S2h préservées au sein de S2v, formant des plis décimétriques à métriques. (d) Boudin amphibolique
cisaillé, marquant une cinématique décrochante sénestre.

antiforme de S2h observé à l’échelle kilométrique se fait selon le mêm axe (Figure 4.18), et

résulte donc probablement de cette composante compressive. La formation des structures

S2v est donc associée à une déformation en régime transpressif sénestre, qui accommode un

raccourcissement E–W à NW–SE.

4.2.3 Mécanismes de déformation de la croûte inférieure

De manière générale, on observe une reprise de la foliation S2h par les plans S2v, en

particulier dans les zones où S2v présente des caractéristiques de déformation de plus basse
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température (Figure 4.24). Néanmoins, dans les domaines très migmatitiques au coœur du

vallon de la Lavey, on peut observer localement une reprise des plans S2v par le fluage ho-

rizontal associé à S2h. Ainsi, les plans S2h et S2v se recoupent mutuellement, et semblant

donc avoir fonctionné en partie de manière synchrone lors d’une phase précoce de la défor-

mation. Les directions de fluage mesurées sur les plans S2h sont par ailleurs compatibles

avec le raccourcissement E-W à NW-SE associé aux cisaillements S2v. La déformation s’est

par la suite localisée le long des plans de cisaillement verticaux S2v, entrâınant l’oblitéra-

tion des structures S2h sur une partie importante du massif. Cette interprétation contraste

donc avec celle de Fréville et al. (2022), qui identifie les structures horizontales comme une

S1 associée à D1, et les structures verticales comme un ensemble S2-C2-C2’ associé à D2

(Figure 4.21). Ainsi, les structures S2h et S2v semblent être associée à une même phase de

déformation en contexte transpressif sénestre, qui s’initie à relativement haute température

et affecte des formations partiellement fondues. Cette déformation intervient donc après la

phase D1, qui se fait en conditions relativement froides (<650 ◦C, Fréville et al., 2018;

Guillot et Menot, 1999), incompatibles avec un fort degré de fusion partielle. J’associe donc

cette phase transpressive à la phase D2 observée à l’échelle des MCE.

Le fonctionnement synchrone des plans S2h et S2v lors des stades précoces de D2 mar-

querait un partitionnement de la déformation au sein de la croûte partiellement fondue,

entre des chenaux de fluage horizontaux (S2h) et des bandes de cisaillement verticales (Fi-

gure 4.25), similaire au modèle proposé par Cagnard et al. (2006) ou Chardon et al. (2011)

pour la déformation de la croûte inférieure en contexte orogénique chaud. Dans ce type

de contexte, la présence de grand domaines partiellement fondus rend la croûte inférieure

peu compétente. La déformation n’est plus localisée le long de grandes zones de cisaille-

ment, mais se fait de manière plus diffuse et tend alors à se partitionner entre différents

types de fabriques verticales et horizontales, qui accomodent des composantes différentes de

la déformation. Dans les séries de la Lavey, les plans S2v et S2h sont cohérentes avec un

échappement latéral de matière, en réponse à un raccourcissement général E–W à NW-SE
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(Figure 4.25).

4.2.4 Mécanismes d’exhumation de la croûte profonde dans le

massif de l’Oisans–Pelvoux

La zone centrale du massif de l’Oisans–Pelvoux expose en surface des domaines équilibrés

dans des conditions caractéristiques de la croûte inférieure (ca. 30 km, 0.8–1.1 GPa), et

contenant des reliques de granulites HP équilibrées à des profondeurs de l’ordre de 50 à 60

1 km
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Main strain
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Buckling

Ultrapotassic melts
(UHK granitoids)
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Figure 4.25 – Bloc diagramme schématique montrant les caractéristiques la déformation transpressive
D2 dans la zone interne de l’Oisans–Pelvoux. Cette déformation a lieu en condition supra-solidus dans
la croûte inférieure (ca. 30 km ; 0.8 GPa, d’après les estimations thermobarométriques obtenues dans les
granulite de la Lavey). La composante décrochante est accomodée par les cisaillements sénestres (S2v),
alors que la composante compressive est accomodée par un fluage latéral de matière perpendiculaire à la
compression, produisant des fabriques horizontales (S2h). Les granitöıdes ultrapotassiques visibles sur la
Figure 4.18 sont contemporains de cette phase de déformation.
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km (1.5–1.6 GPa). La question des mécanismes d’exhumation de ces roches profondes se

pose donc. Le contexte tectonique lors de l’exhumation est fondamentalement décrochant,

avec une évolution progressive d’un régime transpressif (D2) vers un régime transtensif (D3)

le long de l’EVSZ. Plusieurs mécanismes d’exhumation existent en contexte décrochant, qui

peuvent se combiner (Cao et Neubauer, 2016). Une partie de l’exhumation pourrait être

liée à une cinématique légèrement oblique le long des décrochements (Figure 4.26-a), qui

conduirait à une exhumation du bloc Est (Oisans–Pelvoux, Grandes-Rousses) par rapport

au bloc Ouest (Belledonne) (Figure 2.11), mais ce mécanisme semble très insuffisant pour

expliquer les 30 km d’exhumation constatés. Les mécanismes les plus plausibles sont donc :

(1) l’extrusion de croûte inférieure en régime transpressif, en réponse au raccourcissement

perpendiculaire à la zone de cisaillement (Figure 4.26-d) ; (2) l’exhumation gravitaire de

domaines de croûte inférieure partiellement fondue peu dense, localisée le long de la zone de

cisaillement (Figure 4.26-e).

Les structures extensives observées se limitent aux failles normales délimitant les petits

bassins Carbonifères dans les domaines crustaux supérieurs (Fernandez et al., 2002), et jus-

qu’à présent aucune zone de détachement majeure n’a été identifiée de manière certaine.

Les structures S3 peu pentées, identifiées par Fréville et al (2021) dans la partie ouest du

massif de l’Oisans–Pelvoux (Figure 4.21), pourraient être associées à un détachement, mais

les directions de linéations observées sur ces plans sont peu compatibles avec un mouvement

extensif associé à l’exhumation d’un dôme. L’exhumation par extrusion en régime transpres-

sif semble donc être le mécanisme dominant, même si les forces gravitaires ont pu jouer un

rôle dans la remontée de croûte inférieure migmatitique peu dense. Ce type d’exhumation

en contexte transpressif est relativement répandu dans les zones périphériques de la châıne

varisque, en particulier en Montagne Noire (Rabin et al., 2015), dans le massif des Maures

(Gerbault et al., 2018) ou encore dans la zone axiale des Pyrénées (Cochelin et al., 2021).
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Figure 4.26 – Modèles d’exhumation de domaines profonds le long des grands systèmes décrochants,
d’après Cao et Neubauer (2016). A,B – Exhumation par mouvement oblique le long d’une zone de cisaillement
transtensive (A) et transpressive (B). C – Exhumation en deux stades, par superposition d’une composante
en décrochement pur suivie d’une composante en extension. D – Exhumation par extrusion verticale de
croûte inférieure ductile en régime transpressif, canalisée le long de la zone de cisaillement. E – Exhumation
gravitaire passive de croûte inférieure peu dense en contexte transtensif.
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Géochimie et contexte de mise en place des protolithes

magmatiques
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Sommaire

5.1 Signature géochimique des protolithes . . . . . . . . . . . . . . . 190
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GÉOCHIMIE ET MISE EN PLACE DES PROTOLITHES MAGMATIQUES

L’étude des reliques HP et des roches métamorphiques environnantes est focalisée sur

les épisodes métamorphiques varisques. Néanmoins, les données géochronologiques et géo-

chimiques acquises sur ces roches fournissent aussi des indications sur l’origine et la mise

en place des différents protolithes magmatiques. Cette partie vise à présenter ces données,

et discuter succinctement le contexte de mise en place de ces roches. Les protocoles d’ana-

lyse (géochimie et datations) sont détaillés dans les sections Méthodologie des deux articles

publiés. Par ailleurs, les résultats d’une datation additionnelle réalisée sur un échantillon

d’orthogneiss des lacs de la Tempête est reportée ici.

5.1 Signature géochimique des protolithes

Les éclogites et les granulites HP dérivent toutes de protolithes magmatiques, marqués en

particulier par la présence de zircons magmatiques ayant plus ou moins recristallisé lors du

métamorphisme. La composition en éléments majeurs et traces a été obtenue sur plusieurs

échantillons des lacs de la Tempête et des échantillons du massif de l’Oisans–Pelvoux, in-

cluant les granulites de la Lavey et celles de Peyre-Arguet (Figure 5.1). Ces roches présentent

toutes des compositions de basalte / gabbro tholéitique ferro-titané (SiO2 = 48–50 wt%,

Na2O+K2O = 2–4 wt%, TiO2 = 1.5–2.3 wt%, ratio molaire Mg/(Fe+Mg) = 0.45–0.50),

sans variations significatives entre les différents lieux d’échantillonnage. Les teneurs en élé-

ments traces diffèrent en revanche quelque peu. Les échantillons des lacs de la Tempête

présentent une composition en REE proche de N-MORBs, avec des ratios (LaN/SmN) in-

férieurs à 1 (0.77–0.87), alors que les autres échantillons présentent un enrichissement en

LREE (LaN/SmN = 1.98–2.31) similaire à une signature de MORB enrichis (E-MORB, Gale

et al. (2013)) ou de tholéiites continentales. Les anomalies en Nb et Ta sont faibles, et tous

les échantillons se situent sur l’axe MORB–OIB dans le diagramme de Pearce (2008), ce qui
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exclut une interaction prolongée du manteau source avec des fluides issus de la déshydrata-

tion de lithosphère en subduction. En revanche, on observe un enrichissement important en

éléments incompatibles et/ou mobiles dans les fluides (Ba, Rb, Th, U, Pb), qui marquent une

contamination par une composante crustale. Cette contamination aurait pu se faire soit lors

de la mise en place des magmas, ce qui impliquerait une mise en place en domaine continen-

tal, soit lors du métamorphisme varisque, en particulier lors des phases de rétromorphoses,

associées à une réhydratation des éclogites et des granulites. La présence de nombreux or-

thogneiss dérivant de granitöıdes contemporains des protolithes mafiques plaide néanmoins

en faveur d’une mise en place de ces derniers en contexte continental.

191
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Figure 5.1 – Caractéristiques géochimiques des protolithes mafiques des reliques HP des massifs de
Belledonne (bleu) et de l’Oisans–Pelvoux (rouge). (a) Diagramme TAS, permettant de discriminer les séries
tholéitiques (subalcalines) des séries alcalines. (b) Le diagramme Th/Yb – Nb/Yb de (Pearce, 2008) permet
de discriminer les basaltes océaniques, qui forment un alignement sur l’axe MORB–OIB, des basaltes conta-
minés par une source crustale ou dont la source mantellique a été métasomatisée par des fluides issus de la
déshydratation d’une lithosphère en subduction. (c) Spectres d’éléments traces normalisés à la composition
moyenne des N-MORB (Gale et al., 2013).

5.1.1 Un magmatisme prolongé au cours de l’Ordovicien

Les âges U-Pb obtenus sur les cœurs de zircon magmatiques permettent de dater la

mise en place des protolithes magmatiques. Le détail des datations des protolithes mafiques

est fourni dans les deux articles précédents. Une datation additionnelle d’un échantillon
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d’orthogneiss (JB-18-08) est présentée ici : Il s’agit d’un orthogneiss à grains fins (<3mm)

prélevé à proximité des lacs de la Tempête (WGS84 : N45,62261◦ ; E6,53253◦). Il est composé

principalement d’un assemblage de quartz et feldpaths, avec du mica blanc (muscovite) et

de la chlorite, qui se développe en replacement de la biotite. Les zircons séparés après

broyage de la roche sont généralement automorphes, et présentent des sections allongées

de 200 à 400 µm. Sur les images réalisées au MEB en contraste de charge (voir article #1

pour le protocole), les zircons montrent fréquemment une zonation oscillatoire concentrique.

La recristallisation des bordures lors du métamorphisme varisque est faible à inexistante

(Figure 5.2). Les concentrations en U sont élevées (>100 ppm), avec des ratios Th/U entre

0.05 et 0.6. Les analyses isotopiques U-Pb réalisées à la microsonde ionique sont toutes

concordantes, et donnent des âges 238U/206Pb entre 447 et 475 Ma. En excluant trois analyses

significativement plus jeunes que les autres, la population principale composée de 18 grains

donne un âge 238U/206Pb moyen à 464±4 Ma (MSWD=1.71), équivalent à l’âge concordia

dans la gamme d’incertitude. Les zonations oscillatoires, les ratios Th/U élevés et le caractère

très homogène de la population de zircons sont plutôt des marqueurs indiquant une origine

magmatique (Corfu et al., 2003). Cet âge est donc interprété comme l’âge de cristallisation

du protolithe granitique.

La compilation des données géochronologiques acquises sur les protolithes magmatiques

indique des âges d’emplacement étalés entre 445 et 485 Ma (Figure 5.3), similaires à la

gamme d’âges obtenus sur les protolithes des massifs des Aiguilles Rouges (Bussy et al.,

2011) et de l’Argentera (Rubatto et al., 2001, 2010), qui s’étalent entre 480 et 450 Ma. Par

ailleurs, ces âges sont cohérent avec la distribution des âges de zircons hérités dans les roches

métamorphiques et les granitöıdes varisques des massifs de Belledonne, des Grandes Rousses

et de l’Oisans–Pelvoux, représentée à gauche sur la Figure 5.3 (voir la légende pour les dé-

tails). Les zircons étant des minéraux se développant principalement en context magmatique

ou métamorphique de moyen à haut grade (Hoskin et Schaltegger, 2003; Rubatto, 2017),
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Figure 5.2 – Résultats des analyses U-Pb sur zircon d’un échantillon d’orthogneiss des lacs de la Tempête
(Belledonne NE), obtenue à la microsonde ionique (SIMS). Les ellipses représentent les incertitudes à 2 sur
chaque analyse, et les ellipses en pointillé représentent les points de donnés exclus dans le calcul de l’âge.
Les textures internes (imagerie MEB par contraste de charge) de zircons représentatifs de la population
analysée sont figurées à gauche, avec en blanc la position des points d’analyse.

cette distribution reflète l’activité magmatique et métamorphique au cours du temps dans le

socle Paléozöıque. On observe une majorité de zircons entre 490 et 440 Ma, marquant un pic

d’activité à l’Ordovicien. Un pic plus jeune est visible vers 420 Ma, mais il représente proba-

blement des âges de mélange sans signification géologique, car aucun épisode magmatique

n’est connu à cette époque dans les MCE. Ce magmatisme est équivalent au magmatisme

bimodal Cambro-ordovicien enregistré de manière généralisée dans les domaines varisques en

Europe, et correspond à la phase d’extension associée à l’ouverture des océans Paléozöıques

(chapitre 1).

5.1.2 L’ophiolite de Chamrousse est elle bien cambrienne ?

L’ophiolite de Chamrousse, datée à environ 500 Ma (Ménot et al., 1988; Pin et Carme,

1987), est couramment interprétée comme une relique d’un bassin océanique ouvert lors de

la phase d’extension Cambro-ordovicienne (Fréville et al., 2018; Guillot et Ménot, 2009; Pin
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et Carme, 1987). Cependant, la compilation des données géochronologiques existantes dans

les MCE fait planner quelques doutes sur la validité de cet âge. En effet, on constate que le

pic de magmatisme associé à l’extension dans les MCE a lieu entre 490 et 440 Ma, et est

donc au minimum 10 Ma plus jeune que l’âge estimé de l’ophiolite. On n’observe en revanche

aucun signal associé à l’ouverture du bassin de Chamrousse vers 500 Ma, alors qu’il s’agit

d’un événement magmatique majeur. L’ouverture de cet océan n’est donc pas enregistrée

dans le socle des MCE, ce qui peut s’expliquer de deux manières :

• L’ophiolite de Chamrousse correspond à un domaine exotique, qui a été charrié sur les

domaines varisques des MCE lors des phases précoces de la collision au Carbonifère

inférieur.

• Le domaine de Chamrousse s’est bien mis en place in situ dans les MCE, mais l’âge

estimé à 500 Ma est incorrect. Les datations réalisées par Pin et Carme (1987) et Ménot

et al. (1988) sont anciennes, et reposent sur des méthodes peu précises et sujettes à

caution : isochrone Sm-Nd sur un ensemble de roches supposées cogénétiques pour la

première, datation U-Pb d’une population de zircons par ID-TIMS pour la seconde.

Des travaux sont en cours, afin de préciser l’âge et le contexte du magmatisme à Cham-

rousse. Les premièrs résultats d’imagerie en cathodoluminescence réalisés sur des zircons

extrait de tonalites de Chamrousse montrent des zonations complexes résultant de plusieurs

épisodes de dissolution / précipitation. Il apparâıt donc assez vraisemblable que les fractions

de zircon datées par Ménot et al. (1988) ne correspondent pas à une population homogène,

mais à un mélange de populations d’âges différents. L’âge obtenu à 496±6 Ma serait donc

un âge de mélange sans signification géologique particulière (comm. pers. C. Cordier).
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GÉOCHIMIE ET MISE EN PLACE DES PROTOLITHES MAGMATIQUES

Age (Ma)

Tempêtes
eclogites

Oisans
granulites 

Chamrousse

Inherited zircon in granitoids
and metamorphic rocks
(n=148)

Tempêtes
orthogneiss

Figure 5.3 – Distribution des âges U-Pb sur zircon hérités dans les granitöıdes varisques et dans les
formations métamorphiques des massifs de Belledonne, des Grandes Rousses et de l’Oisans–Pelvoux. Seuls
les données entre 700 et 400 Ma sont représentée, afin de se focaliser uniquement sur le magmatisme Néopro-
térozöıque et Paléozöıque inférieur. Un filtre a été appliqué pour conserver uniquement les âges concordants
(discordance < 5%). Les âges obtenus sur différents protolithes magmatiques (reliques HP, orthogneiss et
complexe ophiolitique de Chamrousse) sont représentés avec leur barre d’incertitude. Données issues de
Fréville et al. (2018, 2022); Ménot (1986) et de ce travail de thèse.
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Troisième partie

Magmatisme mantellique et évolution

du manteau varisque dans les MCE





Les processus orogéniques sont associés à des perturbations importantes du manteau

sous-jacent. Les phénomènes de subduction, de retrait/rupture de slab, ou encore de dé-

lamination lithosphérique induisent en effet des perturbations importantes de la structure

thermique du manteau (Maierová et al., 2018; Sizova et al., 2019). En parallèle, la déshy-

dratation ou la fusion du matériel crustal enfouis lors de la subduction génère des fluides

ou liquides silicatés, qui, en interagissant avec les péridotites du manteau, sont à l’origine

de transformations métasomatiques (Zheng, 2019). La conjonction de ces deux phénomènes

aboutit à la fusion partielle de certaines portions du manteau, générant ainsi un flux mag-

matique mantellique associé à la collision. Une meilleure compréhension de ces processus

mantelliques passe par l’étude des séries magmatiques syn à post-collisionelles et de leur

distribution spatiale et temporelle, qui peut permettre d’identifier des phénomènes à l’œuvre

dans le manteau, comme des épisodes de retrait/rupture de slab ou de délamination (e.g.

Laurent et al., 2017; Vanderhaeghe et al., 2020). Par ailleurs, la présence de rares portions de

manteau exhumées avec les domaines orogéniques profonds permet un échantillonnage direct

et offre la possibilité d’étudier in-situ les processus de fusion partielle ou de métasomatisme

mantellique.

Dans le contexte varisque européen, le magmatisme syn à post-orogénique est abondant

et marqué principalement par de la fusion crustale, mais présente néanmoins un pôle man-

tellique bien identifiable et largement distribué à l’échelle de la châıne (Couzinié et al., 2016;

Jacob et al., 2021b; Janoušek et al., 2019; Moyen et al., 2017). Par ailleurs, les domaines pro-

fonds exhumés dans les MCE contiennent fréquemment des enclaves mantelliques, affleurant

sous la forme de lentilles de serpentinites ou bien de péridotites aux compositions minéra-

logiques variées. Ces caractéristiques se retrouvent dans les massifs cristallins externes des

Alpes. Les séries magmatiques Mg–K à fort caractère mantellique (série magnésienne, forte

proportion de termes mafiques à intermédiaires, teneur élevée en Cr et Ni) y sont connues

depuis longtemps (e.g. Banzet, 1987; Schaltegger et Corfu, 1992). La découverte lors de ce
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travail de thèse d’enclaves de péridotites dans les domaines de croûte inférieure exhumée

vient compléter l’éventail des péridotites orogéniques varisques, décrites en particulier dans

le massif de Bohème (Medaris et al., 2015; Naemura et al., 2009), des Vosges (Altherr et

Kalt, 1996; Kalt et Altherr, 1996), du Massif Central (Gardien et al., 1990) ou encore dans

la nappe Austro-alpine d’Ulten dans le socle varisque des Alpes orientales (Godard et al.,

1996; Tumiati et al., 2003; Scambelluri et al., 2006).

Cette partie est divisée en deux chapitres, présentés sous forme d’articles en cours de pré-

paration. Le chapitre 6 présente un travail préliminaire de caractérisation pétrographique

et géochimique des péridotites et serpentinites. Les premières données obtenues sont en-

courageantes, mais nécessiteraient néanmoins une étude plus poussée, incluant des analyses

géochimiques et isotopiques in-situ sur les différents minéraux, afin de s’abstraire des effets

liés à la rétrogression et au métasomatisme crustal. Le chapitre 7 présente les résultats d’une

étude structurale, pétrographique, géochimique et isotopique des formations intrusives de

l’Olan, une ancienne intrusion magmatique Mg–K mise en place dans le domaine interne du

massif de l’Oisans–Pelvoux. En parallèle, une compilation des données géochimiques exis-

tantes sur les roches de la série Mg–K des MCE de Belledonne, des Grande-Rousses et de

l’Oisans–Pelvoux a été réalisée, en vue de discuter des mécanismes pétrogénétiques associés

à cette série magmatique.
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CHAPITRE 6

Les péridotites orogéniques du massif de l’Oisans :

implications sur la structure et la composition du

manteau varisque

Relique de grenat dans une lherzolite, entourée d’une kélyphite à Opx+Spl(+Cpx).
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6.1 Introduction

6.1 Introduction

Continental collision zones are complex settings in which a combination of tectonic, me-

tamorphic and magmatic processes occur, which affect the whole lithosphere and upper

asthenospheric mantle. These processes are generally well documented in the crust, which

is exposed at various structural levels in internal and external zones of active and former

orogenic belts, allowing detailed field-based structural, petrological and geochemical investi-

gations. By contrast, the evolution of mantle lithosphere and asthenosphere during collisional

orogenies is much less understood due to the scarcity of mantle outcrops. Mantle-derived

magmas have been for long used as proxies to derive information on petrological and geo-

chemical processes in the mantle in various geodynamic settings (Elliott et al., 1997; Pearce,

1982). However, these magmatic proxies have strong limitations in collisional settings, in

which the thick continental crust leaves wide space for crust/magma interactions, which

partially obliterate the mantle signal. This is especially the case during the post-collisional

stages of an orogeny, when the collapse of the orogenic belt drives significant melting in the

lower crust and hence facilitates hybridization processes between mantle-derived magmas

and the partially molten crust, which makes the interpretation of geochemical and isotopic

signature of mantle-derived magmas strongly ambiguous (Jacob et al., 2021b; Moyen et al.,

2017). Mantle peridotite xenoliths and orogenic peridotites sparsely distributed in oroge-

nic domains are therefore particularly interesting, as they represent direct sampling of the

mantle and are less likely to be affected by crustal contamination than hot mafic melts. They

provide a wealth of information about metamorphic, metasomatic and magmatic processes

which occur in the upper mantle from subduction to post-collisional stages (e.g. Grégoire

et al., 2003; Malaspina et al., 2009; Scambelluri et al., 2006).

In this contribution, we document the discovery of these rare but invaluable mantle rocks

in the External Crystalline Massifs of the western Alps (ECM). These massifs represent
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exposed portions of Paleozoic basement involved in the Variscan orogeny, which occurred

from ca. 350 Ma to 295 Ma (Fréville et al., 2018; Guillot et Ménot, 2009), following a

period of calc-alkaline magmatism during the Devonian (ca. 370-350 Ma, Ménot, 1987a; Pin

et Carme, 1987). Collision was associated with the emplacement of peculiar series of Mg-K

rich granitoids and lamprophyres (Debon et al., 1998; Laurent, 1992; De Boisset, 1986), akin

to the vaugnerites and durbachites exposed in large parts of the Variscan Belt of Europe

(Soder et Romer, 2018; Von Raumer et al., 2014) and interpreted to derive primarily from

a metasomatized mantle source (Janoušek et Holub, 2007). Therefore, the sub-continental

mantle is thought to have experienced a complex evolution during the Devonian and the

Carboniferous, involving multiple episodes of metasomatism and partial melting associated

with the subduction of oceanic and continental lithosphere.

The investigated rocks were found as enclaves in lower crustal domains of the Oisans–Pelvoux

massif, in the French Western Alps. They partly escaped serpentinization and preserved their

initial mineral assemblages. In particular, they represent the first known occurrence of garnet

peridotites in the ECM. We have undertaken petrographic, mineralogical and geochemical

investigations of these peridotites in order to constrain their metamorphic evolution and

document possible metasomatic events that occurred in the mantle.

6.2 Geological setting

6.2.1 General setting

The External Crystalline Massifs (ECM) represent exposed portions of Variscan base-

ment located along the former European margin of the Mesozoic Piemonte-Liguria Ocean

(Figure 6.1). The Alpine collision has occurred from the early-mid Eocene (ca. 40 Ma),

during which the basement was buried and developed greenschist-facies metamorphic as-
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semblages (Bellanger et al., 2015). This low-grade metamorphism is mostly concentrated

in Alpine compressional and strike-slip shear zones formed during the collision (Bellahsen

et al., 2014; Marquer et al., 2006). Undeformed basement domains between these shear zones

preserve the former Variscan structures and metamorphic assemblages.

The ECM contain high-grade metamorphic units with high pressure (HP) relics (Jacob

et al., 2021a; Liégeois et Duchesne, 1981; Rubatto et al., 2010; Paquette et al., 1989). They

are therefore correlated with the internal ”Moldanubian” zone of the Variscan Belt, which

exposes deep crustal domains derived from the Gondwana continent, below which small

oceanic basins and continental blocks were subducted during the Devonian and the lower

Carboniferous (Lardeaux et al., 2014; Schulmann et al., 2009, 2014). This study is focused

on the massifs of Oisans–Pelvoux and Belledonne (Figure 6.1-b). The Variscan basement

in these massifs is mostly composed of lower Paleozoic (Cambrian–Ordovician) protoliths

metamorphosed during the Variscan Orogeny and intruded by granitoids. In the southern

part of Belledonne and the western part of the Oisans–Pelvoux massif, volcano-clastic and

magmatic bimodal series of Devonian–Tournasian age (ca. 370–350 Ma) are observed, which

present a calck-alcaline or arc tholeitic signature and were presumably emplaced in a conti-

nental back-arc or arc setting (Carme et Pin, 1987; Fréville et al., 2018; Guillot et Ménot,

2009; Ménot, 1987a). A general W–E zoning is observed, with low-grade mid-to-upper crus-

tal domains exposed in the western part and high grade lower crustal domains in the eastern

parts (Guillot et al., 2009a). The eastern part of the Belledonne massif has been affected

by a lithospheric-scale dextral shear zone known as the East-Variscan shear zone (EVSZ),

which was active from the mid-to upper Carboniferous (ca. 325-295 Ma, Guillot et al.,

2009a; Simonetti et al., 2018, 2020). It exposes HP eclogitic relics in its central domain and

is therefore thought to have driven exhumation of deep-seated rocks (Jacob et al., 2021a).

The Oisans–Pelvoux massif is located east of this shear zone, and exposes high-grade

lower crustal domains composed of highly migmatized gneiss and amphibolite series (Fréville
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Figure 6.1 – a) Simplified tectonic map of the Variscan Belt of Europe, with position of the main suture
zones and localization of the External Crystalline Massifs. Modified after Ballèvre et al. (2014). BF – Black
Forest ; ECM – External Crystalline Massifs ; FMC – French Massif Central ; GTMZ – Galicia–Trás-os-
Montes ; MT – Maures-Tanneron ; RHS – Rheinische schiefergebirge ; SPZ – South Portugese Zone ; Vi –
Vosges. b) Geological map of the External Crystalline Massifs of Belledonne, Oisans–Pelvoux, Mont–Blanc
and Aiguilles–Rouges, with marked the position of main localities where high pressure relics and enclaves
of peridotite / serpentinite have been observed. The core domain of the dextral East-Variscan Shear Zone
(EVSZ) is shown by the light red stripe. Modified after Guillot et Ménot (2009).

et al., 2022; Le Fort, 1971). A few hectometer-scale lenses of mafic HP granulites have been

identified in the massif (Chapter 4). They preserve the relics of a Visean HP event (1.5–1.7

GPa and 650–730 ◦C) dated at 337±11 Ma, which was overprinted by HT granulite-facies
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metamorphism (800–870 ◦C, 0.6–0.9 GPa) during the upper Carboniferous between ca. 310

and 295 Ma (Chapter 4). This HT overprint affected a large portion of the massif and

triggered extensive migmatization of the metamorphic series.

The metamorphic basement is intruded by moderately peraluminous, medium to high-K

alkali-calcic granitoids, deriving from crustal melting with subordinate contribution of an

enriched mantle source (Debon et al., 1998). In the massif of Belledonne and the western

part of the Oisans–Pelvoux massif, these granitoids were mostly emplaced during the Vi-

sean (345–335 Ma), while most of the granitoids in the eastern Oisans–Pelvoux massif were

emplaced during the upper Carboniferous (308–298 Ma, Debon et Lemmet, 1999; Fréville,

2016). Finally, a suite of metaluminous, high Mg-K mafic to intermediate magmatic rocks

is regionally ubiquitous, although in small volume (Figure 6.1). It occurs as enclaves in the

granitoids, lamprophyric dykes intruding the basement or kilometer-scale intrusive bodies

(De Boisset, 1986; Debon et Lemmet, 1999; Laurent, 1992). This series is akin to the dur-

bachite and vaugnerite series known in different parts of the Variscan Belt (Hora et al.,

2021; Janoušek et al., 2019; Moyen et al., 2017; Soder et Romer, 2018), which displays dual

geochemical characteristics combining high-Mg composition and strong enrichment in K2O

and mantle-incompatible trace elements (Ba, Sr, Th, U, Pb in particular).

6.2.2 Ultramafic rocks in the ECM

Different types of ultramafic rocks of different origins are exposed in the ECM. The

largest outcrop is represented by the ophiolitic complex of Chamrousse (Figure 6.1-b), a

slice of Cambrian oceanic lithosphere, which was presumably obducted during the early

stages of the Variscan orogeny (Fréville et al., 2018; Guillot et Ménot, 2009; Ménot, 1987a;

Pin et Carme, 1987). This ophiolitic sequence is only found in the southwestern Belledonne

massif, where it forms the top of the Variscan metamorphic nappe pile. The ultramafic units
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in this ophiolite are mostly composed of serpentinized cumulates with pods of chromite,

which are overlain by cumulative gabbros, the whole being cross-cut by a dyke complex

composed of several generations of metabasalts, metadolerites and metatonalites (Ménot

et al., 1988). This ophiolite is both structurally and geochemically unrelated to the other

ultramafic bodies exposed in the ECM, which are located in deeper structural domains and

do not present characteristics of a cumulate sequence.

In the eastern Belledonne massif, serpentinites and pyroxenites are found in high-strain

domains of the EVSZ (Barféty et al., 2000), where they form decameter to hectometer-

scale lenses elongated along the main foliation (Figure 6.2-a). Serpentinite lenses are also

reported in a similar setting in the Aiguilles Rouges Massifs (Von Raumer et Bussy, 2004),

which represents the northern prolongation of the Belledonne massif. These rocks presuma-

bly represent portions of the sub-continental lithospheric mantle, which were exhumed in

the high-strain domains of the lithospheric-scale EVSZ, where they have been completely

serpentinized.

Finally, peridotites and serpentinites are exposed in the high-grade domains of the Oi-

sans–Pelvoux massif. The serpentinites form decameter-size pods and lenses, which are

either concordant with the Variscan metamorphic foliation or tectonically transposed in

Alpine brittle fault zones (Figure 6.2-b). The peridotites are found as decimeter-to-meter

size enclaves widely distributed in scree slopes over a large part of the massif (Figure 6.1).

These enclaves were first described by Pecher (1970) and Le Fort (1971), but due to the

intense retrogression experienced by their samples, these authors did not recognize them as

peridotites. They have been found in-place in a few outcrops, where they appear as nests

of enclaves embedded in migmatites, and display various shapes ranging from rounded to

angular (Figure 6.2-c-f). This disposition suggests the enclaves represent pieces of larger per-

idotite bodies, possibly of decameter-size, which have been fractured by injection of granitic
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magmas and dismembered into smaller blocks. Melt/fluid – rock interaction at contat with

migmatites is evidenced by spectacular coronas composed of radially-oriented biotite and/or

tremolite, which rim some enclaves (Figure 6.2-e). Outside of these domains the peridotites

generally look fresh and weakly to non-affected by these interactions.
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Figure 6.2 – Field pictures showing the different types of ultramafic outcrops in the ECM. (a) –
decameter-size lenses of serpentinite exposed at Col de l’Amiante (eastern Belledonne) and embedded wi-
thin the main gneiss foliation. (b) Serpentinite lense exposed at Col des Sellettes (Oisans) and transposed
in an alpine brittle fault oblique to the main gneiss foliation. (c), (d) – Decimeter-to meter-scale enclaves of
peridotite exosed within highly mobilized portions of a migmatite in the Oisans–Pelvoux massif. Note the
fracturation of enclaves into smaller angular blocks caused by injection of granitic liquid. These enclaves
display either sharp, reactionless contact with the surrounding granite, or present a thin corona rich in bio-
tite. e) – Rounded enclaves of harburgite surrounded by a 2-3cm-wide corona of tremolite + biotite (Bans
Valley, Oisans–Pelvoux massif). The core of enclaves is crossed by centimeter-wide veins of pyroxenite. f)
Phlogopite-bearing enclave in a migmatite (Bans Valley, Oisans–Pelvoux massif). Bright shiny patches in
the core of the enclaves are phlogopite crystals, whose color contrast with the dark biotite of the corona.
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6.3 Samples and methods

11 samples of peridotites and 4 samples of serpentinites were collected at several locations

separated from a few km to tens km in the Oisans-Pelvoux massif and Belledonne massifs, for

petrographic study and whole rock geochemical and isotopic analysis. Sampling coordinates

and petrographic types of each sample are summarized in Table 6.1.

6.3.1 Petrography and mineral analysis

Backscattered electron (BSE) images were acquired at ISTerre Grenoble with a Tescan

Vega 3 scanning electron microscope equipped with an energy dispersive spectrometer (EDS)

for semi-quantitative analysis. It was operated with an accelerating voltage of 16 kV and

a beam current of 10 nA. Mineral compositions were measured using a JEOL JXA-8230

electron probe microanalyzer (EPMA) at ISTerre Grenoble, which is equipped with five

wavelength dispersive spectrometers (WDS) and an additional EDS. All silicates except

olivine were analyzed using standard EPMA protocols, with an accelerating voltage of 15 kV

(amphibole, phlogopite) to 20 kV (garnet, pyroxenes), a beam current of 10 nA (amphibole,

phlogopite) to 20 nA (garnet, pyroxenes), and a counting time per element of 30 to 60 s

for peak and both background positions. Natural minerals and synthetic glass were used

for standardization, and the ZAF matrix procedure was applied for data reduction. The

spot size was set to 1–3 µm depending on the size of minerals and the presence of volatile

elements.

The composition of olivine was analyzed following high-precision method for major (Si,

Mg, Fe), minor (Ni, Mn) and trace (Al, Ca, Cr, Ti, P) elements (Batanova et al., 2015, 2019)

at an acceleration voltage of 20 kV, beam current of 900 nA and beam diameter of 2 microns.

Total analysis time of each point was 7.2 minutes. MongOl sh11-2 olivine reference material
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(Batanova et al., 2019) was used as primary standard to verify precision and accuracy.

Deviation from the reference measured during the analytical session was between 2 and 13

ppm for trace elements, between 10 and 85 ppm for minor elements and between 0.01 and

0.06 wt.% for major oxides, which is in all cases below the 2-sigma uncertainties reported

in Batanova et al. (2019) for these respective elements.

The composition of Cr-spinel was measured at 20 kV and 50 nA beam current. Counting

time was adapted to element content and was between 60 to 120 s for each element (for

peak and both background positions). The standardization was made using a synthetic

oxide standard set (P&H Developments Ltd., Calibration Standards for Electron Probe

Microanalysis, Standard Block GEO) for all elements except Mn (on rhodonite). Ferric

iron in spinel was calculated assuming perfect stoichiometry. Repeated measurements of the

chromite USNM 117075 (Jarosewich et al., 1980) standard and spinel samples Bar 8601-10

and Dar 8502-2, whose Fe3+/Fetotal ratio had been measured by Mossbauer spectroscopy

(Ionov et Wood, 1992) have shown that the selected method provides Fe3+/Fetotal ratios

accurate within the measurement error. Spinel Bar 8601-10 (Ionov et Wood, 1992) was used

as a primary standard and was analyzed multiple times during the session to verify precision

and accuracy. Deviation from the reference value measured during the session was below 50

ppm for most of trace elements (Ti, V, Mn, Ni) and bit higher for Zn (66 ppm) and Si (86

ppm). For major oxides, deviation from the reference value was about 0.64 wt.% for Al2O3

and 0.06 wt.% for FeO and MgO.

6.3.2 Whole rock composition

Samples were cut to remove the outer gangue formed at the contact with the migmatites,

and domains devoid of large veins were carefully selected to keep only the least retrogressed

part of the rocks. They were then crushed in a jaw crusher and pulverized into a 70–80
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µm powder using an agate crusher. Whole rock geochemical analyses were performed at

the SARM in Nancy, using a Thermo Fischer iCap6500 ICP-OES for major oxides and

an iCapQ ICP-MS for minor and trace elements, following the procedures described in

Carignan et al. (2001). Samples display high loss on ignition between 7 and 13 wt.% due to

serpentinization, and therefore the analyses were recalculated on an anhydrous basis to allow

comparison between samples. Raw analyses are provided in the supplements. The R-based

GCDKit software (Janoušek et al., 2016) was used for statistical analysis and plotting of

whole rock geochemical data.

6.3.3 Sr–Nd isotopes

Nine samples were selected for Sr–Nd isotope analyses. Due to low Nd concentration,

only five of them were analyzed for Nd isotopes. Isotopic measurements were also carried out

at the SARM in Nancy. 100 to 200 mg of pulverized samples were dissolved into a mixture

of concentrated HNO3 and HF heated to 115 ◦C during 24 to 48h, followed by concentrated

HCl at 125 ◦C during 24h. Sr and Nd were isolated via ion-exchange chromatography using

Sr.Spec, Tru.Spec and Ln.spec resins, following the procedure described in Pin et al. (1994))

and Pin et Zalduegui (1997). Sr and Nd isotopes were analyzed by thermal ionization mass

spectrometry (TIMS), using respectively a Triton Plus and a Neptune Plus instrument

operated in static multi-collection mode. The 87Sr/86Sr ratios were corrected for mass bias

assuming 86Sr/88Sr = 0.119400, and 143Nd/144Nd ratios were corrected to 146Nd/144Nd =

0.721900 (Luais et al., 1997). Internal standards NBS 987 and JNdi-1 (Tanaka et al., 2000)

were used respectively for Sr and Nd. The decay constants applied to age-correct the isotopic

ratios are from Steiger et Jäger (1977) for Sr and Lugmair et Marti (1978) for Nd. The εNdi

values were obtained using Bulk Earth parameters of Bouvier et al. (2008).
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6.4 Petrography

6.4 Petrography

Four different petrographic types are recognized among the collected samples : retrogres-

sed garnet lherzolite, spinel harzburgite, phlogopite-chromite harzburgite and serpentinite

(Figure 6.3). The samples are variously retrogressed, and serpentinization ranges from very

scarce in the best-preserved peridotites to complete in the serpentinites. Petrographic des-

criptions are focused on the peridotites, which preserved their primary mineral assemblage.

Serpentinites are mostly composed of serpentine (antigorite) and Fe-oxides, and occasionally

preserved relics of primary minerals (olivine, orthopyroxene, spinel).

5 mm 5 mm

5 mm5 mm

Spl+Opx kelyphite
(Grt pseudomorphs) 

Grt Relics

Ol+Cpx+Opx
matrix

Spl

Ol+Opx+Amp
±Cpx matrix

a – Grt Lherzolite b – Spl Harzburgite

c – Phl Harzburgite

Phl-Harzburgite

Opx-rich 
layer

Tr

Bt

Bt+Tr
Corona 

d – Serpentinite

Spl relics

Retrogressed 
Phl-Harzburgite

Opx-rich 
layer

Figure 6.3 – Thin section scans of selected samples representative of the four different petrographic types
indentified (Garnet Lherzolite, Spinel Harzburgite, Phlogopite-Chromite Harzburgite and Serpentinite).

The garnet lherzolites display millimeter-to centimeter-size retrogressed garnet grains sur-

rounded by a finer-grained olivine, orthopyroxene and clinopyroxene assemblage (Figure 6.3-
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a). Clinopyroxene is abundant in this latter assemblage (ca. 10-15 vol.% of the olivine-

pyroxenes assemblage) and forms 100–200 µm wide grains. This assemblage is generally

well preserved (Figure 6.4-a) and olivine has been only mildly affected by serpentinization.

In contrast, garnet has almost been completely retrogressed, and only a few relics were

identified (Figure 6.3-a). In most samples it has been totally transformed into a kelyphite

composed of micrometer-sized intergrowth of spinel and orthopyroxene, with a few larger

grains (10–20 µm) of clinopyroxene (Figure 6.4-b). This kelyphite is surrounded by a coarse-

grained corona composed of orthopyroxene and clinopyroxene. In most of samples, the thin

kelyphite has started to recrystallize into a coarser-grained symplectite of orthopyroxene

+ spinel ± clinopyroxene ± amphibole, which eventually evolves toward a coarse-grained

granoblastic assemblage of the same minerals (Figure 6.4-c). The few garnet relics which

escaped destabilization are surrounded by a thin symplecite composed of plagioclase + am-

phibole + Cr-rich spinel (Figure 6.4-b). These rare garnet relics contain small inclusions

(ca. 20µm wide) of orthopyroxene, which themselves contain tiny, dark rounded inclusions

of graphite (Figure 6.5).
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Amp Grt Lherzolite (JB-19-33)b)
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Zoom on the kelyphite

Figure 6.4 – Backscattered electron images (BSE) showing important petrographic features in the
different peridotite groups. (a) – Mineral assemblage in a garnet lherzolite. Retrogressed garnet (bottom left)
has been replaced by a kelyphite surrounded by a coarse-grained corona of clinopyroxene + orthopyroxene.(b)
– orthopyroxene + spinel + clinopyroxene kelyphite surrounding a retrogressed garnet grain (top-right). A
thin 20–50 µm wide symplectite of amphibole + plagioclase ± Cr-spinel has developed at the contact with
the garnet relics during a later stage of retrogression. (c) – Advanced stage of annealing of a former kelyphite,
which has been replaced by ancorase-grained assemblage of amphibole, orthopyroxene, clinopyroxene and
Cr-spinel. Relics of a globular spinel + orthopyroxene symplectite is visible in the centre. (d) – Mineral
assemblage in a spinel harzburgite. This sample is rich in pargasite, which occurs as 100–200 µm grains
and as inclusions in spinel. (e) – Mineral assemblage in a harburgitic domain of the phlogopite-chromite
harzburgite. Chromite is ubiquitous and occurs as inclusion in phlogopite. olivine is unzoned and variably
serpentinized. (f) – zoned olivine close to an orthopyroxenite layer. The rim of the grain has been replaced
by BSE-brighter Fe-Mn-rich olivine. Xray mapping of Fe reveals an irregular boundary between the Mg-rich
and Fe-rich olivine. Note that this zoning is cut by the serpentine network, which indicates serpentinization
postdates development of Fe-Mn-rich olivine.
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Figure 6.5 – Close-up view on orthopyroxene inclusions in a garnet relics of sample JB-19-33 (optical
microscopy). Raman spectroscopy on the dark tiny inclusions in orthopyroxene reveals the presence of
graphite, indicated by the strong peak around 1566–1575 cm−1 (Beyssac et al., 2002).

The spinel harzburgite (sample JB-19-22) is mostly composed of olivine, orthopyroxene,

pargasitic amphibole and spinel, with rare clinopyroxene and phlogopite, and accessory

magnetite (Figure 6.3-b and Figure 6.4-d). No kelyphites nor mosaic assemblages of clino-

pyroxene and orthopyroxene formed after garnet have been identified, which indicates that

garnet was absent from the primary assemblage. Spinel forms 200–500 µm wide grains that

contain inclusions of pargasitic amphibole (Figure 6.4-d). Olivine forms 50–200 µm wide

grains, which have been partly serpentinized. Orthopyroxene is abundant and forms large

grains up to 500 µm wide. By contrast, clinopyroxene is rare and forms <100 µm grains.

Phlogopite is scarce and generally found in association with pargasite.

Finally, the phlogopite-chromite harzburgite contains an assemblage of olivine, orthopy-

roxene, phlogopite, chromite and accessory apatite, and is completely devoid of clinopyroxene

(Figure 6.4-e,f). Minor amount of dolomite is found between the cleavages of phlogopite. The

sample investigated in detail (JB-19-21) is an enclave surrounded by a corona of biotite and
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tremolite formed at the contact with the migmatite (Figure 6.3-c). Some portions of the

rock are highly retrogressed and serpentinized, while the core of the sample contains well-

preserved harzburgite. In this domain, olivine forms 200–500 µm, partly serpentinized grains.

Orthopyroxene and phlogopite form large grains up to 1 mm-wide. Chromite is ubiquitous,

and forms subeuhedral grains ranging from 10 µm to >100 µm (Figure 6.4-e). It has been

found in particular in inclusion in phlogopite and olivine. Apatite and dolomite are closely

associated with phlogopite : dolomite crystallized in veins opened within the cleavages of

phlogopite, and small grains of apatite (<50 µm) are generally found close to phlogopite

(Figure 4-e). Harzburgitic domains are cut by centimeter-wide veins of orthopyroxenite,

which are mainly composed of large grains of orthopyroxene (up to 3 mm wide), with su-

bordinate olivine, phlogopite and chromite (Figure 6.3-c). Partial replacement of Mg-rich

primary olivine by BSE-brighter Fe-rich secondary olivine is commonly observed in olivine

grains located close to or within these orthopyroxenite veins (Figure 6.4-f).

6.5 Mineral compositions

Mineral compositions have been investigated in three samples : a garnet lherzolite (JB-

19-33), a spinel harzburgite (JB-19-22) and a phlogopite-chromite harzburgite (JB-19-21).

A set of selected representative analyses is provided in Tables 6.2 and 6.3. The complete set

of electron microprobe analyses is provided in the supplements.

In all samples, olivine displays high Mg# (molar ratio Mg/(Mg+Fe2+) between 0.88 and

0.91, high Ni (2700–4200 ppm) and moderate Mn (1000–1300 ppm) content, with Ni/Mn

between 2.1 and 3.3 (Figure 6.6-a), which is typical of olivine in mantle peridotite (Wang

et al., 2021). Other trace elements (Ca, Ti, Al, P, Cr) are present in much lower concen-

tration, below 50 ppm for Ti and Al and below 200 ppm for Ca, Cr and P. In sample

JB-19-21 (phlogopite-chromite harzburgite), some olivine grains located within or close to
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6.5 Mineral compositions

JB-19-21 JB-19-22

Mineral Chr Spl Ol Ol Ol Ol
Label Spl-09 Spl-01 Ol-07 Ol-18 Ol-06 Ol-07
Position core core core rim core core

wt% oxides
SiO2 0.02 0.00 40.83 39.29 40.80 40.58
TiO2 0.93 0.06 0.0035 0.0016 0.0010 0.0028
Al2O3 4.38 37.75 0.0000 0.0000 0.0000 0.0018
Cr2O3 58.96 28.98 0.0268 0.0110 0.0022 0.0028
V2O3 0.17 0.12 na na na na
FeO 29.47 18.10 8.79 17.27 9.66 10.78
MnO 0.87 0.18 0.1308 0.7278 0.1455 0.1669
MgO 3.77 14.75 49.54 42.36 48.98 48.11
CaO na na 0.0091 0.0052 0.0133 0.0133
P2O5 na na 0.0214 0.0779 0.0136 0.0100
NiO 0.07 0.16 0.4256 0.2446 0.3731 0.3590
ZnO 0.64 0.40 na na na na
Total 99.29 100.50 99.78 99.99 100.00 100.02

Oxygen 4 4 4 4 4 4
Cation
Si - - 1.02 0.97 1.01 1.01
Ti 0.025 0.001 - - - -
Al 0.184 1.268 - - - -
Cr 1.661 0.653 - - - -
Fe2+ 0.752 0.343 0.36 0.71 0.40 0.44
Fe3+ 0.127 0.089 - - - -
Mg 0.200 0.627 1.60 1.35 1.57 1.54
Total cation 2.95 2.98 2.98 3.03 2.99 2.99

Mg# 0.90 0.34 0.91 0.81 0.90 0.89
Cr# 0.21 0.65 - - - 0.61
Trace ppm
Ni 586 1259 3344 1922 2932 2821
Mn 6766 1365 1013 5637 1127 1293
Cr - - 183 75 15 19
V 1155 840 - - - -
Ca - - 65 37 95 95
Ti 5570 357 21 10 6 17
Si 90 0 - - - -
Al - - - - - 10
P 93 340 59 44
Zn 5158 3213 - - - -
Ni/Mn 0.09 0.92 3.30 0.34 2.60 2.18

Table 6.3 – Representative analyses of spinel, chromite and olivine. na : not analyzed

the orthopyroxenite layers have been partially replaced by less magnesian, Fe-Mn-rich oli-

vine (Mg# = 0.81–0.86, Mn = 2000–5800 ppm), with low Ni/Mn between 0.32 and 1.74.

This replacement has mostly occurred in the rims and along cracks, leaving the olivine cores

unmodified (Figure 6.4-f). Composition variations are observed between samples. In par-

ticular, there is a consistent increase in Ni/Mn correlated with increasing Mg#, from the

least magnesian clinopyroxene-garnet lherzolites (Ni/Mn = 2.1–2.3) to the more magnesian

clinopyroxene-free phlogopite-chromite harzburgite (Ni/Mn = 3.0–3.3).

Orthopyroxene displays high Mg# between 0.89 and 0.91. As for olivine, Mg# in ortho-

pyroxene increases while Mn decreases from the garnet lherzolite to the phlogopite-chromite
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Figure 6.6 – Selected mineral plots showing important features of mineral compositions in the dif-
ferent peridotite groups. Note in particular the correlation between Mg# and Ni–Mn content in olivine and
orthopyroxene. Distinction between mantle and cumulative (melt) olivine is after Wang et al. (2021).

harzburgite (Figure 6.6-b). Al content of orthopyroxene is very low in the phlogopite-

chromite harzburgite (ca. 0.01 p.f.u) and higher in the spinel harzurgite and the garnet

lherzolites (respectively 0.09–0.13 and 0.05–0.08 p.f.u, Figure 6.6-c). Orthopyroxene that

recrystallized in the coronas around kelyphites displays higher Al-content up to 0.15 p.f.u.
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6.5 Mineral compositions

Clinopyroxene and garnet were analyzed only in the garnet lherzolite. Clinopyroxene has

high Mg# (0.92–0.94 p.f.u) and variable Al (0.14–0.17 p.f.u Al). Clinopyroxene in the coronas

contains slightly more Al and slightly less Cr than the matrix clinopyroxene (Figure 6.6-d).

Garnet is a slightly chromian pyrope, with Cr# = 0.04-0.05 (where Cr# is the molar ratio

Cr/(Cr+Al)) and Mg# = 0.74–0.84. It displays Fe-Mg zoning from core to rim (Figure 6.6-

e), with higher Mg-content in the core (Prp73Alm15) than in the rim (Prp65Alm23). No

zoning is observed in Ca nor in Cr.

Amphibole was analyzed only in the spinel / phlogopite-chromite-bearing harzburgites

(Figure 6.6-f). In sample JB-19-22 (spinel harzburgite), amphibole is a slightly chromian

pargasite, with Cr = 0.15–0.19 p.f.u, Mg# >0.94 and Aliv = 1.40–1.76 p.f.u. In sample JB-

19-21 (phlogopite-chromite harzburgite), amphibole was only observed in the corona that

rim the peridotite enclave. It is a nearly pure tremolite (Mg# > 0.95, Aliv = 0.20–0.33).

Spinel in sample JB-19-22 is slightly chromian, with Mg# = 0.63–0.66 and Cr# =

0.29–0.35. It is quite rich in Ni (1250–1500 ppm, Figure 6.5-h) and poor in Mn (1240–1365

ppm), Zn (2700–3200 ppm), V (820–950 ppm) and Ti (300–400 ppm). By contrast, sample

JB-19-21 contains ferroan chromite (Mg# = 0.15–0.40, Cr# = 0.81–0.91). It is poorer in Ni

(500–740 ppm) and richer in Zn (up to 7400 ppm), V (1000–1250 ppm), Mn (2600–10050

ppm) and Ti (4500–6200 ppm) than spinel of sample JB-19-22 (Figure 6.6-g,h).

Finally, mica was only analyzed in sample JB-19-21. The preserved harzburgite in the

core of the enclave contains nearly pure phlogopite (Mg# = 0.95), with 0.05–0.06 p.f.u Ti

and 0.06 p.f.u Cr. This contrasts with biotite from the corona, which is less magnesian

(Mg# = 0.62–0.63), contains less Cr (Cr < 0.02) and more Ti (Ti = 0.11 p.f.u) than the

core phlogopite (Figure 6.6-i).
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6.6 Whole rock geochemistry and Nd-Sr isotopes

6.6.1 Major elements

All the samples have been serpentinized to various degrees during retrogression, but

this process is generally considered to induce no or very minor changes in major element

composition, and preserves in particular Al2O3/SiO2 and MgO/SiO2 ratios (Deschamps

et al., 2013). Formation of talc during serpentinization may nevertheless be associated with

strong modification of the initial composition, notably by SiO2 enrichment (Paulick et al.,

2006). Apart from highly retrogressed or altered domains which have been removed before

crushing, no talc has been observed in the samples. Therefore, the measured compositions

renormalized to to an anhydrous basis (Table 6.1) are considered as representative of the

initial whole rock compositions before serpentinization. Normalizating to dry composition

may induces a bias for the phlogopite / pargasite-bearing samples, which were not anhydrous

before serpentinization. This bias is however considered to be small considering the very high

loss on ignition (8–10 wt.%), which is likely dominated by water serpentine minerals, and

does anyway not affect element ratios.

The peridotites and serpentinites display variations in major elements composition. In

the Al2O3/SiO2 – MgO/SiO2 diagram of Paulick et al. (2006), all samples plot close to –

albeit slightly below – the terrestrial array (Figure 6.7-a), which represents the expected

compositional evolution resulting from partial melting of primitive mantle (Jagoutz et al.,

1979). The clinopyroxene-rich garnet lherzolites are particularly fertile and are characterized

by high Al2O3/SiO2 > 0.04, low MgO/SiO2 (0.81–0.91), and high CaO (1.41–2.69 wt.%),

which is typical of lherzolites (Deschamps et al., 2013). By contrast, the serpentinites and the

spinel and phlogopite-chromite harzburgites display low Al2O3/SiO2 < 0.04, high MgO/SiO2

(0.91–0.96) and low CaO (0.28–1.42 wt.%), which is more typical of residual harzburgitic
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mantle that has experienced some extent of partial melting (Figure 6.7). The phlogopite-

chromite harzburgite JB-19-21 is also enriched in K2O (0.63 wt.%) and P2O5 (0.12 wt.%)

relative to the other samples (Table 6.1), which all contain less than 0.35 wt.% K2O and

P2O5 below detection limit (<0.1 wt.%).

Terrestrial Array (melting trend)

Melting
residues

0.00 0.02 0.04 0.06 0.08 0.10

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

1.
4

Al2O3 SiO2

M
g O

Si
O

2

0
.1

1
1

0

Primitive
 Mantle

Grt lherzolite (LREE depleted)

Grt lherzolite (LREE enriched)

Phl harzburgite

Spl harzburgite

Serpentinite

Primitive
 Mantle

MgO (wt%)

C
a
O

 (
w

t%
)

a) b)

Figure 6.7 – Whole rock composition of collected peridotites and serpentinites plotted on the Al2O3/SiO2

– MgO/SiO2 diagram of Paulick et al. (2006) (a) and on a CaO – MgO diagram (b). All the samples align
slightly below the terrestrial mantle melting array (Jagoutz et al., 1979).

Variation in major element composition reflects the mineralogical composition of the per-

idotites. In particular, the trend in the Al2O3/SiO2 – MgO/SiO2 diagram is consistent with

composition of olivine and orthopyroxene, which display lower Mg# in the most fertile gar-

net lherzolite and higher Mg# in the most refractory harzburgites (Figure 6.6. Furthermore,

higher CaO and Al2O3 in the lherzolites is consistent with the abundance of – retrogressed –

garnet and clinopyroxene, and higher K2O and P2O5 in sample JB-19-21 is consistent with

the presence of phlogopite and apatite.
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6.6.2 Trace elements

Large variability is observed in trace element composition, and three main groups are

identified based on REE and Th content (Figure 6.8). The first group includes most of the

garnet lherzolites, which present LREE-depleted patterns ((La/Yb)N = 0.46 – 0.9), with

HREE content close to or slightly below that of the primitive mantle (YbN = 0.5 – 1.1).

Samples from this group display no or slightly positive Eu anomaly (Eu/Eu* = 1.0–1.2,

where Eu/Eu*=EuN/(SmN .GdN)1/2), and are not particularly enriched in Th, in contrast

to the other groups. The second group includes the spinel and the phlogopite harzburgites,

plus three samples of garnet lherzolite which present similar REE patterns. They display a

HREE content similar to samples of the first group (YbN = 0.4–1.2), but they are strongly

enriched in LREE and Th ((La/Yb)N = 1.3–8.7, (Th/Yb)N = 6.8–26.7) and present a

negative Eu anomaly (Eu/Eu* = 0.46–0.85). The third group consists of serpentinites. They

are all strongly depleted in HREE relative to the primitive mantle (YbN = 0.08–0.28). They

are slightly enriched both in LREE and Th ((La/Yb)N = 1.8–9.8, (Th/Yb)N = 3.6–16.8),

and display either U-shaped REE patterns, with depletion in MREE relative to HREE and

LREE, or continuous enrichment from HREE to LREE. With one exception, all the analyzed

serpentinites have a positive Eu anomaly (Eu/Eu* up to 3.2).

These three groups share in common a strong enrichment in fluid-mobile elements (Cs,

Rb, U, Pb) and strongly negative anomalies in high-field strength elements (HFSE), in

particular in Nb and Ta, independently of their mineral composition or REE and Th content

(Figure 6.8-b). Nb anomalies Nb/Nb* (Nb/Nb* = NbN/(ThN .LaN)1/2) range between 0.04

and 0.39, except for one serpentinite outlier with Nb/Nb* = 0.85.
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mantle after McDonough et Sun (1995). Three groups are identified based on their trends in rare earth
elements (see description in text). Legend is the same as on Figure 6.7.

6.6.3 Sr–Nd Isotopes

Sr isotopic composition was measured on nine samples from the three groups identified

above (Table 6.4). However, due to very low Nd content, no Nd isotopic data has been ac-

quired for samples from the LREE-depleted group. Initial (87Sr/86Sr)i ratio and εNdi have

been recalculated at 330 Ma, which corresponds roughly to the age of ultrapotassic magma-

tism and Variscan HP metamorphism in the ECM. Variation of a few 10 Ma has little effect

on Nd isotopic composition but can strongly modify the Sr isotopic composition in Rb-rich

phlogopite-bearing samples. To show the effect of age variations on Sr isotopic composition,
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initial isotopic rations (87Sr/86Sr)i recalculated at 350 Ma and 310 Ma have been added in

brackets on Table 6.4. Strong variations are observed both in Sr and Nd isotopic composi-

tion, and samples are globally more isotopically enriched than ocean island basalts. εNd330

ranges from slightly positive to strongly negative (-8.12 to +0.59), and (87Sr/86Sr)330 ranges

from 0.69985 to 0.71727. There is no correlation between Sr and Nd isotopes, as strongly

negative εNd330 are not necessarily associated with high (87Sr/86Sr)330. The highest values

for Sr isotopes are observed in serpentinites, which suggests these high values are related to

fluid-addition during serpentinization.
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6.7 Thermobarometry

Garnet lherzolites contain garnet, clinopyroxene and orthopyroxene, which allow the

use of classical thermobarometers based on equilibrium between these three phases (Nimis

et Grütter, 2010). However, they have gone through multiple stages of metamorphic re-

equilibration, and mineral compositions used for P–T estimates must therefore be chosen

carefully. P-T conditions have been estimated on sample JB-19-33, which preserved the most

complete mineral assemblage. The Mg-richest garnet core has been selected, combined with

representative core compositions of orthopyroxene and clinopyroxene from the matrix, which

are assumed to represent the primary assemblage. A temperature has also been calculated

using an orthopyroxene-clinopyroxene pair in the coarse-grained coronas around kelyphites

to constrain the retrogression path. The Al-in-Opx barometer (Nickel et Green, 1985) has

been used, combined with the two-pyroxene thermometer of Taylor (1998) and the Ca-in-opx

thermometer of Brey et Köhler (1990), as recommended in Nimis et Grütter (2010).

For the primary assemblage, the combination of two-pyroxene and Al-in-Opx thermoba-

rometers yields P = 3.0 GPa and T = 973 ◦C (Figure 6.9). Uncertainty can realistically be

assumed to be in the order of ±0.5 GPa for P and ±50◦C for T (Nimis et Grütter, 2010).

However, assuming the same pressure, the Ca-in-Opx thermometer yields higher T around

1130◦C. The orthopyroxene-clinopyroxene pairs in the coronas yield consistent T of 827 ±

50◦C for the two-pyroxene thermometer and 803 ± 50◦C for the Ca-in-Opx thermometer

assuming P = 1.0 GPa, which indicates good equilibration of these domains.

Conventional thermobarometry has been completed by thermodynamic modeling with

PerpleX 6.9.0 (Connolly, 2009), using the thermodynamic database of Holland et Powell

(2011) and the set of solution models from Jennings et Holland (2015) developed for phase

relations in peridotite in the composition space NaO-CaO-FeO-MgO-Al2O3-SiO2-Cr2O3.
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(1998) ; BK90 – Brey et Köhler (1990) ; NG85 – Nickel et Green (1985)

All iron was assumed to be ferrous (no Fe3+), and the bulk composition of sample JB-19-

33 recalculated on an anhydrous basis was used in input. The computed phase diagram is

shown on Figure 6.9-a. The primary assemblage is stable over a large P-T range above 1.3–2.0

GPa. Equilibration between garnet, clinopyroxene and orthopyroxene has been tested for

the primary assemblage by computing the composition quality factor Qcmp of Duesterhoeft

et Lanari (2020) over the whole P–T grid (Figure 6.9-b). Qcmp gives the match between

modeled and measured mineral composition in function of P and T, using the same mineral

compositions as those used for conventional thermobarometry. The closer Qcmp is to 1 (yellow

shades on the diagram), the better the match. The best fit between observed and measured

compositions is obtained for P between 2.0 and 4.0 GPa and T between 940 and 980◦C,

which is consistent with the P–T conditions estimated with the Al-in-Opx – Two-pyroxene

thermobaromaters.
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By constrast with the lherzolites, spinel / phlogopite-chromite harzburgites lack of garnet

and clinopyroxene, which prevents the use of classical thermobarometers. Moreover, these

samples have been deeply affected by metasomatic reactions, which makes the identification

of equilibrium assemblages particularly difficult. Therefore, no P–T estimates have been

obtained on these samples. Lack of garnet nevertheless indicates they were equilibrated

below the spinel / garnet transition. In the lherzolites, this transition occurs around 1.3–1.4

GPa for T between 800 and 1000◦C (Figure 6.9-a), but it may be shifted up to 2.0–2.5

GPa in Cr-rich depleted harzburgites (Ziberna et al., 2013). Therefore, we conclude that

the harzburgite samples equilibrated below 2.0–2.5 GPa. T remains unconstrained but is

assumed to be lower than in the garnet lherzolites, given that the latter equilibrated at

higher P, presumably along the same local geotherm.

6.8 Discussion

6.8.1 Consequences of crustal retrogression

The investigated peridotites and serpentinites have been incorporated as enclaves in

migmatites, and may have therefore undergone significant compositional, mineralogical and

textural transformation due to metamorphic or metasomatic reactions involving melts or

fluids derived from the migmatites. It is therefore important to assess to what extent the

enclaves have been modified during and after their incorporation into the crust, in order to

identify what relevant information can be extracted about the mantle.

Metamorphic textures indicate that the peridotites have partially recrystallized at crustal

conditions. This is particularly obvious in the retrogressed garnet lherzolites, in which former

garnet has almost been completely destabilized into kelyphite. These features are very com-

mon in retrogressed garnet peridotites, and result from reaction between garnet and olivine

in the spinel stability field, following the reaction Grt+Ol→ Opx+Cpx+Spl (Obata, 2011),
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which occurred between ca. 1.3 and 0.8 GPa according to our thermodynamic calculations

(Figure 6.9). The orthopyroxene-clinopyroxene coronas developed concomitantly with the

kelyphite, and constrain T between ca. 800 and 850◦C during this phase of retrogression. Fi-

nally, the formation of plagioclase-bearing symplectites around garnet relics indicate further

decompression in the plagioclase stability field during a later stage of retrogression below

0.8 GPa.

Recrystallization of the kelyphite into coarser symplectites and eventually into a grano-

blastic assemblage of pyroxene and amphibole is a process indicative of relatively high-T

conditions >800◦C (Obata, 2011). Resulting textures are very similar to annealing tex-

tures observed in garnet-clinopyroxene-bearing HP granulites of the Oisans – Pelvoux massif

(Chapter 4, which have experienced an overprint at similar P-T conditions (0.6–0.9 GPa ;

800–870◦C) during the late stages of the Variscan orogeny around 310–295 Ma. These tex-

tures therefore mark an overprint due to protracted evolution of the peridotites at T > 800◦C

in the lower crust. Despite this overprint, the peridotites have preserved domains devoid of

intense textural and mineralogical transformation, as supported 1) by thermobarometry on

the garnet-orthopyroxene-clinopyroxene assemblage, which yielded high P–T conditions in-

consistent with crustal re-equilibration, and 2) by Mg# and Ni–Mn composition of olivine

and orthopyroxene, which vary consistently with the bulk rock fertility, which suggests that

these minerals preserved their primary composition and were not further re-equilibrated by

diffusional exchange. Recrystallization was hence mostly restrained to the kelyphites, which

are particularly favorable sites due to their very fine-grained texture, which creates a high

surface of exchange between minerals.

Interaction with the felsic migmatites may have potentially altered mineral and whole

rock compositions. Such migmatite-peridotite interactions are exemplified by the spectacular

biotite-tremolite radial coronas formed around some enclave (Figure 6.2-e). However, such
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reactions did not affect all the enclaves, and many of them are completely devoid of such

coronas, or are surrounded only by a thin biotite-rich layer (Figure 6.2-c,d,f). Formation of

tremolite requires significant addition of H2O to the relatively dry harzburgitic assemblage

dominated by olivine and orthopyroxene, and occurs at P–T conditions of the amphibolite to

greenschist-facies (Spear, 1981; Spear et Spear, 1995). Therefore, we interpret these coronas

are relatively late features, which formed by reaction of the Mg-rich enclaves either with

hydrous fluids released during crystallization of the granitic liquids or with some residual

silicic melts enriched in H2O. Enclaves that were not in contact with these residual melts or

fluids hence remained unaffected by such reactions.

Retrogression to lower T and fluid input resulted in variable degrees of serpentinization,

which partially obliterated the former mineral assemblages. In sample JB-19-21, serpentini-

zed veins have formed across olivine grains and cut through the previous zonation without

modifying it (Figure 6.4-f), which indicates it did not alter mineral compositions. Howe-

ver, fluid input in the crust may have been associated with enrichment of the whole rock in

fluid-mobile elements. Strong enrichment in these elements is indeed observed in all samples,

independently of their petrographic type (serpentinite, lherzolite, harzburgite) or REE si-

gnature (Figure 6.8-b). However, we do not believe it results from serpentinization and

retrogression only. Indeed, there is no systematic increase in U/Th associated with increa-

sing loss on ignition (Figure 6.10-a), which is considered here as a proxy for the degree of

rehydration during retrogression (mostly due to serpentinization, but other reactions may

be involved). Some serpentinites nevertheless display higher U/Th, which may indicate si-

gnificant enrichment in some highly retrogressed samples. Furthermore, this enrichment is

coupled with strongly negative anomalies in HFSE (Nb-Ta) and low Nb content below that

of the primitive mantle (NbN = 0.05-1.34). Nb and Ta are relatively immobile in aqueous

fluids, especially at greenschist-facies conditions (Elliott et al., 1997; Hastie et al., 2007),

and it is therefore unlikely that they have leaked out during serpentinization in the crust.
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They could have even been slightly enriched, given that the Nb-Ta content in the continen-

tal crust is about sixteen times higher than in the primitive mantle (Taylor et McLennan,

1995). Therefore, these anomalies – and the coupled enrichment in fluid-mobile elements –

probably already existed before the incorporation of the mantle rocks into the crust.

6.8.2 A refractory mantle refertilized by melts and fluids

6.8.2.1 Early melt-depletion

Multiple lines of evidence indicate that the peridotites and serpentinites investigated in

this study have experienced various degrees of partial melting. First, whole rock composi-

tions in major elements (in particular Al2O3 and MgO) reveal large variations in fertility

among the different groups, from the more fertile garnet lherzolites to the more refractory

harzburgites, which may result from various degrees of partial melting and melt extraction.

These variations are consistent with the composition of olivine and orthopyroxene, which

present higher Mg# in the more refractory samples. There is furthermore a correlation

between Mg# and compatible/incompatible elements content in minerals, in particular Ni

and Mn : both olivine and orthopyroxene display decreasing Mn content with increasing

Mg#, and olivine displays an increase in highly compatible Ni (Le Roux et al., 2011) with

increasing Mg#. Finally, LREE-depletion observed in most of garnet lherzolites probably

results from partial melting. We therefore interpret these data as evidence that the different

peridotite groups have undergone partial melting at various degrees. The serpentinites have

not preserved primary minerals that could be analyzed, but they present high MgO/SiO2

and low Al2O3/SiO2 similar to the harzburgites, which suggests they also derive from a

refractory mantle source.
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6.8.2.2 Evidence for mantle metasomatism

A striking feature of the investigated samples is that their incompatible trace element

composition is completely decoupled from the variations in major elements. Most of the

fertile garnet lherzolites are indeed depleted in LREE, while the more residual harzburgitic

samples are all strongly enriched in LREE and other incompatible elements like Th (Figures

6.7 and 6.8). Furthermore, the presence of phlogopite and pargasite in the harzburgites

is inconsistent with high degree of melt-depletion. These contradictory features can only

be explained by involving refertilization of the peridotites by one or multiple metasomatic

events involving fluids and/or melts, which have re-enriched the mantle in incompatible

elements. In the harzburgites, metasomatism is clearly modal, since it has produced phlo-

gopite and/or pargasite. In the lherzolites, hydrous minerals are found (pargasite), but it is

not excluded that they formed during retrogression in the crust. However, metasomatism

in these rocks is evidenced 1) by the very fertile whole rock composition of these samples,

which is inconsistent with LREE depletion, and 2) by the presence of tiny graphite-bearing

inclusions in garnet relics (Figure 6.5), which marks the presence of C-O-H fluids during

garnet crystallization.

6.8.2.3 Multiple types of metasomatism

The dichotomy between LREE-depleted and LREE-enriched samples suggests that two

different types of metasomatism are recorded. Indeed, only the (serpentinized) harzburgites

and some lherzolites are enriched in incompatible LREE and Th, while all the samples are

variably enriched in fluid-mobile elements (Cs, Rb, U, Pb) and depleted in immobile HFSE

(Nb-Ta), independently of their enrichment in LREE. This dichotomy appears more clearly

when plotting Th/Nb against Th/Yb (Figure 6.10). The LREE-depleted lherzolite samples

are aligned along a very steep trend, which indicates increasing Nb anomalies (increasing

Th/Nb) at nearly constant Th/Yb. In contrast, the LREE-enriched samples are generally

236



6.8 Discussion

more scattered and define a much shallower trend, which indicates significant Th enrichment

at constant or slightly increasing Nb anomalies. Similar trends are observed when replacing

Th by La or Th/U by Ce/Pb. We interpret these two different trends as the superposition of

two different types of metasomatism, (respectively type I and type II), which have variously

affected the different groups. Type I affected all samples at various degrees and resulted

in enrichment in fluid-mobile elements and depletion in HFSE. Type II affected only the

LREE-rich samples and resulted in strong enrichment in incompatible LREE and Th.

The nature of metasomatic agent(s) responsible for selective enrichment in fluid-mobile

elements and depletion in HFSE is poorly constrained, due to the lack of a comprehensive

dataset of in-situ trace element data for the different rock-forming and accessory minerals.

In particular, it is currently impossible to estimate which proportion of enrichment is due to

contamination in the crust and which part is due to metasomatism in the mantle. Given the

presence of graphite-bearing inclusions in garnet, we speculate that the fertile composition

of the garnet lherzolites results from metasomatism by C-O-H fluids, which carried a trace

element signature enriched in fluid-mobile elements and depleted in HFSE. However, trace

element analyses of clinopyroxene and garnet and more detailed investigation of the graphite-

bearing inclusions are required to support this hypothesis.

In contrast, the second type of metasomatism associated with enrichment in incompa-

tible LREE is better constrained by mineral compositions and petrographic observations in

the phlogopite-chromite harzburgite (sample JB-19-21), which is one of the most enriched

samples. This sample presents indeed several features indicative of percolation by mantle

melts. First, it is rich in chromite with low Mg#, low Ni and high Ti and Mn content (Fi-

gure 6.6-g,h). This is unexpected in a depleted harzburgite, given that Ni is strongly compa-

tible and preferentially fractionates into spinel during partial melting (D
Spl/Melt
Ni = 6.1–22),

while Ti and Mn are more compatible (DT i = 0.06–0.2, DMn = 0.2–0.9) and fractionate
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into the melt (Wijbrans et al., 2015). Then, this sample contains veins of orthopyroxenite,

around which primary olivine has been partially replaced by secondary olivine displaying

typical magmatic features, such as low Mg# and low Ni/Mn < 2 (Wang et al., 2021). These

orthopyroxenite layers may therefore represent former melt-migrating channels, in which

olivine was dissolved and replaced by orthopyroxene following the reaction Ol + Liq1 →

Opx + Liq2. In order to dissolve olivine and crystallize orthopyroxene, the percolating li-

quid had to be relatively rich in SiO2. It appears therefore likely that incompatible elements

enrichment was driven by a silicate melt, which migrated either pervasively by porous melt

flow through the mantle (e.g. Dijkstra et al., 2003), or via channelized flow as evidenced

by the orthopyroxenite layers in the phlogopite-chromite harzburgite. This melt-driven me-

tasomatism resulted in crystallization of phlogopite and/or pargasite. Apatite is commonly

found in association with phlogopite, and has also probably crystallized from the melt. This

latter was therefore enriched in K2O and P2O5 in addition to incompatible trace elements.

All of this indicates involvement of continental crustal material in the source of the melt.

6.8.2.4 Crustal isotopic signature

The peridotites and serpentinites display highly variable Sr–Nd isotopic signatures, which

are dominated by negative εNd330 and high 86Sr/87Sr330. Sr isotopic signature is difficult to

interpret due to the large uncertainty on initial isotopic ratios resulting from strong enrich-

ment in Rb in some samples. Highest values in 86Sr330 are observed in the serpentinites, which

suggests these high values are related to fluid-addition during serpentinization. Serpentini-

zation was however not associated with peculiar enrichment in Nd and Sm (Figure 6.8). The

Nd isotopic composition has thus probably been less affected than Sr by interaction with

fluids in the crust, and is hence considered to provide more reliable information about the

isotopic composition of the mantle. With one exception, all samples for which Nd-isotope

data are available contain unradiogenic Nd (εNd330 <0), which again argues for contami-
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nation of the mantle source by continental material. Large scattering in εNd330 among the

analyzed samples suggests that the portion of mantle sampled by the ultramafic enclaves is

highly heterogeneous, probably due to different extent of metasomatic interactions.

U-enrichment by
crustal fluids ? 

7 8 9 10 11 12 13
LOI (wt.%)

a)

●

b)

Primitive
 Mantle

Increasing LILE/HFSE
(C-O-H Fluids?)

Increasing 
LREE–Th/HREE

(LREE-rich Melt) 

Figure 6.10 – a) evolution of U/Th in function of the loss of ignition (LOI). The LOI is considered here
as a proxy for retrogression reactions (serpnetinization in particular) occuring in the crust, while U/Th is
a proxy for enrichment in fluid-mobile incompatible elements relative to less mobile incompatible elements.
Excepted for two serpentinites with high U/Th, no significant varition of U/Th is observed with increasing
LOI. b) Th/Yb – Th/Nb diagram indicating different trends of metasomatism. Increasing Th/Nb marks
increasing anomaly in Nb, while increasing in Th/Yb marks enrichment in incompatible elements relative
to more compatible HREE. Two different trends are observed, respectively for the LREE-depleted garnet
lherzolites and the other samples. Legend is the same as on Figure 6.7

6.8.3 Implications for the Variscan evolution

The trace element and isotopic composition of the mantle enclaves display dual cha-

racteristics, which indicate refertilization of a refractory, melt-depleted mantle by aqueous

fluids or melts carrying a crustal signature (enrichment in LILE, LREE, K2O and P2O5,

negative HFSE anomalies, negative εNdi), which certainly derived from dehydration and/or

melting of subducted continental material (Hermann et Rubatto, 2009; Zheng, 2019). This

material was probably subducted during the Devonian or the lower Carboniferous, shortly

preceding the Variscan collision in the ECM. Indeed, older magmatic record in the ECM

does not show any evidence of an enriched mantle source. The Ordovician magmatic event
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(ca. 480-450 Ma) recorded all across the ECM is characterized by emplacement of tholeiitic

basalts with N/E-MORB-like signatures and positive εNdi (+6<εNdi<+8) characteristic of

a depleted mantle source (Bussy et al., 2011; Jacob et al., 2021a; Paquette et al., 1989; Ru-

batto et al., 2010). It is difficult to envisage that pre-existing metasomatized mantle would

have escaped this widespread magmatic event, especially considering that such a metasoma-

tized mantle would be particularly prone to melting. Therefore, metasomatism necessarily

postdates the Ordovician magmatism. Consequently, we attribute the early depletion of the

mantle to this Ordovician magmatic event and the subsequent metasomatism to Variscan

subduction and/or collision during the Devonian and the Carboniferous.

Metasomatism may be related either to subduction of sediments together with an ocea-

nic slab prior to the collision (Devonian-Tournaisian), or to the subduction of continental

units during the early collisional stages. In the first scenario, mantle metasomatism would

be related to the arc/back-arc calc-alkaline magmatism recorded in the western part of

ECM (Figure 6.1), while in the second scenario, it would be related to syn/post-collisional

Mg-K magmatism. Petrographic and geochemical characteristics of the phlogopite-bearing

harzburgite present striking similarities with that of Variscan Mg-K rocks (durbachites-

vaugnerites, Von Raumer et al. (2014)), which suggests that at least the type II metaso-

matism is related to Mg-K magmatism. In particular, strong enrichment in incompatible

elements (LILE, LREE Th), pervasive occurrence of apatite associated with phlogopite and

unradiogenic Nd isotopic signature (negative εNdi) are typical. Given the multiple evidence

of pervasive interaction with a K2O-rich melt, we do not regard this sample as representative

of the mantle source of the durbachites-vaugnerites, but rather as a part of the subconti-

nental mantle that was percolated by these Mg-K rich magmas and reacted with them.

In any case, the peridotite enclaves must be derived from the mantle wedge or the overlying

lithosphere, where the mantle has interacted with fluids or melts rising from the subducting
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slab. Thermobarometric estimations suggest that the garnet lherzolites derive from the upper

mantle wedge (ca. 80–130 km, assuming a crustal thickness of 40 km and a density of 3300

kg.m−3 for the mantle and 2800 kg.m−3 for the crust), while the harzburgites probably derive

from shallower mantle (<80 km). This argues for a position of the ECM on the overlying

plate, relatively far from the plate interface. Indeed, assuming a dip angle of the subducting

slab between 30◦ and 50◦, a distance of 100 to 220 km from the subduction front is necessary

to open a mantle wedge wider than 130 km. The situation of the ECM may therefore

be analogue to that of the Moldanubian zone of the Bohemian massif, which is located

several hundreds of kilometers south of the Saxo-Thuringian subduction front and exposes

high-grade lower crustal domains with embedded orogenic peridotites and Mg-K magmatic

intrusions. In this massif, clear link has been established between metasomatism of the

mantle and this (ultra)-potassic magmatism, which both resulted from relamination of the

overlying lithosphere by continental material derived from the subducting Saxo-Thuringian

plate (Janoušek et Holub, 2007; Kotková et al., 2011; Lexa et al., 2011; Maierová et al., 2021;

Schulmann et al., 2014). Such a model seems plausible in the ECM, but further investigation

of peridotite enclaves and Mg-K magmatic rocks is needed to make a stronger case.

6.9 Conclusion

Enclaves of peridotites and serpentinites discovered in exhumed lower and mid-crustal

domains in the Oisans-Pelvoux and Belledonne massif provide insight into the composition

and evolution of the Variscan mantle in the external zones of the Western Alps. Although

information carried by these mantle rocks has been partially altered due to protracted stay

in the migmatitic lower crust and subsequent serpentinization, they preserved information

about their metamorphic evolution and record successive steps of melting and refertilization

by melts or aqueous fluids in the mantle. Thermobarometric estimations indicate provenance

of these enclaves in the upper mantle wedge or the overlying lithospheric mantle. Refrac-
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tory compositions characterized in particular by high MgO/SiO2 and low Al2O3/SiO2 in the

whole rock and high Mg# and Ni-content in olivine mark an early melt-depletion event,

presumably related to the widespread Ordovician magmatism recorded in the European Va-

riscan basement. Variably depleted mantle domains were refertilized by melts and/or fluids,

which produced an enrichment in fluid mobile elements relative to immobile ones (LILE vs

HFSE), together with the development of a pronounced Nb-Ta negative anomaly observed

in all the collected samples. Strong enrichment in incompatible LREE relative to HREE

and modification of the modal composition (crystallization of phlogopite and/or pargasite

with accessory chromite and apatite) in some samples is attributed to percolation by K2O-

P2O5-rich melts, presumably derived from a subducted continental slab. These geochemical

characteristics are in line with whole rock Nd isotopic compositions, which indicates en-

richment of the mantle by a continental crust component. Metasomatism is attributed to

Variscan subduction and collision during the Devonian–Carboniferous period, but further

work is needed to constrain the precise timing of metasomatic events and establish correla-

tions with the magmatic and tectono-metamorphic record in the ECM.
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CHAPITRE 7

Le magmatisme (ultra)-potassique des MCE

Figure 7.1 – Bloc de durbachite provenant d’une enclave hectométrique dans le granite du Rochail
(Oisans)
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7.1 Introduction

The syn-to post-collisional stages of the Variscan orogeny in Europe were marked by the

emplacement of peculiar series of highly magnesian, (ultra)-potassic (Mg–K) igneous rocks,

locally referred to as durbachites, vaugnerites or redwitzites. They are ubiquitous in the high-

grade granulite/eclogite-bearing metamorphic units derived from the former crustal root of

the orogen, which spreads from the Moldanubian zone of the Bohemian Massif to Galicia

and includes the Vosges – Black Forest massif, the French Massif Central, the southern

Armorican Massif and also Variscan domains exposed in the External Crystalline Massifs

of the Alps (ECM) and in Corsica (Couzinié et al., 2016; Janoušek et Holub, 2007; Rossi

et Cocherie, 1991; Soder et Romer, 2018; Tabaud et al., 2015; Von Raumer et al., 2014). In

the following, they will be referred to as the durbachite series.

The durbachite series display dual geochemical characteristics combining strong enrich-

ment in LILE and other incompatible elements (Cs, Ba, Rb, Sr, Th, U in particular) with

highly magnesian composition and high content in compatible transitional metals (Cr, Ni).

The most common interpretation of this dual character is that these Mg–K rocks were pri-

marily produced by melting of a metasomatized mantle source (e.g. Couzinié et al., 2016;

Janoušek et Holub, 2007; Lexa et al., 2011), although subsequent fractionation, mixing with

anatectic magmas and contamination in the lower crust did probably occur at various ex-

tents. Variscan durbachites mostly emplaced within a short period between 345 and 335 Ma,

coeval with or shortly following (ultra)-high-P metamorphism of the continental crust (Ja-

noušek et Holub, 2007). Younger pulses however occurred until the early Permian (Laurent

et al., 2017; Soder et Romer, 2018). It is therefore an important geodynamic marker of the

Variscan collision, and determining the spatial and temporal distribution of Mg–K mag-

matism at the scale of the orogen is a key element in the reconstruction of the Variscan

geodynamic history. Variation in geochemical and isotopic composition of the durbachite
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series with space and time can provide useful information about the compositional evolu-

tion and spatial variability in the mantle, which may allow to constrain mantle processes

and/or discriminate different geotectonic domains (e.g. Hora et al., 2021; Laurent et al.,

2017; Soder et Romer, 2018).

A large number of geochemical and geochronological studies of the durbachites have been

conducted recently in the Bohemian Massif, in the Vosges–Black-Forest massif and in the

Massif Central (Couzinié et al., 2016; Janoušek et al., 2019; Hora et al., 2021; Laurent et al.,

2017; Tabaud et al., 2015). In contrast, numerous magmatic bodies with durbachite affinity

have been identified for long in the External Crystalline Massifs (ECM) of the Western Alps

(e.g. Banzet, 1987; Bussy et al., 2000; Debon et al., 1998; Le Fort, 1971; Schaltegger et

Corfu, 1992; Vittoz, 1987), which have remained comparatively understudied. In the Aar-

Gothard massif, zircons extracted from a series of shoshonitic-ultrapotassic intrusive bodies

have yielded an age of 334±2.5 Ma and εHf(t) scattered between 0 and -8 (Schaltegger et

Corfu, 1992). In the Aiguilles-Rouges massif, U-Pb dating of durbachitic monzonites yielded

similar ages between 330 and 335 Ma (Bussy et al., 2000). In the more southern massifs

of Belledonne and Oisans-Pelvoux, no isotopic nor geochronological data are available for

the durbachites, apart from questionable Rb-Sr and K-Ar dating on biotite (Banzet, 1987;

Demeulemeester, 1982). Overall, geochemical data are old and generally lack of analyses

in REE and other key trace elements (HFSE, Th, U). This lack of data induces strong

limitation in our understanding of the magmatic framework in the ECM, and hampers

broader comparison with surrounding Variscan domains of the Bohemian Massif, Vosges or

Massif Central. In order to fill this gap, we have undertaken new petrographic, geochemical

and isotopic investigations of durbachitic rocks in the ECM. In particular, detailed study

of the Olan plutonic formations exposed in the inner part of the Oisans–Pelvoux massif

(Le Fort, 1971) provides new constraints about the age, the P-T conditions of emplacement

and relationship with the Variscan tectono-metamorphic framework in the ECM.
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7.2 Geological setting

7.2.1 General setting

The Variscan basement of the external Western Alps is a tectonic assemblage composed

of medium to high-grade metamorphic units deriving from lower Paleozoic protoliths and

intruded by syn-to post-collisional granitoids (Figure 7.2), over which non-metamorphic

sediments were deposited in small pull-apart basins during the upper Carboniferous and the

early Permian (Fréville et al., 2018; Guillot et Ménot, 2009; Ménot, 1987a; Vivier et al.,

1987). Relics of eclogites and high-pressure (HP) granulites occur sporadically in the lower

crustal domains, as well as decimeter-to meter-size enclaves of peridotites and serpentinites

(Figure 7.2). Hence, it is interpreted as a portion of the medium-to high-grade mid-Variscan

allochtons (Ballèvre et al., 2014; Mart́ınez Catalán et al., 2021), forming the internal zone

of the Variscan Belt.

The Variscan Orogeny has occurred from ca. 350 Ma to 295 Ma in the ECM, and consisted

in : (1) an early Carboniferous (350-330 Ma) collisional phase associated with E-W directed

nappe stacking and HP metamorphism, with peak-P conditions estimated at ca. 1.4-1.8

GPa and 650-730◦C (Jacob et al., 2021a) ; (2) a phase of transpression, associated with

the development of a large, N–N30◦ oriented dextral wrenching system, which was active

from ca. 325 Ma to 295 Ma (Fréville et al., 2022; Jacob et al., 2021a; Simonetti et al.,

2018, 2020; Vanardois et al., 2021). It progressively evolved toward transtension during the

upper Carboniferous (ca. 310–300 Ma), which was associated with the opening of small half-

grabben and pull-appart basins in the upper crustal levels (Ballèvre et al., 2018; Fernandez

et al., 2002). The Variscan basement has only been mildly reworked by Alpine tectonics. An

anastomozed network of ductile/brittle shear zones has developed during the Alpine collision

(Bellanger et al., 2014; Marquer et al., 2006), which delineate crustal blocks devoid of strong
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Figure 7.2 – a) Simplified tectonic map of the Variscan Belt of Europe, with position of the main
suture zones and localization of the External Crystalline Massifs. Modified after Ballèvre et al. (2014). BF
– Black Forest ; FMC – French Massif Central ; GTMZ – Galicia–Trás-os-Montes ; MT – Maures-Tanneron ;
RHS – Rheinische schiefergebirge ; SPZ – South Portugese Zone ; Vi – Vosges. b) Map of the Variscan
basement in the massifs of Belledonne, Grandes-Rousses and Oisans–Pelvoux, with the pre-collisional and
syn/post-collisional magmatic series shown in color.

Alpine deformation and metamorphic overprint, in which the former Variscan structures and

metamorphic or magmatic assemblages are preserved.
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7.2 Geological setting

7.2.2 Variscan magmatism in the ECM

Magmatic activity is recorded from the pre-collisional stages (upper Devonian) to post-

collisional stages during the late Carboniferous and the early Permian (ca. 370-295 Ma).

We present here a brief review of Variscan magmatism in the ECM. The different magmatic

series are shown in colour on Figure 7.2.

The oldest Variscan magmatic rocks in the ECM are bimodal plutonic and volcano-

sedimentary sequences with a low-K calc-alkaline to tholeitic composition. They were presu-

mably emplaced in an arc or back-arc setting (Pin et Carme, 1987), similar to the Brévenne

unit in the northeastern Massif Central (Faure et al., 2009; Pin et Paquette, 1997) or the

southern Bohemian Massif (Schulmann et al., 2009). These series have been strongly over-

printed by the Variscan collision during the Visean (350-330 Ma). The emplacement age is

constrained between ca. 370 and 350 Ma by U-Pb dating of trondhjemitic sills and K-Ar

dating on amphibole (Fréville et al., 2018; Guillot et Ménot, 2009; Ménot et al., 1987). The

youngest age recorded in these formation at 352±1 Ma (Fréville et al., 2018) provides a

lower boundary for the onset of the Variscan collision in the ECM.

The collisional and post-collisional stages were associated with the emplacement of large

volumes of granitoids together with the subordinate mafic to intermediate rocks of the

durbachite series. Review of granitic magmatism in the ECM by Debon et Lemmet (1999)

has identified two sub-series based on age and composition : (1) an older (340-330 Ma), high

Mg# series composed of amp-bt quartz-monzonites and granodiorites rich in mafic enclaves ;

(2) a younger (305-295 Ma), lower Mg# series composed of (amp)-bt-ms quartz-monzonites

and granites poorer in mafic enclaves. However, apart from the difference in Mg#, these two

series are very similar and fall into a broad group of K-rich, alkali-calcic granitoids (defined

as the ”sub-alkaline potassic series” in Debon et Lemmet (1999)), which are common in the
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internal zones of the Variscan Belt and are interpreted to derive from various degrees of

hybridization between crustal and mantle sources (Moyen et al., 2017).

Recent U-Pb in situ dating of zircon in granitoid intrusions in the Belledonne and Oisans-

Pelvoux massifs (Fréville, 2016) confirms the presence of two magmatic peaks during the

Visean and the upper Carboniferous – early Permian, but it also indicates that the period

between these two peaks was not completely devoid of magmatic activity, and plutons with

intermediate ages have been identified. Furthermore, these data show that the two magmatic

peaks identified by Debon et Lemmet (1999) do not perfectly coincide with the emplacement

of a high Mg# and a low Mg# series, as some granites with high Mg# were emplaced until

the upper Carboniferous.

7.3 Field description and structural analysis

Mg–K rocks of the durbachite series are widespread in the ECM. They form either small

intrusive bodies composed of amp-bt-rich quartz-monzonite, mela-(quartz)-syenite and me-

lagranite with K-feldspar megacrysts, or they occur as microgranular mafic enclaves (MME)

in syn/post-collisional granitoids (Von Raumer et al., 2014). In addition, they form countless

dykes of lamprophyric affinity (minettes and vogesites) intruding the metamorphic base-

ment (Laurent, 1992). These rocks have been investigated in the massifs of Oisans–Pelvoux,

Belledonne and Grandes Rousses (Figure 7.2), with a strong focus on the Olan plutonic

formations exposed in the internal zone of the Oisans–Pelvoux massif (Figure 7.3). These

latter present indeed a diverse mineral assemblage, allowing estimation of P-T conditions

of emplacement. In addition, structural relationships with the older metamorphic basement

have been investigated.
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7.3.1 The Olan plutonic formations

The Olan plutonic formations represent the main exposure of ultrapotassic rocks in the

Oisans-Pelvoux massif. They were first described by Le Fort (1971) and are known locally

as the Olan amphibolic augen orthogneiss. They form mesocratic to melanocratic igneous

rocks containing large (1-3 cm) K-feldspar megacrysts (Figure 7.4 and Figure 7.6), which

classify as quartz-syenite following Debon et Le Fort (1983). They have commonly been

strongly deformed and now appear as augen gneiss. Two different facies are recognized

in the field : (1) coarse-grained amphibole-biotite porphyritic quartz-syenites (abS), which

contain some relics of clinopyroxene (augite) ; (2) fine-grained clinopyroxene-biotite quartz-

syenites (pbS), which are poorer in amphibole and richer in biotite than the coarse-grained
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abS and contains better-preserved clinopyroxene. The coarse-grained facies forms the largest

part of the intrusion, while the fine-grained facies was only observed in its southern flank

(Figure 7.3). Enclaves are rare and consist in small (3-10 cm) ultramafic xenoliths, which

are partially or completely retrogressed to hornblendite (Figure 7.4-d).

a) b)

d)

NS

abS
pbS

abS

abS

Ultramafic
xenolith

c) SENW

abS

C
S

Figure 7.4 – Field pictures of the Olan quartz-syenites. Scale is given by the pencil / finger / hammer
on each picture. a) close-up view on a sample of the coarse-grained amp-bt facies, showing K-feldspar
megacrysts. b) cross-cutting relationships between two different magmatic batches, composed respectively
of amphibole-biotite (abS) and pyroxene-biotite (pbS) quartz-syenite. Foliation in the abS facies is clearly
crosscut by a younger intrusion of pbS facies. c) Foliation in the abS facies, with S-C relationships. A
deformed sigmoidal enclave is visible on the top right. d) Ultramafic xenolith, partially retrogressed to
hornblendite.

Contact with the surrounding metamorphic sequence has often been blurred by subsequent

migmatization. Field mapping reveals the Olan formations form a 100 to 200-meter thick

elongated body concordant with the high-grade metamorphic foliation, which extends dis-
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continuously over ca. 5 km from west to east (Figure 7.3). It has been cross cut by several

brittle faults, which are either related to the Alpine collision or to late Variscan strike-slip

tectonics. These formations have been strongly deformed and present a foliation characte-

rized by stretching of dark minerals and K-feldspar, with common sigma clasts and S-C

sigmoids (Figure 7.4 and Figure 7.6-f), which suggest development at solid-state conditions.

Foliation planes are steeply-dipping (70-90◦) to the south and display similar orientation to

the surrounding metamorphic foliation (Figure 7.3). This metamorphic foliation corresponds

to the sub-horizontal S2h described in Chapter 4, which forms in this part of the massif the

southern flank of a kilometer-scale E-W oriented antiform, and therefore appears strongly

tilted to the south. Some highly strained domains are crosscut by younger, less deformed

magmatic injections (Figure 7.4-b), which indicates syn-tectonic emplacement. The Olan

plutonic formations are therefore interpreted as a former laccolith inserted within the me-

tamorphic series, which was emplaced syn-tectonically by accumulation of multiple batches

of magma cross-cutting each others.

7.3.2 Mafic dykes and enclaves in granitoids

High Mg–K mafic enclaves are abundant in the older Visean granitoids (340-330 Ma),

especially in the Sept-Laux, Grun and Rochail granites (Figure 7.2). They are less common

in younger granites, but have nevertheless been observed in the Roche-Noire granite dated at

310±5 Ma (Fréville, 2016) and are described further north in the Mont-Blanc granite dated

at 304±Ma (Bussy, 1990; Debon et Lemmet, 1999). They form either large decameter to

hectometer size bodies, especially in the Rochail granite (De Boisset, 1986), or they occur

as swarms of decimeter-to meter-size enclaves elongated parallel to the granite foliation

(Figure 7.5). Detailed field studies have shown that these swarms of enclaves were formed by

fragmentation of larger mafic bodies and subsequent stretching of the fragments, either in the

magma or at HT solid-state conditions (De Boisset, 1986). Some enclaves display digitated

253



LE MAGMATISME (ULTRA)-POTASSIQUE DES MCE

shapes with darker rims, or complex internal textures suggesting mechanical mingling and

chemical mixing with the host granite (Figure 7.5-b,c).

Finally, countless occurrences of mafic durbachites are found in the metamorphic ba-

sement. They form either dykes, which can be followed over tens to hundreds of meters

(Laurent, 1992), or occur as scattered 0.1–1m lenses within highly deformed – migmatitic –

domains, which are transposed within the metamorphic foliation (Figure 7.5-d). These lenses

presumably represent former dykes or sills, which have been highly strained and completely

dismembered by injection of anatectic melts and deformation of the metamorphic series.
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Figure 7.5 – Field pictures of the mafic durbachite enclaves. a) Hectometer-size durbachite in the Rochail
granite (Figure 7.2). b) close-up view on a boulder from this enclave, which displays peculiar textures com-
posed of mesocratic feldspar-biotite-(amphibole) patches surrounded by melanocratic, biotite-rich domains
(biotitite). c) Decimeter-to meter-size enclaves in the Sept-Laux granite (boulder not in place). Enclaves are
sheared and elongated parallel to the granitic foliation. Digitated borders and darker rims indicate chemical
interaction between the enclaves and the granite. d) Boudinage structures in mafic lamprophyres embedded
in a migmate (inner Oisans–Pelvoux massif). The lamprophyres are composed of K-feldspar phenocrysts in
a dark, biotite-rich matrix. The boudins have been later cross-cut by brittle faults.

7.4 Petrographic description and mineral

composition

Eight samples have been investigated in total. Five were collected in the two different

facies of the Olan intrusive formations. In addition, two mafic enclaves were sampled in

the Rochail granite, and a last sample was collected in a lense of biotite-rich lamprophyre
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(minette) in the migmatitic series of the inner Oisans-Pelvoux massif. Sampling localities

are reported on Figure 7.2 and Figure 7.3, and precise GPS coordinates are indicated in

Table 7.2.

7.4.1 Petrographic descriptions

The Olan amphibole-biotite (mela)-quartz-syenite (abS)

The amphibole-rich facies is characterized by a porphyritic assemblage rich in hornblende

and large K-feldspar megacrysts (1-3 cm), with subordinate plagioclase, biotite and quartz

(Figure 7.6-a). Clinopyroxene is occasionally preserved as relics. Secondary phases formed

during retrogression include chlorite and actinolite. Chlorite commonly occur in replace-

ment of biotite, while actinolite grows in replacement of hornblende and/or clinopyroxene.

Apatite and titanite are ubiquitous and form euhedral crystals. In some samples, presence

of shear bands localizing deformation in the (chloritized) biotite-rich layers marks post-

crystallization, solid-state deformation.

The Olan pyroxene-biotite (mela)-quartz-syenite (pbS)

The pyroxene-biotite facies is generally finer-grained than the amphibole-biotite facies and

does not present large K-feldspar megacrysts. It contains an assemblage rich in biotite,

K-feldspar and clinopyroxene, with subordinate plagioclase, quartz, and hornblende (Fi-

gure 7.6-b,e). Secondary actinolite and chlorite occur, but this facies is generally drier and

less retrogressed than the amphibole-biotite facies. Clinopyroxene is also better preserved

and occasionally contains inclusions of biotite (Figure 7.6-e). This facies is rich in apatite,

zircon and titanite, which are concentrated in the biotite-clinopyroxene-rich domains.

The mafic/intermediate enclaves in granite

Enclaves in granites display strong variations of facies between melanocratic, biotite-rich do-
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7.4 Petrographic description and mineral composition

main and mesocratic domains, which range from mafic to intermediate in composition. They

contain a mineral assemblage similar to the pbS facies of the Olan formations (biotite–K-

feldspar–hornblende– plagioclase–clinopyroxene–quartz–chlorite–actinolite, with accessory

apatite, titanite and zircon), but are richer in Fe-Mg minerals and display different tex-

tures. Biotite forms elongated (2-5mm long) rods without any preferential orientation (Fi-

gure 7.6-c), that are commonly retrogressed to chlorite. Relics of clinopyroxene occur but

are generally strongly retrogressed. Apatite is ubiquitous and forms elongated prisms and

needles up to 500 µm long. Relics of euhedral titanite occurs, which has been replaced by a

pseudomorphic assemblage rich in opaque minerals.

The biotite-rich lamprophyre

One sample of biotite-rich lamprophyre (JB-19-36) was collected in a meter-sized lense em-

bedded in migmatites, close to the Olan formations. It mostly contains biotite, clinopyroxene,

hornblende and actinolite, with subordinate K-feldspar and plagioclase, and accessory apa-

tite. No zircon was observed. A strong metamorphic foliation is marked by oriented biotite

and clinopyroxene augens -Figure 7.6. Clinopyroxene has been heavily retrogressed and par-

tially replaced by amphibole.

7.4.2 Mineral compositions

Preliminary mineral composition data were acquired in one sample of the pyroxene-

biotite facies (JB-19-30), collected in the Olan intrusion, in order to perform thermobaro-

metry. Electron probe microanalyses were done following the standard procedure for silicates

described in Chapters 3, 4 and 6. A selected set of representative analyses is provided in

Table 7.1.

Clinopyroxene is an augite with low Al and Na content < 0.02 p.f.u (per formula unit)

and molar Mg/(Mg+Fe) (Mg#) between 0.68 and 0.71. Multiple analyses made in a single
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Figure 7.6 – Thin section scans and microphotographies of representative samples. a) Olan quartz-
syenite, abS facies. b) Olan quartz-syenite, pbS facies. c) mafic enclave in the Rochail granite. d) Lampro-
phyric enclave in the migmatitic series of the internal Oisans–Peloux. e) Mineral assemblage in a Cpx-bearing
quartz-syenite (pbS). Note the inclusions of apatite and zircon in biotite, and the inclusion of biotite in Cpx.
f) Deformed quartz-syenite (pbS facies). Foliation is marked by oriented biotite and pressure shadows around
K-feldspar augens.

grain have not revealed any significant core-rim zoning. Biotite is homogeneous throughout

the sample and phlogopite-rich, with Mg# ranging between 0.53 and 0.58 and Ti content of
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7.5 Whole rock geochemistry and Sr-Nd isotopes

0.22 p.f.u. It contains some chromium (0.07-0.09 wt% Cr2O3). K-feldspar is an orthoclase

(Or91−96), and plagioclase has composition ranging from An68 to An83.

Label Pl-5 Pl-2 Kfs-5 Cpx-6 Cpx-9 Amp-2 Amp-3 Bt-9
Position Core Rim Rim Core Rim Core Rim Core

wt% oxide
SiO2 61.74 61.27 64.43 52.80 53.13 51.79 53.10 37.63
TiO2 0.00 0.00 0.00 0.06 0.07 0.55 0.26 4.16
Al2O3 24.24 24.18 18.61 0.50 0.46 3.46 2.88 14.03
Cr2O3 - - - 0.00 0.03 0.00 0.00 0.09
FeO 0.14 0.15 0.05 10.50 10.78 13.88 13.37 17.77
MnO - - - 0.58 0.65 0.48 0.40 0.25
MgO 0.00 0.00 0.00 12.40 12.50 14.84 15.01 12.85
CaO 5.45 5.82 0.00 23.11 23.16 11.87 12.46 0.00
Na2O 8.38 8.21 0.56 0.22 0.18 0.73 0.44 0.14
K2O 0.45 0.28 15.42 0.33 0.18 9.36
Total 100.40 99.90 99.06 100.17 100.96 97.93 98.10 96.28
Oxygen 8 8 8 6 6 23 23 11

Si 2.73 2.73 2.99 1.99 1.98 7.45 7.62 2.82
Ti 0.00 0.00 0.00 0.00 0.00 0.06 0.03 0.23
Al 1.27 1.27 1.02 0.02 0.02 0.58 0.49 1.24
Cr - - - 0.00 0.00 0.00 0.00 0.01
Fe3+ 0.01 0.01 - 0.02 0.02 0.48 0.23 1.11
Fe2+ - - 0.00 0.31 0.32 1.19 1.37
Mn - - - 0.02 0.02 0.06 0.05 0.02
Mg 0.00 0.00 0.00 0.70 0.70 3.18 3.21 1.44
Ca 0.26 0.28 0.00 0.93 0.93 1.83 1.91 0.00
Na 0.72 0.71 0.05 0.02 0.01 0.20 0.12 0.02
K 0.03 0.02 0.91 - - 0.06 0.03 0.89
Total cation 5.01 5.00 4.98 4.00 4.00 17.09 17.07 7.78

Mg# - - - 0.69 0.69 0.73 0.70 0.56
Ab 0.26 0.28 0.00 - - - - -
An 0.72 0.71 0.05 - - - - -
Or 0.03 0.02 0.95 - - - - -
En - - - 0.36 0.36 - - -
Fs - - - 0.16 0.16 - - -
Wo - - - 0.48 0.48 - - -

Table 7.1 – Selected mineral analyses in sample JB-19-30 (Olan qtz-syenite, pbS facies)

7.5 Whole rock geochemistry and Sr-Nd isotopes

The eight samples were analyzed for major and trace elements and for Sr-Nd isotopes at

the SARM in Nancy, following the same procedures as described in Chapter 6. Results are

summarized in Tables 7.2 and 7.3. In addition, a compilation of existing data on durbachites

from the ECM of Belledonne, Grandes-Rousses and Oisans–Pelvoux has been done, which is

provided in the supplements. These data come from several PhD and master thesis done at

the Dolomieu institute in Grenoble between 1971 and 1994. The detailed list of references is

given in the caption of Figure 7.7. This compilation contains mostly geochemical analyses of

durbachitic enclaves in different granitoids, including the Sept-Laux, Roche-Noire, Rochail
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and Grun plutons (localization on Figure 7.2). It also contains geochemical analyses of

durbachite plutons, including the Lauzière monzosyenite in the northeast of Belledonne,

the Quatre-Tours diorite (a satellite intrusion of the Rochail granite), and a few analyses

of the Olan quartz-syenites. Screening for low MgO content (<3 wt.%) was applied for the

enclaves in granitoids to remove samples that display a high K2O content due to normal

differentiation processes that may not imply a potassic nature of the source (Peccerillo,

1992). This screening was however not applied for the plutonic rocks, because the (ultra)-

potassic nature of the source is already evidenced by the least differentiated, Mg–K rich

terms in the respective intrusions, and the low-MgO samples within these plutons obviously

represent the differentiated terms of the same (ultra)-potassic series. Diagrams were plotted

using the R-based software GCDKit (Janoušek et al., 2016).
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Sample JB-19-36 JB-20-01 JB-20-02 JB-19-26 JB-19-30 JB-19-58 JB-20-03 JB-20-04
Formation Basement Rochail Rochail Olan Olan Olan Olan Olan

Type
mafic
lamprophyre

mafic
enclave

mafic
enclave abS pbS abS pbS pbS

Long◦ 6.222562 6.06082 6.06082 6.237605 6.237201 6.249193 6.201165 6.201165
Lat◦ 44.853761 44.974636 44.974636 44.839934 44.838616 44.844237 44.849214 44.849214

wt.% ox
SiO2 45.49 50.62 50.05 57.35 60.48 61.95 56.39 63.89
TiO2 1.33 1.72 1.87 1.08 0.89 0.86 1.33 0.87
Al2O3 11.51 13.15 13.04 14.69 14.28 14.11 14.98 14.44
FeO 8.90 7.02 6.39 5.31 5.05 4.21 6.35 3.88
MnO 0.18 0.14 0.21 0.14 0.10 0.09 0.11 0.07
MgO 14.84 7.17 4.79 3.99 3.78 3.21 5.16 2.79
CaO 6.80 5.58 6.64 4.32 3.79 3.33 4.21 3.33
Na2O 0.82 1.90 1.71 2.44 2.72 2.49 2.91 2.90
K2O 5.38 6.04 6.86 6.40 5.12 6.56 4.49 5.74
P2O5 0.38 1.29 1.37 0.83 0.67 0.56 1.13 0.62
LOI 2.27 3.74 5.67 1.59 1.71 1.37 1.48 1.08
Total 98.89 99.15 99.31 98.72 99.16 99.20 99.24 100.03

ppm
As 1.10 1.81 1.23 3.51 3.47 2.31 11.87 3.14
Ba 880 3823 3088 2579 1801 2161 1279 2231
Be 1.97 3.80 3.91 3.42 4.98 5.92 3.62 3.54
Bi 0.06 0.11 0.11 0.17 0.16 0.18 0.06 0.06
Cd 0.41 0.08 0.08 0.26 0.21 0.11 0.18 0.15
Co 46.64 31.67 27.31 16.12 15.50 13.68 20.13 10.67
Cr 1501.1 388.6 295.7 127.7 149.0 87.2 159.4 86.0
Cs 13.52 7.60 12.19 1.90 5.87 2.65 10.35 2.18
Cu 4.13 28.81 44.38 21.69 21.04 21.37 14.92 11.38
Ga 28.82 22.54 23.44 20.87 20.13 19.07 24.79 19.29
Ge 2.05 1.94 1.83 2.14 1.68 1.90 1.87 1.65
Hf 2.46 11.15 15.31 11.77 8.75 9.86 11.88 11.58
In 0.15 0.06 0.08 0.13 0.08 0.07 0.06 0.06
Nb 22.61 23.04 28.95 24.03 12.16 22.45 24.20 17.95
Ni 609.20 204.50 142.68 53.58 55.00 40.35 68.92 38.07
Pb 31.69 18.15 23.14 27.04 29.90 30.65 16.14 28.27
Rb 362.50 233.14 312.23 162.93 183.74 194.37 250.45 156.92
Sb 0.56 0.72 0.22 0.25 0.24 0.33 0.18
Sc 34.10 22.51 24.35 28.63 18.74 18.15 21.35 14.29
Sn 17.98 8.06 11.56 13.63 3.88 12.77 6.26 10.52
Sr 100.32 960.51 920.29 575.08 536.32 478.97 487.69 632.54
Ta 1.81 1.92 2.46 2.95 0.87 2.68 2.32 2.19
Th 6.15 28.24 40.35 29.44 25.16 43.05 12.00 27.14
U 1.69 6.61 8.74 5.25 3.37 8.54 3.80 4.26
V 166.62 138.04 153.65 98.60 90.71 73.85 122.03 72.19
W 1.09 4.63 6.78
Y 27.41 24.18 27.62 72.67 18.08 29.14 47.10 27.35
Zn 213.2 105.2 94.3 98.7 89.7 67.5 91.1 66.5
Zr 91.2 430.1 582.3 448.0 346.5 343.4 448.3 410.8
La 21.79 78.57 61.85 50.87 35.41 43.17 33.19 45.81
Ce 50.44 178.84 152.82 133.32 85.02 117.65 104.41 116.03
Pr 6.77 23.72 21.36 19.99 11.82 17.12 17.24 16.10
Nd 29.04 97.33 93.99 92.44 52.58 76.98 84.63 69.36
Sm 7.61 17.37 19.38 23.18 10.91 16.56 21.01 14.35
Eu 0.79 3.41 3.53 3.47 2.27 2.63 3.11 2.41
Gd 6.51 9.84 11.40 14.80 6.02 8.67 13.02 7.82
Tb 1.01 1.14 1.34 2.20 0.72 1.07 1.77 0.98
Dy 5.47 5.42 6.48 13.33 3.79 5.77 9.62 5.23
Ho 0.89 0.91 1.09 2.57 0.67 1.06 1.75 0.98
Er 1.88 2.23 2.66 6.53 1.63 2.80 4.21 2.61
Tm 0.23 0.31 0.36 0.92 0.22 0.41 0.56 0.39
Yb 1.19 1.93 2.27 5.28 1.32 2.64 3.11 2.45
Lu 0.16 0.27 0.33 0.68 0.18 0.37 0.41 0.34

(La/Yb)N 12.46 27.70 18.50 6.56 18.20 11.13 7.25 12.74
(Th/Nb)N 2.25 10.14 11.54 10.14 17.13 15.87 4.10 12.52

Table 7.2 – Whole rock major and trace element composition of the collected samples.
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7.5.1 Major elements composition

All data, including old and new analyses have been plotted on several discrimination

diagrams. The red field on each diagram represents the distribution of composition of Car-

boniferous (K-rich alkali-calcic) granitoids in the ECM, based on our own compilation of data

from various sources. This compilation is also provided in an excel file in the supplements.

The high Mg# and low Mg# granitoid groups of Debon et Lemmet (1999) significantly

overlap, and are therefore not distinguished.

The durbachitic enclaves and intrusions form a group of mafic to intermediate, K2O-rich

compositions, which is clearly distinct from the granitoids (Figure 7.7-a,b), with however

large dispersion. SiO2 content ranges from 46 to 65 wt.% and K2O from <3.0 to 8.7 wt.%.

K2O/Na2O ratios are nearly all above 1 and reach values >5 in some samples. Hence,

both the enclaves and the plutonic intrusions fall within the group of highly potassic rocks

(K2O/Na2O>1), and a large part can be classified as ultrapotassic (K2O/Na2O>2) follo-

wing Foley et al. (1987). The multicationic B–Mg# and B–A diagrams of Debon et Le Fort

(1983) show a clear relation between maficity (B), Mg# and Al saturation (A). Some en-

claves present very high maficity (B>350) and larger dispersion in Mg# than the rest of

samples, which may be controlled by cumulative processes. It is in particular the case for

the lamprophyric sample JB-19-36, which presents very high maficity (B>500) and displays

a mineral assemblage consistent with a biotite-clinopyroxene-rich cumulate.

The durbachites in a whole define a highly magnesian (Mg# = 0.50–0.76), metaluminous

series with negative B–A correlation (Figure 7.7-c,d). On Harker diagrams, this series is

characterized by decreasing MgO, FeO and CaO with increasing SiO2. The trend for MgO is

inflexed concave up, which reflects the early crystallization and settling of Mg-rich minerals

(olivine, pyroxene). Al2O3 is positively correlated with SiO2 and present a concave down

trend, although considerably scattered. These features are in agreement with fractionation

262



7.5 Whole rock geochemistry and Sr-Nd isotopes

trends determined experimentally by Parat et al. (2010) on mafic durbachites from the

Bohemian Massif.

The Olan quartz-syenites slightly depart from the trend defined by the bulk of durba-

chites. On the B-A plot, they defines their own trend at lower Mg# (Figure 7.7). On Harker

plots, they define a linear trend, which marks an angle with the rest of the durbachite series

(Figure 7.8). This is especially the case for Al2O3, where the trend defined by the Olan

samples is nearly orthogonal to the durbachite trend.
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Figure 7.7 – Compilation of whole rock geochemical data plotted on several discrimination diagrams.
a) SiO2 – K2O diagram of Peccerillo et Taylor (1976) used to discriminate low-medium-high-ultrahigh K
series. b) SiO2 – K2O/Na2O diagram. K2O/Na2O > 1 is indicative of high-K series, and K2O/Na2O > 2
represents true ultrapotassic rocks (Foley et al., 1987). c-d) B – Mg# and B – A diagrams of Debon et
Le Fort (1983), which discriminate between magnesian / ferroan and peraluminous / metaluminous series.
A, B and Mg# are multicationic parameters based on ”millications” (1000 gram.atom per 100 grams). A
= Al-(K+Na+2.Ca) ; B = Fe+Mg+Ti, Mg# = Fe/(Fe+Mg). B is a measure of maficity, correlated with
the degree of differentiation of the rock. A is a measure of Al-saturation, similar to the A/CNK parameter
of Shand (1947). The compilation includes our new analyses and data from old PhD and master works
(Aumaitre et al., 1985; De Boisset, 1986; Gasquet, 1979; Le Fort, 1971; Negga, 1984; Oliver, 1994; Poncerry,
1981; Simeon, 1979; Verjat, 1981). The red field on each diagram indicate the distribution of composition
of granitoids in the ECM, based on our own compilation of data.
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Figure 7.8 – Harker plots showing evolution trends of the durbachites in ECM. Experimental fractiona-
tion trends of Parat et al. (2010) are shown for comparison. The Olan samples are well aligned on a mixing
line with a felsic – leucogranitic – component. Legend is the same as on Figure 7.7.
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7.5.2 Trace elements composition

The trace element patterns normalized to the primitive mantle composition (Sun et

McDonough, 1989) are plotted on Figure 7.9. Variation of trace element composition in sur-

rounding granitoids of the ECM (data from Fréville (2016)) are plotted for comparison. The

Olan quartz-syenites and the mafic enclaves both present strong enrichment in LILE (Cs,

Rb, Ba, Pb), Th and U relative to the primitive mantle. They display high LREE/HREE

((La/Yb)N=6.6–27.7) and high LILE/HFSE ((Th/Nb)N=4.1–17.1), with negative anoma-

lies in Nb, Ta and Ti and weaker negative anomalies in Sr and Eu. All samples are rich in

compatible transition metals (85–392 ppm Cr and 38–206 ppm Ni). These characteristics

are typical of Variscan durbachites (Couzinié et al., 2016; Janoušek et al., 2019). Cumulative

sample JB-19-36 is very rich in transition metals (1518 ppm Cr, 616 ppm Ni). It presents

strong enrichment in some LILE (Cs, Rb, Pb), high LILE/HFSE ((Th/Nb)N=2.3) and high

LREE/HREE ((La/Yb)N=12.5), but enrichment is less pronounced in Ba, U and Th. Sr and

Eu anomalies are stronger than in other samples, and negative anomalies are observed in Zr

and Hf in addition to other HFSE. These characteristics are consistent with the composition

of a clinopyroxene-biotite-rich cumulate poor in feldspar (low Ba, Sr, Eu) and zircon (low

Zr, Hf).

With the exception of cumulative sample JB-19-36, all the durbachite are richer in LILE,

REE and HFSE than the surrounding granitoids. This enrichment is independent of maficity

and trace element content may reach five to ten time that of the granitoids for Th, U and

most of REE.
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Figure 7.9 – Trace element composition of the durbachites normalized to the primitive mantle composi-
tion after Sun et McDonough (1989). Trace element composition of peraluminous granitoids (from Fréville,
2016) and an enclave of phlogopite-bearing peridotite found in the Oisans–Pelvoux massif (Chapter 6) are
shown for comparison.

7.5.3 Sr-Nd isotopes

Whole rock Sr–Nd isotopes data have been acquired on four samples of the Olan plutonic

formation, one mafic enclave (JB-19-01) and on cumulative sample JB-19-36. Isotopic data

from the surrounding peraluminous granites Fréville (2016) have been added for compari-

son, as well as data on mantle enclaves from the Oisans–Pelvoux and Belledonne massifs

(Chapter 6). The initial isotopic ratios of plutonic rocks have been recalculated at the age

of emplacement of each intrusion, specified in Table 7.3. For the mafic enclave JB-20-01, the

emplacement age of the host Rochail granite (after Fréville (2016)) is taken as the initial

age. For ultramafic samples, cumulative sample JB-19-36 and migmatite sample MCE140b,

isotopic ratios are given at 330 Ma, which is supposed to be the mean age of emplacement
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of the durbachites in the ECM according to our geochronological data and other published

data (Bussy et al., 2000; Schaltegger et Corfu, 1992).

All the durbachites contain highly radiogenic Sr (0.7068 < 87Sr/86Sr(t) < 0.7162) and

unradiogenic Nd (-4.28 < εNd(t) < -5.97). In comparison, the peraluminous granitoids and

migmatites generally present less radiogenic Sr (0.7007 < 87Sr/86Sr(t) < 0.7070, with one

outlier at 0.7126) and more radiogenic Nd (-0.98 < εNd(t)< -5.69). A negative correlation

between MgO and εNd(t) is observed for the durbachites. In particular, the most mafic –

cumulative – sample JB-19-36 presents the most radiogenic Sr and the most unradiogenic

Nd signature (87Sr/86Sr(t) = 0.7162 and εNd(t) = -6.0).
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Figure 7.10 – a) εNd(t) plotted in function of 87Sr/86Sr time corrected ratios. Data on durbachites (plus
a few granitoids) are from this work, data on granitoids are from Fréville (2016) and data on ultramafic
enclaves are from Chapter 6. b) εNd(t) in function of MgO. Theoretical trends of mixing with a crustal
component (Migmatite MCE140b) and fractional crystallization are drawn in red, assuming a parental melt
with 8 wt.% MgO and the same isotopic composition as mafic sample JB-19-36. See explanation in the
discussion section.

7.6 U-Pb geochronology

The emplacement age of the Olan intrusion has been determined by U–Pb dating on se-

parated zircon. After crushing and mineral separation, extracted zircon grains were mounted

in epoxy resin and polished to expose the grain center. Cathodoluminescence (CL) images

were obtained on a Tescan Vega 3 scanning electron microscope at ISTerre, and U–Pb dating

was performed with a Laser-Ablation ICP-MS system installed at the GeOHeLiS platform

at Géosciences Rennes. Operating conditions are provided in Table 7.6 in the appendix. The

IsoplotR package (Vermeesch, 2018) was employed to plot the diagrams and calculate ages.

Individual uncertainties are quoted at 2σ level and the confidence level for weighted average

is 95%.
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7.6 U-Pb geochronology

Dated samples JB-19-30 and JB-19-58 come respectively from the fine-grained pyroxene-

biotite facies (pbS) and the coarse-grained amphibole-biotite facies (abS) of the intrusion (Fi-

gure 7.3). Both samples contain abundant zircon grains, which form a remarkably homoge-

neous population in terms of shape, internal texture and composition. The grains are usually

100-300 µm long and form euhedral prisms with aspect ratios between 1.3 and 2.5, and

contain numerous inclusions of apatite. CL imaging reveals common concentric oscillatory

and/or sector zoning. There are no discernible textures indicating subsequent overgrowth

or (re)crystallization by dissolution-precipitation processes. Th/U ratios measured on dated

spots are all above 0.1 (0.13–0.35) and U content ranges from 740 to 2850 ppm. Chondrite-

normalized REE patterns are characterized by a strong positive Ce anomaly, a negative Eu

anomaly and moderate enrichment in HREE relative to LREE ((Lu/Gd)N=10–20). About

thirty grains were analyzed for each samples, which all yielded concordant U–Pb dates wi-

thin uncertainty. 238U/206Pb dates are consistent with single-age populations in each sample.

Weightedmean 238U/206Pb ages are estimated at 328±3 Ma (MSWD=0.85) and 323±3 Ma

(MSWD = 0.77) respectively for sample JB-19-30 and JB-19-58, and are indistinguishable

from concordia ages within uncertainty.
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Figure 7.11 – U-Pb dating of the Olan quartz-syenite. a) Cathodoluminescence images of representative
zircon grains, with marked the position of Laser ablation spots. b) REE paterns of dated zircon grains
normalized to chondrite composition after Palme et O’Neill (2004). REE and U-Pb were acquired on the
same laser ablation spots. c-d) Wetherill concordia plots for the two dated samples.

7.7 Thermobarometry

The diverse assemblage of both rock-forming and accessory minerals of the Olan quartz-

syenites, in particular in the pbS facies, allows the use of multiple independent thermobaro-

meters to constrain the P-T conditions of emplacement of the intrusion. We applied several

thermometers and barometers using mineral and whole rock compositions of sample JB-19-

30. All the results are summarized in Tables 7.4 and 7.5 and on Figure 7.12, with appropriate
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reference to the equations used. Tables of result are reported as average of multiple mea-

surements. The complete set of P-T estimates is available in the supplementary material.

Standard deviations indicate dispersion resulting only from electron probe analytical uncer-

tainties and/or variation in mineral composition within a sample. They are generally very

small (±4-7◦C and ±0.2-1 kbar) and do not represent the absolute uncertainty on T or P,

which is dominated by internal uncertainty of the thermobarometric calibrations. According

to Putirka (2008),the latter is around ±20-50◦C for T and ±2-3 kbar for P depending on

the equation.

7.7.1 Thermobarometry of rock forming minerals

Several thermobarometers have been used to estimate the P-T conditions at which rock

forming minerals crystallized from the melt. We mostly used equations from Putirka (2008)

and Putirka et al. (2003) for feldspar and clinopyroxene. These thermobarometers rely either

on mineral-liquid equilibria, mineral composition alone, or liquid composition alone (ie they

provide saturation temperature of a given mineral in a given melt composition), allowing

independent comparison between independant methods. In addition, we also estimated the

crystallization temperature of biotite using the thermometer of Righter et Carmichael (1996)

based on partition of TiO2 between biotite and liquid. The whole rock composition was

considered representative of the liquid composition.

Based on whole rock composition, clinopyroxene has a saturation temperature of 1118◦C

at 8 kbar (Eq. [34]). This estimate is consistent with clinopyroxene thermometry (Eq. 32d]),

which yields T = 1156◦C (1σ= ±6◦C) at the same pressure. Clinopyroxene-liquid thermo-

meters yield T = 1074◦C (1σ= ±7◦C) for the calibration of Putirka et al. (2003) and T

= 1019◦C (1σ = ±5◦C) for Eq. [33]. The latter is a bit off relative to other independent

thermometers (Eq [34] and [32d]), and therefore the question of Putirka et al. (2003) is
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Method Reference Putirka Eq n◦ n T(◦C) 1σ P (kbar) 1σ

Cpx saturation 1 [34] - 1118 - [8] -
Cpx-Liq 1 [33] 15 1019 ±5 [8] -
Cpx-Liq 2 [2003a] 15 1074 ±7 [8] -
Cpx-Liq 2 [2003b] 15 [1100] - 6.1 ±1
Cpx-Liq 1 [32c] 15 [1100] - 4.5 ±0.2
Cpx only 1 [32d] 15 1156 ±6 [8] -
Pl saturation 1 [26] - 1039 - [8] -
Pl-Liq 1 [23] 8 1009 ±7 - -
Pl-Liq 1 [24a] 8 958 ±8 - -
Phl-Liq 3 - 11 1021 ±5 - -

Table 7.4 – Summary of clinopyroxene, plagioclase and biotite thermobarometry for sample
JB-19-30 (Olan pbS). Results are reported as average of n analyses, with 1-σ standard
deviation. Values in bracket correspond to assumed P or T for thermometric or barometric
estimates. The P-T relation for each equation is better visible on Figure 7.12. References
for thermobarometric equations : 1 – Putirka (2008) ; 2 – Putirka et al. (2003) ; 3 – Righter
et Carmichael (1996)

preferred. All these equations have a very small dependency in P, and thus clinopyroxene

crystallization T is constrained between 1050 and 1150◦C. Eq. 32c and [2003]b have a grea-

ter dependency in pressure and are therefore used as barometers. Assuming T = 1100◦C,

they yield respectively P = 6.1 kbar (1σ = ±1 kbar) and P = 4.5 kbar (1σ = ±0.2 kbar).

However, there is a large uncertainty due to the strong dependence in T. Assuming T bet-

ween 1050 and 1150◦C, the pressure range during clinopyroxene crystallization is estimated

between 4 and 9 kbar.

Plagioclase saturation is estimated at 1039◦C (at 8 kbar) using Eq. [26]. Pl-Liq thermo-

meters yield slightly lower and mutually consistent T at 1009◦C (1σ = ±7◦C) for Eq. [23]

and 995◦C (1σ = ±4◦C) for Eq. [24a] at the same pressure. Therefore, crystallization T is

estimated at 1000 ±50◦C.

The TiO2 content in biotite ranges from 3.79 to 4.07 wt.%, which yields T = 1021◦C

(1σ = ±5◦C) for the given liquid composition. The Bt-Liq thermometer of Righter et Car-

michael (1996) is insensitive to P, fO2 and H2O content of the liquid. Therefore, it supports

crystallization of biotite at high T, which is consistent with presence of biotite inclusions in

clinopyroxene (Figure 7.6).
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Figure 7.12 – Compilation of thermobarometric results obtained on Olan quartz-syenite samples using
various thermometers and barometers. Clinopyroxene (a) and plagioclase (b) thermobarometry on sample
JB-19-30, based on equations from Putirka et al. (2003); Putirka (2008). c) Ti-in-zircon thermometry on
dated zircon grains (samples JB-19-30 and JB-19-58) based on the calibration of Ferry et Watson (2007).
The cumulative distribution of zircon analyses is reported in function of T for each sample, zero meaning
that no zircon has crystallized an one meaning that all zircon as crystallized. Different distributions have
been calculated assuming either TiO2 saturation or aTiO2 = 0.7 (see discussion in text).

7.7.2 Apatite and zircon saturation

Apatite and zircon saturation temperatures have been calculated for all the collected

samples, except cumulative sample JB-19-36, whose composition is unlikely to reflect that
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Zircon saturation Apatite saturation

Sample M Zr (ppm) T(◦C) A/CNK P2O5 wt.%) T(◦C)

JB-19-26 2.32 448 807 0.867 1.13 1070
JB-19-30 2.04 346 806 0.782 0.83 1030
JB-19-58 2.07 343 803 0.845 0.67 1035
JB-20-03 2.15 448 821 0.818 0.56 1025
JB-20-04 1.96 411 828 0.848 0.62 1062
JB-20-01 1.54 430 867 0.585 1.37 1015
JB-20-02 1.90 582 867 0.663 1.29 1013

Table 7.5 – Summary of zircon and apative saturation temperatures, obtained respectively
with the calibrations of Watson et Harrison (1983) and Harrison et Watson (1984). M
= 100.(Na+K+2.Ca)/(Al.Si) and A/CNK = Al/(2.Ca+Na+K), all expressed in atomic
proportions in the melt.

of a magmatic liquid. The calibration of Watson et Harrison (1983) was used for zircon,

and the calibration of Harrison et Watson (1984) was used for apatite. Whole rock com-

positions are assumed to approximate the melt composition during crystallization of these

minerals. Apatite saturation temperatures (TAp) in the Olan quartz-syenites are high and

display significant dispersion among samples (1025–1070◦C). The two mafic enclaves in the

Rochail granite slightly lower TAp at 1013–1015◦C. Zircon presents much lower saturation

temperatures (Tzrc) than apatite, with again some dispersion. The Olan samples yields Tzrc

= 806–828◦C, and the two mafic enclaves both yield Tzrc = 867◦C.

7.7.3 Ti-in-zircon (TiZ) thermometry

TiZ temperatures have been estimated for the two dated samples JB-19-30 and JB-19-58,

using the calibration of Ferry et Watson (2007). These two samples contain homogeneous zir-

con populations with similar Ti-content, which ranges between 2.6 and 13.6 ppm in sample

JB-19-30 and between 5.6 and 13.1 ppm in sample JB-19-30. As recently pointed out in

Schiller et Finger (2019), simply assuming saturation in TiO2 and SiO2 may result in tem-

peratures underestimated by up to 70-80◦C, mainly due to reduced aT iO2, which may be

as low as 0.1-0.5 in some types of granitic melts. Thermodynamic calculations have been

performed with PerpleX 6.9.0 (Connolly, 2009) using the melt model of Holland et al. (2018)
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(see details in the appendix), which suggest SiO2 saturation of the liquid was reached at the

onset of zircon crystallization (aSiO2=1). In contrast, TiO2 was undersaturated and aT iO2

evolved mainly around 0.6-0.8 during cooling below the liquidus. Therefore, calculation of

temperatures has been made assuming either aT iO2=1 or aTiO2=0.7 to show the resulting

variation in T. The cumulative distribution of TiZ temperatures in each sample is reported

on Figure 7.12-c. According to Schiller et Finger (2019), the median-T value of a series of

zircon analyses should be ca. 30 to 50◦C lower than peak-T of the magma or Tzrc in case

of complete zircon dissolution. Assuming TiO2 saturation (plain lines) yields median TiZ

of 727◦C and 736◦C respectively for samples JB-19-30 and JB-19-58, with a large spread

between ca. 630◦C and 770◦C, which is much lower than saturation T for zircon in these

two samples (respectively 806◦C and 803◦C). Assuming aT iO2 reduced to 0.7 (dashed lines)

yields median T of 764◦C and 775◦C respectively, with a large spread between ca. 660◦C

and 812◦C, which is in perfect agreement with the calculated saturation T.

7.8 Discussion

7.8.1 Emplacement of the Olan plutonic formation

7.8.1.1 Crystallization sequence and P-T conditions of emplacement

Mineral-liquid and saturation thermometry applied to rock-forming and accessory mine-

rals (clinopyroxene, plagioclase, biotite, apatite) of the Olan quartz-syenite consistently yield

high T between 950 and 1150◦C. In detail, clinopyroxene yields the highest T (1100±50◦C),

shortly followed by apatite (1025-1070◦C) and biotite (1021±50◦C). Plagioclase then ap-

pears at slightly lower T (1000±50◦C). Early crystallization of biotite and apatite together

with clinopyroxene is further evidenced by petrographic relationships, in particular by in-

clusions of biotite in clinopyroxene and inclusions of apatite in biotite (Figure 7.6). Tem-
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perature has not been constrained for K-felspar, quartz and hornblende, but petrographic

relationships on thin sections suggest they appeared later in the crystallization sequence.

In particular, lack of fresh clinopyroxene in the hornblende-rich facies suggests development

of hornblende at the expense of clinopyroxene during cooling. Then, actinolite and chlorite

appeared in replacement of clinopyroxene and biotite respectively. This crystallization se-

quence is consistent with experimental results of Parat et al. (2010) on durbachites from the

Bohemian massif, which indicate that mafic durbachites have a near-liquidus assemblage of

olivine+augite+Ti-rich phlogopite+apatite+zircon, followed by K-feldspar and plagioclase

at lower T. Olivine has not been observed but some relics are mentioned by Laurent (1992)

in mafic lamprophyres of the Oisans–Pelvoux massif. According to Parat et al. (2010), am-

phibole (both hornblende and actinolite) did not crystallize directly from the melt. They

rather result from sub-solidus reactions, which in the case of the Olan formations has been

enhanced by intense solid-state deformation following magmatic crystallization.

Zircon saturation temperatures are significantly lower (806-828◦C) than that obtained for

other minerals. This temperature is consistent with Ti-in-zircon thermometry, which yields

median T around 764-775◦C assuming reduced TiO2 activity (aT iO2=0.7). Thus, this lower

T is not an artifact caused by an unrealistic melt composition (for instance, if the bulk rock

composition used to approximate the melt composition is partly controlled by cumulative

processes, e.g. Janoušek et al. (2019)). We therefore conclude that zircon appeared lately

in the residual melt. The large spread of Ti-in-zircon T down to ca. 690◦C suggests zircon

growth occurred from the onset of Zr saturation in the melt (at ca. 800-830◦C) to the last

increment of melt crystallization close to the solidus.

Pressure estimates obtained by clinopyroxene-liquid barometry are subject to large un-

certainty, mainly due to the strong dependence in T of the barometric equations. Overall,

barometric estimates yield P between 4 and 9 kbar, which is consistent with emplacement
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of the Olan pluton in the middle to lower crust (15-32 km depth assuming purely lithostatic

pressure with a crustal density of 2800 kg.m−3).

7.8.1.2 Age of emplacement

High Th/U, HREE-enriched patterns, concentric oscillatory CL zoning and homogeneity

in composition and texture of the zircon grains all point toward crystallization of zircon from

a melt (Corfu et al., 2003; Hoskin et Schaltegger, 2003). Lack of inherited grains is consistent

with thermometric estimates, which indicate the near-liquidus T of the melt exceeded by

far the Zr saturation threshold, which resulted in complete dissolution of inherited grains.

Hence, the two U–Pb ages obtained on samples JB-19-30 and JB-19-58 (respectively 328±3

Ma and 323±3 Ma) are interpreted to date crystallization of zircon from the residual melt

below 830-800◦C.

Cross-cutting relationships between deformed / undeformed domains within the Olan

pluton indicate that the magmatic history is more complex than one single intrusion event.

The Olan pluton was rather formed by accumulation of multiple batches of magma emplaced

syn-tectonically in the lower crust. The two zircon U-Pb ages obtained on samples collected

in different domains of the Olan intrusion bearly overlap considering a 95% threshold for the

confidence interval on the weightedmean ages. This suggests that the two samples date the

emplacement of two different batches of magma of slightly different age. However, resolving

precisely the internal magmatic history of the pluton goes beyond the analytical limits of

LA-ICPMS dating, and would require more precise ID-TIMS data. Overall, we consider the

Olan pluton emplaced over the time interval 328–323 Ma.
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7.8.1.3 Tectonic setting of emplacement

Because of its short emplacement time and its clearly syn-tectonic nature, the Olan

pluton is a good tectonic marker. Intense solid state deformation in the pluton is correlated

with the metamorphic foliation S2h observed in the inner zone of Oisans–Pelvoux. This

foliation is interpreted to have formed by N–S directed horizontal flow of the migmatitic lower

crust during regional transpression D2 (Chapter 4), which followed a nappe-stacking phase

D1 associated with crustal thickening. Therefore, this horizontal flow was already active at

ca. 328 Ma when the Olan pluton started to emplace. Timing of HP metamorphism resulting

from crustal thickening has been constrained around 340–330 Ma in the Oisans–Pelvoux

massif (Chapter 4 and Fréville et al. (2022)) and throughout the ECM (Jacob et al., 2021a;

Vanardois et al., 2021; Rubatto et al., 2010). Therefore, a transition probably occurred

around 330 Ma, from nappe stacking and crustal thickening to horizontal flow of partially

molten material in the lower crust.

An interesting link can be made with the P-T-t evolution of the surrounding metamorphic

units. These units contain rarely preserved bodies of mafic HP granulites (Figure 7.2),

which recorded exhumation from HP conditions (1.5-1.7 GPa and 650-730◦C) to a MP-HT

stage at 0.6-0.9 GPa and 800-870◦C, followed by subsequent exhumation and cooling in

the amphibolite-facies (690-450◦C. This decompressional evolution has been poorly dated

between ca. 337 and 294 Ma based on scattering U-Pb dates of metamorphic zircon rims.

P estimated for the MP-HT stage is in good agreement with barometric estimates in the

Olan quartz-syenites (Figure 7.12). Therefore, it is probable that this MP-HT stage in the

granulites was concomitant with the emplacement of the Olan intrusion in the middle/lower

crust, meaning that a significant part of exhumation of the deeper crustal units (from ca.

1.6 to < 0.9 GPa) occurred before ca. 328–323 Ma.
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7.8.2 A petrogenetic model for the durbachites in the ECM

7.8.2.1 Crust vs Mantle sources

The high T of emplacement of the durbachites (>1000◦C), the elevated content in com-

patible transition metals (Cr, Ni), and the high proportion of mafic to intermediate com-

ponents clearly indicate that the parental melts derived from a mantle source. Two types

of processes may thus be proposed to explain the elevated content in incompatible crustal

elements (LILE, U, Th, LREE) and the “crustal” isotopic Sr–Nd signatures : (i) fractiona-

tion of a basaltic parental melt poor in incompatible elements, combined with assimilation

of crustal lithologies, following an assimilation-fractional crystallization model ((AFC, De-

Paolo, 1981) ; (ii) melting of a mantle source already enriched in incompatible elements and

presenting a “crustal” (radiogenic Sr, unradiogenic Nd) isotopic signature.

The surrounding granitoids and migmatites, which we consider as representative of the

bulk ECM crust, display lower incompatible element content than the durbachites. In addi-

tion, the enrichment in incompatible elements in the durbachites is not correlated with the

degree of differentiation, as it would be expected with an AFC model. Similar observations

are made for the Sr–Nd isotopes, in particular with Sr, which is consistently more radiogenic

in the durbachites than in the surrounding granitoids and migmatites. We therefore discard

the AFC scenario to explain the crust-like characteristics of the durbachites, following the

same conclusion as Couzinié et al. (2016) for similar rocks of the French Massif Central.

Furthermore, the presence of enclaves of metasomatized peridotite embedded in mig-

matites in the Oisans–Pelvoux massif (Chapter 6) makes a very strong argument for the

second scenario. These metasomatized peridotites present negative εNd(t), and their trace

element patterns are similar to that of the durbachites but shifted toward lower values. The

trace element pattern of a highly-metasomatized phlogopite-bearing peridotite is shown on

Figure 7.9 for comparison. This sample is interpreted as a portion of subcontinental mantle
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that was percolated by the durbachitic melts, which imprinted their signature to the perido-

tite (Chapter 6). In detail, the peridotite enclaves display important variation in composition

and εNd(330), reflecting heterogeneity of the Variscan mantle.

Despite the clear mantle origin of the durbachites, the presence of intermediate to fel-

sic components marks subsequent evolution of the magmas in the crust, resulting either

from fractional crystallization or mixing/assimilation processes. The clear cumulative na-

ture of some mafic enclaves (e.g. JB-19-36) is an evidence that fractional crystallization has

occurred. Furthermore, the trends defined by the whole durbachite dataset on Harker dia-

grams are consistent with fractional crystallization trends obtained experimentally by Parat

et al. (2010) for mafic durbachites and minettes. In particular, the curvature observed on

Al2O3–SiO2 and MgO–SiO2 diagrams is typical (Figure 7.8).

However, mixing or assimilation of continental crust did certainly occur, in particular

in the Olan quartz-syenites. The Olan samples display indeed a trend that departs from

that of the bulk durbachites in ECM, and is almost orthogonal to it for Al2O3. These

trends fit well with a mixing line between the more mafic terms of the pluton and a felsic

crustal component. Mixing/assimilation in the Olan samples is further evidenced by Nd

isotopes. Variations in εNd(t) are indeed observed, which are negatively correlated with the

MgO content. These variations cannot result from fractional crystallization, because this

process does not frationate isotopes. They are therefore interpreted to reflect assimilation of

a MgO-poor wall-rock component. The effect of pure mixing (ie., without coupled fractional

crystallization) between a mantle-derived parental melt and a crustal contaminant and the

effect of fractional crystallization (MgO decrease at constant εNd) are shown in red on

Figure 7.10. These trends are only indicative, as their is not a unique possibility for the

composition of the parental melt and the crustal contaminant, considering the large spread

in εNd of both mantle and crustal rocks. The most likely scenario probably involved coupled

assimilation and fractional crystallization (AFC). In any case, the Olan quartz-syenites
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likely derived from a primary melt presenting more radiogenic Sr (higher 87Sr/86Sr) and less

radiogenic Nd (lower εNd).

7.8.2.2 Mechanism of mantle enrichment and geodynamic implications

The trend defined by the durbachites on Figure 7.10 is rather uncommon, as incorpo-

ration of crustal contaminant in the mantle-derived magma shifts its composition toward

less “crustal” isotopic signature. This observation is in line with zircon data of Schaltegger

et Corfu (1992) on durbachites from the Aar-Gothard massif, which present negative εHf(t)

that are consistently lower than that of other Variscan granitoids of the massif.

This implies that the mantle source of the durbachites had a more“crustal”isotopic signa-

ture than that of the basement in which these magmas intruded, which is in agreement with

strongly negative εNd330 in enclaves of metasomatized peridotite from the Oisans–Peloux

massif (Figure 7.10). Negative εNd(t) and εHf(t) in the mantle source are unlikely to result

from a long maturation period following an old (Precambrian) metasomatic contamination

(by any material having low 176Lu/177Hf or 147Sm/144Nd), because unradiogenic Nd–Hf si-

gnatures are not observed in older, Ordovician or even Devonian magmatic rocks (Paquette

et al., 1989; Pin et Paquette, 1997). Therefore, this metasomatism must have taken place

shortly before the peak of durbachitic magmatism and necessarily implied contamination by

material with strongly negative εNd/Hf and high 87Sr/86Sr (ie. mature continental material)

to shift the mantle isotopic composition from positive to negative εNd/Hf.

This continental material is arguably not derived from the ECM crustal basement, which

presents relatively juvenile isotope signatures, and must be derived from more mature conti-

nental domains. Therefore, Mg–K magmatism in the ECM does not reflect the subduction

of a local crustal domain, but rather contamination of the mantle below the ECM by exotic

crustal material derived from the subduction of more distant crustal units. This material
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may have contained portions of (Neo)-proterozoic crust, which is absent in the ECM but

forms part of the Saxo-Thuringian and Armorican domains located further north (?). Hence,

the situation in the ECM may be analogue to the Moldanubian zone of the Bohemian Mas-

sif, where such crustal relamination processes have been documented and are considered to

be at the origin of syn/pos-collisional ultrapotassic magmatism (Janoušek et Holub, 2007;

Schulmann et al., 2014).

7.9 Conclusion

The durbachites provide interesting insight in the Variscan geodynamic evolution of

the ECM. In the Oisans–Pelvoux massif, the Olan quartz-syenites represent a hot, mantle-

derived magmatic intrusion emplaced in the middle to lower crust (4-9 kbar) during a period

of ductile horizontal flow, following crustal thickening by underthrusting of crustal nappes.

Emplacement of the intrusion is constrained between 328 and 323 Ma, and indicates that

lower crustal flow had begun before 328 Ma. The geochemical and isotopic composition of

the durbachites reflect derivation from a metasomatized mantle source, although they have

been subsequently modified by fractionation and crustal assimilation processes. A clear link

is established between the durbachite intrusions and metasomatized peridodite enclaves

discovered in the Oisans–Pelvoux massif, which present striking similarities in trace element

and Nd isotopic composition. The latter presumably represent portions of mantle percolated

by the ultrapotassic durbachitic melts, which derived from a deeper and hotter mantle

source. The unradiogenic Nd and highly radiogenic Sr signature of the durbachites imply that

the mantle source was contaminated by exotic, mature continental material characterized

by strongly negative εNd and high 87Sr/86Sr, which contrasts with the crustal basement

exposed in the ECM. We suggest this material may be derived from the subduction of

(Neo)proterozoic crust forming the Peri-Gondwanian blocks (Saxo-Thuringian, Armorican

blocks) involved in the Variscan collision.
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APPENDIX

1 – Determination of component activities in durbachitic melts

Activity of components SiO2 and TiO2 have been constrained along isobaric cooling pro-

files by thermodynamic calculations with PerpleX 6.9.0 (Connolly, 2009), using the TC-633

thermocalc database (Holland et Powell, 2011) and the universal melt model of Holland

et al. (2018), which includes a TiO2 end-member and applies to a wide range of melt com-

positions from basaltic to granitic. Calculations have been performed in the composition

space NCKFMASHTO, using bulk composition of sample JB-19-30 in input and assuming

a water content in the melt of 3 wt.%. The oxygen fugacity was set to the value of the

Nickel-Nickel-Oxide (NNO) buffer, following experimental results obtained on durbachitic

melts by Parat et al. (2010). PerpleX does not return directly activities of components but

provides instead chemical potentials µi. Activity ai of a component i can be obtained with

an additional calculation step using the relation :

ai = exp

(
µi(P,T ) − µ∗i(P,T )

R.T

)
(7.1)

where µ∗i(P,T ) and µi(P,T ) are the chemical potentials of respectively pure component i

and component i in the system at given P and T, and R the gas constant.

The modeled crystallization sequence is reported on Figure 7.13 for P = 6 kbar. aSiO2

and aT iO2 are reported along the same cooling profile at 6, 8 and 10 kbar to show the

effect of pressure on activities. This modeled crystallization sequence should however be

taken with caution, first because the validity of the melt model of Holland et al. (2018)

has not been tested for peculiar, alkalic compositions such as that of the durbachites, and

second because this modeling implicitly assumes an oversimplified, batch crystallization

scenario, which completely overlooks complexity related to fractionation and assimilation
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processes. It however allows to investigate the effect of crystallization of a given mineral on

component activities. Liquidus T is predicted around 1050◦C, which is slightly lower than

our estimations based on Cpx thermometry but reasonable considering all the simplifications

made in this model. The modeled crystallization sequence is Opx + Pl → Cpx → Bt →

Qtz → Kfs, with no Ol predicted, which does not perfectly agree with experimental results

of Parat et al. (2010). Amphibole is not predicted in the crystallization sequence, which

is in line with results of Parat et al. (2010) and petrographic observations suggesting it

is a secondary phase formed after Cpx below the solidus. Ilmenite is the main Ti-bearing

accessory phase, which is replaced by titanite during cooling.

As long as T remains above the liquidus, both aSiO2 and aT iO2 increase with decreasing T.

SiO2 becomes saturated around ca. 810-850◦C for P between 6 and 10 kbar. This temperature

is higher than Tzrc (800-806◦C), and therefore SiO2 is considered to be saturated at the onset

of zircon crystallization (aSiO2=1). TiO2 may shortly reach saturation at high P (> 8kbar)

and crystallize as rutile, but significant drop in aT iO2 (down to ca. 0.8) is observed when

ilmenite starts crystallizing. An even larger drop in aT iO2 down to ca. 0.4-0.6 to is associated

with crystallization of biotite due to substantial incorporation of TiO2 in this phase. Then,

aT iO2 increases, and drops again when titanite appears.

The real evolution of aT iO2 during crystallization may be different, because the modeled

sequence is different from that observed in the samples, but the effect of ilmenite, titanite

and biotite crystallization are expected to be the same. At 6 kbar, aT iO2 evolves between 0.6

and 0.8 during most of the cooling path, with lower extreme around 0.3 and higher extreme

around 0.9. Therefore, assuming mean aSiO2 = 0.7 during crystallization is expected to

provide realistic TiZ T estimates.
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Figure 7.13 – Crystallization sequence (a) and component activities (b) modeled with PerpleX during
batch crystallization of an ultrapotassic melt, using the melt model of Holland et al. (2018). The model
assumes batch crystallization, and does not take into account fractionation and assimilation effects.

2 – Operating conditions for zircon U-Pb dating

287



LE MAGMATISME (ULTRA)-POTASSIQUE DES MCE

Laboratory &
Sample Preparation

Laboratory name GeOHeLiS Analytical Platform, OSUR, Univ Rennes 1, France
Sample type/mineral Zircon
Sample preparation 1 zircon mount
Imaging Cathodoluminescence, Tescan Vega 3 SEM (ISTerre, Grenoble)

Laser ablation system
Make, Model & type ESI NWR193UC, Excimer
Ablation cell ESI NWR TwoVol2
Laser wavelength 193 nm
Pulse width <5 ns
Fluence 6.2 J/cm2
Repetition rate 3Hz
Spot size 25 m
Sampling mode / pattern Single spot

Carrier gas
100% He, Ar make-up gas and N2 (3 ml/mn) combined
using in-house smoothing device

Background collection 20 seconds
Ablation duration 60 seconds
Wash-out delay 15 seconds
Cell carrier gas flow (He) 0.76 l/min

ICP-MS Instrument
Make, Model & type Agilent 7700x, Q-ICP-MS
Sample introduction Via conventional tubing
RF power 1350W
Sampler, skimmer cones Ni
Extraction lenses X type
Make-up gas flow (Ar) 0.75 l/min
Detection system Single collector secondary electron multiplier
Data acquisition protocol Time-resolved analysis
Scanning mode Peak hopping, one point per peak

Detector mode
Pulse counting, dead time correction applied, and
analog mode when signal intensity >∼106 cps

Masses measured 204(Hg + Pb), 206Pb, 207Pb, 208Pb, 232Th, 238U
Integration time per peak 10-30 ms (207Pb)
Sensitivity / Efficiency 23000 cps/ppm Pb (50m, 10Hz)

Data Processing
Gas blank 20 seconds on-peak

Calibration strategy
GJ1 zircon standard used as primary reference material,
Plešovice used as secondary reference material (quality control)

Common-Pb correction,
composition and uncertainty No common-Pb correction.

Reference Material info GJ1 (Jackson et al., 2004), Plešovice (Slama et al., 2008)
Data processing package Iolite (Paton et al., 2010)

Uncertainty level
and propagation

Ages are quoted at 2 sigma absolute, propagation is by quadratic
addition according to Horstwood et al. (2016). Reproducibility and
age uncertainty of reference material are propagated.

Quality control / Validation Plešovice : concordia age = 335.5 2.8 Ma (N=15 ; MSWD=1.5)

Table 7.6 – Analytical conditions and procedures for zircon U-Pb dating
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DISCUSSION GÉNÉRALE

Présentée dans l’introduction, la place des MCE au sein de la châıne varisque est contro-

versée. Les résultats obtenus au cours de ce travail de thèse et leur comparaison avec les

travaux existant apportent de nouvelles contraintes sur l’évolution varisque dans les Alpes

externes occidentales. Ce chapitre vise à replacer ces résultats dans un cadre géodynamique

plus général, et proposer un modèle géodynamique varisque intégrant les MCE. Une pre-

mière partie présente une synthèse des données existantes sur l’évolution varisque des MCE,

incluant les résultats de ce travail de thèse ainsi que d’autres travaux antérieurs ou réa-

lisés conjointement dans le cadre du programme RGF Alpes (thèse de Jonas Vanardois

dans les Aiguilles-Rouges). Ces résultats sont utilisés dans un second temps pour proposer

un modèle d’évolution géodynamique varisque pour les MCE. Enfin, une troisième partie

est dédiée aux corrélations avec les autres domaines varisques en Europe (Massif Central,

Vosges–Forêt-Noire et massif de Bohême en particulier), en vue de proposer une reconstitu-

tion géodynamique de ce segment de la châıne varisque intégrant les MCE.
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8.1 Synthèse des données pétrologiques,

géochronologiques et structurales

8.1.1 Enregistrement des roches métamorphiques de haute

pression dans les MCE

Les reliques d’éclogites et de granulites HP affleurent sous forme de lentilles de taille

variable (métrique à hectométrique) au sein de larges bandes de cisaillement décrochantes,

où elles sont parfois mélangées avec des roches de plus basse pression (chapitre 3). C’est

en particulier les cas des éclogites rétromorphosées des lacs de la Tempête dans le massif

de Belledonne, mais aussi des éclogites des Aiguilles Rouges (Vanardois et al., 2021) ou de

l’Argentera (Ferrando et al., 2008; Jouffray et al., 2020). Les granulites HP du massif de

l’Oisans-Pelvoux affleurent dans un autre contexte, et forment plutôt des lentilles hectomé-

triques emballées dans des unités très migmatitiques de la croûte inférieure (chapitre 4).

Les protolithes mafiques des roches HP varisques des MCE présentent des signatures

de type N/E-MORB, marquées par un enrichissement en éléments lithophiles de la croûte

continentale (LILE, Th, U), et présentant des signatures isotopiques de manteau appauvri

(+5.9 < εNdi < +8.0, Paquette et al., 1989). Les âges obtenus par datation U-Pb des cœurs

hérités de zircons indiquent clairement une mise en place des protolithes des roches HP à

l’Ordovicien (485-445 Ma, chapitre 5), lors du magmatisme associé à l’extension de la marge

nord gondwanienne (Von Raumer et Stampfli, 2008).

Les estimations P-T du stade métamorphique HP varisque sont cohérentes sur l’ensemble

des MCE. Elles indiquent un stade de HP estimé à 1.4-1.8 GPa et 650-750◦C (Ferrando et al.,

2008; Jouffray et al., 2020; Vanardois et al., 2021, ce travail de thèse). En particulier, il n’y
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a pas de différence significative pour ce stade de HP entre les éclogites rétromorphosées du

massif de Belledonne (>1.4 GPa, 690-740◦C) et les granulites HP de l’Oisans (1.5-1.7 GPa,

650-730◦C). Les granulites HP de l’Oisans enregistrent en outre un stade prograde précoce

à 460-550◦C et 0.4-1.0 GPa. On observe en revanche un contraste important lors de la

décompression entre les granulites HP de l’Oisans et les éclogites rétromorphosées des massifs

voisins. Alors que la plupart des éclogites enregistrent des chemins d’exhumation isothermes

ou en refroidissement, les granulites HP de l’Oisans enregistrent un pic de température à

0.6-0.9 GPa et 800-870◦C, soit 100 à 200◦C plus chaud que le pic de pression (Figure 8.1).

Cette élévation de température pourrait résulter soit d’un réchauffement progressif lors de

l’exhumation, soit d’un pic thermique bref après une première phase d’exhumation.
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Les datations U-Pb sur zircon et rutile réalisées sur les éclogites et les granulites HP
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pointent vers un âge du métamorphisme de HP entre 345 et 330 Ma dans les massifs de

Belledonne et de l’Oisans-Pelvoux (chapitres 3 et 4). Ces âges sont identiques à ceux obte-

nus par Rubatto et al. (2010) en Argentera et par Vanardois et al. (2021) dans les Aiguilles

Rouges. L’âge de l’exhumation est contraint entre ∼330 et 300 Ma par les âges U-Pb sur

zircon, mais ces données géochronologiques sont difficiles à interpréter en raison de leur

importante dispersion. Les zircons métamorphiques enregistrent en effet une distribution

d’âges très étalée avec un pic principal autour de 325-320 Ma, aussi bien pour les éclogites

rétromorphosées du massif de Belledonne que pour les granulites HP de l’Oisans, et ce mal-

gré des évolutions P-T très contrastées. La dispersion des âges U-Pb pourrait résulter d’une

croissance étalée du zircon sur une longue période, de manière continue ou par “pulses”, ou

bien de phénomènes de remplacement partiels à l’échelle nanométrique lié à des circulations

fluides (e.g. Grand’Homme et al., 2016), intervenant après une phase principale de crois-

sance. Dans tous les cas, les phases tardives de l’exhumation dans les conditions du faciès

schistes-verts / amphibolites se terminent vers 300 Ma, comme en atteste la présence de

sédiments stéphaniens (∼305-300 Ma, Ballèvre et al., 2018; Fernandez et al., 2002) déposés

en discordance sur les unités de HP. Par ailleurs, un âge U-Pb sur sphène à 298±10 Ma

a été obtenu par Vanardois et al. (2021) dans des éclogites rétromorphosées du massif des

Aiguilles Rouges, et date aussi le refroidissement tardif.

8.1.2 Les péridotites orogéniques des MCE

Les péridotites découvertes dans le cadre de ce travail de thèse affleurent sous forme

d’enclaves décimétriques à métriques dans les unités de croûte inférieure migmatitique du

massif de l’Oisans-Pelvoux. Elles présentent une diversité lithologique importante, incluant

des lherzolites à grenat rétromorphosées, des harzburgites à spinelle, à phlogopite-chromite

ou bien des enclaves totalement serpentinisées (chapitre 6). On retrouve aussi des lentilles

ultramafiques totalement serpentinisées au coeur des zones de cisaillement décrochantes dans
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le massif des Aiguilles Rouges (Von Raumer et Bussy, 2004) et dans le massif de Belledonne

(chapitre 6). Par ailleurs, des enclaves de péridotites similaires à celles découvertes en Oisans

ont été observées dans les massifs de l’Aar et du Gothard (comm. Pers. Edwin Gnos, Muséum

d’histoire naturelle de Genève).

Ces enclaves se retrouvent systématiquement dans les domaines structuraux profonds (ou

au sein de bandes de cisaillement exhumant du matériel profond), et sont absentes des ni-

veaux structuraux supérieurs. Elles présentent des caractéristiques géochimiques de manteau

appauvri, refertilisé par un ou plusieurs épisodes métasomatiques mantelliques. Une part de

ce métasomatisme est probablement liée à une contamination du manteau par du maté-

riel d’origine continentale, enrichi en éléments lithophiles (LILE, LREE, Th, U), appauvri

en HFSE (Nb,Ta,Ti), et présentant une signature isotopique ”crustale” (−8.12 < εNdi <

+0.59). Les données P-T acquises sur un échantillon de lherzolite à grenat indiquent une

équilibration à ultra-haute pression (UHP) à 3.0±0.5 GPa et 973±50◦C, suivie d’une décom-

pression à 0.8-1.4 GPa et 800-850◦C, associée à la déstabilisation du grenat en kélyphites à

Spl+Opx(+Cpx). Les conditions UHP sont bien supérieures à celles des éclogites et les gra-

nulites crustales. Aucun assemblage métamorphique de UHP (à coésite par exemple) n’a été

décrit pour l’instant dans ces roches. Les enclaves de péridotites n’enregistrent donc pas le

même pic de pression que les roches HP crustales, et représentent probablement d’anciennes

portions de manteau lithosphérique sous-continental incorporées tardivement dans la croûte.

Les courones réactionelles autour du grenat marquent en revanche une rééquilibration dans

la croûte inférieure, à des conditions P-T similaires à celles enregistrées par les granulites

mafiques, ce qui suggère une incorporation dans la croûte inférieure lors des stades syn à

post-collisionels.
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8.1.3 Âge et nature du magmatisme varisque

Une première phase magmatique précédant à la collision varisque a lieu dans les MCE

entre le Dévonien supérieur et le Carbonifère inférieur (370-350 Ma). Elle se caractérise par le

dépôt de séries volcano-sédimentaires et par un magmatisme bimodal d’affinité calco-alcaline

faiblement potassique, probablement en contexte d’arrière-arc (Guillot et Ménot, 2009; Mé-

not, 1987a; Carme et Pin, 1987). On retrouve ces séries sur un large secteur sud-ouest du

massif de Belledonne ainsi que dans la zone externe (corticale) du massif de l’Oisans-Pevoux.

Ce magmatisme est daté entre ∼370 et 350 Ma (Fréville et al., 2018; Guillot et Ménot, 2009;

Ménot et al., 1987). En particulier, un âge particulièrement jeune (352±1 Ma) a été obtenu

par Fréville et al. (2018) sur un sill de trondjémites dans les séries magmatiques bimodales

du sud de Belledonne, qui montre que cette phase magmatique se poursuit jusqu’au Carbo-

nifère inférieur. Un âge similaire a par d’ailleurs été obtenu sur des formations équivalentes

dans le massif des Aiguilles Rouges (comm. pers. Jonas Vanardois). Ces séries ont par la

suite été affectées par un métamorphisme barrovien lors de la collision, entre 340 et 330 Ma

(Fréville et al., 2018, 2022; Guillot et Menot, 1999).

Les séries magmatiques syn à post-collisionnelles se mettent en place entre le Viséen et

le Permien inférieur. La compilation des données géochronologiques sur les granitöıdes de

Belledonne, des Grandes Rousses et de l’Oisans-Pelvoux fait clairement apparâıtre deux pics

principaux à 345-330 Ma et 310-295 Ma (Figure 8.2), même si certaines intrusions présentant

des âges intermédiaires (granite du Bourg par exemple). Ces deux pics sont bien corrélés avec

les âges métamorphiques dans ces domaines (chapitre 4), et reflètent donc deux pics ther-

miques dans la croûte au Carbonifère moyen (Viséen) et au Carbonifère supérieur – Permien

inférieur. Ces granitöıdes sont accompagnés des roches Mg–K métalumineuses de la série

des durbachites, qui se retrouvent fréquemment en enclave, notamment dans les granitöıdes

viséens, ou forment des plutons distincts. En considérant que les enclaves de durbachites
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sont contemporaines des granitöıdes dans lesquelles elles se trouvent, le magmatisme Mg–K

débuterait vers 345 Ma dans les MCE. Il se prolonge au moins jusqu’à ∼323-328 Ma, âge de

la mise en place du pluton de l’Olan (chapitre 7). Ensuite, ce magmatisme semble devenir

plus sporadique mais se prolonge néanmoins, car des enclaves de durbachites sont retrouvées

dans des granitöıdes stéphaniens comme celui de Roche-Noire (Grandes Rousses) ou le gra-

nite du Mont-Blanc (Bussy, 1990; Debon et Lemmet, 1999). Le pic d’activité magmatique

Mg-K dans les MCE se situe donc entre 345 et 323 Ma. Des datations supplémentaires des

nombreuses enclaves mafiques dans les granitöıdes et des dykes de lamprophyres seraient

néanmoins nécessaires pour préciser la distribution temporelle du magmatisme Mg-K dans

les MCE.

La distribution des roches magmatiques syn/post-collisionelles dans les MCE forme deux

pôles distincts (chapitre 7) ; l’un composé des roches mafiques à intermédiaires (ultra)-

potassiques de la série des durbachites ; l’autre composé des granitöıdes subalcalins po-

tassiques magnésiens ou ferro-magnésiens (Debon et Lemmet, 1999). Cette distribution bi-

modale reflète l’implication à la fois d’une source mantellique métasomatisée, à l’origine des

durbachites, et d’une source crustale liée à l’anatexie. Cette dichotomie se retrouve lorsque

l’on compare les températures de mise en place de ces séries. Les estimations thermomé-

triques réalisées sur les durbachites montrent clairement que ces roches dérivent de magmas

chauds (>1000◦C), ce qui se traduit par une absence ou quasi absence de zircon hérités,

puisque la saturation du magma en Zr est atteinte vers 800-850◦C (Figure 8.3). En com-

paraison, les granitöıdes présentent des proportions de zircon hérités variables, marquant

une dissolution incomplète et donc des températures inférieures au seuil de saturation du

zircon. Ces températures de saturation varient entre 760 et 840◦C, ce qui implique que la

température maximale du magma granitique n’a pas pu être très supérieure à cette gamme

de température. On observe néanmoins une différence entre les granitöıdes viséens et les

granitöıdes tardi-carbonifères : ces derniers contiennent de manière générale une propor-
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Figure 8.2 – Compilation des âges de mise en place des granitöıdes et autres roches magmatiques dans les
MCE (Belledonne, Oisasn-Pelvoux, Grande-Rousses). Les losanges indiquent les âges obtenus par datation
U-Pb sur zircon, avec leur barre d’incertitude (intervalle de confiance à 95%). Pour la série (ultra)-potassique
des durbachites, seul le pluton de l’Olan est daté avec précision. Les cercles violets indiquent les âges déduits
de la présence d‘enclaves de durbachites dans les granitöıdes, en supposant que ces enclaves aient le même
âge que le granitöıde encaissant. Données issues de Debon et al. (1998); Fréville (2016) et de ce travail de
thèse.

tion plus faible de zircons hérités, pour des températures de saturation similaires à celles

des granitöıdes viséens. Ceci semble donc marquer une mise en place de ces magmas à une

température légèrement plus élevée que celle des granitöıdes viséens, lors du pic thermique

tardi-carbonifère.

Ainsi, les durbachites dériveraient d’un magma primaire mantellique, alors que les gra-

nitöıdes seraient plutôt issus de la fusion crustale. Cependant, la composition des magmas

primaires mantelliques ou crustaux a été plus ou moins fortement modifiée par des processus

de mélange de magmas ou d’assimilation, et la plupart des roches magmatiques varisques
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devrait en théorie se retrouver dissout dans le magma. Une forte proportion de zircon hérité dans la roche
indique donc une température maximale du magma inférieure à Tzrc (flèches vers le bas), alors que l’absence
ou quasi absence de zircons hérités est indicateur de magmas de température supérieure à Tzrc (flèche vers
le haut). On constate une différence significative entre les durbachites (Olan), ne préervant pas de zircons
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à une temprature légèrement plus élevée que celle des granitöıdes viséens.
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dans les MCE résultent de degrés d’hybridation divers entre source crustale et mantellique.

Ces processus d’hybridation ont pu être mis en évidence dans les durbachites de l’Olan, où

la différenciation du magma primaire mantellique semble avoir été contrôlée par des pro-

cessus couplés d’assimilation et de cristallisation fractionnée (AFC). Dans les granitöıdes

subalcalins potassiques, les formes et textures des enclaves mafiques marquent clairement

des interactions chimiques avec le granite. Par ailleurs, Banzet (1987) et Debon et al. (1998)

reportent des teneurs particulièrement élevées en Ba, Sr, Th, U et en terres rares légères

dans les granitoides viséens (Sept-Laux, Saint Colomban, Lauzière, Rochail), ce qui semble

marquer une contamination de ces derniers par des magmas (ultra)-potassiques, qui sont

particulièrement riches en ces éléments. Enfin, les termes très peralumineux à grenat / codié-

rite sont relativement rares dans les MCE, et se retrouvent esentiellement dans les domaines

migmatitiques fortement mobilisés ou bien dans de petit plutons tardifs.

Les contributions relatives des sources crustales et mantelliques dans chaque série restent

néanmoins difficiles à déterminer, en raison 1) de la forte hétérogénéité de la croûte et du

manteau dont sont issus les magmas, et 2) des contrastes assez faibles de signature isotopique

(Sr-Nd) entre les deux sources, lié au fait que le manteau a été contaminé par du matériel

crustal et présente déjà des signatures isotopiques typiques de la croûte continentale.

8.2 Évolution géodynamique varisque dans les MCE

8.2.1 Signification géodynamique de la haute pression dans les

MCE : subduction ou collision ?

Les éclogites et granulites HP varisques des MCE ont longtemps été interprétées comme

des marqueurs de la subduction d’un bassin océanique ouvert lors du rifting cambro-ordovicien

(e.g. Fréville et al., 2018; Guillot et Ménot, 2009). Cette interprétation repose : 1) sur l’étude
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géochronologique réalisée par Paquette et al. (1989) sur les éclogites des MCE, qui indique

que ces roches dérivent de protolithes de type MORB mis en place à l’Ordovicien (475-450

Ma), métamorphisés en conditions éclogitiques entre 425 et 395 Ma ; 2) sur la présence du

complexe ophiolitique de Chamrousse, daté au Cambrien supérieur (∼500 Ma) par Ménot

et al. (1988) et Pin et Carme (1987).

Les données de ce travail de thèse invitent à revoir ce modèle. Premièrement, l’âge de

la haute pression n’est pas Dévonien. Toutes les études récentes réalisées dans les MCE,

incluant ce travail de thèse, convergent vers un âge viséen (345-330 Ma) pour la phase de

HP, et aucun événement métamorphique antérieur à 350 Ma n’a pu être identifié dans les

MCE. Cette gamme d’âge cöıncide par ailleurs parfaitement avec les phases tectoniques

compressives. En particulier, elle correspond à l’âge du métamorphisme barrovien enregistré

dans le domaine sud-ouest du massif de Belledonne et dans la zone externe (corticale)

du massif de l’Oisans-Pelvoux (Fréville et al., 2018, 2022), qui marque l’enfouissement au

sein d’un édifice de nappes des séries volcano-sedimentaires dévono-tournaisiennes. Ainsi,

l’ensemble du cycle métamorphique enregistré par les roches de HP se déroule après la

phase d’extension et le magmatisme dévono-tournaisien, et ne peut pas correspondre à une

subduction dévonienne.

Deuxièmement, l’évolution prograde enregistrée par les éclogites et des granulites HP cor-

respond à un régime thermique relativement chaud, avec un gradient géothermique apparent

de 12 à 19◦C.km−1 lors du stade prograde précoce enregistré dans les granulites HP en Oi-

sans (460-550◦C et 0.4-1.0 GPa, Figure 8.1), et un gradient de l’ordre de 11 à 14◦C.km−1

pour le stade de HP dans les MCE (1.4-1.8 GPa et 650-750◦C). Ce régime thermique est

comparable avec les gradients thermiques les plus chaud enregistrés dans les contextes de

subductions phanérozöıques (Penniston-Dorland et al., 2015), et est incompatible avec les

gradients froids (<10◦C.km−1) associés à la subduction de lithosphère océanique âgée ou
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bien de subduction continentale rapide (Figure 8.4). Ce régime thermique est donc plutôt

compatible avec un contexte de subduction chaude ou de collision continentale.
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Figure 8.4 – Compilation d’estimations P-T de roches métamorphique exhumées en contexte de sub-
duction (Penniston-Dorland et al., 2015), comparée avec les éclogites et granulites HP varisques des MCE
(en vert).

Enfin, ce régime thermique chaud lors de la phase de HP viséenne est en accord avec l’en-

registrement magmatique dans les MCE. En effet, si l’on considère que la collision débute

vers 350 Ma, les premiers granitöıdes seraient produits seulement ∼5 Ma après l’initiation

de la collision. En partant d’une lithosphère initiale présentant un profil thermique de do-

maine continental stable, et en considérant uniquement une source de chaleur radiogénique

crustale, ce laps de temps est très insuffisant pour générer une fusion crustale importante

(Moyen, 2019). Une source de chaleur additionnelle provient vraisemblablement de la mise

en place des magmas ultra-potassiques, qui dérivent du manteau et sont significativement

plus chauds (∼1100◦C) que la croûte encaissante. Ils sont par ailleurs étroitement asso-

ciés aux granitöıdes, ce qui semble confirmer leur implication dans les processus de fusion

crustale. Cependant, la quantité de magma crustal pouvant être généré grâce à la chaleur

libérée par la cristallisation du magma mantellique est limitée par l’enthalpie des réactions
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de fusion/cristallisation : un système dont la source de chaleur principale est l’advection de

magmas mantelliques devrait être dominé par les termes mantelliques (Annen et al., 2006),

ce qui ne correspond pas à ce qui est observé dans les MCE, où le magmatisme viséen

est dominé par les roches différenciées (granitöıdes) et présente peu de roches mafiques à

intermédiaires. Le seul mécanisme restant pour expliquer ce magmatisme précoce est que

l’épaississement a eu lieu dans une croûte continentale initialement chaude, dans laquelle

il ne manquait qu’une quantité incrémentale de chaleur pour provoquer la fusion. Ceci qui

s’accorde bien avec un contexte d’extension en arrière-arc précédant la collision, mais est en

revanche incompatible avec la subduction d’une veille marge passive froide.

Ainsi, le métamorphisme HP dans les MCE n’enregistre pas la subduction d’un vieil

océan ouvert lors du rifting cambro-ordovicien, comme cela avait été initialement proposé

par Guillot et Ménot (2009), mais correspond plutôt à une phase d’inversion tectonique

du système arc-arrière-arc dévono-tournaisien, qui débute vers 350 Ma. Cette évolution

est représentée sur les schémas 1 et 2 de la Figure 8.6. Nous proposons que l’ancien bassin

dévono-tournaisien représente une zone de faiblesse mécanique dans la lithosphère, qui aurait

permis de localiser la déformation dans ce domaine lors des phases tectoniques compressives

viséennes. La lithosphère non amincie située en arrière du bassin agirait alors comme un

backstop rigide lors de la compression (Figure 8.6-2). Au vu de la zonation métamorphique

générale des MCE de Belledonne et de l’Oisans-Pelvoux, qui marquent un gradient du nord-

ouest vers le sud-est, les unités de l’ancien bassin arrière-arc ont probablement été enfouies

dans un système à vergence sud-est.

8.2.2 Y a-t-il une suture océanique dans les MCE ?

Les protolithes mafiques des roches HP présentent tous des âges ordoviciens (480-450

Ma), et forment des lentilles disséminées dans des unités felsiques du même âge (Bussy et al.,

303



DISCUSSION GÉNÉRALE

2011), composées majoritairement de métasédiments et d’orthogneiss (migmatitiques). Les

unités HP enfouies lors de la fermeture du bassin d’arrière-arc sont donc d’anciennes unités

continentales cambro-ordoviciennes de la marge nord du Gondwana, sur lesquelles se sont

déposés les formations volcano-sédimentaires dévono-tournaisiennes du bassin d’arrière-arc,

et ne marquent donc pas une zone de suture océanique. On notera par ailleurs que les roches

HP associées aux zones de suture affleurent en générale en position structurale supérieure

(Guillot et al., 2008; Lardeaux et al., 2006), ce qui n’est pas le cas des roches HP varisques des

MCE. Aucune ophiolite d’âge dévonien, qui pourrait marquer une éventuelle océanisation du

bassin d’arrière-arc, n’a pour l’instant été décrite, et ce bassin est donc à priori continental

(Guillot et Ménot, 2009).

Cependant, les MCE se caractérisent par la présence, en position structurale supérieure,

du complexe ophiolitique de Chamrousse, qui correspond bien à une portion de lithosphère

océanique ou de transition océan-continent obductée (Guillot et Ménot, 2009), et marque-

rait donc une suture. L’âge du magmatisme associé à l’océanisation est estimé à ∼500 Ma

(Pin et Carme, 1987; Ménot et al., 1988), mais ces datations sont mises en doute par des

observations récentes faites sur des zircons extraits de tonalites de ce complexe ophiolitique,

et par la distribution des âges U-Pb sur zircons hérités dans le socle des MCE, qui ne montre

aucun signal d’âge à 500 Ma (chapitre 5). De nouvelles datations sont nécessaires pour pou-

voir proposer une interprétation géologique de ce complexe. Néanmoins, on peut formuler

plusieurs hypothèses compte tenu du contexte varisque en Europe :

• Hypothèse n◦1. L’ophiolite de Chamrousse est bien d’âge cambrien à ordovicien, et

s’est formée lors de la phase d’extension affectant la marge nord du Gondwana. Elle

correspondrait alors à un bassin océanique ouvert au Paléozöıque inférieur, obducté

lors d’une phase précoce de la collision. Cependant, cette phase précoce n’est pas

enregistrée dans les MCE, puisque le métamorphisme HP ne correspond pas à une

subduction dévonienne. La corrélation avec les océans paléozöıques (Rhéique, Saxo-
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Thuringien) situés plus au nord est par ailleurs difficile à établir, vu la position très

méridionale des MCE dans le système varisque.

• Hypothèse n◦2. L’ophiolite de Chamrousse est dévonienne. Cette hypothèse semble

plausible, car un bon nombre d’ophiolites varisques ont un âge dévonien. En particulier,

les ophiolites du rift de la Brévenne, au nord du Massif Central (Faure et al., 2005)

et la ligne des klippes au sud du massif des Vosges (Skrzypek et al., 2012) pourraient

alors correspondre à des équivalents latéraux du complexe de Chamrousse. Selon cette

hypothèse, le complexe de Chamrousse aurait alors la même signification que les séries

magmatiques dévono-tournaisiennes, et marquerait une phase d’océanisation du bassin

d’arrière-arc.

8.2.3 Phases post-collisionnelles et exhumation des unités de HP

dans les MCE

A partir de la fin du Viséen (330 Ma), la phase d’épaississement crustal et d’empilement

de nappes laisse place à un contexte tectonique transpressif, marqué par le développement

de la zone de cisaillement est-varisque, un grand système décrochant dextre traversant les

MCE (Guillot et al., 2009a; Jacob et al., 2021a; Simonetti et al., 2018, 2020). L’exhumation

des unités de HP entre 330 et 300 Ma se fait dans ce contexte globalement décrochant.

On observe un contraste important entre les granulites HP de l’Oisans, qui marquent un

fort réchauffement lors de l’exhumation, et les éclogites rétromorphosées des massifs voisins

(Belledonne et Aiguilles Rouges en particulier), qui sont exhumées de manière isotherme ou

en refroidissement. Ceci implique des trajectoires d’exhumation différentes entre les deux

domaines. Les chemins de décompression isothermes seraient associés à une exhumation re-

lativement rapide des unités HP vers des niveaux crustaux supérieurs, alors que le chemin de

décompression en réchauffement serait associé à une exhumation plus lente (Figure 8.6-3,4),

enregistrant le réchauffement de la croûte inférieure. Ce réchauffement est lié en partie à
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la maturation thermique de la croûte, mais pourrait aussi résulter d’épisodes tardifs de re-

trait / rupture de slab, entrâınant une élévation du flux thermique basal lié à une remontée

de matériel asthénosphérique chaud sous la croûte. Dans le second cas, le pic de tempéra-

ture correspondrait alors à un échauffement rapide, intervenant après une première phase

d’exhumation (trajet en pointillés sur la Figure 8.1).

Ces chemins contrastés sont en accord avec la position structurale des roches HP dans

les différents massifs : les éclogites rétromorphosées se retrouvent systématiquement dans

des bandes cisaillantes décrochantes qui correspondent aux domaines fortement déformés du

cœur de la zone de cisaillement est-varisque (EVSZ), en association avec des séries migma-

titiques. Nous proposons qu’elles aient été exhumées à la faveur de ces décrochements, par

extrusion verticale de matériel crustal partiellement fondu en régime transpressif, au cœur de

la zone de cisaillement (Cao et Neubauer, 2016). Les granulites HP de l’Oisans auraient été

quant à elles exhumées plus tardivement au sein d’un dôme migmatitique formé en contexte

décrochant (Figure 8.6-4), marquant une contribution plus importante des forces gravitaires

lors des phases post-collisionelles tardives (e.g. Gerbault et al., 2018). Cette phase tardive

est associée à un second pic d’activité magmatique entre 310 et 295 Ma, qui pourrait résulter

d’un épisode de délamination lithosphérique / retrait de slab lors du stade pos-collisionel,

comme cela a pu être proposé dans différents segments de la châıne varisque (e.g. Laurent

et al., 2017; Vanderhaeghe et al., 2020; Žák et al., 2014). Ce type de contexte tectonique

marqué par l’exhumation de domaines profonds en régime transpressif se retrouve dans les

domaines périphériques de la châıne varisque, en particulier dans les Maures-Taneron (Ger-

bault et al., 2018), dans les Pyrénées (Cochelin et al., 2021) ou en Montagne Noire (Rabin

et al., 2015).
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8.2.4 Magmatisme mantellique et évolution de la composition

du manteau

Les magmas calco-alcalins faiblement potassiques mises en place en contexte d’arrière-

arc (370-350 Ma) et les roches (ultra)-potassiques (durbachites) syn-collisionelles (345-323

Ma) dérivent de magmas primaires mantelliques, et apportent donc des informations sur

l’évolution de la composition du manteau varisque au cours du temps. Les roches de la série

calco-alcalines présentent une signature caractéristique d’un manteau de type “arc” (Zheng,

2019), qui contraste fortement avec la signature des durbachites (Figure 8.5), qui dérivent

d’une source fortement enrichie en éléments lithophiles (LILE, LREE, Th, U) et marquent

l’incorporation de matériel dérivé de croûte continentale mature dans la source mantellique.

La transition entre ces deux séries magmatiques s’opère rapidement entre 350 et 345 Ma,

et reflète une évolution brusque de la composition de la source mantellique, qui passe en 5

Ma d’un manteau de type “arc” à du manteau métasomatisé par du matériel continental.

Par ailleurs, la diversité de composition des enclaves de péridotites échantillonnées dans

la croûte inférieure suggère une forte hétérogénéité du manteau, entre des domaines peu

métasomatisés présentant une signature de manteau appauvri en LREE , et des domaines

fortement métasomatisés riches en phlogopite, pargasite, et fortement enrichis en LILE,

LREE, etc. Ceci souligne le caractère largement hétérogène du métasomatisme à l’origine

de la source des magmas ultra-potassiques, susceptible de générer de fortes hétérogénéités

de composition mantellique à l’échelle du km à la dizaine de km.

Le métasomatisme mantellique à l’origine du magmatisme (ultra)-potassique des MCE ne

résulte donc pas d’une interaction prolongée et pervasive du manteau asthénosphérique avec

des fluides/liquides silicatés issus d’une plaque en subduction. Il s’agirait plutôt d’un mé-

canisme brusque et chaotique, dans lequel du matériel continental (partiellement fondu) se

retrouve incorporé au manteau source, qui fond ensuite rapidement pour former les magmas
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Figure 8.5 – Comparaison géochimique entre les durbachites syn/post-collisionelles (violet) et la série
calco-alcaline faiblement potassique formée en contexte d’arrière arc (vert-gris). On constate une différence
de premier ordre entre ces deux séries, marquant une évolution de la composition de la source mantellique
lors de la collision. Données issues de Ménot (1987b) pour la série la série calco-alcaline sodique. Voir
chapitre 7 pour la séries des durbachites.

(ultra)-potassiques. Ce type d’interaction semble compatible avec des mécanismes de rela-

mination lithosphérique (Maierová et al., 2018, 2021), dans lesquels du matériel continental

subduit peu dense remonte sous forme de diapir, et se mélange de façon chaotique avec

les péridotites du coin mantellique, entrâınant la formation de domaines très hétérogènes

dans le manteau (Figure 8.6). Ces remontées diapiriques pourraient par ailleurs expliquer

l’exhumation d’enclaves mantelliques équilibrées à ultra-haute pression (∼3 GPa) et leur

incorporation au sein de la croûte inférieure.
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Figure 8.6 – Schémas de synthèse et proposition d’un modèle de l’évolution géodynamique varisque
dans les MCE. 1 – au Dévonien, les futurs MCE se situent sur la plaque supérieure (Gondwana), plusieurs
centaines de km en amont de la zone de subduction saxo-thuringienne. Une phase d’extension affectant la
plaque supérieure entrâıne l’ouverture d’un bassin arrière-arc et un magmatisme calco-alcalin faiblement
potassique, à l’origine des sérimes magmatiques bimodales et des séries volcano-sédimentaires du sud du
massif de Belledonne. 2 – Au Viséen, la collision succédant à la fermeture de l’océan saxo-thuringien entrâıne
la fermeture du bassin arrière arc, qui forme une zone de faiblesse localisant la déformation compressive.
Les unités crustales les plus profondes sont enfouies à >50 km de profondeur et sont métamorphisées
en faciès éclogitique (2b). La subduction du bloc continental saxo-thuringien entrâıne l’enfouissement de
matériel continental dans le manteau, qui est alors enrichi en éléments lithophiles (LILE, LREE). Ce manteau
métasomatisé fond à son tour, et génère des magmas (ultra)-potassiques à l’origine des durbachites. Ce flux
magmatique mantellique combiné à la chaleur résiduelle liée à l’extension arrière-arc entrâıne une fusion
crustale importante, à l’origine des granites viséens. Dans la croûte inférieure, la zone partiellement fondue
s’étend et flue horizontalement. 3 – Mise en place des décrochements, et poursuite de la compression en
contexte transpressif. Dans les MCE, cette période correspond au début du fonctionnement de la zone de
cisaillement est-varisque (EVSZ), dans la quelle sont exhumées les éclogites de Belledonne. 4 – Effondrement
post-collisionel, associé à une fusion importante de la croûte inférieure dans tous les domaines de la châıne.
Dans les MCE, les mouvements décrochants se poursuivent, dans un régime qui évolue de la transpression à
la transtension. Des unités migmatitiques profondes sont exhumées au sein de structures en dôme, formées
par une combinaison de forces gravitaires (diapirisme) et tectoniques.

8.3 Place des MCE dans les système varisque

8.3.1 Domaine varisque occidental vs oriental

Les MCE enregistrent une succession de phases géodynamiques typique de l’orogenèse

varisque en europe occidentale et centrale :

• une phase d’extension et de magmatisme en contexte d’arrière-arc au Dévonien supé-

rieur – Tournaisien (370-350 Ma) ;

• une phase de collision au Viséen (350-330 Ma), marquée par l’enfouissement des séries

volcano-sédimentaires dévono-tournaisiennes et des unités crustales du socle cambro-

ordovicien sous-jacent ;

• une évolution vers un régime décrochant transpressif dextre au Carbonifère moyen

(∼330-325 Ma). Ce régime se prolonge jusqu’au Carbonifère supérieur (∼300 Ma) et

est associé à l’exhumation d’unités crustales profondes partiellement éclogitisées, en

particulier au sein des zones de cisaillement décrochantes.
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Le magmatisme syn à post-collisionel est lui aussi typique des domaines varisques. Il se

caractérise par l’implication combinée d’une source crustale (anatexie) et d’une source man-

tellique métasomatisée, produisant des roches mafiques à intermédiaires (ultra)-potassiques

(durbachites), associée à des granitöıdes subalcalins potassiques hybrides (type KCG, Barba-

rin, 1999). On note en revanche la rareté des granitöıdes très peralumineux (type MPG/CPG

de Barbarin, 1999) dans les MCE. Cette évolution est au premier ordre assez similaire à celle

des massifs voisins, en particulier du massif des Vosges–Forêt-Noire, de la Bohême et de la

bordure Est du Massif Central (Faure et al., 2009; Lardeaux et al., 2014; Schulmann et al.,

2009; Skrzypek et al., 2012). Une étude comparative de ces domaines montre néanmoins des

différences assez nettes entre les massifs situées à l’est (Vosges – Forêt-Noire, Bohême) et les

massifs situés plus à l’ouest (Massif Central, Massif Armoricain), ce qui a conduit Lardeaux

et al. (2014) à les séparer en un domaine varisque oriental et un domaine varisque occidental

(Figure 8.7). Sur la carte varisque générale (Figure 8.9), ces domaines correspondent res-

pectivement à l’Eastern Variscan Domain (EVD) et au Central Variscan Domain (CVD),

le Western Variscan Domain (WVD) correspondant au bloc ibérique.

Le domaine oriental (EVD) s’inscrit globalement dans un système marqué par la sub-

duction vers le sud du domaine océanique saxo-thuringien au cours du Dévonien (Figure

x), associée à la formation d’un arc magmatique actif entre ∼375 et 335 Ma sur la plaque

supérieure (Schulmann et al., 2009; Žák et al., 2014). La collision a lieu à partir de ∼350

Ma, et succède à une phase de subduction continentale entre ∼380 et 350 Ma (Schulmann

et al., 2009, 2014).

Le domaine occidental (CVD) est quant à lui marqué par une évolution polycyclique.

Une première phase éo-varisque a lieu au Dévonien, et est associée à la subduction vers

le nord d’un petit domaine océanique médio-européen (Faure et al., 2005). Cette première

phase est bien enregistrée par les données géochronologiques, et scellée par le dépôt de sé-
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Figure 8.7 – Coupes synthétiques des modèles d’évolution géodynamique dans le domaine varisque
occidental (Massif Central) et le domaine varisque oriental (Massif de Bohême), d’après Lardeaux et al.
(2014). Voir détails dans le texte. UGU – Upper Gneiss Unit ; LGU – Lower Gneiss Unit ; LAC – Leptyno-
Amphbolitic Complex ; PA – Para-autochtonous ; TBU – Teplà-Barrandian Unit

ries sédimentaires dévono-tournaisiennes en discordance sur les unités métamorphiques plus

anciennes (Faure et al., 2005, 2008). Elle est suivie de la subduction vers le sud de l’océan

saxo-thuringien, associée à la formation d’un arc magmatique de durée assez brève (370-360

Ma) au nord du massif (Morvan), et à l’ouverture du rift de la Brévenne en arrière-arc. La

seconde phase collisionnelle a lieu à partir du Carbonifère (∼360 Ma). Cependant, Vande-

rhaeghe et al. (2020) propose une évolution géodynamique différente : Après la fermeture

du bassin médio-européen par subduction vers le nord, un retrait progressif de la plaque

inférieure s’initie au sud de la Brévenne vers 370 Ma et se propage ensuite vers le sud, en-

trâınant une propagation de la déformation, du métamorphisme et du magmatisme vers le

sud tout au long du Carbonifère (Figure 8.8).

En ce qui concerne de magmatisme syn à post-collisionel, le domaine varisque oriental se

caractérise par l’abondance des termes (ultra)-potassiques mafiques à intermédiaires
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S N S N
Silurian (~420 Ma): oceanic subduction

Middle Devonian (~390 Ma): Continental subduction and anatexy

Late Devonian (~360 Ma): 
syn-orogenic exhumation of migmatitic nappes

Middle Carboniferous (~330 Ma):
orogenic plateau migration

Late Carboniferous (~300 Ma):
orogenic gravitational collapse

Figure 8.8 – Schéma géodynamique alternatif proposé par Vanderhaeghe et al. (2020) pour le domaine
occidental (Massif Central), qui implique la subduction vers le nord du bassin médio-européen, suivie d’un
retrait de la plaque inférieure vers le sud associé à la formation d’un plateau orogénique à partir du Carbo-
nifère.

(durbachites) et des granitöıdes hybrides (KCG), qui se mettent en place principalement

sur une courte période entre ∼345 et 330 Ma, avec néanmoins quelques manifestations

plus récentes jusque vers 320 Ma (Janoušek et al., 2019; Soder et Romer, 2018; Tabaud

et al., 2015; Žák et al., 2014). Les durbachites laissent ensuite place à des granitöıdes plus

peralumineux, qui se mettent en place plus tardivement entre 329 et 322 Ma dans les Vosges

(Tabaud et al., 2015) et entre ∼330 et 300 Ma en Bohême (Žák et al., 2014). Dans le Massif

Central, on observe en revanche une activité magmatique prolongée entre∼340 et 300 Ma qui

se propage vers le sud, marquée par la mise en place simultanée des séries (ultra)-potassiques

à dominante mantellique (durbachites) ou hybride (KCG), et des granites peralumineux

(MPG,CPG) à cordiérite ± grenat ± muscovite plus franchement crustaux (Laurent et al.,

2017).
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8.3.2 Place des MCE : une portion du domaine varisque oriental

décallée par la tectonique décrochante tardi-varisque

Les MCE présentent une évolution similaire à celle du domaine varisque oriental. Premiè-

rement, il n’y a pas de phase éo-varisque dévonienne dans les MCE. L’ensemble des phases

collisionnelles a lieu au Carbonifère et correspond à la fermeture du bassin d’arrière-arc

dévono-tournaisien.

Ensuite, la collision est relativement jeune, avec un premier pic de métamorphisme

barrovien vers 340-330 Ma. Ceci est aussi plutôt en accord avec l’enregistrement tectono-

métamorphique des massifs des Vosges et de Bohême, où le pic de température associé au

métamorphisme barrovien est daté vers 340 Ma (e.g. Skrzypek et al., 2012; Št́ıpská et al.,

2016). En comparaison, au niveau de la bordure nord-est du Massif Central, le pic méta-

morphique associé à la collision varisque sensu-stricto a plutôt lieu vers 350-360 Ma (Faure

et al., 2009; Vanderhaeghe et al., 2020, et références associées).

Enfin, le magmatisme syn à post-collisionel varisque dans les MCE est très similaire à

celui des Vosges ou de la zone moldanubienne de Bohême, aussi bien en terme de composition

des magmas que de chronologie de mise en place. Comme dans ces massifs, on retrouve dans

les MCE une abondance des termes (ultra)-potassiques (durbachites, granitöıdes hybrides),

qui se mettent en place essentiellement entre 340 et 323 Ma. La rareté des granites très

peralumineux à cordiérite ± grenat contraste en revanche avec le magmatisme de la bordure

est du Massif Central, où ces magmas sont très abondants (Laurent et al., 2017; Moyen

et al., 2017). En ce qui concerne l’âge du magmatisme, les deux pics d’activité magmatique

enregistrés dans les MCE se retrouvent dans les Vosges et en Bohême, et contrastent avec le

magmatisme prolongé de la bordure est du Massif Central, qui se propage vers le sud entre

le Viséen et le Carbonifère supérieur. L’âge du premier pic viséen est très similaire dans les

trois massifs (∼345-335 Ma), mais l’âge du second pic diffère un peu et est significativement
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plus jeune dans les MCE (310-295 Ma) que dans les Vosges (329-332 Ma, Tabaud et al.,

2015) et dans la zone moldanubienne de Bohême (∼330-310 Ma, Žák et al., 2014).

Ainsi, l’évolution tectono-métamorphique et magmatique des MCE s’inscrit assez nette-

ment dans le système varisque oriental. Ceci peut parâıtre contre-intuitif étant donné leur

proximité actuelle avec la bordure est du Massif Central, qui n’est séparée des MCE que

d’une petite centaine de kilomètres. Il faut néanmoins tenir compte des important mouve-

ments décrochants tardi-varisques et de la collision alpine. Les MCE sont en effet traversés

par la zone de cisaillement est-varisque (EVSZ), qui est une structure décrochante majeure

à l’échelle de la châıne (Guillot et al., 2009a; Simonetti et al., 2018, 2020), et qui aurait

pu décaler ces massifs vers le sud-ouest de plusieurs centaines de kilomètres entre la fin du

Viséen et le Permien inférieur. Ainsi, les études tomographiques récentes réalisée sur l’arc

alpin font apparâıtre une discontinuité nette à l’ouest des MCE, qui pourrait correspondre

à la trace d’une ancienne discontinuité varisque majeure résultant de ces mouvements dé-

crochants (Nouibat et al., 2021). Par ailleurs, la compression alpine a elle aussi entrâıné un

déplacement vers l’ouest de ces massifs, d’ampleur néanmoins plus limitée (∼28 à 66 km,

Bellahsen et al., 2014).

Les MCE correspondent donc probablement à un ancien bassin d’arrière arc associé à la

subduction vers le sud-est de l’océan saxo-thuringien. Ce bassin était initialement localisé

dans le domaine varisque oriental, et été décalé vers le sud-ouest par la tectonique décro-

chante tardi-varisque. Ils seraient donc des équivalents latéraux de la zone moldanubienne de

Bohême et sud du massif des Vosges (Figure 8.9), appartenant à la zone est-moldanubienne

définie par Lardeaux et al. (2014). Cette position, plusieurs centaines de kilomètres en ar-

rière du front de subduction saxo-thuringien, expliquerait le caractère assez tardif des phases

tectono-métamorphiques et magmatiques associées à la collision varisque dans les MCE.
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Figure 8.9 – Situation géodynamique de la châıne varisque européenne au Carbonifère inférieur. Une
distinction est faite entre le domaine est-varisque et le domaine central (MCF, Massif Armoricain). Le
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8.3.3 Redéfinition de la branche sud-est varisque

Plusieurs travaux regroupent les MCE et les autres éléments de socle alpin avec le massif

des Maures-Tanneron et le bloc Corso-Sarde, qui forment ensemble la branche « sud-est va-

risque » (Corsini et Rolland, 2009). Cette corrélation repose essentiellement sur l’importance

de la tectonique décrochante transpressive dans ces domaines, et plusieurs reconstructions

corrèlent l’EVSZ dans les MCE avec la faille de Joyeuse-Grimaud dans le massif des Maures-

Tanneron et avec la zone de cisaillement de Posada-Asinara en Sardaigne (e.g. Carosi et al.,

2020; Corsini et Rolland, 2009; Guillot et al., 2009a; Rossi et al., 2009). Si la corrélation

entre le bloc Corso-Sarde et le massif des Maures-Tanneron semble bien établie (e.g. Corsini

et Rolland, 2009; Faure, 2014), la corrélation de ce bloc avec les domaines alpins est moins

claire. Par ailleurs, la relation entre les MCE et les autres domaines de socle alpin de la

marge européenne distale, du bloc briançonnais et ceux dérivés de la microplaque apulienne

(domaines sud-alpin et nappes austro-alpines) reste aussi à préciser.

Pour les Alpes en général, ce travail a été esquissé dans le chapitre 2 et est présenté plus en

détail dans Jacob et al. (2022). La comparaison des différents domaines de socle alpin montre

des différences de premier ordre entre les domaines issus de la marge européenne (MCE et

marge distale) d’une part, et les domaines issus de la plaque apulienne et le bloc briançonnais

d’autre part. Les domaines de la marge européenne enregistrent un métamorphisme de

HP assez jeune (345-330 Ma) et de type HP-MT, un métamorphisme barrovien varisque

de moyen à haut grade (faciès amphibolitique à granulitique) et un magmatisme d’âge

principalement carbonifère, marqué en outre par l’importance de la série des durbachites

(Von Raumer et al., 2014).

Les autres domaines alpins enregistrent un métamorphisme de HP plus vieux (360-350

Ma, voire ∼400 Ma pour le complexe de Speik dans les nappes autro-alpines, Faryad et al.,

2002; Thöni, 2006) et plus froid (type HP-BT). On peut d’ailleurs noter que les éclogites
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de Speik enregistrent des conditions P-T relativement froides (700◦C à 1.8-2.2 GPa, ce qui

correspond à un gradient apparent de l’ordre de 9-10◦C.km−1) et font partie d’un complexe

formé d’éclogites partiellement amphibolitisées emballées dans des serpentinites (Faryad

et al., 2002). Elles présentent donc toutes les caractéristiques d’éclogites exhumées dans

un chenal de serpentinite au niveau d’une zone de subduction (Guillot et al., 2009b), et

marquent vraisemblablement une ancienne suture (éo)-varisque. Ces domaines sont en outre

marqués par un métamorphisme barrovien varisque plus faible que dans les MCE (voire in-

existant), et présentent un magmatisme varisque principalement d’âge permien (chapitre 2).

Par ailleurs, plusieurs travaux récents montrent la présence de reliques de socle néoproté-

rozöıque et d’un fort héritage paléoprotérozöıque à archéen dans le domaine austro-alpin

(Chang et al., 2021; Neubauer et al., 2020), qui semblerait se retrouver aussi en partie dans

le domaine briançonnais (données non publiées, Thiéblemont et al.). Ces domaines semblent

donc correspondre à des portions plus externes de la châıne varisque, présentant une forte

affinité gondwanienne.

Ces caractéristiques se retrouvent dans le socle Corso-Sarde. On y retrouve en effet des

reliques de socle néoprotérozöıque (Faure, 2014; Rossi et al., 2009). Le métamorphisme de

HP varisque enregistre des gradients apparents légèrement plus froids que dans les MCE

(de l’ordre de 10◦C.km−1, Cruciani et al., 2012; Franceschelli et al., 2007) et semble être

plus ancien. En Sardaigne, un âge à 352±3 Ma sur des éclogites à disthène (Giacomini

et al., 2005) date l’exhumation dans le faciès amphibolique, et la haute pression est donc

antérieure. Cet âge est cohérent avec les données de Faure (2014) en Corse, qui enregistre

une phase principale d’épaississement vers 360 Ma. Un âge autour de 400-410 Ma a été

suggéré pour la phase de HP (Cortesogno et al., 2004; Franceschelli et al., 2007), mais reste

néanmoins incertain au vu de la méthode utilisée (datation de fractions multi-grains de zircon

par ID-TIMS). Bien que l’on retrouve des granitöıdes viséens de composition similaire aux

granitöıdes subalcalins potassiques des MCE (granitöıdes U1, 345-340 Ma), l’essentiel du
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magmatisme est représenté par les granitöıdes calco-alcalins tardi-carbonifères à permiens

(U2, 305-285 Ma), et un magmatisme alcalin tardif (U3, 290-260 Ma) se met en place au

Permien (Rossi et Cocherie, 1991; Gattacceca et al., 2004).

Ainsi, nous proposons de séparer cette branche sud-est varisque en deux domaines diffé-

rents (Figure 8.9) :

• domaine moldanubien, formé des MCE et de la marge distale européenne, qui se situe

en arrière du système de subduction saxo-thuringien dans le domaine varisque oriental

(EVD) ;

• un domaine sud-varisque sensu-stricto, qui regroupe le bloc Maures-Tanneron – Corse

– Sardaigne, le bloc briançonnais et les unités dérivées de la plaque apulienne, et forme

un ensemble d’affinité gondwanienne, affecté par un système de subduction différent

du système saxo-thuringien. Les éclogites de ces domaines semblent marquer une zone

de suture ancienne, qui pourrait être analogue à la suture éo-varisque dans le Massif

Central.

Le collage final entre les domaines de la marge européenne, le domaine briançonnais et les

domaines apuliens (sud-alpin et austro-alpin) résulterait des migrations de blocs crustaux

associées à l’ouverture et à la fermeture des océans Valaisan et Liguro-Piémontais au cours

du Mésozöıque (Stampfli et Hochard, 2009; van Hinsbergen et al., 2019).
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Le socle des Alpes Externes occidentales enregistre une succession d’événements tectono-

métamorphiques et magmatiques associée à l’orogenèse varisque entre le Dévonien supérieur

et le Permien inférieur. Cette succession d’événements correspond à l’ouverture d’un bassin

d’arrière-arc au cours du Dévonien supérieur, puis à sa fermeture lors de la collision à partir

du Carbonifère inférieur ( 350 Ma). A partir du Carbonifère moyen (∼325 Ma), une tecto-

nique décrochante se met en place, qui contrôle l’exhumation des unités crustales profondes

contenant des reliques d’éclogites et de granulites HP, et est à l’origine de la structuration

finale de ces massifs. L’enfouissement puis l’exhumation des reliques de HP a lieu au cours

du Carbonifère (entre 350 et 300 Ma), avec un pic de pression probablement atteint entre

345 et 330 Ma. Ainsi, le métamorphisme de HP varisque dans les MCE n’est pas un mar-

queur d’un cycle de subduction ancien, mais correspond plutôt aux phases d’épaississement

associées à l’inversion du bassin d’arrière-arc lors de la collision.

L’enregistrement magmatique marque un régime thermique assez chaud lors de la collision,

qui est lié d’une part à l’héritage thermique de l’ancien bassin d’arrière-arc, et d’autre

part à la présence d’un flux magmatique mantellique associé à la mise en place de séries

(ultra)-potassiques (UHK) syn à post-collisionnelles. Ce magmatisme UHK dérive de la

fusion partielle de manteau métasomatisé par du matériel d’origine continental. Ce manteau

métasomatisé est par ailleurs échantillonné sous forme d’enclaves incorporées dans la croûte

inférieure lors de la collision. Le métasomatisme du manteau par du matériel continental

intervient de manière relativement rapide lors des phases précoces de la collision, et pourrait

être le marqueur de phénomène de relamination similaires à ceux décrit dans les massifs de

Bohême et des Vosges.

Au vu des fortes similitudes entre l’évolution varisque des MCE et celle des massifs des

Vosges–Forêt-Noire et de la Bohême, les MCE se rattacheraient à la branche varisque orien-
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tale. Il correspondraient à un ancien domaine d’arrière-arc, initialement situé plusieurs cen-

taines de kilomètres en arrière de la subduction saxo-thuringienne, dans la continuité du

sud des Vosges et de la zone moldanubienne de Bohême. La position finale de ces massifs

à proximité de la bordure est du Massif Central résulterait des importants mouvements

associées à la tectonique décrochante tardi-varisque.

Plusieurs points mériteraient néanmoins une étude plus approfondie :

Premièrement, l’interprétation géodynamique du complexe ophiolitique de Chamrousse

reste toujours à éclaircir, et de nouvelles données géochronologiques sont indispensables pour

lever les incertitudes sur son origine.

Un second point concerne l’évolution temporelle du magmatisme mantellique, et en par-

ticulier l’âge et la durée de mise en place des durbachites dans les MCE. La datation des

syénites quartziques de l’Olan à 323-328 Ma vient compléter les données existantes dans le

massif de l’Aar-Gothard des Aiguilles Rouges, et apporte un nouveau point d’ancrage. Il

reste cependant des incertitudes sur la durée totale de ce magmatisme dans les MCE, et son

éventuelle prolongation au Carbonifère supérieur. Par ailleurs, la période 350-340 Ma et est

une période charnière, au cours de laquelle le flux magmatique mantellique passe de séries

calco-alcalines sodiques d’arrière-arc aux séries UHK. Cette transition marque une profonde

modification de la nature des sources mantelliques, et une étude géochronologique, géochi-

mique et isotopique fine des magmas mis en place durant cet intervalle pourrait permettre

de préciser les mécanismes associés à cette transition.

En parallèle, une étude plus poussée des enclaves de péridotites métasomatisées décou-

vertes lors de ce travail de thèse pourrait permettre de préciser l’évolution du manteau et

les différents flux métasomatiques associés au cycle orogénique varisque, et de les corréler à

l’évolution des magmas.

Enfin, un parallèle a été fait entre l’évolution varisque des MCE et celles des massifs

des Vosges et de la Bohême. Ces massifs sont marqués par des phénomènes de relamination

crustale, qui se caractérisent par la présence au sein de la plaque supérieure (Gondwana)

de granulites felsiques de (ultra)-HP, qui correspondent à du matériel dérivé de la plaque

inférieure et incorporé à la croûte inférieure lors de la collision. Si les MCE correspondent

bien à la continuité des massifs des Vosges et de la Bohême, on devrait s’attendre à retrouver

ces granulites felsiques (U)HP dans les unités crustales profondes. De telles roches n’ont pour

l’instant jamais été décrites dans les MCE, mais des investigations de terrain plus poussées

pourraient permettre de les identifier.
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Henares, Madrid).

Cagnard, F., Durrieu, N., Gapais, D., Brun, J.-P. et Ehlers, C. (2006). Crustal thi-

ckening and lateral flow during compression of hot lithospheres, with particular reference

to Precambrian times. Terra Nova, 18(1):72–78.

Cao, S. et Neubauer, F. (2016). Deep crustal expressions of exhumed strike-slip fault

systems : Shear zone initiation on rheological boundaries. Earth-Science Reviews, 162:155–

176.

326



BIBLIOGRAPHIE

Carignan, J., Hild, P., Mevelle, G., Morel, J. et Yeghicheyan, D. (2001). Routine

Analyses of Trace Elements in Geological Samples using Flow Injection and Low Pressure

On-Line Liquid Chromatography Coupled to ICP-MS : A Study of Geochemical Reference

Materials BR, DR-N, UB-N, AN-G and GH. Geostand. Newsl., 25(2-3):187–198.

Carme, F. et Pin, C. (1987). Vue d’ensemble sur le magmatisme pré-orogénique et l’évo-
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(Massifs cristallins externes, Alpes françaises). Comptes Rendus Académie Sci. Sér. 2
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Fuhrman, M. L. et Lindsley, D. H. (1988). Ternary-feldspar modeling and thermometry.

Am. Mineral., 73(3-4):201–215.

Gale, A., Dalton, C. A., Langmuir, C. H., Su, Y. et Schilling, J.-G. (2013). The

mean composition of ocean ridge basalts. Geochem. Geophys. Geosystems, 14(3):489–518.

Gardien, V., Tegyey, M., Lardeaux, J. M., Misseri, M. et Dufour, E. (1990). Crust-

mantle relationships in the French Variscan chain : The example of the Southern Monts

du Lyonnais unit (eastern French Massif Central). J. Metamorph. Geol., 8(5):477–492.

Garfunkel, Z. (2015). The relations between Gondwana and the adjacent peripheral

Cadomian domain—constrains on the origin, history, and paleogeography of the peripheral

domain. Gondwana Res., 28(4):1257–1281.
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cal Plots. In Janoušek, V., Moyen, J.-F., Martin, H., Erban, V. et Farrow, C.,

éditeurs : Geochemical Modelling of Igneous Processes – Principles And Recipes in R Lan-

guage : Bringing the Power of R to a Geochemical Community, Springer Geochemistry,

pages 27–43. Springer, Berlin, Heidelberg.

Jarosewich, E., Nelen, J. A. et Norberg, J. A. (1980). Reference samples for electron

microprobe analysis. Geostand. Newsl., 4(1):43–47.

Jennings, E. S. et Holland, T. J. B. (2015). A Simple Thermodynamic Model for Melting

of Peridotite in the System NCFMASOCr. J Petrology, 56(5):869–892.

Jochum, K. P., Nohl, U., Herwig, K., Lammel, E., Stoll, B. et Hofmann, A. W.

(2005). GeoReM : A New Geochemical Database for Reference Materials and Isotopic

Standards. Geostand. Geoanalytical Res., 29(3):333–338.

Jochum, K. P., Weis, U., Stoll, B., Kuzmin, D., Yang, Q., Raczek, I., Jacob, D. E.,

Stracke, A., Birbaum, K., Frick, D. A., Günther, D. et Enzweiler, J. (2011). De-

termination of Reference Values for NIST SRM 610–617 Glasses Following ISO Guidelines.

Geostand. Geoanalytical Res., 35(4):397–429.

Jolivet, L. et Brun, J.-P. (2010). Cenozoic geodynamic evolution of the Aegean. Int J

Earth Sci (Geol Rundsch), 99(1):109–138.

Jolivet, L. et Faccenna, C. (2000). Mediterranean extension and the Africa-Eurasia

collision. Tectonics, 19(6):1095–1106.

Jouffray, F., Spalla, M., Lardeaux, J., Filippi, M., Rebay, G., Corsini, M., Zanoni,

D., Zucali, M. et Gosso, G. (2020). Variscan eclogites from the Argentera–Mercantour

Massif (External Crystalline Massifs, SW Alps) : A dismembered cryptic suture zone. Int

J Earth Sci (Geol Rundsch).

337



BIBLIOGRAPHIE

Kalt, A. et Altherr, R. (1996). Metamorphic evolution of garnet-spinel peridotites from

the Variscan Schwarzwald (Germany). Geol Rundsch, 85(2):211–224.

Kirby, S. H., Wang, K. et Brocher, T. M. (2014). A large mantle water source for the

northern San Andreas fault system : A ghost of subduction past. Earth, Planets and

Space, 66(1):67.

Kohn, M. J. (2020). A refined zirconium-in-rutile thermometer. American Mineralogist,

105(6):963–971.

Kooijman, E., Smit, M. A., Mezger, K. et Berndt, J. (2012). Trace element systematics

in granulite facies rutile : Implications for Zr geothermometry and provenance studies. J.

Metamorph. Geol., 30(4):397–412.

Kossmat, F. (1927). Gliederung des varistischen Gebirgsbaues : Abhandlungen Sächsischen
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L., Ji, S. et Trinh, P. T. (1995). The Ailao Shan-Red River shear zone (Yunnan, China),

Tertiary transform boundary of Indochina. Tectonophysics, 251(1-4):3–84.

Lemoine, M., Bas, T., Arnaud-Vanneau, A., Arnaud, H., Dumont, T., Gidon, M.,

Bourbon, M., de Graciansky, P.-C., Rudkiewicz, J.-L., Megard-Galli, J. et Tri-

cart, P. (1986). The continental margin of the Mesozoic Tethys in the Western Alps.

Marine and Petroleum Geology, 3(3):179–199.

339



BIBLIOGRAPHIE
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Maierová, P., Schulmann, K., Št́ıpská, P., Gerya, T. et Lexa, O. (2021). Trans-

lithospheric diapirism explains the presence of ultra-high pressure rocks in the European

Variscides. Commun Earth Environ, 2(1):56.

Malaspina, N., Hermann, J. et Scambelluri, M. (2009). Fluid/mineral interaction in

UHP garnet peridotite. Lithos, 107(1):38–52.
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of the Moldanubian Zone, Czech Republic. Journal of Petrology, 50(10):1795–1827.

343



BIBLIOGRAPHIE

Nance, R. D., Gutiérrez-Alonso, G., Keppie, J. D., Linnemann, U., Murphy, J. B.,

Quesada, C., Strachan, R. A. et Woodcock, N. H. (2010). Evolution of the Rheic

Ocean. Gondwana Research, 17(2):194–222.

Negga, H. S. (1984). Comportement de l’uranium lors des métamorphismes tardi-hercinien

et alpin dans les massifs des Aiguilles rouges et de Belledone (Vallorcine, Lauzière). Alpes
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Salimbeni, S., Dumont, T., Schwartz, S., Zhu, R. et Wang, Q. (2015). First seismic

evidence for continental subduction beneath the Western Alps. Geology, 43(9):815–818.
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ANNEXE A

Annexes

Cette section inclut plusieurs articles que j’ai rédigé ou auxquels j’ai participé durant

ma thèse, qui n’ont pas été inclus dans le corps du manuscrit. Le premier est un chapitre

d’un livre sur la châıne alpine (Geodynamics of the Alps, sous presse). J’ai été chargé de

la rédaction du chapitre traitant de l’évolution paléozöıque des domaines alpins. Le second

article est un article en deux parties publié dans Lithos, qui tente d’unifier les différents

paradigmes existant concernant les processus de formation des granitöıdes en contexte de

convergence, et présente plusieurs cas concrets incluant la châıne varisque. Cet article est

le fruit de réflexions communes engagées avec les différents co-auteurs au cours des trois

dernières années, et auxquelles j’ai activement participé. Ce double article étant particuliè-

rement long, et par ailleurs disponible sur le site de l’éditeur, seule les premières pages de

chaque partie sont reportées ici.

A.1 Article #1 : Paleozoic evolution and Variscan

inheritance in the Alps
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Abstract

Large outcrops of Paleozoic basement have formed about half of the exposed
rock in the Alpine belt. These Paleozoic domains preserve evidence of the long and
complex pre-Alpine history, which spanned more than 300 million years, from the
Ediacaran to the Permian, and they reflect the general  evolution of the European
Paleozoic basement. The oldest events recorded correspond to the formation of a
Neoproterozoic  peri-Gondwanian  arc  that  remained  active  during  the  Cambrian
before its accretion into Gondwana, presumably during an Ordovician collision. The
Cambrian–Ordovician period was marked all over the Alps by tectonic subsidence
and widespread magmatic activity, which reflects the general extension that affected
North Gondwana prior to the opening of Rheic Ocean and the rifting of Avalonia
and the Hun Terranes during the Ordovician.  The following Silurian period was
relatively  calm,  marked  by  crustal  subsidence  and  extension  at  the  margin,  and
deposition of clastic sediments. These are mostly preserved in the eastern Alps, and
they announced the future opening of the Paleotethys from the Late Silurian to the
Devonian.  Then,  convergence  between  Laurussia  and  Gondwana  started  in  the
Devonian,  which  marked  the  closure  of  Rheic  Ocean,  followed by the  Variscan
collision during the Carboniferous.  Evidence  of  this  convergence  is  provided by
Devonian  HP-LT  eclogites  preserved  in  the  Austroalpine  units,  and  Devonian–
Tournaisian  arc-related  magmatism in  the  External  Crystalline  Massifs  (western
Alps). The Variscan collision is recorded to various degrees across all of the Alpine
basement domains. The main period of nappe-stacking and crustal thickening took
place in ca. 350-320 Ma, which was followed by strike-slip tectonics and extension
from the Westphalian to the Permian (ca. 315-290 Ma). In the Helvetic domain, the
orogen-scale dextral strike-slip East-Variscan shear zone was active from the Late
Carboniferous to the Permian, and was responsible for large-scale displacements in
the Variscan structure at the end of the orogeny. Following the Variscan orogeny, a
high-temperature event occurred during the Permian, which preceded the opening of
Tethys Ocean and the initiation of the Alpine cycle. This evolution is in many ways
similar to that of other Paleozoic massifs in Europe. However,  due to the intense
reorganization  of  the  crustal  basement  during  the  Alpine  orogeny,  the  Alpine
domain does not  form a  coherent  block that  can  be easily  correlated  with other
Variscan  domains  in  Europe.  Replacing  the  Alpine  basement  in  the  European
Variscan puzzle remains a challenge to be solved.
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4.1. Introduction

Prior to the Alpine cycle, which began with the extension and the opening of the
Tethyan oceanic domains during the Lower Jurassic, the Alpine domain underwent a
long and complex evolution that can be tracked back to the Late Neoproterozoic. In
many places, the basement that preserves this pre-Alpine history has been covered
by a thick layer of Mesozoic and Cenozoic sediments, and is therefore not accessible
to  geologists.  However,  areas  where  the  pre-Mesozoic  basement  is  exposed
represent about half of the Alpine domain (Von Raumer et al., 2013), which makes
this one of the largest  Paleozoic massifs in Europe,  together  with the Bohemian
Massif,  the  Massif  Central,  the Armorican  Massif,  and  the  Iberian  Massif.  This
basement is exposed along all of the domains that form the Alpine belt, and was
variously overprinted by the Alpine tectonics and metamorphism (Bousquet et al.,
2004; Schmid et al., 2004). Like the other Paleozoic massifs of southern and central
Europe, the Paleozoic basement of the Alps derives from the northern margin of
Gondwana (Stampfli et al., 2011), and has recorded a long and complex history that
culminated  during  the  Carboniferous  with  the  Variscan  orogeny,  during  which
Gondwana and Laurussia became amalgamated to form the Pangea supercontinent
(Matte,  2001).  However,  this  apparently  simple  history  hides  great  complexity,
which is far from being fully understood. This chapter aims to present the current
knowledge  and  outstanding  issues  concerning  the  pre-Mesozoic  history  of  the
Alpine basement. 

4.2. The Paleozoic setting in Europe

 4.2.1.  General  setting:  a  crustal  basement  structured  by  Paleozoic
orogenies

 The  pre-Mesozoic  domains  of  the  Alps  represent  only  a  small  part  of  the
European Paleozoic basement, and form a small piece of the former Variscan belt, a
large orogen that can be followed across all of the different Paleozoic massifs of
southern and central Europe (Fig. 1). The Variscan belt of Europe itself belongs to a
larger orogenic system that extended over about 8000 km, from the Caucasus to the
Appalachian and Ouachita mountains of North America (Matte, 1986). It arose from
the Devonian to the Permian by progressive closure of the oceanic domains between
Laurentia–Baltica to the North, and Gondwana to the South (Figs. 2, 3). Between
these  two  large  continental  masses,  small  continental  blocks  detached  from the
northern margins of Gondwana during the early Paleozoic, and then from the Late
Devonian to the Carboniferous these underwent accretion to form Laurussia and the
Variscan orogen (e.g., Franke, 1989; Matte, 2001; Stampfli et al., 2013). 
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There  have  been  major  advances  during  the  last  few  decades  in  our
understanding  of  the  Paleozoic  evolution  of  the  European  basement,  and  most
studies have agreed on the first-order structure of the Variscan belt (e.g., Kroner and
Romer, 2013; Ballèvre et al., 2014; Lardeaux et al., 2014; Franke et al., 2017). At
the  European  scale,  its  strongly  arcuate  shape  was  acquired  more  recently  in
Variscan history (Upper Carboniferous–Early Permian), and this can be subdivided
into  several  lithotectonic  domains.  On  the  northern  and  southern  flanks  of  the
Variscan assemblage the basement is formed by the Avalonia and North Gondwana
shelves, respectively (Fig. 1), which form the foreland basins of the belt. In between,
the Variscan basement is composed of several lithotectonic domains that represent
the assemblage of peri-Gondwana terranes that were squeezed between Gondwana
and Laurussia during the Variscan orogeny, and then variously overprinted by the
associated tectono-metamorphic and magmatic events. The ‘core’ of the European
Variscan belt is formed by the Moldanubian zone, which includes a large part of the
Bohemian Massif and Massif Central, and extends toward the southern Armorican
massif and the northern Iberian massif (Fig. 1). This represents the exhumed crustal
root of the belt, and it contains high-grade migmatites and granulites, with relics of
high-pressure rock (eclogites, high-temperature eclogites/ high-pressure granulites),
and dismembered ophiolites (Lardeaux et al., 2014).
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Figure  4.1. Simplified  tectonic  map of  Europe  that  shows the  exposures  of  the
Paleozoic basement and the Paleozoic sutures. The Avalonian crust in the middle of
Gondwana-derived domains in southeastern Europe (the Pelagonian zone) is mostly
inferred from the study of sedimentary sequences and detrital zircons (Stephan et al.,
2019, and references therein), and is not discussed here. AM, Armorican Massif; An,
Anatolia; BM, Bohemian Massif; Ca, Cantabrian zone; CIB, Central Iberian zone; Co,
Corsica;  Do,  Dobrogea;  GTM,  Galicia–Trás-os-Montes;  MC,  Massif  Central;
ME ,Maures-Esterel; MN, Montagne Noire; MS, Moravo–Silesian zone; OM, Ossa–
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Morena  zone;  Po,  Pontides;  Pe,  Pelagonian  zone;  Py,  Pyrénées;  RM,  Rhenish
Massif;  Sa,  Sardinia;  Si,  Sicilia;  SMM,  Serbo-Macedonian  Massif;  SP,  South
Portugese zone; VB, Vosges, Black Forest. Modified from Stephan et al. (2019a),
with data from Ballèvre et al. (2014) and Franke et al. (2017).

4.2.2. Pre-Variscan history of the European basement

Prior to the opening of Rheic Ocean during the Ordovician, the future Variscan
domains of Europe were located along the northern margin of Gondwana (Matte,
2001; Von Raumer et al., 2002; Stampfli et al., 2011). From the Neoproterozoic to
the  early  Cambrian,  a  western-Pacific-type  accretion  zone  developed  along  this
margin, which resulted in accretion of various elements to form a consolidated crust
(Garfunkel, 2015). This period of accretion peaked during the Late Ediacaran (ca.
600-580 Ma) with the accretion of an arc that had previously rifted off Gondwana,
during the Lower Ediacaran. This event is known as the Cadomian orogeny, and it
has been poorly preserved in the European basement, except in a few places. These
include northern Brittany and the region of Caen in northwestern France (Ballèvre et
al., 2001; Chantraine et al., 2001), from which the name ‘Cadomian’ originates (as
derived  from  Cadomus,  the  Latin  name  of  the  city  of  Caen).  Elsewhere,  the
Cadomian orogeny is mainly inferred from the study of zircons in detrital sediments,
which  has  defined  a  major  peak  of  zircon  crystallization  at  ca.  600  Ma,  which
corresponds to the Cadomian orogenic events (e.g., Chu et al., 2016, Chelle-Michou
et al., 2017). 

The  Cambrian–Ordovician  period  (ca.  540-450  Ma)  was  characterized  by
extensional  tectonics,  with  rifting  and  subsidence  over  northern  Gondwana  in  a
back-arc  setting  (von  Raumer  and  Stampfli,  2008).  This  eventually  led  to  the
opening  of  Rheic  Ocean  (Linnemann  et  al.,  2007;  Nance  et  al.,  2010)  and  the
northward drift of the Avalonian microplate (Fig. 2, sketches 1-4). This widespread
extension resulted in the formation of a thinned continental shelf on the northern
margin of Gondwana,  which was associated with the opening of back-arc basins
(Kroner and Romer, 2013; Stampfli et al., 2013) and the limited production of some
arc or back-arc oceanic crust (e.g., Chamrousse, Fig. 2, sketch 1; Pin and Carme,
1987; Ménot et al., 1988; Guillot et al., 1992). The Cambrian–Ordovician extension
was  accompanied  by  widespread  bimodal  magmatism (Fig.  2,  sketch  3),  which
consisted of alkaline and tholeiitic mafic rock that was associated with alkaline and
peralkaline rhyolite (e.g., Pin and Marini, 1993; Crowley et al., 2000). A possible
orogenic event occurred during the Ordovician (Fig. 2, sketch 2), which is referred
to  as  the  Sardic  phase  or  the  Cenerian  orogeny;  this  was  inferred  from  the
widespread  production  of  peraluminous  granitoids  from  ca.  500  to  450  Ma
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(Valverde-Vaquero and Dunning, 2000; Villaseca et al., 2016; Zurbriggen, 2017).
However,  the  geodynamic  setting  associated  with  this  peraluminous  magmatism
remains unclear. Different mechanisms have been proposed, which have included
continental rifting associated with the break-up of northern Gondwana (Montes et
al.,  2010;  Ballèvre  et  al.,  2012),  back-arc  extension  in  an  active  arc  setting
(Valverde-Vaquero and Dunning, 2000; Fernández et al., 2008), thermal relaxation
of a thickened arc crust (Villaseca et al., 2016; Soejono et al., 2019), and melting of
fore-arc sediments driven by underplating of mafic magma.
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Figure  4.2. Palinspastic  reconstruction  that  shows  the  evolution  of  North
Gondwana from the Cambrian to the Devonian, with the associated cross-sections
that cut through the northern Gondwana margin. The position of the cross-sections
is indicated by the number on the corresponding globe. This period records the
progressive opening of the Rheic domain and the drifting of Avalonian and Hun
Terrane during the Ordovician, followed by the rifting of Paleo-Tethys during the
Silurian  and  the  Devonian,  and  the  progressive  closure  of  Rheic  Ocean.  Mg,
Meguma; Ib, Iberia; Ar, Armorica; IA, Intra–Alpine. Colors of the continents follow
the same code as for Figure 1: light green, Laurentia–Baltica; dark green, Avalonia
and  Hun  Terrane;  light  brown,  Gondwana;  dark  brown,  Galatian  Terranes.
Modified from Stampfli et al. (2011, 2013).

4.2.3. The Variscan orogeny in Europe

 From the Late Silurian to the early Devonian, convergence between Gondwana
and Laurussia  led  to  the  closure  of  Rheic  and Saxo-Thuringian  Oceans  (Fig.  2,
sketches 5-6). This then culminated during the Late Devonian–Carboniferous (360-
320 Ma) with the collision between Laurussia,  Gondwana,  and peri-Gondwanian
fragments (Fig. 3). During the Middle-to-Late Carboniferous, two successive stages
of post-orogenic extension occurred (Faure and Becq-Giraudon, 1993; Burg et al.,
1994). The first of these was associated with lateral East–West extrusion of material
in  a  still  convergent  setting,  and  the  second  was  associated  with  North–South
orogenic  collapse  via  the  activation of  low-angle  detachment  faults.  These  were
accompanied  by  development  of  migmatite  complexes,  emplacement  of  large
volumes of peraluminous granitoids, and formation of intra-continental, coal-bearing
sedimentary basins (e.g.,  Ledru  et  al.,  2001;  Faure et  al.,  2009;  Lardeaux et  al.,
2014). This general collapse associated with extensive crustal melting might have
been driven by the delamination of the sub-continental mantle lithosphere during the
late orogenic stages (e.g., Žák et al., 2018)

However,  the Variscan  orogen has  a  complex structure  that  cannot  be solely
explained by a simple continent–continent collision. In particular,  many relics of
mafic-ultramafic  complexes,  mid-ocean  ridge  basalt  (MORB)-type  eclogites,  and
alkalic magmas of the Upper Cambrian–Lower Ordovician can be found within the
Variscan domains of western and central  Europe, south of the Rheic suture. This
disposition suggests that multiple oceanic basins separated the microplates south of
Rheic Ocean (Fig. 1). Different tectonic models have been proposed that differ in
the  numbers  of  plates  and  oceans  involved,  and  in  the  initial  pre-Variscan
positioning of these blocks along the peri-Gondwana margin (Matte, 2001; Kroner
and Romer, 2013; Stampfli et al., 2013; Franke et al., 2017). Moreover, discussion
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continues as to the size of the basins that separated the different blocks, and the
subduction  vergencies.  Based  on  the  continuity  of  the  benthic  fauna  and
paleomagnetic data, it is now recognized that these continental fragments were not
separated from Gondwana by a large oceanic domain (Cocks and Torsvik, 2002;
Fortey and Cocks,  2003).  These micro-continents  were  more likely separated  by
either small oceanic basins similar to the Mesozoic Alpine Ocean (Franke et al.,
2017),  or by zones of hyperextended crust  that  possibly showed continent–ocean
transition (Kroner and Romer, 2013; Lardeaux et al., 2014).

Finally, the global picture is further complicated by the noncylindricity of the
Variscan  belt  and  its  diachronous  evolution  from West  to  East,  as  indicated  by
palinspastic  reconstructions,  detrital  zircon  patterns  in  the  Lower  Paleozoic
sediments, and lithostratigraphic,  tectonic, and magmatic records (Stampfli et  al.,
2013; Casas and Murphy, 2018; Stephan et al., 2019a). Several recent models now
separate the Variscan domains south of the Rheic suture into eastern and western
segments that underwent contrasting geodynamic evolution (Stampfli et al., 2013;
Stephan et al., 2019a, b). In the western domain, the final collision of Gondwana
with Laurussia has been well recorded, and corresponds to indentation of Avalonia
by the western Gondwana shelf during the Late Devonian–Carboniferous (ca. 360-
340  Ma;  Faure  et  al.,  2009;  Ballèvre  et  al.,  2014).  In  the  eastern  domain,  the
situation was complicated by the opening of Paleo-Tethys during the Devonian (Fig.
2,  sketch  6  and  Fig.  3).  The  main  Tournaisian–Visean  tectonothermal  event
corresponded to the accretion of the terranes into a cordillera-like orogen (Fig. 3,
sketches 7 -8). The final collision of Gondwana with Laurussia occurred later (330-
300 Ma; Fig.3, sketches 9-10) and was less pronounced than for the western domain
(Haas  et  al.,  2020).  Eastward,  the  collisional  system  evolved  toward  a  purely
accretionary orogen along the northern Paleo-Tethys, to form the Altaids in central
Asia (Wilhem et al., 2012).
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Figure 4.3. Palinspastic reconstruction of the Variscan domain from the Devonian
to  the  Late  Carboniferous,  with  associated  cross-sections  through  the  Variscan
collision zone. This period records the closure of Rheic Ocean and other smaller
basins,  and the collision between Laurussia,  Galatian Terranes,  and Gondwana.
This  collision  is  polyphasic:  a  first  arc–arc  collision  occurred  at  ca.  350  Ma
between the two sets of Galatian Terranes; a second collision occurred at ca. 320 to
300  Ma  with  indentation  of  Gondwana  in  the  Galatia–Laurussia  terrane
assemblage;  this  was  followed  by  extension  and  lateral  extrusion  of  material
accommodated by the lithospheric-scale strike–slip faults. See Figure 2 for labels.
Modified from Stampfli et al. (2011, 2013).

The following sections will present an overview of the Paleozoic massifs in the
Alps,  and  discuss  their  pre-Mesozoic  history  according  to  the  general  setting
proposed  by  Stampfli  et  al.  (2013)  for  the  Paleozoic  evolution  of  northern
Gondwana (see Figs. 2, 3). According to this model, the Variscan belt was formed
by the amalgamation of terranes derived from Gondwana. Two major sets of ribbon-
like  peri-Gondwana  terranes  that  extended  from the  north  of  South  America  to
southern  China  drifted  from  Gondwana  at  different  times  during  the  Lower
Paleozoic. A first segment known as the Hun Terrane corresponded to the eastern
equivalent  of  Avalonia,  and  this  detached  from  the  eastern  domain  of  North
Gondwana during the Ordovician, with the opening of the eastern Rheic Ocean. This
segment then drifted to the northeast and collided with northern China during the
Silurian.  A  second  segment  known as  the  Galatian  super-terrane  detached  from
Gondwana  during  the  mid-Devonian,  synchronous  with  the  opening  of  Paleo-
Tethys, and that comprised most of the European Variscan elements. This ribbon-
like  micro-continent  quickly  separated  into  four  sub-terranes.  The final  collision
between  Gondwana,  Laurussia,  and  the  Galatian  Terranes  during  the  Middle-to-
Upper  Carboniferous  (ca.  340-300  Ma)  created  a  complex  amalgamation  that
formed the Variscan belt.

4.3. The basement outcrops in the Alps

The Paleozoic basement is exposed discontinuously all along the Alpine arc, and
it forms about half of the Alpine domain (Von Raumer et al., 2013). Pre-Alpine rock
is  exposed  in  the  four  main  tectonic  domains  that  have  been  defined  at  the
lithospheric  scale  for  the  Alpine  belt  (Fig.  4):  the  Dauphinois–Helvetic;  the
Penninic; the Austroalpine; and the south Alpine domains. The Dauphinois–Helvetic
domain forms the external zone of the European margin west of the Penninic thrust.
The Penninic domain is composed of various nappes that derived from the distal
European margin (e.g., the Tauern Window basement nappes; Schmid et al., 2013),
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the Valaisan basin and the Briançonnais microplate in the western and central Alps.
The  Austroalpine  domain  is  composed  of  allochthonous  nappes  that  form  the
remnants  of  the  southern  margin  of  Piemonte–Liguria  Ocean  along  the  Apulian
plate, under which the Penninic nappes have been thrust. Finally, the south Alpine
domain forms the autochthonous part of the Apulia plate south of the Periadriatic
fault.
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Figure 4.4. Paleozoic basement units in the Alps in their current tectonic setting and
classified according to the Alpine lithotectonic domain to which they belong (i.e.,
Helvetic,  Penninic,  Austroalpine, south Alpine).  For clarity, no distinction of the
lithotectonic domains is made for the post-Permian units, which group the Permian
to Neogene sedimentary sequences and the Alpine ophiolites. Dark gray, Cenozoic
peri-Adriatic magmatic intrusions. Contours of the massifs were redrawn from Frey
et al. (1999). Alpine faults and thrusts are from Bousquet et al. (2004). See legend to
Figure 5 for abbreviations.

The  different  Paleozoic  domains  have  been  variously  overprinted  by  Alpine
tectono-metamorphic events, which depended on their location along the Alpine belt
(Bousquet  et  al.,  2004;  Schmid et  al.,  2004).  In  the more  external  Helvetic  and
southern  Alpine  domains,  the  Alpine  metamorphic  overprint  never  exceeds
greenschist facies conditions, which indicates that these domains were not deeply
buried and belong entirely to the Alpine suprastructure. Between the Penninic thrust
and the Periadriatic fault, the Penninic and Austroalpine domains are composed of
allochthonous nappes that show various degrees of metamorphic overprint, which
range from lower greenschist in the more external units, to high-presure–ultrahigh-
pressure eclogite in the internal units. Re-equilibration along a Barrovian gradient
occurred in the central and eastern Alps (Lepontine dome, Tauern Window), and this
was  characterized  by  the  development  of  metamorphic  assemblages  of  the
amphibolite facies associated with migmatization (Bousquet et al., 2004).

As  the  Helvetic  and  south  Alpine  domains  form  coherent  blocks  devoid  of
pervasive Alpine deformation and metamorphic overprint, they are the ideal places
to  study  pre-Mesozoic  evolution  in  the  Alps.  In  the  Penninic  and  Austroalpine
domains, reconstitution of the Paleozoic evolution is more challenging. Difficulties
arise  from  the  more  pervasive  Alpine  deformation  that  has  partially  or  totally
obliterated the former structures. Tectonic slicing of these domains into numerous
nappes (Fig. 4) that are disconnected from their lower crustal base makes large-scale
correlations  more  speculative.  Moreover,  in  the  areas  with  Alpine  metamorphic
overprint  that  exceeds  the  upper  greenschist  facies,  the  interpretation  of  the
successive  metamorphic  stages  is  particularly  challenging,  because  the  mineral
assemblages  cannot  be  unambiguously  attributed  to  one  particular  Paleozoic  or
Alpine stage. This is, for instance,  the case for the Gruf complex (central  Alps),
where the age of the ultra-high-temperature metamorphism has been a matter  of
debate for a long time, as it can be attributed to either a Permian (e.g., Galli et al.,
2012) or an Eocene (e.g., Nicollet et al., 2018) high-temperature event. Deciphering
the metamorphic history in such complex areas requires very careful investigations
using modern petrochronological methods (e.g. Sandmann et al., 2014; Giuntoli et
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al.,  2018;  Kunz  et  al.,  2018).  Despite  these  difficulties,  investigations  of  the
Paleozoic basement  in the Austroalpine and Penninic units  have  provided useful
constraints on the pre-Mesozoic history of the Alpine domain, especially  for  the
low-grade Austroalpine nappes and for the external Briançonnais (Zone Houillère,
and its basement). 

4.4. Paleozoic evolution in the Alpine basement

 4.4.1. Late Proterozoic evolution: an active margin setting along northern
Gondwana

During  the  Neoproterozoic,  the  Alpine  domains  were  located  on  North
Gondwana  in  a  Cordillera-like  active  margin  setting,  where  various  terranes
underwent  accretion  to  form  a  consolidated  continental  crust.  This  concept  of
composite terranes was first proposed in the eastern Alps by Neubauer (1989), to
explain the apparently unrelated origins of different crustal fragments. This model
was  further  supported  by  geochronological  studies  that  identified  Ediacaran
magmatic  protoliths  at  different  places  in  the  Austroalpine  nappes.  The  oldest
magmatic protoliths of this period are meta-diorites from the Silvretta nappe that
became emplaced at 609 ±3 Ma in an arc-type setting (Schaltegger et al., 1997).
Other  Neoproterozoic  ages  have  been  further  identified  in  the  basement  of  the
Tauern (Eichhorn et al., 1995, 2001) and in the basement units south of the Tauern
Window,  where  normal-MORB-type  metabasites  attributed  to  subduction-related
magmatism were dated at 590 ±4 Ma (Schulz et al., 2004, 2008). According to these
Ediacaran magmatic protoliths, Schulz et al. (2008) defined an eastern Cadomian arc
in the eastern Alps that  was active from the Late Precambrian  to the Cambrian,
before undergoing accretion with Gondwana during the Early Ordovician collisional
phase (ca. 470 Ma; Fig. 2, sketch 2). Further south, similar fragments of arc-related
Cambrian to Neoproterozoic crust have been reported in the Hellenides (Dörr et al.,
2015; Zulauf et al., 2015). No sections of preserved Neoproterozoic basement have
been identified in the western Alps yet. However, the recent dating of an orthogneiss
sampled  in  crustal  fragments  embedded  within  the  Mesozoic  sediments  of  the
Briançonnais unit close to the city of Briançon yielded an age of 598 ±4 Ma (our
unpublished data, Thiéblemont et al.) (Fig. 6). 

Apart from the Cadomian magmatic protoliths, significant information about the
pre-Cambrian evolution of the Alpine basement is provided by the inherited zircons
in the magmatic rock, and detrital zircons from the Lower Paleozoic sediments. The
zircon  age  spectra  here  have  typically  shown  a  dominant  Neoproterozoic  age
population (ca. 550-650 Ma) for all of the Alpine domains (e.g., Chu et al., 2016;
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Manzotti et al., 2016; Haas et al., 2020), which indicates that most of the Alpine
basement is  made of material  recycled from the Cadomian arcs.  In addition, the
detrital zircon spectra have frequently shown age populations as Mesoproterozoic–
Neoproterozoic (ca. 800-1100 Ma) and Mesoproterozoic–Archean (2.0-3.0 Ga), with
very few Mesoproterozoic zircons for 1.2-1.6 Ga. This distribution is typical  for
material  derived  from  the  West  African  and  northeast  African  cratons  and
proterozoic shields, with possible sources coming from the Arabian–Nubian shield
and the southern China block (von Raumer and Stampfli, 2008; Von Raumer et al.,
2013; Stephan et al., 2019a).

 4.4.2. Cambrian–Ordovician extension and opening of eastern Rheic Ocean

The Cambrian–Ordovician period is marked all across the European Variscides
by tectonic  subsidence  (von Raumer  and  Stampfli,  2008),  widespread  magmatic
activity that consist mainly of bimodal felsic–mafic igneous associations of alkaline
affinity  (Pin  and  Marini,  1993;  Crowley  et  al.,  2000),  and  intrusion  of  mainly
peraluminous granitoids (Montero et  al.,  2007; Bea et  al.,  2010; Villaseca et  al.,
2016; Couzinié et al., 2017; Zurbriggen, 2017). This intense magmatic activity is
generally attributed to a regional extensional event that affected the entire margin of
North Gondwana (Pin and Marini, 1993; Faure et al., 2009) and that preceded the
opening of Rheic Ocean and the separation of Avalonia from Gondwana during the
Mid-Ordovician (Matte, 2001; Stampfli et al., 2011). However, the general setting
during  this  period  was  probably  more  complex.  The  evolution  along  northern
Gondwana was dominated by an active margin setting that  was accompanied  by
contemporaneous intra-continental  extension (Fig.  2, sketches 1-3) and stretching
from west  to  east  (von Raumer and Stampfli,  2008),  which was associated with
several magmatic pulses.

The Cambrian–Ordovician magmatic records of the Alpine basement provide a
good illustration of this complex evolution. Different sets of intrusive and extrusive
magmatic rock were emplaced or erupted from the Cambrian to the Early Silurian
(ca. 530-430 Ma; Schaltegger and Gebauer, 1999; Bussien et al., 2011; Von Raumer
et al.,  2013), which was attributed to either intra-continental rifting and back-arc
extension, or magmatic accretion and orogenic events that occurred in the arc (Figs.
5, 6). 
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Figure  4.5. Simplified  geological  map  of  the  lithological  units  within  the  pre-
Mesosoic basement of the Alps. Contours of the massifs were redrawn from Frey et
al.  (1999).  Alpine  faults  and  thrusts  are  from  Bousquet  et  al.  (2004).  The
classification of the lithologies is based on geological and geochronological data
from  the  Carte  Géologique  de  la  France  at  1/1000000  BRGM  (2004);
Multithematische  Geologische  Karte  von  Österreich,  GBA;  Guillot  and  Ménot
(2009)  (Helvetic  zone);  Ballèvre  et  al.  (2018),  and  references  therein
(Briançonnais);  Veselà  et  al.  (2011)  (Tauern);  Schmidt  et  al.  (2013)  (Tauern);
Mandl et al. (2018) (Seckau plutonic complex). From southwest to northeast: LiCS,
Ligurian, Calizzano–Savona; DM, Dora–Maira; Pel, Pelvoux; Am, Ambin massif;
ZHB, Zone Houillère Briançonnaise; Va, Vanoise; GP, Gran Paradiso; SL, Sesia–
Lanzo; Ru, Ruitor; AR, Aiguilles Rouges; MB, Mont Blanc; DB, Dent Blanche; SM,
Siviez–Mischabel; MR, Monte Rosa; Iv, Ivrea Zone; SC, Strona–Ceneri zone; Lep,
Lepontine  dome;  Ad,  Adula  nappe;  Ta,  Tambo nappe;  Su,  Suretta  nappe;  Got,
Gotthard massif; Or, Orobic Alps; EB, Err–Bernina nappe; Sil, Silvretta nappe; Ul,
Ulten zone; Re, Recoaro; Ag, Agordo; IQ, Innsbruck Quartzite; BSTW, Basement
units south of the Tauern Window; Sc, Schladming nappe; Bun, Bundschuh nappe;
Wo, Wölz nappe; Sa, Saualpe; Ko, Koralpe; Se, Seckau nappe; Gl, Gleinalm; GWZ,
Grauwacken  Zone;  GP,  Graz  Paleozoic;  Gg,  Grobgneiss;  We,  Wechsel;  BW,
Bucklige Welt.

4.4.2.1. Cambro–Ordovician extension magmatism in the Alpine basement

Alkaline  and  tholeiitic  magmatism  has  been  widely  recorded  for  the  Alpine
basement (Fig. 6), and it has been attributed to back-arc extension and continental
rifting that affected North Gondwana (Bussien et al., 2011). In the basement of the
Vanoise Massif and the Siviez–Mischabel unit (Penninic domain), A-type alkaline
metagranitoids have been dated at 507 ±9 Ma (Guillot et al., 2002) and 500 ±4 Ma
(Bussy et al., 1996), respectively. In the Silvretta nappe (Austroalpine), two ages at
526 ±7 Ma and 519 ±7 Ma have been reported for an alkaline orthogneiss (Müller et
al.,  1995).  These  early  stages  of  continental  rifting  associated  with  alkaline
magmatism were followed by emplacement  of tholeiites in a thinned continental
crust,  with the local  production of an oceanic lithosphere in short-lived back-arc
basins. This evolution has been well described for the external crystalline massifs of
the  western  Alps  (Helvetic  domain),  where  tholeitic  metabasalts  with  a  normal/
enriched-MORB signature were emplaced in a thinned continental crust during the
Ordovician (ca. 480-450 Ma; Paquette et al., 1989; Rubatto et al., 2001, 2010). In
the Belledonne Massif,  the ophiolitic complex of Chamrousse (Fig. 5) is a well-
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preserved kilometer-scale slab of Cambrian oceanic lithosphere (ca.  500 Ma; Pin
and Carme, 1987; Ménot et al.,  1988),  and it  is  regarded as the relic of a small
marginal basin that spread in a back-arc setting (Guillot et al., 1992) before it closed,
presumably during a Mid-Ordovician tectonic phase (Guillot and Ménot, 2009; von
Raumer et al., 2009). Such tholeiitic suites have also been described for the Penninic
and Austroalpine domains. Dismembered relics of mafic and ultramafic rock from
Loderio–Biasca (Ticino, Lower Penninic nappes) that have been dated at 518 ±11
Ma might represent the relics of an oceanic domain (Schaltegger et al., 2002). In the
Tauern Window, the Habach Terrane corresponds to an active continental margin
where back-arc spreading occurred during the Cambrian, which was associated with
emplacement of diorites, gabbros, and trondhjemite, from ca. 550 Ma to 507 Ma
(Neubauer et al., 1989; Eichhorn et al., 2001). Finally, for the Austroalpine domain,
oceanic plagiogranites dated at ca. 530 Ma that appear to be emplaced in a back-arc
setting were reported by Müller et al. (1996) for the Silvretta nappe, and several
dismembered Late Neoproterozoic to Cambrian ophiolites are exposed in different
crystalline Austroalpine nappes (Neubauer et al., 1989). This is seen especially in
the Speik complex, where a nearly complete ophiolitic sequence dated at ca. 550 Ma
is preserved (Melcher and Meisel, 2004).

4.4.2.2.  Cambro–Ordovician  arc  and  collisional  magmatism in  the  Alpine
basement

Subduction-related magmatism has been recorded contemporaneous to the back-
arc  rifting.  This  consists  mainly  of  mafic  and  felsic  meta-igneous  rock  of  calc-
alkaline affinity (Fig. 6). In the Silvretta nappe, eclogitized gabbroic and tonalitic
melts  were  emplaced  at  ca.  530-520  Ma,  and  are  attributed  to  arc  magmatism
(Schaltegger et al., 1997). A similar evolution has been described for the basement
south of the Tauern Window, where volcanic arc basaltic suites from 550 to 530 Ma
have  been  reported  (Schulz  et  al.,  2004,  2008).  Additional  data  that  support  an
Ordovician subduction setting have come from the Aar massif (Helvetic domain),
where metagabbros dated at 478 Ma were affected by an Ordovician high-pressure
metamorphic event that was followed by a high-temperature overprint accompanied
by partial melting, at ca. 450 Ma (Schaltegger et al., 2003).

The active margin setting in the Alpine domain has also been characterized by
several  pulses  of  peraluminous  and  calc-alkaline  granitoids  that  were  emplaced
between 480 Ma and 450 Ma. These metagranitoids are ubiquitous in the basements
of  all  paleogeographic  Alpine  domains  (Figs.  5,  6),  and  these  attest  the  wide
extension of this magmatism (e.g., Schaltegger and Gebauer, 1999; Bussien et al.,
2011; Von Raumer et al., 2013, and references therein). The age of this magmatism
is from 470 to 440 Ma in the Helvetic domain (Schaltegger and Gebauer,  1999;
Bussy et  al.,  2011),  and from 480 to 450 Ma in the Penninic  and  Austroalpine
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domains (Guillot et al., 2002; Schulz et al., 2008; Liati et al., 2009). In the south
Alpine domain, large outcrops of these Ordovician metagranitoids are exposed in the
Strona–Ceneri zone, where they represent about 20% of the exposed outcrops of the
Paleozoic  basement  (Zurbriggen,  2015).  These  consist  mainly  of  peraluminous
orthogneisses  derived  from greywacke source rock,  with subordinate amounts of
metaluminous  calc-alkaline  orthogneisses  (ca.  90%  peraluminous,  10%
metaluminous orthogneisses) and rare mafic end-members (Zurbriggen, 2017).

However,  the  origin  of  these  granitoids  has  not  been  well  constrained.  The
predominance  of  crustal-derived  peraluminous  granitoids  is  not  expected  in  a
Cordillera-like setting, which typically has a wide variety of mafic to felsic igneous
rock derived from both the fractional crystallization of mantle-derived magma and
the  melting  of  various  igneous  and  sedimentary  crustal  components  (Barbarin,
1999). This is also not expected in an extensional rift setting, and more generally, in
all environments in which the bulk of the heat was advected from the mantle by the
ascent of mafic melts, which should be dominated by mantle-derived magmatism
(Annen et  al.,  2006).  Zurbriggen  (2015,  2017) proposed an alternative model  of
subduction–accretion complexes, in which the dominant peraluminous magmatism
results from the melting of flysh-type sediments in the accretionary prism of an arc
fed  by  a  large  sedimentary  input  from the  continent.  However,  this  model  still
involves heat advection from the mantle as the main driver of crustal melting, and
attributes  the  relative  scarcity  of  exposed  mafic  and  intermediate  intrusives  to
exposure  bias.  Finally,  other  alternative  models  proposed  for  other  parts  of  the
European Variscides relate this magmatism to the thermal relaxation of a thickened
arc crust (Villaseca et al., 2016; Soejono et al., 2019), which would generate large
amounts of peraluminous anatectic granites.

 4.4.3.  Ordovician to Silurian crustal extension

The  Cambrian–Ordovician  crustal  extension  led  to  detachment  of  small
continental blocks from northern Gondwana during the Ordovician. In the western
domain, the Avalonian block detached from Gondwana at ca. 480 Ma, and drifted
northward to eventually undergo accretion with Laurentia during the Silurian (Fig.
2).  In  the  eastern  domain,  the  detachment  of  the  Hun  Terranes  resulted  in  the
opening of the eastern branch of Rheic Ocean, slightly later (ca. 460 Ma) than the
western branch (Fig. 2, sketch 3). This opening left a passive margin along North
Gondwana (Fig. 2, sketch 4). From the Mid-Ordovician to the Lower Carboniferous,
sedimentation occurred along this passive margin. These clastic deposits are mainly
exposed in the Austroalpine nappes (Greywacke Zone, Gürktal nappe, Paleozoic of
Graz) and in the Carnic Alps (Neubauer et al., 2007), and this provides a record of
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the crustal subsidence at the margin (Fig. 5). A few pulses of alkaline magmatism
have been recorded for this period; for instance, in basement massifs south of the
Tauern Window (Austroalpine), where alkaline within-plate basalts were emplaced
at ca. 430 Ma (Schulz et al., 2004). These Late Ordovician–Early Silurian magmatic
events  might  have  been  related  to  either  late  extension  after  the  eastern  Rheic
opening, or an initial rifting stage that preceded the opening of the Paleo-Tethys
(Schulz et al., 2004; Stampfli et al., 2011).

The opening of the Paleo-Tethys has not been well recorded for the European
domains, as it  was largely obliterated by subsequent Variscan and Alpine events,
and parts of the former Paleo-Tethyan margin have been covered under Mesozoic
sediments (Von Raumer et al., 2013). In Sardinia, the volcano–sedimentary deposits
of the Late Ordovician–Early Silurian (ca. 440 Ma) that consist of alkali basalts and
trachyandesites might be associated with the initial rifting that preceded the opening
of  the  Paleo-Tethys  (Gaggero  et  al.,  2012).  This  opening  has  been  better
documented in Iran (Bagheri and Stampfli, 2008), and it resulted from two rifting
events  that  occurred  during  the  Late  Ordovician  (ca.  440  Ma)  and  the  Middle
Devonian (ca. 390 Ma). This rifting resulted in separation of the Galatian Terranes
from Gondwana,  where  they  contained  the  Alpine  domain  (Von  Raumer  et  al.,
2013)  and  most  of  the  crustal  fragments  that  formed  the  European  Variscides
(Stampfli et al., 2013). 

22



Test header     23

23



24    test header

Figure 4.6. (a) Chronological chart for the Neoproterozoic–Paleozoic that
summarizes  the  geodynamical  evolution  of  the  European  Variscides  from  the
Ediacaran to the Permian. (b) Geological record for the Alpine basement for the
same  period.  The  four  lithotectonic  domains  in  the  Alpine  belt  (i.e.,  Helvetic,
Penninic, Austroalpine, south Alpine) show contrasted records and are thus treated
independently. 
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4.4.4. Devonian–Carboniferous convergence and Variscan collision

4.4.4.1. A polyphased history during the Variscan collision

From  the  Mid-Devonian  (ca.  390  Ma),  Rheic  Ocean  progressively  closed,
contemporaneous  with  the  opening  of  the  Paleo-Tethys  and  the  drifting  of  the
Galatian  Terranes  (Fig.  2,  sketches  5-6),  which  initiated  the  convergence  of
Laurussia and Gondwana. The Variscan orogeny corresponds to the succession of
collisional events that occurred from the Late Devonian to the Late Carboniferous/
Early Permian (ca. 370-295 Ma). This eventually resulted in the amalgamation of
Laurussia, Gondwana, and the peri-Gondwanian terranes (Fig. 3), to form the most
recent  supercontinent,  Pangea.  In  many  basement  massifs  in  the  Alps,
polymetamorphic assemblages prevail and multiple nappe stacking events have been
identified  (e.g.,  Schaltegger  and  Gebauer,  1999;  Raumer  and  Bussy,  2004;
Benciolini et al., 2006; Schulz et al., 2008; Guillot and Ménot, 2009; Fréville et al.,
2018), which testifies to the polycyclic evolution during the Variscan orogeny. The
intensity  of  the  Variscan  deformations  and  metamorphic  overprint  varies  greatly
among the basement areas in the Alps, from lower greenschist to granulite and/or
eclogite facies (Frey et al.,  1999). These different Paleozoic basement areas with
various  degrees  of  Variscan  overprint  might  represent  either  different  structural
levels in the crust (Schaltegger et al., 2003) or different paleogeographic domains
that were variously affected by the Variscan orogeny and subsequently juxtaposed
due to the Late Variscan and Alpine tectonics (Guillot and Ménot, 2009). Two major
Variscan tectono-metamorphic events have been identified for the Alpine domain
(Von Raumer et al., 2013). The first occurred during the Early-to-Mid Carboniferous
(ca. 350-330 Ma) and corresponds to closure of the Rheic domain and amalgamation
of  the  Galatian  Terranes  to  Laurussia  (Fig.  3,  sketches  7-8).  The  second  event
occurred  during  the  Late  Carboniferous/  Early  Permian  (ca.  320-295  Ma),  and
corresponds to the final collision of Gondwana and the post-collisional collapse of
the Variscan belt (Fig. 3, sketches 9-10).

4.4.4.2. Devonian–Visean magmatism

Prior to this collision, early Variscan events can be identified. In the massif of
Belledonne (western Alps), the mafic-felsic bimodal suites of volcanic and plutonic
rock that were emplaced at ca. 360-350 Ma (Figs. 5, 6, 7) have been attributed to
continental extension in a back-arc setting (Guillot and Ménot, 2009; Fréville et al.,
2018), similar to the Brévenne unit in the French Massif Central (Faure et al., 2005)
and the central part of the Moldanubian zone (Lardeaux et al., 2014). The magmatic
evolution  suggests  a  transition  from  an  extensional  to  a  compressional  regime,
which marks the beginning of the Visean collision. A similar evolution took place
along the margin of Laurussia, where the Devonian back-arc extension resulted in
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opening of the Rheno-Hercynian domain, which separated ribbon-like terranes from
the Laurussian plate (Franke et al., 2017). Volcano–sedimentary deposits of an early
Visean  age  overlie  the  older  gneisses  in  the  basement  of  the  Helvetic  domain
(Guillot and Ménot, 2009; von Raumer et al., 2009). These present an arc-related
tholeiitic  geochemical  signature  with  contamination  from  a  continental  crust
component (Carme and Pin,  1987).  It  is  therefore believed that  these formations
were deposited in a continental arc setting, to mark the subduction of the Rheic/
Paleo-Tethyan domains during the Lower Carboniferous (Guillot and Ménot, 2009;
Fréville  et  al.,  2018).  In  the  Seckau  nappe  (Austroalpine  domain),  the  Hintertal
plutonic suite is composed of Late Devonian to Visean (ca. 365-340 Ma) granites
and granodiorites (Figs. 5, 6), which were possibly emplaced in a continental arc
setting (Mandl et al., 2018).

4.4.4.3. Variscan high-pressure metamorphism

Relics of high-pressure rock, as eclogites and high-pressure granulites, have been
reported for many basement areas in the Alpine domain (Fig. 5), where they formed
small  bodies  embedded  within  felsic  lithologies  (orthogneisses,  metasediments).
These high-pressure assemblages have been documented in the external crystalline
massifs (Liégeois and Duchesne, 1981; Paquette et al., 1989; Ferrando et al., 2008;
Guillot and Ménot, 2009), in the Penninic nappe of Adula in the Lepontine Alps
(Liati et  al.,  2009; Herwartz et al.,  2011; Sandmann et al.,  2014),  and in several
crystalline nappes of the Austroalpine domain (Thöni, 2006, and references therein).
For most of these bodies, the age of the high-pressure stage has been estimated at ca.
350 to 330 Ma (Fig. 6; Miller and Thöni, 1995; Ladenhauf et al., 2001; Tumiati et
al., 2003; Thöni, 2006; Liati et al., 2009; Rubatto et al., 2010, Jacob et al., 2021). In
the eclogites from the Adula nappe (Penninic domain), both U-Pb zircon and garnet
Lu-Hf geochronology have indicated a Mid-Carboniferous age for the high-pressure
metamorphism (ca. 330-340 Ma). In addition, some zircon rims that were dated by
Liati et al. (2009) yielded a Devonian age, at ca. 370 Ma, which might indicate an
earlier  metamorphism.  Finally,  an  eclogite  body  from  the  Hochgrössen  Massif
(eastern Austroalpine nappes) yielded an age of 397 ±8 Ma for the high-pressure
stage, with peak pressure conditions estimated at ca. 1.8 to 2.2 GPa and 700 °C
(Faryad et al., 2002). These ages suggest a Mid-to-Late Devonian subduction cycle
that preceded the more widely recorded 350 to 330 Ma high-pressure stage. Paquette
et al. (1989) reported a U-Pb zircon age of 395 ±2 Ma in the external crystalline
massifs, but this age was obtained about 30 years ago by multigrain isotope-dilution
thermal-ionization mass spectrometry, and it more probably reflects mixing between
the Ordovician magmatic cores and the metamorphic rims of the zircons (Paquette et
al., 2017). More recent dating in Argentera (Rubatto et al., 2010) and Belledonne
(Jacob et al., 2021) have yielded ages between 340 and 320 Ma, which are more
consistent with other U-Pb data from the Alpine basement.
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4.4.4.4. Variscan nappe-stacking events in the Alpine basement

The Tournaisian–Visean collision was recorded in most basement domains in the
Alps  by  successive  episodes  of  nappe  stacking,  Barrovian-type  metamorphism,
emplacement  of  granitoids,  and  detrital  zircon  and  mica  records  in  the
Carboniferous–Permian basins (Figs. 5, 6; Schulz et al., 2008; Guillot and Ménot,
2009; Von Raumer et  al.,  2013; Manzotti  et  al.,  2016; Zanoni and Spalla,  2018;
Haas  et  al.,  2020).  Due  to  the  intense  post-Permian  reworking  of  the  Alpine
basement,  regional  geometric  correlations  at  the  scale  of  the  Alpine domain are
particularly challenging, in contrast to other Variscan massifs in Europe (e.g., Faure
et al.,  2009; Ballèvre et al.,  2014; Lardeaux et al.,  2014). Such correlations have
nevertheless been carried out for the external domains of the western Alps, which
underwent very limited reworking by Alpine tectonics (Guillot et al., 2009; Guillot
and  Ménot,  2009;  von  Raumer  et  al.,  2009).  In  these  domains,  two  successive
Visean nappe-stacking events have been identified (Fig. 7). The first corresponds to
the  development  of  North–North-20-degrees  trending  transpressive  shear  zones,
which led to the thrusting of the internal high-pressure unit towards the northwest.
This deformation was associated with the emplacement of granitoids at ca. 340 Ma
(Debon et  al.,  1998;  Debon and Lemmet,  1999;  Bussy et  al.,  2000;  Guillot  and
Ménot, 2009). The second deformation is associated with a top to the East shearing
and northeast thrusting of the Chamrousse ophiolitic complex over the Devonian–
Tournaisian magmatic complex. This second nappe-stacking event is associated with
crustal thickening, and is characterized by a Barrovian metamorphic gradient that
increases from West to East (from ca. 0.6 GPa and 600 °C, to ca. 0.8 GPa and 680
°C; Guillot and Ménot, 2009; Fréville et al., 2018).

4.4.4.5. The Visean magnesio-potassic magmatism

The Visean granitoids are of particular significance in the Variscan belt. These
form a series of potassic calc-alkaline rock that is enriched in K2O and MgO. The
Visean granitoids are considered to be derived from a mixed source that combined
an enriched sub-continental lithospheric mantle and a continental crust (Debon et al.,
1998; Debon and Lemmet, 1999). This series is documented for the entire Helvetic
domain (Debon and Lemmet, 1999; Bussy et al., 2000; von Raumer et al., 2014), as
well as for the basement of the Tauern Window (Lammerer,  1986; Veselà et al.,
2011), and it was emplaced at ca. 340 to 330 Ma (Figs. 5, 6). Similar rock of Visean
age can be found in other parts of the European basement in Corsica, French Central
Massif, Black Forest, Vosges, and the Bohemian Massif (von Raumer et al., 2014).
These  granitoids  are  probably  related  to  collisional  processes  that  involved both
mantle  and  crustal  melting  (Schaltegger,  1997;  von Raumer  et  al.,  2013,  2014),
although it  has  not  been  excluded  that  they  were  emplaced  in  a  Cordillera-like
setting.  Based  on their  spatial  distribution  and  their  emplacement  along sinistral
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strike-slip shear zones (Debon and Lemmet, 1999; Guillot et al., 2009), it has been
suggested that the Mg-K granitoids define a major linear structure in the Variscan
belt, and possibly mark an orogen-wide strike-slip fault rooted in the lithospheric
mantle  or  a  major  suture  zone  (Schaltegger,  1997;  Corsini  and  Rolland,  2009;
Guillot et al., 2009; Veselà et al., 2011; von Raumer et al., 2014).

4.4.5. Crustal extension and post-orogenic collapse

The  Mid-Carboniferous  to  Permian  corresponds  to  the  final  collision  of
Gondwana with the peri-Gondwanian crustal blocks that were previously assembled
as  Laurussia.  This  period  records  a  complex  tectonic  history  (Fig.  6)  that  was
dominated by strike-slip tectonics and extension from the Late Carboniferous, and
was associated with the opening of intra-continental basins (Ballèvre et al., 2018).
This  was  accompanied  by  a  generalized  low-pressure  and  high-temperature
metamorphism, which led to migmatization in the lower-to-mid crustal levels, and
the production of subalkaline peraluminous granitoids. This series corresponds to
the ferriferous low-Mg suite of Debon and Lemmet (1999), which was emplaced at
310 to 295 Ma (Bonin et al., 1993; Schaltegger, 1997; Debon and Lemmet, 1999;
Schaltegger and Gebauer,  1999; Bussy et  al.,  2000 Veselà et  al.,  2011; Fréville,
2016).

The Late  Variscan  extension  is  well  documented in  the external  zone  of  the
western Alps, where two phases of extension have been identified (Fig. 7). The first
corresponds  to  northeast–southwest  extension  from the  Westphalian  to  the  Mid-
Stephanian  (310-305  Ma),  contemporaneous  with  migmatization  in  the  deeper
crustal levels. The second phase corresponds to roughly North–South extension with
East–West  shortening,  accommodated  by  northeast–southwest-trending  dextral
shear zones and brittle strike-slip faults that were active from the Stephanian to the
Early Permian (ca. 305-295 Ma; Guillot et al., 2009). This strike-slip system that
runs from the Aar massif to the northeast  to the Belledonne massif has possible
connection in the Bohemian massif and in the Corsica–Sardinia block, and would
thus define an orogen-wide structure known as the east Variscan shear zone, with a
lateral offset of at least 300 km (Corsini and Rolland, 2009; Guillot et al., 2009;
Rossi  et al.,  2009; Duchesne et  al.,  2013; Ballèvre et  al.,  2018; Simonetti  et al.,
2018).

Intra-continental  basins  with coal-bearing  deposits  developed during the Late
Carboniferous. The largest of these corresponds to the Zone Houillère basin in the
Briançonnais domain (Fig. 5), which extends over at least 150 to 200 km from North
to South, and has a width of ca. 20 km. Even without accounting for the Alpine
shortening, this is one of the largest Carboniferous basins in Europe (Ballèvre et al.,
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2018). Sedimentation in the Zone Houillère mainly took place from the Namurian to
the Westphallian (ca.  325-315 Ma; Ballèvre et al.,  2018, and references therein).
There are also smaller Carboniferous basins in other parts of the Alpine belt (Figs. 5,
6). In the internal zone of the Penninic domain, Carboniferous deposits are exposed
for  the  Dora  Maira  and  Gran  Paradiso  massifs  (Ballèvre  et  al.,  2018).  Late
Carboniferous molasse basins are also known for the Austroalpine nappes of the
eastern Alps (Neubauer et al., 2007). In the Helvetic domain, rather small, elongated
narrow basins of Westphalian–Stephanian age (305-300 Ma) probably opened when
they were pulled apart during the dextral strike-slip tectonic phase (Guillot et al.,
2009; Ballèvre et al., 2018, and references therein).
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Figure 4.6. Schematic cross-sections showing the structural relationships for the
massifs of Belledonne–Grandes Rousses (a) and Oisans–Pelvoux (b). Modified from
Guillot and Ménot (2009).

This general evolution that consisted of strike–slip tectonics, extension, opening
of the intra-continental  basins,  and low-pressure–high-temperature  metamorphism
that was associated with production of large amounts of peraluminous granitoids has
been  observed  for  all  of  the  western  European  Variscides  (Catalán  et  al.,  2007;
Faure et al., 2009; Faure, 2014), and it attests to the general collapse of the Variscan
belt  during  the  Late  Carboniferous–Early  Permian.  For  the  eastern  domain,  and
particularly for the Austroalpine domain, this late tectonic phase was relatively mild
and was not associated with significant crustal thickening and melting (Haas et al.,
2020).  Following  the  Variscan  orogeny,  Mid-to-Late  Permian  (ca.  280-250  Ma)
metamorphic and magmatic activity was recorded for the Alpine basement (Figs. 5,
6).  Traces  of  this  episode  are  scarce  in  the  basement  of  the  Helvetic  domain
(Fréville, 2016; Ballèvre et al., 2018), although they are ubiquitous for other parts of
the  Alpine  basement,  where  Permian  high-temperature  metamorphism  and  the
associated magmatism were widespread (Schaltegger and Gebauer, 1999; Schulz et
al., 2008; Spalla et al., 2014; Ballèvre et al., 2018; Kunz et al., 2018; Manzotti et al.,
2018). This high-temperature episode might be related either to the latest stages of
the  Variscan  post-orogenic  collapse  or  to  the  earliest  events  of  the  lithospheric
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extension  and  the  thinning  that  preceded  the  break-up  of  Pangea  (Spalla  et  al.,
2014).

4.5. Discussion

 4.5.1. Place of the Alpine domain in the Variscan puzzle

During  the  last  decade,  important  effort  has  been  devoted  to  the  correlation
between the different Variscan massifs in Europe, and to the reconstruction of the
general  structure  of  the belt  (Schulmann et  al.,  2014).  The exploitation of  large
geochronological and geochemical datasets that have been collected from all over
the  European  Paleozoic  basement  has  significantly  improved  the  geodynamic
reconstructions, through more precise identification of the different crustal blocks
that  form  the  Variscan  puzzle,  and  their  initial  positions  along  the  northern
Gondwana  margin,  prior  to  the  Ordovician  rifting  (Blichert-Toft  et  al.,  2016;
Stephan et al., 2019a, b).

Although there are large portions of well-preserved Paleozoic basement in the
Alpine domain, this has not been an important focus for the Variscan community,
and it has been a bit left out from such large-scale correlations. This lack of interest
in the Alpine basement is mostly due to the extremely complex tectonic setting in
the Mediterranean region, where Alpine tectonics have largely perturbed the original
pre-Mesozoic position of the crustal blocks. The Alpine domain is composed of a
juxtaposition  of  crustal  blocks  with  different  pre-Mesosoic  positions  that  were
stacked during the Alpine orogeny (van Hinsbergen et al., 2019). Only the Helvetic
domain has been relatively preserved from this complex tectonic reworking, and it
remained located on the European margin of Piemonte–Ligurian Ocean during the
Mesozoic. In their current configuration, the Alpine basement massifs can therefore
be seen as a mosaic of different  pieces  of the Paleozoic crust that correspond to
different domains of the Variscan belt and that record different tectono-metamorphic
and magmatic events. An illustration of this point is given by the western Alps, were
the basement of the Helvetic and Briançonnais domains underwent very contrasted
igneous  and  metamorphic  histories  (Figs.  5,  6).  The  Helvetic  basement  shows
similarities  with  the  Moldanubian  core  of  the  Variscan  belt  (Bohemian  Massif,
Vosges-Schwarzwald, Massif Central): it has a strong amphibolite/ granulite facies
Variscan overprint (Grandjean et al., 1996; Raumer and Bussy, 2004; Guillot and
Ménot, 2009), abundant Carboniferous granitic magmatism at ca. 340 to 330 Ma and
310 to 300 Ma (Debon and Lemmet, 1999), and very little Permian magmatism. In
contrast, with a few exceptions, the basement of the Briançonnais domain has very
weak Variscan metamorphic overprint (Guillot et al., 2002; Ballèvre et al., 2018),
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and is mainly devoid of Carboniferous granitoids, but is characterized by abundant
Permian magmatism (Ballèvre et al., 2018).

This striking difference in terms of pre-Triassic history was regarded by Ballèvre
et al. (2018) as the consequence of a major strike-slip displacement along the eastern
Variscan shear zone during the Late Carboniferous–Early Permian, that cut through
the  large-scale  zonation  of  the  Variscan  belt,  and  brought  internal  and  external
domains  into  contact.  However,  this  view  does  not  take  into  account  the
displacements that occurred during the Alpine cycle. Indeed, it is widely recognized
that the Briançonnais domain has connection with the Corsica–Sardinia block (e.g.,
Stampfli and Hochard, 2009; van Hinsbergen et al.,  2019), which was in a more
southern  position during  the  Triassic.  It  is  generally  assumed that  this  Corsica–
Sardinia–Briançonnais  block was positioned close to the Iberian  plate  during the
Triassic, south of the Pyrenees (Stampfli and Hochard, 2009), or facing the Gulf of
Lion  and  the  Maures-Esterel  massif  in  southern  France  (van  Hinsbergen  et  al.,
2019).  In  any  case,  these  reconstructions  emphasize  the  southern  origin  of  the
Briançonnais  domain.  The  sharp  differences  in  terms  of  tectono-metamorphic
history with the Helvetic domain may therefore result from an Alpine collage that
brought  the  Briançonnais  block  (which  belongs  to  the  southern  foreland  of  the
Variscan belt) into contact with the internal domains that form the Helvetic margin. 

Toward the East, the Southalpine and Austroalpine domains were in a southern
position during the Triassic, south of the Pyrénées and east of the Iberian plate (van
Hinsbergen et al., 2019). This replaces the Austroalpine units close to the southern
foreland of the Variscan belt, which is consistent with the weak overprint recorded
during the Late Carboniferous for the final stage of the Variscan orogeny (Haas et
al., 2020).

Finally, the basement exposed in the Tauern Window is interpreted as derived
from the  distal  European  margin  (Schmid  et  al.,  2004),  and  can  be  seen  as  the
eastward  prolongation  of  the  Helvetic  basement.  This  view is  supported  by  the
similar Variscan magmatic evolution in these two domains (Eichhorn et al., 2000;
Veselà  et  al.,  2011),  and  by  the  similarities  in  the  pre-Variscan  magmatic  and
metamorphic  records  (Eichhorn  et  al.,  2001).  However,  these  domains  are  not
actually identical. The Permian magmatism recorded in the Tauern Window is not
seen for the Helvetic basement (Figs. 5, 6), and the Variscan metamorphic imprint in
the Tauern basement reaches a lower grade than in the western domains. Given the
relative  proximity  of  the  Tauern  basement  to  the  Bohemian  massif,  it  is  also
tempting to see this as the southern continuation of the Moldanubian zone, which
forms  the  core  of  the  Variscan  belt.  However,  there  are  significant  differences
between these two domains, in terms of both magmatic and metamorphic history
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(e.g.,  Finger  et  al.,  1997).  In  particular,  the  Tauern  basement  completely  lacks
ultrahigh-temperature  granulites  that  are  typically  exposed  in  the  adjacent
Moldanubian zone. The Tauern basement therefore corresponds to a more external
domain of the Variscan belt. Eichhorn et al. (2001) came to similar conclusions, and
suggested that the Tauern basement occupied an intermediate position between the
Helvetic  basement,  which  forms  parts  of  the  Moldanubian  zone,  and  the  more
external zones of the Variscan belt, possibly represented by the basement nappes of
the Austroalpine  domain.  In  contrast  with  the  Briançonnais  zone  in  the  western
Alps, Alpine displacement cannot be invoked here to explain the discontinuity with
the Moldanubian zone.  This latter  more probably results from the Late Variscan
strike-slip tectonics, which might be related to the east Variscan shear zone that cut
through the Variscan zonation and put the lower grade Tauern basement in contact
with the high-grade Moldanubian core.

 4.5.2 Pre-Variscan position of the Alpine basement units

Prior  to  the  Variscan  cycle,  the  crustal  fragments  that  formed  the  Paleozoic
basement were located along the northern Gondwana margin. The restoration of the
pre-Variscan architecture of this continental margin and the reconstitution of its Late
Proterozoic–Early  Cambrian  evolution  is  under  active  research,  as  it  has
implications  for  the  crustal  growth  models  and  the  formation  of  the  European
continental  crust  (von  Raumer  and  Stampfli,  2008;  Stampfli  et  al.,  2013;  von
Raumer et al., 2015; Villaseca et al., 2016; Chelle-Michou et al., 2017; Couzinié et
al.,  2017,  2019).  Due  to  the  strong  displacement  associated  with  the  Late
Carboniferous strike-slip tectonics, the replacement of the different crustal blocks in
their pre-Ordovician position is not straightforward.

The detrital  U-Pb age patterns  of  zircons  from the Paleozoic sediments  have
proven to be a powerful proxy to unravel their provenance and to infer the relative
positions  of  the  crustal  fragments  in  their  pre-Variscan  setting.  Stephan  et  al.
(2019a)  used  a  large  compilation  of  these  data  from all  across  Europe  and  the
surrounding cratonic areas to classify the different Paleozoic domains according to
their  pre-Ordovician  positions.  Combined  with  other  types  of  data  (e.g.,  age  of
magmatism,  stratigraphic  and  paleontological  records),  this  large  meta-analysis
allowed  the  identification  of  three  different  domains  in  the  Variscan  basement,
which  are  related  to  the  Avalonian,  the  eastern  Gondwana,  and  the  western
Gondwana shelves. In the main, most of the Moldanubian zone and the Armorican
Massif derive from the western Gondwana shelf, while a large part of southeastern
Europe, which includes Sardinia and Corsica, derives from the eastern Gondwana
shelf. A large part of the Iberian massif also derives from eastern Gondwana, which
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appears  to  be  counter-intuitive  given  its  westward  position  in  the  Variscan
assemblage.

The position of the Alpine domains was unfortunately not assessed in the study
of Stephan et al. (2019a). However, based on the pre-Alpine southern position of the
Austroalpine and south Alpine domains near the Iberian plate (van Hinsbergen et al.,
2019),  and the  connection  of  the Briançonnais  domain with Corsica–Sardinia,  it
appears reasonable to also attribute an eastern Gondwana origin to these domains.
This  initial  position  has  been  confirmed  by  recent  U-Pb  zircon  data  from
metasediments sampled in the eastern Alps, which attributed these to an origin on
the northeastern Gondwana margin for the Austroalpine nappes,  next to Anatolia
and the  Iranian  Luth-Tabas  blocks  (Haas  et  al.,  2020).  In  contrast,  the  Helvetic
domain shows strong similarities with the Moldanubian zone, which would indicate
a  more  western  origin  along  the  northern  margin  of  Gondwana.  However,  this
inference is very speculative because of the lack of detrital  zircon data from the
Lower Paleozoic sediments in the western Alps.

 4.5.3 Significance of Variscan high-pressure metamorphism in the Alps

Eclogite and high-pressure granulites are exposed in different  domains of the
Alpine basement, mainly for the external crystalline massifs and the Austroalpine
nappes  (Fig.  5).  Such  high-pressure  assemblages  are  not  rare  for  the  European
Variscides, especially in the internal (Moldanubian) zone of the orogen. Many such
occurrences  have  been  reported  for  northern  Iberian  and  southern  Armorican
massifs, French Massif Central, Vosges-Schwarzwald, Bohemian Massif, Sardinia
and in the Alpine Paleozoic basement (Paquette et al., 2017; Regorda et al., 2019).

The  high-pressure  metamorphic  records  in  the  European  Variscides  is  best
understood within a model that involves two distinct high-pressure stages (O’Brien,
2000).  A Devonian (390-360 Ma) subduction stage produced middle-temperature
eclogites (T <650 °C) and blueschists by subduction of the oceanic lithosphere and
the hyperextended continental margins of the former Ordovician basins, with these
now  incorporated  into  gneiss–metabasite  complexes  (also  known  as  leptyno–
amphibolic  complexes  in  the  French  part  of  the  Variscides).  These  rocks  were
already exhumed by the Late Devonian, as shown by the occurrence of the Devonian
sediments that  contain high-pressure detritus and/or overlie the gneiss–metabasite
complexes (e.g., Schäfer et al., 1997). A second mid-Carboniferous (ca. 340 Ma)
high-pressure–high-temperature  event  (1.5-2.2  GPa,  700-1000  °C)  produced
granulitic complexes that contained high-temperature eclogites and pyroxenites, and
different types of mantle peridotites, which then underwent very rapid exhumation
to the lower crustal levels (e.g., Schantl et al., 2019). This was soon followed by
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mid-to-low  pressure  and  high-temperature  regional  metamorphism  and  granitic
magmatism from the Middle-to-Late Carboniferous (335-300 Ma). In contrast with
the middle-temperature eclogites, this group rarely preserves prograde metamorphic
evolution, and only records exhumation from the deep lower crustal levels, together
with the peridotites  (O’Brien,  2000).  These  granulitc  complexes  might  represent
deep portions of the orogenic lower crust that were extruded to higher crustal levels
during the collision (Schulmann et al., 2005). Alternatively, they might also mark a
second subduction stage during the mid-Carboniferous, that might be related to the
emplacement of the Mg-K granitoids (Finger et al., 2007).

The  Variscan  high-pressure  rock  exposed  in  the  Alps  can  (with  very  few
exceptions) be related to the mid-Carboniferous group according to the following:

-  They  mainly  consist  of  small  bodies  of  eclogites  and  mafic  high-pressure
granulites embedded within high-grade gneiss (Paquette et al., 1989; Raumer and
Bussy, 2004; Ferrando et al., 2008), and they are associated with ultramafic bodies
(e.g., garnet-spinel-bearing peridotites, pyroxenites, serpentinites), especially in the
external  crystalline massifs (Le Fort, 1971; Raumer and Bussy, 2004) and in the
Ulten zone (Godard et al., 1996; Tumiati et al., 2003).

- The high-pressure stage is dated at ca. 350 to 330 Ma (Miller and Thöni, 1995;
Ladenhauf et al., 2001; Tumiati et al., 2003; Thöni, 2006; Liati et al., 2009; Rubatto
et al., 2010).

-  Peak  pressure  conditions  occur  at  relatively  high  temperatures  (>700  °C),
although no ultrahigh-temperature conditions have ever been reported for the Alpine
basement. In the Helvetic domain, peak pressure conditions are estimated at ca. 1.3
to 1.6 GPa and 650-750 °C, followed by an amphibolitic overprint at ca. 1.0 to 1.2
GPa and 750 °C (Ferrando et al., 2008, Jouffray et al., 2020; Jacob et al, 2021). In
the Ulten zone (Austroalpine), eclogites undergo similar equilibration conditions, at
ca.  1.4 to 1.5 GPa and 700 °C (Godard et al.,  1996; Hauzenberger et al.,  1996).
Eclogites  from  the  Silvretta  and  Ötztal  nappes  (Austroalpine)  indicate  higher
pressure,  with  peak  conditions estimated  at  ca.  2.7 to  2.8 GPa and 700-763 °C
(Miller and Thöni, 1995; Ladenhauf et al., 2001; Thöni, 2006).

The only reported exception here relates to the Devonian eclogites exposed in
the Hochgrössen Massif (eastern Austroalpine nappes), at a metamorphic age of 397
±8 Ma for the high-pressure stage, with peak pressure conditions estimated at ca.1.8
to 2.2 GPa and 700 °C (Faryad et al., 2002). This metamorphism is more consistent
with the mid-Devonian subduction cycle recorded elsewhere for the Variscan belt.
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The geodynamic significance of the Variscan eclogites in the Alps remains under
debate. According to Jouffray et al. (2020), the pressure and temperature conditions
estimated for the Variscan eclogites in the external crystalline massifs are consistent
with a warm subduction geotherm and might represent a dismembered cryptic suture
zone. This view is supported by recent thermomechanical modeling (Regorda et al.,
2019), which suggested that the pressure and temperature paths and metamorphic
ages of  the Variscan  high-pressure rocks  are better  reproduced with a  two-stage
subduction model. However, a subduction process does not necessarily have to be
invoked  to  explain  the  formation  of  some  Variscan  eclogites.  For  instance,  the
Montagne  Noire  migmatite  dome,  south  of  the  Massif  Central,  exposes  eclogite
bodies at ages and under pressure and temperature conditions very similar to those
of the eclogites exposed in the external crystalline massifs (Whitney et al., 2015,
2020).  They  therefore  appear  on  a  warm  subduction  geotherm,  despite  being
exposed in an external domain of the Variscan belt, far from any recognized paleo-
subduction zone. Extrusion of the orogenic lower crust during the formation of the
Montagne Noire dome is therefore the favored model to explain the exhumation of
these  eclogites.  Discrimination  between  the  different  possible  geodynamical
scenarios requires the use of thermomechanical models. However, as Regorda et al.
(2019) indicated, the large uncertainties on the pressure and temperature data, and
even  more  critically,  the  age  data  available  for  the  Variscan  eclogites,  make  it
difficult to draw any clear conclusions from these models. Refining of these data
using all of the modern analytical and modeling tools developed for petrochronology
will  therefore  be  essential  to  built  a  comprehensive  geodynamic  model  of  the
Variscan orogeny.

Finally,  it  can  be  noted  here  that  two-stage  evolution  that  involves  two
successive high-pressure stages is also seen for modern orogens, and in particular in
the  Tibet–Himalaya  collisional  system  that  shows  striking  similarities  to  the
European Variscan belt (Maierová et al., 2016). The earliest metamorphism related
to the subduction of the Indian plate is dated at ca. 55 to 45 Ma, and this reached
ultrahigh-pressure conditions of ca. 2.7 GPa at 700–770 °C (Guillot et al., 2008, and
references  therein).  This was followed by the Late Eocene (ca.  37–33 Ma) with
high-pressure–high-temperature  metamorphism  at  2.0  to  1.4  GPa  and  800  °C
recorded for eclogites and granulites from the south Tibetan Neogene migmatitic
domes (Kali et al., 2010; Guilmette et al., 2011; Lanari et al., 2013), which were
subsequently re-equilibrated at mid-pressure–high-temperature conditions with the
surrounding migmatites  at  28 to  10 Ma.  There  are  also similarities  between the
Cenozoic Tibet–Himalaya and Paleozoic Variscan orogens relative to the duration of
the convergence and the spatial extension of the collisional events (Maierová et al.,
2016). All of these similarities have led to the recognition of the Variscan belt as an
ancient analog of the Tibet–Himalaya system.
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Conclusion

The Paleozoic domains exposed in the Alps have had a long and complex pre-
Alpine history that spanned over more than 300 million years, from the Ediacaran to
the Permian. This history is in many ways similar to that of other Paleozoic massifs
in Europe, and reflects the general evolution at the northern margin of Gondwana
during the Lower Paleozoic, followed by the Variscan collision during the Devonian
and the Carboniferous. However, in contrast to other Paleozoic domains in Europe,
the Alpine domain does not form a coherent block. Instead, it represents a collage of
several lithotectonic units that were amalgamated during the Alpine orogeny. These
blocks comprise  different  portions of  the  former  Variscan  orogen,  and  therefore
show  contrasting  Paleozoic  evolution.  The  autochthonous  European  margin  of
Tethys  Ocean  that  currently  forms  the  Helvetic  domain  has  a  strong  Variscan
overprint and exposes deep crustal domains that have been affected by high-grade
metamorphism.  This  probably  belongs  to  the  internal  Moldanubian  zone  of  the
Variscan belt, and possibly corresponds to a domain that was initially located close
to  the  Bohemian  massif  that  was  displaced  southward  during  the  Upper
Carboniferous–Early Permian by the dextral strike-slip east Variscan shear zone. In
contrast, the Briançonnais block and the Apulia-derived units (Austroalpine, south
Alpine  domains)  were  located  in  a  more  southern  position  prior  to  the  Alpine
tectonic cycle,  close to the current  Pyrenees and the Iberia  plate.  They therefore
represent  portions of  the southern  foreland  of  the Variscan  belt,  and have much
lower levels of Variscan overprint, although they were more affected by the Permian
high-temperature event.

The place  of  the  Alpine Paleozoic  domains  in  the  Variscan  puzzle  is  at  the
current  state  of  knowledge relatively  speculative,  and still  needs  to  be precisely
defined.  For  this  purpose,  the  succession  of  pre-Variscan  and  Variscan  tectono-
metamorphic, magmatic, and sedimentary events in the Alpine basement need to be
better characterized. Correlation with other Paleozoic domains in Europe is not an
easy task, given that the Paleozoic massifs in the Alps represent an assemblage of
small tectonic blocks that do not preserve a complete section across the Variscan
orogen.  There  remains  the  need,  therefore,  to  be  very  careful  when considering
large-scale Variscan zonation in the Alpine basement massifs. Apart from the Late
Variscan strike-slip faults, it appears unlikely that large-scale Variscan zonation can
still  be  unambiguously  identified  in  such  a  complex  assemblage  of  blocks.  In
particular, the geodynamic significance of high-pressure relics and their correlation
with Variscan suture zones in other parts of the belt are highly speculative.
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A B S T R A C T   

Granitoids are a major component of the continental crust. They play a pivotal role in its evolution, either by adding new material (continental growth), or by 
reworking older continental crust. These two roles correspond to two main ways of forming granitic magmas, either by partial melting of pre-existing crustal rocks 
yielding granitic melts directly, or by fractionation of mantle-derived mafic to intermediate magmas. Both models represent endmembers, or paradigms that have 
shaped the way the geological community envisions granitoids, their occurrence, features, formation and meaning for crustal evolution and differentiation of the 
whole planet. 

In this paper, we expose the two competing paradigms and their implications. We explore the evidence on which each model is based, and how each school of 
thought articulates a comprehensive view of granitic magmatism based on field geological, petrological, geochemical (including isotopes) and physical constraints; 
and how, in turn, each view shapes the thinking on crustal growth and evolution, and the interpretation of proxies such as age and Hf isotopic patterns in detrital 
zircon databases. We emphasize that both schools of thought build a different, but internally consistent view based on a large body of evidence, and we propose that 
each of them is, or has been, relevant to some portions of the Earth. Thus, the key question is not so much “which” model applies, but “where, when and to which 
extent”.   

1. Introduction 

“This question of the origin of granite is perhaps the most lively of 
geological topics today—but we should remember that it always has been. 
About every twenty years or so, the problem has been firmly settled, and a 
sort of uneasy peace has broken out. This indicates to my mind that there 
is no unique solution of the problem—there are granites and granites.” – 
Read, 1948 (p. 1)  

These words, by H. Read, then one of the most influential granite1 

petrologists, neatly express the nature of the debates that structure, and 
perhaps polarize the granite community to this day. In Read’s time, the 

main controversy was between transformists and magmatists. Trans-
formists (Perrin and Roubault, 1937; Raguin, 1976; Sederholm, 1923; 
Wegmann, 1935) proposed that granites were the product of solid-state, 
fluid-induced transformation of country rocks (“metasomatism”, in 
modern terms). Magmatists, who in the 1940s were winning the argu-
ment, held the view now universally admitted that granites are igneous 
rocks, crystallized from magmas. But this only displaced the contro-
versy, as Read also wrote that "Certain authorities consider therefore that a 
primary granitic magma could arise by melting, pure or partial, of the sialic 
crust, once it has been separated from the simatic layer. This magma is in-
dependent and not derived from a primary basaltic magma. This classic 
two-magma view that agrees with the distribution of rock types in the crust 

* Corresponding author. 
E-mail address: jean.francois.moyen@univ-st-etienne.fr (J.-F. Moyen).   

1 This paper deals with granitoids (i.e. quartz-rich plutonic rocks, irrespective of the relative proportions of plagioclase to alkali feldspar, as implied by the IUGS classification). 
But for concision we often use the term “granite” as a synonym. We use “granite s.s.” when we need to refer to the exact rock type as defined in IUGS classification. 
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Crustal melting vs. fractionation of basaltic magmas: Part 2, Attempting to 
quantify mantle and crustal contributions in granitoids 
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A B S T R A C T   

Granitic melts may form either directly, by melting of pre-existing crustal rocks, or by fractionation of mafic to intermediate magmas, typically mantle-derived. Each 
model is applicable to distinct portions of the Earth at different times. Whenever there is an important flux of mafic magmas from the mantle, differentiation of 
basaltic magmas dominates. In contrast, locations with a lower mafic magma flux, elevated thermal gradients and/or a fertile, thick crust are dominated by crustal 
melting and reworking. This only partly overlaps with the dichotomy between magmatic arcs and collision zones, as places like e.g. inverted back-arcs also feature 
large-scale crustal melting, whereas post-collisional domains include a sizeable mantle-derived component. Petrogenesis of individual granitic suites probably cannot 
be accounted for by pure, end-member models, as these suites typically feature a fair proportion of hybrid or ambiguous granitoids. Thus, we explore various 
petrogenetic and geological scenarios leading to the formation of hybrid granitoids at various scales. Finally, we outline possibilities to quantify the respective 
contributions of crust and mantle involved in their formation – hopefully, paving the way for a better understanding and more rigorous discussion of the mechanisms 
of crustal growth and recycling.   

1. Introduction 

“I believe that we can look forward to a general unifying thesis concerning 
the production of granitic rocks. The basis of such a thesis must be that 
magmas reflect differences in source and process in response to changing 
geological environment.” – Pitcher, 1987 (p. 68). 

More than thirty years ago, W.S. Pitcher, reflecting on the then state 
of the art on granite thinking, concluded that the long-standing granite 
controversy, that harked back to the famous Read vs. Bowen debate of 
the 1940s and beyond, stated that there are “granites and yet more 
granites forty years on”. He concluded that granites are diverse, and that 
there is little point in trying to explain them all with a single model 
(Pitcher, 1987). It is, perhaps, disheartening to realize that to this day, 
the controversy still stands and is still very much structured along the 
same lines: are granites the product of melting of older crust, or of 

fractionation of mantle-derived basalts? Although Pitcher (1987) pre-
sented a very good case for the existence of both possibilities, his holistic 
view has not been fully accepted by the community, which to this day 
remains split into two largely disconnected sub-communities, the 
“(crustal) melting” and the “(basaltic magma) fractionation” ones. The 
former is connected to the study of migmatites and high-grade meta-
morphic terrains, mainly – but not exclusively – in former continental 
collisions. The latter is rooted in volcanic–plutonic terranes of magmatic 
arcs above active subduction zones. 

Perhaps the only place of interaction between these two views is in 
the realm of crustal growth and crustal evolution through time, and in 
particular of reading the zircon record – as zircons chiefly form in 
granitic igneous rocks. The melting paradigm leads to consider that 
zircons come from granites, themselves principally reflecting reworking 
of older crust. Thus, the age of zircons tells little on crustal extraction 

* Corresponding author at: Univ. Lyon, UJM, UCBL, ENSL, CNRS, LGL-TPE, 23 rue Dr. Paul Michelon, F-42023 Saint Etienne, France. 
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